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• 4σ excess over the SM prediction 
• Good agreement by three (very) 

different experiments
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Motivation (a): Violation of LFU in charged currents
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   [1704.05435]

• Combined fit (5.7σ) 
• New physics contribution to 

muonic left-handed operator  
(bL γμ sL)(μ γμ μ)

[1704.05340]

Motivation (b): Violation of LFU in neutral currents

2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-
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FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

 B → K*μμ angular distribution • 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (1.3)

In addition to these LFU ratios, whose deviation from unity would clearly signal physics

beyond the Standard Model (SM), B-physics data exhibit other tensions with SM expecta-

tions in semi-leptonic observables. Most notably, a ⇠ 3� deviation from the SM expectation

has been reported by LHCb [9] in the so-called P 0
5

di↵erential observable of B ! K⇤µ+µ�

decays [10]. Moreover, in charged current transitions there is a long-standing ⇠ 2.5�

discrepancy in the determination of both |Vcb| and |Vub| from exclusive vs. inclusive semi-

leptonic decays [11].

These deviations from the SM have triggered a series of theoretical speculations about

possible New Physics (NP) interpretations, see in particular Ref. [13–28]. Among these

recent papers, two particularly interesting observations are: i) the proposal of Ref. [18] to

explain both Rµ/e
K and the P 0

5

anomaly by means of NP coupled dominantly to the third

generation of quarks and leptons, with a small non-negligible mixing between third and

second generations; ii) the observation of Ref. [19] that is natural to establish a connection

between Rµ/e
K and R⌧/`

D⇤ if the e↵ective four-fermion semi-leptonic operators are build in

terms of left-handed doublets.

Despite this recent progress, a coherent dynamical picture explaining all the anomalies

has not emerged yet. On the one hand, a significantly improved fit of experimental data can

be obtained with a specific set of four-fermion operators of the type Jq⇥J`, where Jq and J`
are flavor-non-universal left-handed quark and lepton currents [19, 28]. On the other hand,

even within an E↵ective Field Theory (EFT) approach, it is hard to believe that this set of

e↵ective operators is the only relevant one in explicit NP models. In particular, explicit NP

models should face the tight constraints on four-quark and four-lepton operators dictated

by meson-antimeson mixing, and by the bounds on Lepton Flavor Violation (LFV) and LF

non-universality in pure leptonic processes. Moreover, the size of the SM modifications in

Eqs. (1.1)–(1.3) points toward relatively light new degrees of freedom, that could well be

within the reach (or already excluded) by direct searches at the LHC.

In this paper we present an attempt to build a simplified coherent dynamical model

able to explain, at least in part, these violations of LFU. The guiding principle of our

construction is the idea that the Jq ⇥ J` e↵ective operators are generated by the exchange

of one set (or more sets) of massive vector bosons that transform as a SU(2)L triplet, and

that are coupled to both quark and lepton currents. This hypothesis allows us to establish

a connection between quark-lepton, quark-quark, and lepton-lepton e↵ective operators.

We further assume that the flavor structure of the new currents is consistent with an

1The result in Eqs. (1.1) and (1.2) are obtained using B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
exp

= 0.323± 0.021

and B(B ! D⌧⌫)/B(B ! D`⌫)
exp

= 0.41 ± 0.05 from the average of Babar [1], Belle [2], and LHCb [3],

assuming e/µ universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together

with the theory predictions B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
SM

= 0.252± 0.003 [6] and B(B ! D⌧⌫)/B(B !
D`⌫)

SM

= 0.31± 0.02 [7]. The SM expectation of Rµ/e
K is |(Rµ/e

K )
SM

� 1| < 1% [8] while, by construction,

R
⌧/`
D⇤ = R

⌧/`
D = 1 within the SM.

– 2 –

μ/e universality ratios
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We interpret the recent hints for lepton flavor universality violation in rare B meson decays. Based on
a model-independent e↵ective Hamiltonian approach, we determine regions of new physics parameter
space that give a good description of the experimental data on RK and RK⇤ , which is in tension
with Standard Model predictions. We suggest further measurements that can help narrowing down
viable new physics explanations. We stress that the measured values of RK and RK⇤ are fully
compatible with new physics explanations of other anomalies in rare B meson decays based on the
b ! sµµ transition. If the hints for lepton flavor universality violation are first signs of new physics,
perturbative unitarity implies new phenomena below a scale of ⇠ 100 TeV.

Introduction. The wealth of data on rare leptonic
and semi-leptonic b hadron decays that has been accu-
mulated at the LHC so far allows the Standard Model
(SM) CKM picture of flavor and CP violation to be
tested with unprecedented sensitivity. Interestingly, cur-
rent data on rare b ! s`` decays show an intriguing
pattern of deviations from the SM predictions both for
branching ratios [1–3] and angular distributions [4, 5].
The latest global fits find that the data consistently
points with high significance to a non-standard e↵ect
that can be described by a four fermion contact inter-
action C9 (s̄�⌫PLb)(µ̄�⌫µ) [6] (see also earlier studies [7–
9]). Right now the main obstacle towards conclusively
establishing a beyond-SM e↵ect is our inability to ex-
clude large hadronic e↵ects as the origin of the apparent
discrepancies (see e.g. [10–15]).

In this respect, observables in b ! s`` transitions that
are practically free of hadronic uncertainties are of partic-
ular interest. Among them are lepton flavor universality
(LFU) ratios, i.e. ratios of branching ratios involving
di↵erent lepton flavors such as [16–18]

RK =
B(B ! Kµ+µ�)

B(B ! Ke+e�)
, RK⇤ =

B(B ! K⇤µ+µ�)

B(B ! K⇤e+e�)
.

(1)
In the SM, the only sources of lepton flavor universality
violation are the negligibly small neutrino masses, the
masses of the charged leptons and their interactions with
the Higgs. Higgs interactions do not lead to any ob-
servable e↵ects in rare b decays and lepton mass e↵ects
become relevant only for a very small di-lepton invari-
ant mass squared close to the kinematic limit q2 ⇠ 4m2

` .
Over a very broad range of q2 the SM accurately pre-
dicts RK = RK⇤ = 1, with theoretical uncertainties of
O(1%) [19]. Deviations from the SM predictions can be
expected in various models of new physics (NP), e.g. Z 0

models based on gauged Lµ �L⌧ [20–22] or other gauged
flavor symmetries [23–25], models with partial compos-
iteness [26–28], and models with leptoquarks [29–34].

A first measurement of RK by the LHCb collabora-
tion [35] in the di-lepton invariant mass region 1 GeV2 <

q2 < 6 GeV2,

R
[1,6]
K = 0.745+0.090

�0.074 ± 0.036 , (2)

shows a 2.6� deviation from the SM prediction. Very
recently, LHCb presented first results for RK⇤ [36],

R
[0.045,1.1]
K⇤ = 0.660+0.110

�0.070 ± 0.024 , (3)

R
[1.1,6]
K⇤ = 0.685+0.113

�0.069 ± 0.047 , (4)

where the superscript indicates the di-lepton invariant
mass bin in GeV2. These measurements are in tension
with the SM at the level of 2.4 and 2.5�, respectively.
Intriguingly, they are in good agreement with the recent
RK⇤ predictions in [6] that are based on global fits of
b ! sµµ decay data, assuming b ! see decays to be
SM-like.

In this letter we interpret the RK(⇤) measurements us-
ing a model-independent e↵ective Hamiltonian approach
(see [37–43] for earlier model independent studies of RK).
We also include Belle measurements of LFU observables
in the B ! K⇤`+`� angular distibutions [5]. We do
not consider early results on RK(⇤) from BaBar [44] and
Belle [45] which, due to their large uncertainties, have
little impact. We identify the regions of NP parameter
space that give a good description of the experimental
data. We show how future measurements can lift flat di-
rections in the NP parameter space and discuss the com-
patibility of the RK(⇤) measurements with other anoma-
lies in rare B meson decays.
Model independent implications for new physics. We

assume that NP in the b ! s`` transitions is su�ciently
heavy such that it can be model-independently described
by an e↵ective Hamiltonian, He↵ = HSM

e↵ + HNP
e↵ ,

HNP
e↵ = �4 GFp

2
VtbV

⇤
ts

e2

16⇡2

X

i,`

(C`
i O

`
i + C 0 `

i O0 `
i ) + h.c. ,

(5)
with the following four-fermion contact interactions,

O`
9 = (s̄�µPLb)(¯̀�µ`) , O0 `

9 = (s̄�µPRb)(¯̀�µ`) , (6)

O`
10 = (s̄�µPLb)(¯̀�µ�5`) , O0 `

10 = (s̄�µPRb)(¯̀�µ�5`) , (7)
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• 2.6� deviation of µ/e universality in b ! s transitions [4]:1

Rµ/e
K =

B(B ! Kµ+µ�)
exp

B(B ! Ke+e�)
exp

����
q22[1,6]GeV

= 0.745+0.090
�0.074 ± 0.036 . (1.3)

In addition to these LFU ratios, whose deviation from unity would clearly signal physics

beyond the Standard Model (SM), B-physics data exhibit other tensions with SM expecta-

tions in semi-leptonic observables. Most notably, a ⇠ 3� deviation from the SM expectation

has been reported by LHCb [9] in the so-called P 0
5

di↵erential observable of B ! K⇤µ+µ�

decays [10]. Moreover, in charged current transitions there is a long-standing ⇠ 2.5�

discrepancy in the determination of both |Vcb| and |Vub| from exclusive vs. inclusive semi-

leptonic decays [11].

These deviations from the SM have triggered a series of theoretical speculations about

possible New Physics (NP) interpretations, see in particular Ref. [13–28]. Among these

recent papers, two particularly interesting observations are: i) the proposal of Ref. [18] to

explain both Rµ/e
K and the P 0

5

anomaly by means of NP coupled dominantly to the third

generation of quarks and leptons, with a small non-negligible mixing between third and

second generations; ii) the observation of Ref. [19] that is natural to establish a connection

between Rµ/e
K and R⌧/`

D⇤ if the e↵ective four-fermion semi-leptonic operators are build in

terms of left-handed doublets.

Despite this recent progress, a coherent dynamical picture explaining all the anomalies

has not emerged yet. On the one hand, a significantly improved fit of experimental data can

be obtained with a specific set of four-fermion operators of the type Jq⇥J`, where Jq and J`
are flavor-non-universal left-handed quark and lepton currents [19, 28]. On the other hand,

even within an E↵ective Field Theory (EFT) approach, it is hard to believe that this set of

e↵ective operators is the only relevant one in explicit NP models. In particular, explicit NP

models should face the tight constraints on four-quark and four-lepton operators dictated

by meson-antimeson mixing, and by the bounds on Lepton Flavor Violation (LFV) and LF

non-universality in pure leptonic processes. Moreover, the size of the SM modifications in

Eqs. (1.1)–(1.3) points toward relatively light new degrees of freedom, that could well be

within the reach (or already excluded) by direct searches at the LHC.

In this paper we present an attempt to build a simplified coherent dynamical model

able to explain, at least in part, these violations of LFU. The guiding principle of our

construction is the idea that the Jq ⇥ J` e↵ective operators are generated by the exchange

of one set (or more sets) of massive vector bosons that transform as a SU(2)L triplet, and

that are coupled to both quark and lepton currents. This hypothesis allows us to establish

a connection between quark-lepton, quark-quark, and lepton-lepton e↵ective operators.

We further assume that the flavor structure of the new currents is consistent with an

1The result in Eqs. (1.1) and (1.2) are obtained using B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
exp

= 0.323± 0.021

and B(B ! D⌧⌫)/B(B ! D`⌫)
exp

= 0.41 ± 0.05 from the average of Babar [1], Belle [2], and LHCb [3],

assuming e/µ universality in b ! c`⌫ decays, as indicated by b ! c`⌫ data [5] (see Sect. 3.1), together

with the theory predictions B(B ! D⇤⌧⌫)/B(B ! D⇤`⌫)
SM

= 0.252± 0.003 [6] and B(B ! D⌧⌫)/B(B !
D`⌫)

SM

= 0.31± 0.02 [7]. The SM expectation of Rµ/e
K is |(Rµ/e

K )
SM

� 1| < 1% [8] while, by construction,

R
⌧/`
D⇤ = R

⌧/`
D = 1 within the SM.

– 2 –

› First full angular analysis of B0→K*0µµ: measured all CP-averaged
angular terms and CP-asymmetries
› Can construct less form-factor dependent ratios of observables

Angular Analyses
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Consistent picture
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This talk

Good!  
What to expect at the 
high-pT LHC?
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Part 1 
R(D) & R(D*)
• General remarks: 

SU(2)L prediction, SM EFT,  
Flavour constraints 

• Single mediator models 
• Collider study:  

Di-tau searches



• Tree-level process 
• Mild CKM suppression

6

Prologue: Violation of LFU in B → D (*) τ ν decays

In the SM
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Prologue: Violation of LFU in B → D (*) τ ν decays

• Large NP contribution required

New Physics

In the 
ballpark of

high-pT LHC

Mediator mass: 
< several TeV (to fit the excess)  
> LEP limits (charged particle in the blob)

~
~

• Tree-level process 
• Mild CKM suppression

In the SM
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SM EFT: Violation of LFU in B → D (*) τ ν decays

• Leading effects - dim-6 operators  
(Presumably tree-level generated) 

• Only the four-fermion operators

JID:PLB AID:32415 /SCO Doctopic: Phenomenology [m5Gv1.3; v1.190; Prn:11/11/2016; 9:25] P.2 (1-9)

2 D.A. Faroughy et al. / Physics Letters B ••• (••••) •••–•••
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

• List of the relevant operators:

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
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Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔
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Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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• Leading effects - dim-6 operators  
(Presumably tree-level generated) 

• Only the four-fermion operators
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]
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T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i
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R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
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R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
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µ

O0
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(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
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µ

O0
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(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.
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(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl
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ci jkl
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to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.
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additional operators at low energies which do lead to sizeable 
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production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
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b̄c annihilation. The resulting constraints thus turn out not to be 
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exception are top quark decays, which do present an orthogo-
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3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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• List of the relevant operators:

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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corrections to W decays
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n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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(Presumably tree-level generated) 

• Only the four-fermion operators contribute
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

3
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which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

• List of the relevant operators:

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1
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⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL
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T (⌧̄�µ⌫PLc
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2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,
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✓
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↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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terms. Operators which can only come from SM gauge
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contributions would be suppressed by additional powers
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
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eration of O(⇤QCD/mc,b) corrections for the new physics,
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SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
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modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
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fit, which is not apparent from only considering the un-
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single operator, while others can generate two simulta-
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sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
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method follows that of Ref. [36], and we rederived and
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

• List of the relevant operators:
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Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

corrections to W decays

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.
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method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m
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has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
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(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
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below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.
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representative cases, where we extend the SM by a sin-
gle field transforming non-trivially under the SM gauge
group.

a. Vector triplet: A color-neutral real SU(2)L
triplet of massive vectors W 0a ⇠ W 0±, Z 0 can be coupled
to the SM fermions via

LW 0 � �1

4
W 0aµ⌫W 0a

µ⌫+
m2

W 0

2
W 0aµW 0a

µ +W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ gb�

q
ijQ̄i�

µ�aQj + g⌧�
`
ijL̄i�

µ�aLj , (6)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which coin-
cides with the mass-ordered mass-eigenbasis of down-like
quarks (di) and charged leptons (`i), V (U) is the CKM
(PMNS) flavor mixing matrix, and �a are the Pauli ma-
trices. Since the largest e↵ects should involve B-mesons

and tau leptons we assume �
q(`)
ij = �i3�j3, consistently

with the U(2) flavor symmetry [1]. Furthermore, o↵-
diagonal �q

i3 entries (i 6= 3) are constrained by Bs mixing,
i.e. gb�

q
23

/mW 0 < 8.5 ⇥ 10�3 TeV�1 [? ] and can thus
also be neglected in the following. The main constraint
on gb comes from its contribution to CP violation in D0

mixing yielding gb/mW 0 < 2.2TeV�1 [? ]. Finally, in the
lepton sector flavor mixing e↵ects induced by finite neu-
trino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

Integrating out the heavy vector at tree level,

Le↵

W 0 � � 1

2m2

W 0
Jaµ
W 0J

aµ
W 0 , (7)

determines low-energy flavor phenomenology [1]. In par-
ticular,

Le↵
W 0 � � gbg⌧

m2
W 0

(Q̄3�µ�
aQ3)(L̄3�

µ�aL3)�
g2b

2m2
W 0

(Q̄3�µ�
aQ3)

2 .

(8)
The resolution of the R(D(⇤)) anomalies requires

Vcbgbg⌧/m
2

W 0 ' 0.18TeV�2 AG: (I get gbg⌧/m
2

W 0 '
(2.1± 0.5)TeV�2, when multiplied by Vcb, I get 0.09).

b. 2HDM: Color-neutral SU(2) doublet of massive
scalars with hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 +
iA0)/

p
2) has the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 �m2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (9)

where H̃ 0
↵ = ✏↵�H

0⇤� and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to split-
ting of A,H0, H+ masses and to mixing of H0 with the
SM Higgs boson (h) away from the alignment (innert)
limit. We discuss the relevance of these e↵ects below.
Additional couplings to fermions, not required by B de-
cay data, are severely constrained by neutral meson os-
cilations and/or LFU measurements in the ⇡,K,Dq me-
son and ⌧ lepton decays, and we do not consider them
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Figure 1: Electrweak precision constraints on the masses of
the scalars in the THDM, in the CP conserving and alignment
(innert) limit. Allowed region are shaded in orange, green and
blue for reference charged scalar masses of mH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of mH+ values of mA,H

outside of the corresponding shaded region are excluded at
the 3� level.

any further. On the other hand as we discuss below,
accounting for both R(D(⇤)) anomalies requires both
Yb,c nonvanishing. While Yb is safe from tree-level FC-
NCs, Yc induces D0 mixing and is thus constrained to
Yc/mH0 < 0.12TeV�1 [? ]. This is potentially problem-
atic. JFK: We should quantify this later, maybe super-
imposing this constraint on the rest.
Finally, the H 0 model leads to

Le↵.
H0 =

YbY
⇤
⌧

m2

H0
(Q̄

3

bR)(⌧̄RL3

) + h.c.

+
Y ⇤
c Y

⇤
⌧

m2

H0
(c̄RQ

↵
3

)✏↵�(⌧̄RL
�
3

) + h.c.

+
|Yb|2

m2

H0
(Q̄

3

bR)(b̄RQ3

) +
|Yc|2

m2

H0
(Q̄

3

cR)(c̄RQ3

)

+
YbYc

m2

H0
(Q̄↵

3

bR)✏↵�(Q̄
�
3

cR) + h.c.+ . . . . (10)

Accounting for both R(D(⇤)) and the observed de-
cay spectra [5] requires non-vanishing contributions of
both VcbYbY

⇤
⌧ /m

2

H0 ⇠ 1.25TeV�1 and YcY⌧/m
2

H0 ⇠
�1.02TeV�1.
In a general THDM, the masses of A,H0, H+ are in-

dependent parameters and no common mH0 scale can
be defined. However, the spectrum is subject to elec-
troweak precision constraints. In particular, the extra
scalar states contribute to the gauge bosons vacuum po-
larizations, parametrized by the Peskin-Takeuchi param-
eters S and T. Working in the CP conserving and align-
ment (innert) limits, we can employ the known results [?
] for the relevant THDM contributions. Comparing these
to the recent Gfitter fit of electrweak precision data [?
] we obtain the constraints shown in Fig. 1. We have
checked that similar results are obtained even for mod-
erate departures from the alignment (innert) limit, as

(1) Dominant couplings with the third generation  
 

(2) Flavor alignment with down quarks and charged 
leptons (to avoid FCNC in the down sector)  
 

2
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LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]
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T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.

Consistent with the U(2) flavour symmetry 
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below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.
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representative cases, where we extend the SM by a sin-
gle field transforming non-trivially under the SM gauge
group.

a. Vector triplet: A color-neutral real SU(2)L
triplet of massive vectors W 0a ⇠ W 0±, Z 0 can be coupled
to the SM fermions via

LW 0 � �1

4
W 0aµ⌫W 0a

µ⌫+
m2

W 0

2
W 0aµW 0a

µ +W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ gb�

q
ijQ̄i�

µ�aQj + g⌧�
`
ijL̄i�

µ�aLj , (6)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which coin-
cides with the mass-ordered mass-eigenbasis of down-like
quarks (di) and charged leptons (`i), V (U) is the CKM
(PMNS) flavor mixing matrix, and �a are the Pauli ma-
trices. Since the largest e↵ects should involve B-mesons

and tau leptons we assume �
q(`)
ij = �i3�j3, consistently

with the U(2) flavor symmetry [1]. Furthermore, o↵-
diagonal �q

i3 entries (i 6= 3) are constrained by Bs mixing,
i.e. gb�

q
23

/mW 0 < 8.5 ⇥ 10�3 TeV�1 [? ] and can thus
also be neglected in the following. The main constraint
on gb comes from its contribution to CP violation in D0

mixing yielding gb/mW 0 < 2.2TeV�1 [? ]. Finally, in the
lepton sector flavor mixing e↵ects induced by finite neu-
trino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

Integrating out the heavy vector at tree level,

Le↵

W 0 � � 1

2m2

W 0
Jaµ
W 0J

aµ
W 0 , (7)

determines low-energy flavor phenomenology [1]. In par-
ticular,

Le↵
W 0 � � gbg⌧

m2
W 0

(Q̄3�µ�
aQ3)(L̄3�

µ�aL3)�
g2b

2m2
W 0

(Q̄3�µ�
aQ3)

2 .

(8)
The resolution of the R(D(⇤)) anomalies requires

Vcbgbg⌧/m
2

W 0 ' 0.18TeV�2 AG: (I get gbg⌧/m
2

W 0 '
(2.1± 0.5)TeV�2, when multiplied by Vcb, I get 0.09).

b. 2HDM: Color-neutral SU(2) doublet of massive
scalars with hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 +
iA0)/

p
2) has the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 �m2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (9)

where H̃ 0
↵ = ✏↵�H

0⇤� and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to split-
ting of A,H0, H+ masses and to mixing of H0 with the
SM Higgs boson (h) away from the alignment (innert)
limit. We discuss the relevance of these e↵ects below.
Additional couplings to fermions, not required by B de-
cay data, are severely constrained by neutral meson os-
cilations and/or LFU measurements in the ⇡,K,Dq me-
son and ⌧ lepton decays, and we do not consider them
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Figure 1: Electrweak precision constraints on the masses of
the scalars in the THDM, in the CP conserving and alignment
(innert) limit. Allowed region are shaded in orange, green and
blue for reference charged scalar masses of mH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of mH+ values of mA,H

outside of the corresponding shaded region are excluded at
the 3� level.

any further. On the other hand as we discuss below,
accounting for both R(D(⇤)) anomalies requires both
Yb,c nonvanishing. While Yb is safe from tree-level FC-
NCs, Yc induces D0 mixing and is thus constrained to
Yc/mH0 < 0.12TeV�1 [? ]. This is potentially problem-
atic. JFK: We should quantify this later, maybe super-
imposing this constraint on the rest.
Finally, the H 0 model leads to

Le↵.
H0 =

YbY
⇤
⌧

m2

H0
(Q̄

3

bR)(⌧̄RL3

) + h.c.

+
Y ⇤
c Y

⇤
⌧

m2

H0
(c̄RQ

↵
3

)✏↵�(⌧̄RL
�
3

) + h.c.

+
|Yb|2

m2

H0
(Q̄

3

bR)(b̄RQ3

) +
|Yc|2

m2

H0
(Q̄

3

cR)(c̄RQ3

)

+
YbYc

m2

H0
(Q̄↵

3

bR)✏↵�(Q̄
�
3

cR) + h.c.+ . . . . (10)

Accounting for both R(D(⇤)) and the observed de-
cay spectra [5] requires non-vanishing contributions of
both VcbYbY

⇤
⌧ /m

2

H0 ⇠ 1.25TeV�1 and YcY⌧/m
2

H0 ⇠
�1.02TeV�1.
In a general THDM, the masses of A,H0, H+ are in-

dependent parameters and no common mH0 scale can
be defined. However, the spectrum is subject to elec-
troweak precision constraints. In particular, the extra
scalar states contribute to the gauge bosons vacuum po-
larizations, parametrized by the Peskin-Takeuchi param-
eters S and T. Working in the CP conserving and align-
ment (innert) limits, we can employ the known results [?
] for the relevant THDM contributions. Comparing these
to the recent Gfitter fit of electrweak precision data [?
] we obtain the constraints shown in Fig. 1. We have
checked that similar results are obtained even for mod-
erate departures from the alignment (innert) limit, as

(1) Dominant couplings with the third generation  
 

(2) Flavor alignment with down quarks and charged 
leptons (to avoid FCNC in the down sector)  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below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.

Consistent with the U(2) flavour symmetry 
[AG, Isidori, Marzocca, JHEP 1507 (2015) 142]
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Figure 2: Electroweak precision constraints on the masses of
the scalars in the 2HDM, in the CP conserving and alignment
(inert) limit. Allowed regions are shaded in orange, green and
blue for reference charged scalar masses of MH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of MH+ values of MA,H

outside of the corresponding shaded region are excluded at
the 3� level.

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same
time to potentially large b b̄ ! Z 0 ! ⌧+⌧� signal at the
LHC.

Production and decay phenomenology of W 0 and Z 0

at the LHC have already been discussed in Refs. [19, 33],
showing that the R(D⇤) anomaly cannot be addressed
consistently in presence of a narrow Z 0 decaying to ⌧+⌧�.
Here we significantly extend these previous works by re-
casting existing LHC ⌧⌧ searches including possible large
resonance width e↵ects in order to properly extract the
LHC limits on this model (see Section IV B2 for results).

B. Scalar doublet

Color-neutral SU(2) doublet of massive scalars with
hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 + iA0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 � M2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (7)

where H̃ 0 = i�2H 0⇤ and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to splitting
of A,H0, H+ masses and to mixing of H0 with the SM
Higgs boson (h) away from the alignment (inert) limit.
We discuss the relevance of these e↵ects below. Addi-
tional couplings to fermions, not required by B decay

data, are severely constrained by neutral meson oscila-
tions and/or LFU measurements in the ⇡,K,Dq meson
and ⌧ lepton decays, and we do not consider them any
further.

The H 0 model can account for both R(D(⇤)) and
the observed decay spectra [26] through simultaneous
non-vanishing contributions to cdQLe = YbY

⇤
⌧ /M

2

H+ '
(50 ± 14) TeV�2 and cQuLe = YcY⌧/M

2

H+ ' (�1.6 ±
0.5) TeV�2 (renormalized at the b-quark mass scale µR '
4.2 GeV) via the exchange of the charged H 0 component
(H+). The corresponding high-pT signatures at the LHC
are on the other hand driven by bb̄ ! (H0, A) ! ⌧+⌧�

processes.
As in the vector triplet case, robust mass bounds can

only be set on the charged states, in particular MH+ &
90 GeV as required by direct searches at LEP [32]. How-
ever, in a general two higgs doublet model (2HDM), the
masses of A,H0, H+ are independent parameters and no
common MH0 scale can be defined. Consequently, the
mass scale suppressing charged currents entering R(D(⇤))
(MH+) could be significantly di↵erent from the masses of
neutral scalars (H0, A) to be probed in the ⌧+⌧� final
state at the LHC. However, the spectrum is also subject
to electroweak precision constraints. In particular, the
extra scalar states contribute to the gauge boson vac-
uum polarizations, parametrized by the Peskin-Takeuchi
parameters S and T. Working in the CP conserving and
alignment (inert) limits, we can employ the known re-
sults [34] for the relevant 2HDM contributions. Compar-
ing these to the recent Gfitter fit of electroweak precision
data [35] we obtain the constraints shown in Fig. 2. We
have checked that similar results are obtained even for
moderate departures from the alignment (inert) limit, as
allowed by current Higgs precision measurements. We
observe that both A,H0 cannot be simultaneously arbi-
trarily decoupled in mass from H+. In particular, we
find that at least one neutral scalar has to lie within
⇠ 100 GeV of the charged state. This level of uncer-
tainty needs to be kept in mind when interpreting the
constraints on this model derived in Section IV B 3.

C. Vector Leptoquark

One can also extend the SM with a vector leptoquark
weak singlet, Uµ ⌘ (3,1, 2/3),3 coupled to the left-
handed quark and lepton currents [24, 33, 36, 37],

LU = �1

2
U †
µ⌫U

µ⌫ + M2

UU
†
µU

µ + (Jµ
UUµ + h.c.) , (8)

Jµ
U ⌘ �ij Q̄i�

µLj , (9)

where again we restrict our discussion to �ij ' gU�3i�3j ,
consistent with a U(2) flavor symmetry [24]. Low en-

3 Similar conclusions also apply for an SU(2)L triplet model.

Flavour structure
[Faroughy, AG, F. Kamenik] 

Phys.Lett. B764 (2017) 126-134 



•
Sp

in
: 0

, 1
, …

14

Single mediator models (8 options)

s-channel
t-channel u-channel

• Color: 1 or 3

• SU(2) weak: 1, 2 or 3

1



•
Sp

in
: 0

, 1
, …

15

Single mediator models (8 options)

s-channel
t-channel u-channel

• Color: 1 or 3

• SU(2) weak: 1, 2 or 3

1 Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing

s = (p1 + p2)
2 = 4E2 ,

t = (p1 � p01)
2 =

= �
⇣
� sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 � cos ✓
p
E2 � (m0)2

⌘2
,

= �
⇣
E2 �m2 + E2 � (m0)2 � 2 cos ✓

p
E2 �m2

p
E2 � (m0)2

⌘
,

= �2E2

 
1� m2 + (m0)2

2E2
� cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
,

u = (p1 � p02)
2 =

= �
⇣
sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 + cos ✓
p
E2 � (m0)2

⌘2
,

= �2E2

 
1� m2 + (m0)2

2E2
+ cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
.

(17)

✏
q,`

⇡ �q,`

33 v/mZ

0 (18)

H 0 = (1,2, 1/2) (19)

W 0 = (1,3, 0) (20)

4

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing

s = (p1 + p2)
2 = 4E2 ,

t = (p1 � p01)
2 =

= �
⇣
� sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 � cos ✓
p
E2 � (m0)2

⌘2
,

= �
⇣
E2 �m2 + E2 � (m0)2 � 2 cos ✓

p
E2 �m2

p
E2 � (m0)2

⌘
,

= �2E2

 
1� m2 + (m0)2

2E2
� cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
,

u = (p1 � p02)
2 =

= �
⇣
sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 + cos ✓
p
E2 � (m0)2

⌘2
,

= �2E2

 
1� m2 + (m0)2

2E2
+ cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
.

(17)

✏
q,`

⇡ �q,`

33 v/mZ

0 (18)

H 0 = (1,2, 1/2) (19)

W 0 = (1,3, 0) (20)

4

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

See Table 3 in 
[Doršner, Fajfer, AG, 

Košnik, F. Kamenik] 
Phys.Rept. 641 (2016) 

1-68 



16

Matching UV to the SM EFT

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing

s = (p1 + p2)
2 = 4E2 ,

t = (p1 � p01)
2 =

= �
⇣
� sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 � cos ✓
p
E2 � (m0)2

⌘2
,

= �
⇣
E2 �m2 + E2 � (m0)2 � 2 cos ✓

p
E2 �m2

p
E2 � (m0)2

⌘
,

= �2E2

 
1� m2 + (m0)2

2E2
� cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
,

u = (p1 � p02)
2 =

= �
⇣
sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 + cos ✓
p
E2 � (m0)2

⌘2
,

= �2E2

 
1� m2 + (m0)2

2E2
+ cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
.

(17)

✏
q,`

⇡ �q,`

33 v/mZ

0 (18)

H 0 = (1,2, 1/2) (19)

W 0 = (1,3, 0) (20)

4

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing

s = (p1 + p2)
2 = 4E2 ,

t = (p1 � p01)
2 =

= �
⇣
� sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 � cos ✓
p
E2 � (m0)2

⌘2
,

= �
⇣
E2 �m2 + E2 � (m0)2 � 2 cos ✓

p
E2 �m2

p
E2 � (m0)2

⌘
,

= �2E2

 
1� m2 + (m0)2

2E2
� cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
,

u = (p1 � p02)
2 =

= �
⇣
sin ✓

p
E2 � (m0)2

⌘2
�
⇣p

E2 �m2 + cos ✓
p
E2 � (m0)2

⌘2
,

= �2E2

 
1� m2 + (m0)2

2E2
+ cos ✓

r
1� m2

E2

r
1� (m0)2

E2

!
.

(17)

✏
q,`

⇡ �q,`

33 v/mZ

0 (18)

H 0 = (1,2, 1/2) (19)

W 0 = (1,3, 0) (20)

4

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

Contents

1 Introduction 3
1.1 Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 S3 = (3,3, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 R2 = (3,2, 7/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 ˜R2 = (3,2, 1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 ˜S1 = (3,1, 4/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.6 S1 = (3,1, 1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.7 ¯S1 = (3,1,�2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.8 U3 = (3,3, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.9 V2 = (3,2, 5/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.10 ˜V2 = (3,2,�1/6) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.11 ˜U1 = (3,1, 5/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.12 U1 = (3,1, 2/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.13 ¯U1 = (3,1,�1/3) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.14 B and L considerations . . . . . . . . . . . . . . . . . . . . . . . 14

2 Leptoquark models 16
2.1 Unification scenarios . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Low-energy scenarios of neutrino mass . . . . . . . . . . . . . . . 24
2.3 Flavor models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Leptoquark effects on low-energy physics of flavor and CP vio-
lation 27
3.1 Semileptonic charged current processes . . . . . . . . . . . . . . . 28

3.1.1 P ! `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.1.2 ⌧ ! ⌫P . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.1.3 P ! P 0`�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.4 P ! V `�⌫̄ . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Rare meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.1 P ! `�`0+ . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.2 P ! P 0

(V )`�`0+ . . . . . . . . . . . . . . . . . . . . . . . 43
3.2.3 P ! V � and P ! X� . . . . . . . . . . . . . . . . . . . . 45
3.2.4 P ! P 0⌫⌫̄, P ! V ⌫⌫̄ . . . . . . . . . . . . . . . . . . . . 45

3.3 Neutral meson anti-meson oscillations . . . . . . . . . . . . . . . 48
3.4 Rare processes of charged leptons . . . . . . . . . . . . . . . . . . 51

3.4.1 ` ! `0� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.4.2 Anomalous magnetic moments . . . . . . . . . . . . . . . 53
3.4.3 ` ! `0`0`00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 µ–e conversion in nuclei . . . . . . . . . . . . . . . . . . . 55
3.4.5 ⌧ ! `0P , ⌧ ! `0V , ⌧ ! `0X . . . . . . . . . . . . . . . . . 56

3.5 Electric dipole moments and leptoquark contributions . . . . . . 56

2

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)
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✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

JID:PLB AID:32415 /SCO Doctopic: Phenomenology [m5Gv1.3; v1.190; Prn:11/11/2016; 9:25] P.2 (1-9)

2 D.A. Faroughy et al. / Physics Letters B ••• (••••) •••–•••

1 66

2 67

3 68

4 69

5 70

6 71

7 72

8 73

9 74

10 75

11 76

12 77

13 78

14 79

15 80

16 81

17 82

18 83

19 84

20 85

21 86

22 87

23 88

24 89

25 90

26 91

27 92

28 93

29 94

30 95

31 96

32 97

33 98

34 99

35 100

36 101

37 102

38 103

39 104

40 105

41 106

42 107

43 108

44 109

45 110

46 111

47 112

48 113

49 114

50 115

51 116

52 117

53 118

54 119

55 120

56 121

57 122

58 123

59 124

60 125

61 126

62 127

63 128

64 129

65 130

anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
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2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1
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TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,
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For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing
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Figure 5: Combination of 8 TeV and 13TeV ⌧⌧ search exclu-
sion limits on bb̄ ! A(H0) ! ⌧⌧ resonances.

For the analysis, the same event selection used by

ATLAS in [3] for the resonance search in the ⌧
had

⌧
had

channel was applied. Events were selected if they con-
tained at least two identified hadronic taus, one with
pT > 150 GeV and the other with pT > 50, no elec-
trons with pT > 15 GeV, and no muons with pT > 10
GeV. Additionally, the visible part of the candidate tau
pair must be of opposite-sign (OS) and produced back-
to-back with �� > 2.7 rad. Finally, selected events were
binned into signal regions defined by di↵erent threshold
values of the total transverse massmtot

T of the visible part
of the hadronic ditaus, in accordance with [3].
In order to validate our simulations and analysis, we

generated the Drell-Yan process pp ! ⌧+⌧� in the
⌧
had

⌧
had

channel mediated by Z/�⇤ in the SM and by Z 0

for di↵erent heavy masses in the Sequential SM (SSM).
Although our detector response simulations are far from
complete, we still manage to reproduce satisfactorily the
expected number of events in the signal region and the
mtot

T spectrum obtained in [3].

Figure 6:
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Appendix

The exclusion limits presented in Sec. IV are based on
the reinterpretation of the results given by ATLAS in
Ref. [24, 35, 36]. Specifically, we have performed a recast
of the inclusive search for a neutral Z 0 in the ⌧

had

⌧
had

channel described in Ref. [24, 35]. This recast sets exclu-
sion limits on high-mass resonances in the range 0.5�2.5
TeV but is less sensitive to resonances with masses bellow
500 GeV. In order to cover the low-mass region we per-
formed a recast of a recent MSSM neutral Higgs search
in the ⌧

had

⌧
had

channel presented in Ref. [36], where we
combined the b-veto and b-tag categories into a fully in-
clusive category. Because of the larger statistics and a
suitable event binning this last search is more sensitive
to resonances in the mass range 0.2� 1.2 TeV. Dario: If
the low-mass analysis gives competitive bounds, we can
maybe put this paragraph in the bulk of the text?

For the collider simulations, we have implemented the
EFT and the simplified models discussed in Sec. III
with the Universal Output File (UFO) generated by
FeynRules [? ]. Both Pythia6 [? ] and Pythia8210 [? ]
were used to decay the ⌧ -leptons, simulate parton show-
ering and include hadronization. Any e↵ects due to spin
correlations for the ⌧ -decays were neglected. For the de-
tector response we used the fast simulator Delphes3 [? ]
coupled with FastJet [? ] for jet clustering. The ATLAS
Delphes card was modified to satisfy the object recon-
struction and identification requirements used in each of
the experimental searches, in particular the correspond-
ing ⌧

had

-tagging and b-tagging e�ciencies were set ac-
cordingly.

In the Z 0 search [24, 35], events are selected if they
contain at least two identified ⌧

had

, one with pT > 150
GeV in [24] (pT > 110 GeV in [35]) and the other with
pT > 50 GeV in [24] (pT > 55 GeV in [35]), no electrons
with pT > 15 GeV, and no muons with pT > 10 GeV.
Additionally, the visible part of the candidate ⌧⌧ pair
have to be of opposite-sign and produced back-to-back in
the azimutal plane with �� > 2.7 rad. Finally, in order
to reconstruct the mass of the ⌧ -lepton pairs, the selected
events are binned into signal regions defined by di↵erent
threshold values of the total transverse mass mtot

T of the
visible part of ⌧

had

⌧
had

, defined by

mtot

T ⌘
q

m2
T (⌧1, ⌧2) +m2

T (/ET , ⌧1) +m2
T (/ET , ⌧2). (16)

Here mT (A,B) =
p

pT (A)pT (B)[1� cos��(A,B)] is the
transverse mass between objects A and B, and /ET is

Figure 7: TODO

the total missing transverse energy reconstructed in the
event. For the recast of [24] we used the mtot

T bins,
observed data and expected background events given
in Table. 4. For the recast of [35] these quantities were
directly extracted from Fig. 4(f). For the heavy Higgs
search [36] a very similar set of selections was employed
with the addition requirement that: events with no
b-jets are included in the b-veto category, while events
with at least one tagged b-jet are included in the b-tag
category. For this recast we combined the two categories
into a fully inclusive category by summing in each bin
the observed data and expected backgrounds extracted
from Fig. 4(d) and Fig. 4(e) in [36].

TO FINISH: In order to validate our recasts, gener-
ated the Drell-Yan process pp ! ⌧+⌧� in the ⌧

had

⌧
had

channel mediated by Z/�⇤ in the SM and by Z 0 for di↵er-
ent heavy masses in the Sequential SM (SSM). Although
our detector response simulations are far from complete,
we still manage to reproduce satisfactorily the expected
number of events in the signal region and the mtot

T spec-
trum obtained in [24].

[Faroughy, AG, F. Kamenik] 
Phys.Lett. B764 (2017) 126-134 
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Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
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Figure 3: Cross-sections for single on-shell Z0 production via
bottom-bottom fusion at the 13 TeV LHC. The predictions
obtained in the 5-flavor scheme at LO and NLO in QCD are
shown in green and red shaded bands, respectively. See text
for details.

renormalisation scales within µF , µR 2 [0.5, 2]M , the sec-
ond are given by the 68% CL ranges when averaging over
the PDF set. The total uncertainty is obtained by adding
the perturbative and pdf uncertainties in quadrature. We
observe that at low Z 0 masses, perturbative uncertainty
dominates, while above ⇠ 1 TeV (0.5 TeV), the pdf un-
certainty takes over at LO (NLO). Our numerical results
and findings are consistent with those that have recently
appeared in the literature for specific Z 0 masses and SM-
like couplings [50]. Similar results are found for 8TeV
pp colisions. In setting bounds, we therefore rescale the
LO simulation results to NLO production cross-section
by applying the corresponding K-factor shown in Fig. 3
(bottom) at the lower factorization, renormalization and
68% CL PDF uncertainty ranges.

The resulting 95% CL upper limits on the |gbg⌧ | ⇥
v2/M2

Z0 for a given Z 0 mass and total decay width, after
recasting ATLAS 8 TeV [42] (upper plot), 13 TeV with
3.2 fb�1 [43] (middle plot) and 13 TeV with 13.2 fb�1 [45]
(lower plot) ⌧+⌧� searches, respectively, are shown in
Fig. 4 and marked with red isolines. Note that this
way of presenting results is independent of the assump-
tion on the existence of extra Z 0 decay channels. The
white region with gray border is not constrained since
the assumed total width there is smaller than the mini-
mum possible sum of the partial widths to bb̄ and ⌧+⌧�

computed at the current experimental upper bound on
|gbg⌧ |/M2

Z0 . These exclusions are to be compared with
the preferred value from the fit to the R(D(⇤)) anomaly,
|gbg⌧ | ⇥ v2/M2

Z0 = (0.13 ± 0.03), indicated in green (1�)
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Figure 4: Recast of ATLAS ⌧+⌧� searches at 8 TeV [42] (up-
per plot) 13 TeV with 3.2 fb�1 [43] (middle plot) and 13 TeV
with 13.2 fb�1 [45] (lower plot) as exclusion limits on the
bb̄ induced spin-1 ⌧+⌧� resonance (bb̄ ! Z0 ! ⌧⌧). Iso-
lines shown in red represent upper limits on the combination
|gbg⌧ |⇥ v2/M2

Z0 as a function of the Z0 mass and total width.
The R(D(⇤)) preferred regions |gbg⌧ |⇥v2/M2

Z0 = (0.13±0.03)
at 68% and 95% CL are shaded in green and yellow, respec-
tively.

and yellow (2�) shaded regions in the plot.
To conclude, for relatively heavy vectors MW 0 &

500 GeV within the vector triplet model, the resolution of
the R(D(⇤)) anomaly and consistency with existing ⌧+⌧�

resonance searches at the LHC require a very large Z 0 to-
tal decay width. Perturbative calculations arguably fail
in this regime. In other words, within the weakly cou-
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Fig. 3. Cross-sections for single on-shell Z ′ production via bottom–bottom fusion at 
the 13 TeV LHC. The predictions obtained in the 5-flavor scheme at LO and NLO in 
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(For interpretation of the references to color in this figure, the reader is referred to 
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aging over the PDF set. The total uncertainty is obtained by adding 
the perturbative and pdf uncertainties in quadrature. We observe 
that at low Z ′ masses, perturbative uncertainty dominates, while 
above ∼ 1 TeV (0.5 TeV), the pdf uncertainty takes over at LO 
(NLO). Our numerical results and findings are consistent with 
those that have recently appeared in the literature for specific Z ′

masses and SM-like couplings [50]. Similar results are found for 
8 TeV pp collisions. In setting bounds, we therefore rescale the 
LO simulation results to NLO production cross-section by apply-
ing the corresponding K -factor shown in Fig. 3 (bottom) at the 
lower factorization, renormalization and 68% CL PDF uncertainty 
ranges.

The resulting 95% CL upper limits on the |gb gτ | × v2/M2
Z ′ for a 

given Z ′ mass and total decay width, after recasting ATLAS 8 TeV 
[42] (upper plot), 13 TeV with 3.2 fb−1 [43] (middle plot) and 
13 TeV with 13.2 fb−1 [45] (lower plot) τ+τ− searches, respec-
tively, are shown in Fig. 4 and marked with red isolines. Note 
that this way of presenting results is independent of the assump-
tion on the existence of extra Z ′ decay channels. The white region 
with gray border is not constrained since the assumed total width 
there is smaller than the minimum possible sum of the partial 
widths to bb̄ and τ+τ− computed at the current experimental up-
per bound on |gb gτ |/M2

Z ′ . These exclusions are to be compared 
with the preferred value from the fit to the R(D(∗)) anomaly, 
|gb gτ | × v2/M2

Z ′ = (0.13 ± 0.03), indicated in green (1σ ) and yel-
low (2σ ) shaded regions in the plot.

To conclude, for relatively heavy vectors MW ′ ! 500 GeV within 
the vector triplet model, the resolution of the R(D(∗)) anomaly and 
consistency with existing τ+τ− resonance searches at the LHC re-
quire a very large Z ′ total decay width. Perturbative calculations 
arguably fail in this regime. In other words, within the weakly 
coupled regime of this setup the resolution of the R(D(∗)) anoma-
lies cannot be reconciled with existing LHC τ+τ− searches. On the 
other hand, interestingly, a light Z ′ resonance with M Z ′ " 400 GeV, 
a relatively small width and couplings compatible with the W ′

resolution of the R(D(∗)) anomaly is not excluded by our τ+τ−

search recast. Note, however, that our analysis is by no means op-
timized as we are forced to use a certain fixed number of bins 
and their sizes and cannot leverage the full control of experimen-
tal systematics.

4.2.3. 2HDM exclusion limits
The cross-sections for A, H0 production from bb̄ annihilation 

can be estimated at NNLO in QCD using the Higgs cross-section 

Fig. 4. Recast of ATLAS τ+τ− searches at 8 TeV [42] (upper plot) 13 TeV with 
3.2 fb−1 [43] (middle plot) and 13 TeV with 13.2 fb−1 [45] (lower plot) as exclusion 
limits on the bb̄ induced spin-1 τ+τ− resonance (bb̄ → Z ′ → ττ ). Isolines shown 
in red represent upper limits on the combination |gb gτ | × v2/M2

Z ′ as a function 
of the Z ′ mass and total width. The R(D(∗)) preferred regions |gb gτ | × v2/M2

Z ′ =
(0.13 ± 0.03) at 68% and 95% CL are shaded in green and yellow, respectively. (For 
interpretation of the references to color in this figure, the reader is referred to the 
web version of this article.)

WG results [51]. While the results are directly applicable for the 
CP even state H0, we expect them to hold as a good approxima-
tion also for a heavy CP-odd A0 due to the restoration of chiral 
symmetry when mb/mH ′ ≪ 1. We have checked explicitly that dif-
ferences between scalar and pseudoscalar production are negligible 
up to NLO [52] for the interesting mass region mA0,H0 ! 200 GeV. 
In setting bounds, we therefore rescale the LO simulation results 
to the Higgs cross-section WG production cross-sections [51] taken 
at the lower factorization, renormalization and 68% CL PDF uncer-
tainty ranges.

Conservatively considering only a single neutral scalar reso-
nance contribution (denoted by H ′ meaning either A0 or H0), 
we show the resulting 95% CL upper limits on the |YbYτ | × v2/M2

H ′
(evaluated at the b-quark mass scale µR ≃ 4.3 GeV) after re-
casting the ATLAS 13 TeV [43] τ+τ− search in Fig. 5. We ob-
serve that even after accounting for the possible O(100 GeV)

[Faroughy, AG, F. Kamenik] 
Phys.Lett. B764 (2017) 126-134 
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Figure 3: Cross-sections for single on-shell Z0 production via
bottom-bottom fusion at the 13 TeV LHC. The predictions
obtained in the 5-flavor scheme at LO and NLO in QCD are
shown in green and red shaded bands, respectively. See text
for details.

renormalisation scales within µF , µR 2 [0.5, 2]M , the sec-
ond are given by the 68% CL ranges when averaging over
the PDF set. The total uncertainty is obtained by adding
the perturbative and pdf uncertainties in quadrature. We
observe that at low Z 0 masses, perturbative uncertainty
dominates, while above ⇠ 1 TeV (0.5 TeV), the pdf un-
certainty takes over at LO (NLO). Our numerical results
and findings are consistent with those that have recently
appeared in the literature for specific Z 0 masses and SM-
like couplings [50]. Similar results are found for 8TeV
pp colisions. In setting bounds, we therefore rescale the
LO simulation results to NLO production cross-section
by applying the corresponding K-factor shown in Fig. 3
(bottom) at the lower factorization, renormalization and
68% CL PDF uncertainty ranges.

The resulting 95% CL upper limits on the |gbg⌧ | ⇥
v2/M2

Z0 for a given Z 0 mass and total decay width, after
recasting ATLAS 8 TeV [42] (upper plot), 13 TeV with
3.2 fb�1 [43] (middle plot) and 13 TeV with 13.2 fb�1 [45]
(lower plot) ⌧+⌧� searches, respectively, are shown in
Fig. 4 and marked with red isolines. Note that this
way of presenting results is independent of the assump-
tion on the existence of extra Z 0 decay channels. The
white region with gray border is not constrained since
the assumed total width there is smaller than the mini-
mum possible sum of the partial widths to bb̄ and ⌧+⌧�

computed at the current experimental upper bound on
|gbg⌧ |/M2

Z0 . These exclusions are to be compared with
the preferred value from the fit to the R(D(⇤)) anomaly,
|gbg⌧ | ⇥ v2/M2

Z0 = (0.13 ± 0.03), indicated in green (1�)

Figure 4: Recast of ATLAS ⌧+⌧� searches at 8 TeV [42] (up-
per plot) 13 TeV with 3.2 fb�1 [43] (middle plot) and 13 TeV
with 13.2 fb�1 [45] (lower plot) as exclusion limits on the
bb̄ induced spin-1 ⌧+⌧� resonance (bb̄ ! Z0 ! ⌧⌧). Iso-
lines shown in red represent upper limits on the combination
|gbg⌧ |⇥ v2/M2

Z0 as a function of the Z0 mass and total width.
The R(D(⇤)) preferred regions |gbg⌧ |⇥v2/M2

Z0 = (0.13±0.03)
at 68% and 95% CL are shaded in green and yellow, respec-
tively.

and yellow (2�) shaded regions in the plot.
To conclude, for relatively heavy vectors MW 0 &

500 GeV within the vector triplet model, the resolution of
the R(D(⇤)) anomaly and consistency with existing ⌧+⌧�

resonance searches at the LHC require a very large Z 0 to-
tal decay width. Perturbative calculations arguably fail
in this regime. In other words, within the weakly cou-

We set a limit on  
as a function of the Z’ 
mass and the total width

Figure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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Look for

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing
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W 0 = (1,3, 0) (20)

4

Example

31 Use Typeset/TeX and DVI

��

�+

b

b̄

b

b̄

��

�+

1 Use Typeset/TeX and DVI

��

�+

b

b̄

b

b̄

��

�+

Figure 1: Diagramatic representation of s�channel (left-
hand side) and t�channel (right-hand side) resonance ex-
hange (drawn in blue double see-saw lines) contributions to
bb̄ ! ⌧+⌧� process.

lowing we thus restrict our analysis to mediator masses
above ⇠ 200 GeV.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [25]. In the following we consider the representative
cases, where we extend the SM by a single field trans-
forming non-trivially under the SM gauge group.

Color singlet Color triplet

Scalar 2HDM Scalar LQ

Vector W 0 Vector LQ

Table I: A set of simplified models generating b ! c⌧⌫ tran-
sition at tree level, classified according to the mediator spin
and color.

First categorization of single mediators is by color.
While colorless intermediate states can only contribute
to b ! c⌧⌫ transitions in the s ⌘ (pb�pc)2-channel, col-
ored ones can be exchanged in the t ⌘ (pb � p⌧ )2- or
u ⌘ (pb � p⌫)2-channels. The colorless fields thus need
to appear in non-trivial SU(2)L multiplets (doublets or
triplets) where the charged state mediating semileptonic
charged currents is accompanied by one or more neu-
tral states mediating neutral currents. Such models thus
predict ŝ ⌘ (p⌧+ + p⌧�)2-channel resonances in ⌧+⌧�

production (see the left-hand side diagram in Fig. 1). In
addition to the relevant heavy quark and tau-lepton cou-
plings, searches based on the on-shell production of these
resonances depend crucially on the assumed width of the
resonance, as we demonstrate below in Sec. IV. Alter-
natively, colored mediators (leptoquarks) can be SU(2)L
singlets, doublets or triplets, carrying baryon and lep-
ton numbers. Consequently they will again mediate
⌧+⌧� production, this time through t̂ ⌘ (pb � p⌧�)2- or
û ⌘ (pb�p⌧+)2-channel exchange (see the right-hand side
diagram in Fig. 1). In this case a resonant enhancement
of the high-pT signal is absent, however, the searches do

not (crucially) depend on the assumed width (or equiva-
lently possible other decay channels) of the mediators. In
the following we examine the representative models for
both cases summarized in Table I.

A. Vector triplet

A color-neutral real SU(2)L triplet of massive vectors
W 0a ⇠ W 0±, Z 0 can be coupled to the SM fermions via

LW 0 = �1

4
W 0aµ⌫W 0a

µ⌫ +
M2

W 0

2
W 0aµW 0a

µ + W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ �q

ijQ̄i�
µ�aQj + �`

ijL̄i�
µ�aLj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij ' gb(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [18]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [18].2 The main impli-
cation is that the LHC phenomenology of heavy vectors
is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2 TeV�1 [29]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

In addition, electroweak precision data require W 0 and
Z 0 components of W 0a to be degenerate up to O(%) [30],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [31] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100 GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [18], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,

Le↵

W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

2 Also, Ref. [28] considers leading RGE e↵ects to correlate large
NP contributions in cQQLL with observable LFU violations and
FCNCs in the charged lepton sector. The resulting bounds can
be (partially) relaxed in this model via direct tree level W 0 con-
tributions to the purely leptonic observables.
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Figure 1: Diagramatic representation of s�channel (left-
hand side) and t�channel (right-hand side) resonance ex-
hange (drawn in blue double see-saw lines) contributions to
bb̄ ! ⌧+⌧� process.

lowing we thus restrict our analysis to mediator masses
above ⇠ 200 GeV.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [25]. In the following we consider the representative
cases, where we extend the SM by a single field trans-
forming non-trivially under the SM gauge group.

Color singlet Color triplet

Scalar 2HDM Scalar LQ

Vector W 0 Vector LQ

Table I: A set of simplified models generating b ! c⌧⌫ tran-
sition at tree level, classified according to the mediator spin
and color.

First categorization of single mediators is by color.
While colorless intermediate states can only contribute
to b ! c⌧⌫ transitions in the s ⌘ (pb�pc)2-channel, col-
ored ones can be exchanged in the t ⌘ (pb � p⌧ )2- or
u ⌘ (pb � p⌫)2-channels. The colorless fields thus need
to appear in non-trivial SU(2)L multiplets (doublets or
triplets) where the charged state mediating semileptonic
charged currents is accompanied by one or more neu-
tral states mediating neutral currents. Such models thus
predict ŝ ⌘ (p⌧+ + p⌧�)2-channel resonances in ⌧+⌧�

production (see the left-hand side diagram in Fig. 1). In
addition to the relevant heavy quark and tau-lepton cou-
plings, searches based on the on-shell production of these
resonances depend crucially on the assumed width of the
resonance, as we demonstrate below in Sec. IV. Alter-
natively, colored mediators (leptoquarks) can be SU(2)L
singlets, doublets or triplets, carrying baryon and lep-
ton numbers. Consequently they will again mediate
⌧+⌧� production, this time through t̂ ⌘ (pb � p⌧�)2- or
û ⌘ (pb�p⌧+)2-channel exchange (see the right-hand side
diagram in Fig. 1). In this case a resonant enhancement
of the high-pT signal is absent, however, the searches do

not (crucially) depend on the assumed width (or equiva-
lently possible other decay channels) of the mediators. In
the following we examine the representative models for
both cases summarized in Table I.

A. Vector triplet

A color-neutral real SU(2)L triplet of massive vectors
W 0a ⇠ W 0±, Z 0 can be coupled to the SM fermions via

LW 0 = �1

4
W 0aµ⌫W 0a
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Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij ' gb(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [18]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [18].2 The main impli-
cation is that the LHC phenomenology of heavy vectors
is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2 TeV�1 [29]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

In addition, electroweak precision data require W 0 and
Z 0 components of W 0a to be degenerate up to O(%) [30],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [31] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100 GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [18], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,
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W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

2 Also, Ref. [28] considers leading RGE e↵ects to correlate large
NP contributions in cQQLL with observable LFU violations and
FCNCs in the charged lepton sector. The resulting bounds can
be (partially) relaxed in this model via direct tree level W 0 con-
tributions to the purely leptonic observables.



Figure 8: Tree level diagrams for vector resonance contribution to b b̄ ! ⌧�⌧+ production at hadron
collider.

where ⌧
min

= (mmin

⌧⌧ )2/s
0

. The central factorization scale is set to µF = m⇢/2. By inspecting
more closely the narrow-width case, we find that varying the scale by a factor of two leads to a
small deviation in the total cross section. Using 68% C.L. PDF sets, we also estimate the PDF
uncertainty to be at the level of ⇠ 20%.

Vector leptoquarks Ua
µ and Uµ: The relevant diagram is shown in Fig. 8 (right). The

partonic cross section for b b̄ ! ⌧�⌧+, due to the t�channel LQ exchange, is

�(ŝ) =
⇣gT (S)

2

⌘
4 ŝ(2 + ŝ/m2

U) + 2(m2

U + ŝ) ln(m2

U/(m2

U + ŝ))

48⇡ŝ2
, (71)

where gT (S) is the LQ triplet (singlet) coupling defined in Eq. (52) (Eq. (51)).
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Figure 2: 8 TeV ATLAS ⌧⌧ search exclusion limits on bb̄ !
Z0 ! ⌧⌧ resonance.

allowed by current Higgs precision measurement. We
observe that both A,H0 cannot be simultaneously ar-
bitrarily decoupled in mass from the H+. In particu-
lar, we find that (1) at least one neutral scalar has to
lie within ⇠ 100GeV of the charged state; and (2) for
mH+ & 100 GeV as required by direct searches at LEP,
at least one neutral scalar has to lie above & 20 GeV.

c. Vector Leptoquark: Consider a vector lepto-
quark weak singlet (Uµ) with the SM quantum numbers
(3, 1, 2/3), coupled to the SM left-handed quark and lep-
ton doublets [6–8]

LU � �1

2
U†
µ⌫U

µ⌫ +m2

UU
†
µU

µ + (Jµ
UUµ + h.c.),(11)

Jµ
U ⌘ gU �ij Q̄i�

µLj . (12)

where �
33

= 1. Integrating out (Uµ) at tree level,

Le↵

U � � 1

m2

U

Jµ†
U Jµ

U + h.c. . (13)

The fit to R(D⇤) anomaly requires g2U/m
2

U ' (4.4 ±
1.0)TeV�2.

The main two-body LHC signatures in all models are in
the form of ⌧+⌧�, ⌧⌫, bb̄, cc̄, bc̄ excesses, mediated by the
bc̄ ! ⌧⌫, bc̄ and bb̄, cc̄ ! ⌧⌧, bb̄, cc̄ currents . In addition,
the W 0 model also predicts e↵ects tt̄, bt̄ spectra mediated
by bb̄, cc̄ ! tt̄ and bc̄ ! bt̄ currents, respectively. Finally,
there are potentially interesting three-body signatures of
⌫⌫̄b, ⌫⌫̄c.

d. Scalar Leptoquark: TBD...

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

A. Recast of the ⌧⌧ resonance searches

8 TeV ATLAS: ATLAS collaboration has per-
formed a search for a narrow resonance decaying to ⌧�⌧+

final state at 8 TeV pp collisions with 19.5� 20.3 fb�1 of
data [3]. We perform recast of this analysis in order to
obtain the relevant present bounds.
We focus exclusively in the search for a ditau resonance

in the hadronic decay channel Z 0 ! ⌧
had

⌧
had

. FeynRules
was used to implement the models discussed above and
generate the Universal Output File (UFO) for the col-
lider simulator. Pythia8210 was used to decay the tau
leptons, simulate showering and hadronization of events
and include photon radiation. Any e↵ects due to spin cor-
relations for the tau-lepton decays were neglected. For
the detector response we used Delphes3 and for jet clus-
tering FastJet. The ATLAS Delphes card was modified
to satisfy the object reconstruction and identification re-
quirements used in [3]. In particular, the tau-tagging ID
e�ciencies were set to the loose working point of 65%
and 45% for 1-prong and 3-prong hadronic tau candi-
dates with a mis-tag rate below 1%.
For the analysis, the same event selection used by

ATLAS in [3] for the resonance search in the ⌧
had

⌧
had

channel was applied. Events were selected if they con-
tained at least two identified hadronic taus, one with
pT > 150 GeV and the other with pT > 50, no elec-
trons with pT > 15 GeV, and no muons with pT > 10
GeV. Additionally, the visible part of the candidate tau
pair must be of opposite-sign (OS) and produced back-
to-back with �� > 2.7 rad. Finally, selected events were
binned into signal regions defined by di↵erent threshold
values of the total transverse massmtot

T of the visible part
of the hadronic ditaus, in accordance with [3].
In order to validate our simulations and analysis, we

generated the Drell-Yan process pp ! ⌧+⌧� in the
⌧
had

⌧
had

channel mediated by Z/�⇤ in the SM and by Z 0

for di↵erent heavy masses in the Sequential SM (SSM).
Although our detector response simulations are far from
complete, we still manage to reproduce satisfactorily the
expected number of events in the signal region and the
mtot

T spectrum obtained in [3].
Here we rely on the o�cial statistical analysis per-

formed by the ATLAS collaboration. In particular, the
observed 95% CL upper limits on the allowed signal yields
in the final selection bins are obtained by rescaling the ob-
served 95% CL upper limits on the production cross sec-
tion for the Sequential SM (SSM) as reported in Fig. [8]
of [3]. The rescaling factors are the signal event yields
reported in table 4 of [3] divided by the predicted cross
section in SSM from Fig. [8] of [3]. In particular, for the
final selection bins defined with mtot

T > 400, 500, 600,
750 and 850 GeV, the excluded number of signal events
are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. We per-
form montecarlo simulation in order to find the expected
number of signal events in a given model in these bins.
The point in the parameter space of a model is excluded
if the above limits are exceeded.
13 TeV ATLAS and CMS: ATLAS performed a

search for ⌧⌧ resonance at 13 TeV using 3.2 fb�1 of
data [9]. On the other hand, CMS collaboration used
2.2 fb�1 of data in the same Run [10]...

Vector Leptoquark (3,1,2/3)

5

0.5)TeV�2. The EFT limits should be taken with cau-
tion, as the LHC explores high pT momentum transfers
where the EFT validity might break up. In the following,
we derive the limits in each model separately.

Z 0 exclusion limits: Events for the process bb̄ !
Z 0 ! ⌧+⌧� were simulated with Madgraph for di↵erent
values of the Z 0 mass and width. We fixed the renor-
malization and factorization scalesat M 0

Z and used the
NN23NLO set for the parton distribution functions in the
5-flavor scheme. The LO production cross-section was
rescaled to NLO in QCD by applying the corresponding
K-factor extracted from Figure [? ].

A comment is in order about the role of the next-to-
leading order (NLO) QCD corrections to bb̄ induced Z 0

production. In Fig. 3 we plot the Z 0 production x-section
at the 13TeV LHC induced by gb = 1 as computed at the
LO and NLO in QCD using aMC@NLO, and shown in
orange and green, respectively. The perturbative (dot-
ted contours), pdf (dashed contours) and total (shaded
regions) uncertainties are also shown. The first are ob-
tained independently varying factorisation and renormal-
isation scales within µF , µR 2 [0.5, 2]M , the second are
given by the 68% C.L. ranges when averaging over the
PDF set. The total uncertainty is obtained by adding
the perturbative and pdf uncertainties in quadrature. We
observe that at low Z 0 masses, perturbative uncertainty
dominates, while above ⇠ 1TeV (0.5TeV), the pdf un-
certainty takes over at LO (NLO). Our numerical results
and findings are consistent with those that have recently
appeared in the literature for specific Z 0 masses and SM-
like couplings [20].

Coming back to simulation results, shown in Fig. 2 are
the limits on bb̄ ! Z 0 ! ⌧�⌧+ production for mZ0 =
1.5 TeV, gb and g⌧ are the corresponding Z 0 couplings
to bottom quarks and tau leptons, respectively. Black
region is not allowed by consistency requirement that the
total width is larger than the sum of the partial widths
to bb̄ and ⌧+⌧�. The exclusion region from the recast of
ATLAS search [21] is shown in brown while the preferred
1� region from the combination of R(D⇤) and R(D) is
shown in green assuming the entire NP contribution is
due to the vector triplet discussed in [15].

Moreover, shown in the contour plot in Fig. ?? is the
upper limit on gbg⌧v

2/m2

Z0 for a given Z 0 mass and width
as obtained from the recast of ATLAS 8 TeV search [21].
Fit to R(D(⇤)) for this quantity is 0.13±0.03. The region
shaded in black is obtained assuming |gbg⌧ | to be at the
exclusion limits.

THDM exclusion limits: We estimate the A,H0

production from bb̄ annihilation at NNLO in QCD using
the Higgs cross-section WG results of the SM Higgs bo-
son []. While the results are directly applicable for the
CP even state H0, we have checked that di↵erences be-
tween scalar and pseudoscalar production are negligible
up to NLO []. Similarly to the Z 0 model, in order to
recast the experimental analyses, events for the process
bb̄ ! A(H0) ! ⌧+⌧� were simulated with Madgraph for
di↵erent values of the scalar mass and width. The main
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Figure 3: Next-to-leading order QCD corrections for a narrow
Z0 production via bottom-bottom fusion.
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Figure 4: 8 TeV (13 TeV) ATLAS ⌧⌧ search exclusion limits
are shown in red (black) and R(D(⇤)) preferred region in green
for the vector LQ model. Projected 13 TeV limits for 300 fb�1

are shown in grey.

di↵erence here is that the experimental analyses require
an additional b-jet tag in order to increase sensitivity
to corresponding production mechanism. Therefore the
simulation was performed in the four-flavor scheme with
massive b-quarks. JFK: Note that with a b-tag the inclu-
sive bb̄ ! h results do not apply, instead pp ! hjb would
be needed, which is known only at NLO and is part of
the inclusive NNLO result.

Vector leptoquark exclusion limits: The events
are generated for several (mU , gU ) points. The exclusion
from 8 TeV ATLAS ⌧+⌧� search is given in Fig. 4 in red.
The preferred region at 68% CL from b ! c anomaly is
shown in green. Understand the issue of a sign for singlet,
triplet VLQ, see Zoltan’s paper.
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ergy flavor phenomenology of such models has been dis-
cussed in Refs. [24, 33], implying that the third gener-
ation fermion couplings dominate the phenomenological
discussion also at the LHC.

Unlike in the case of colorless mediators, QCD induced
leptoquark pair production can lead to a large signal
rate at the LHC, thus yielding robust constraints on the
leptoquark mass MU . In the exact U(2) flavor limit,
B(U ! t⌫) = B(U ! b⌧) = 0.5. Revisiting the AT-
LAS search [38] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [24], excludes
MU < 770 GeV. For large �ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t�channel [39].

Integrating out the heavy Uµ field at the tree level, the
following e↵ective dimension six interaction is generated

Le↵

U = � 1

M2

U

Jµ†
U Jµ

U . (10)

Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one finds

Le↵
U = �

�il�
†
kj

2M2
U

[(Q̄i�µ�
aQj)(L̄k�

µ�aLl) + (Q̄i�µQj)(L̄k�
µLl)] ,

(11)

which finally leads to

Le↵

U � � |gU |2
M2

U

⇥
Vcb(c̄L�

µbL)(⌧̄L�µ⌫L) + (b̄L�
µbL)(⌧̄L�µ⌧L)

⇤
.

(12)
The fit to R(D(⇤)) anomaly requires |gU |2/M2

U ⌘
2|cQQLL| ' (4.3 ± 1.0) TeV�2. As a consequence, size-

able b b̄ ! ⌧+⌧� signal at LHC is induced via t-channel
vector LQ exchange. A recast of existing ⌧+⌧� searches
in this model is presented in the Section IVB 4.

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [40], in which the SM is supplemented by a scalar
leptoquark weak doublet, � ⌘ (3,2, 1/6) and a fermionic
SM singlet (⌫R),4 with the following Yukawa interactions,

L
�

� Y ij
L d̄i(i�2

�⇤)†Lj + Y i⌫
R Q̄i�⌫R + h.c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonic B
decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ⌫R in the
final state. Following Ref. [40], the R(D(⇤)) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquark µR ⇠ 0.5 � 1 TeV)

4 The case of several ⌫R is a trivial generalization which does not
a↵ect our main results.

take values respecting

✓
Y b⌫
R Y b⌧⇤

L

g2w

◆✓
MW

M
�

◆
2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [40]) where gw ' 0.65 and MW ' 80 GeV
are the SM weak gauge coupling and W boson mass,
respectively. Considering an exhaustive set of flavor con-
straints, Ref. [40] finds that Y s⌧

L , Y sµ
L and Y s⌫

R are in
general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The �(2/3) component decays dominantly to b⌧ and
t⌫, while �(1/3) decays to the b⌫ final state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M

�

. In particular, ATLAS [38] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bb̄⌫⌫̄ for M

�

< 625 GeV and tt̄⌫⌫̄ for
M

�

< 640 GeV, respectively. In addition, CMS [41] ex-
cludes at 95% CL M

�

< 900 GeV scalar leptoquarks
decaying exclusively to ⌧ leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate the R(D(⇤)) anomaly. For example,
M

�

= 650 GeV, implies |Y b⌫
R Y b⌧

L | = 34 ± 9. Imposing a
(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M�

. 1, leads to |Y ij
L,R| . 7.1.

In this model the R(D(⇤)) resolution involves a light
⌫R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizable bb̄ ! ⌧⌧ production at LHC
is generated via t-channel � exchange, and can e↵ectively
constrain |Y b⌧

L | (see Section IV B 4). A restrictive enough
bound in conjunction with Eq. (14) can in turn drive the
Y b⌫
R coupling into the non-perturbative regime.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the ⌧+ ⌧� signature at the
LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧�⌧+ final state at 8 TeV pp collisions with
19.5 � 20.3 fb�1 of data [42]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the

[Faroughy, AG, F. Kamenik] 
Phys.Lett. B764 (2017) 126-134 

[Barbieri, Isidori, Pattori, Senia] 
Eur.Phys.J. C76 (2016) no.2, 67 
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Figure 2: Electroweak precision constraints on the masses of
the scalars in the 2HDM, in the CP conserving and alignment
(inert) limit. Allowed regions are shaded in orange, green and
blue for reference charged scalar masses of MH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of MH+ values of MA,H

outside of the corresponding shaded region are excluded at
the 3� level.

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same
time to potentially large b b̄ ! Z 0 ! ⌧+⌧� signal at the
LHC.

Production and decay phenomenology of W 0 and Z 0

at the LHC have already been discussed in Refs. [18, 32],
showing that the R(D⇤) anomaly cannot be addressed
consistently in presence of a narrow Z 0 decaying to ⌧+⌧�.
Here we significantly extend these previous works by re-
casting existing LHC ⌧⌧ searches including possible large
resonance width e↵ects in order to properly extract the
LHC limits on this model (see Section IV B2 for results).

B. Scalar doublet

Color-neutral SU(2) doublet of massive scalars with
hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 + iA0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 � M2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (7)

where H̃ 0 = i�2H 0⇤ and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to splitting
of A,H0, H+ masses and to mixing of H0 with the SM
Higgs boson (h) away from the alignment (inert) limit.
We discuss the relevance of these e↵ects below. Addi-
tional couplings to fermions, not required by B decay

data, are severely constrained by neutral meson oscila-
tions and/or LFU measurements in the ⇡,K,Dq meson
and ⌧ lepton decays, and we do not consider them any
further.

The H 0 model can account for both R(D(⇤)) and
the observed decay spectra [25] through simultaneous
non-vanishing contributions to cdQLe = YbY

⇤
⌧ /M

2

H+ '
(50 ± 14) TeV�2 and cQuLe = YcY⌧/M

2

H+ ' (�1.6 ±
0.5) TeV�2 (renormalized at the b-quark mass scale µR '
4.2 GeV) via the exchange of the charged H 0 component
(H+). The corresponding high-pT signatures at the LHC
are on the other hand driven by bb̄ ! (H0, A) ! ⌧+⌧�

processes.
As in the vector triplet case, robust mass bounds can

only be set on the charged states, in particular MH+ &
90 GeV as required by direct searches at LEP [31]. How-
ever, in a general two higgs doublet model (2HDM), the
masses of A,H0, H+ are independent parameters and no
common MH0 scale can be defined. Consequently, the
mass scale suppressing charged currents entering R(D(⇤))
(MH+) could be significantly di↵erent from the masses of
neutral scalars (H0, A) to be probed in the ⌧+⌧� final
state at the LHC. However, the spectrum is also subject
to electroweak precision constraints. In particular, the
extra scalar states contribute to the gauge boson vac-
uum polarizations, parametrized by the Peskin-Takeuchi
parameters S and T. Working in the CP conserving and
alignment (inert) limits, we can employ the known re-
sults [33] for the relevant 2HDM contributions. Compar-
ing these to the recent Gfitter fit of electroweak precision
data [34] we obtain the constraints shown in Fig. 2. We
have checked that similar results are obtained even for
moderate departures from the alignment (inert) limit, as
allowed by current Higgs precision measurements. We
observe that both A,H0 cannot be simultaneously arbi-
trarily decoupled in mass from H+. In particular, we
find that at least one neutral scalar has to lie within
⇠ 100 GeV of the charged state. This level of uncer-
tainty needs to be kept in mind when interpreting the
constraints on this model derived in Section IV B 3.

C. Vector Leptoquark

One can also extend the SM with a vector leptoquark
weak singlet, Uµ ⌘ (3,1, 2/3),3 coupled to the left-
handed quark and lepton currents [23, 32, 35, 36],

LU = �1

2
U †
µ⌫U

µ⌫ + M2

UU
†
µU

µ + (Jµ
UUµ + h.c.) , (8)

Jµ
U ⌘ �ij Q̄i�

µLj , (9)

where again we restrict our discussion to �ij ' gU�3i�3j ,
consistent with a U(2) flavor symmetry [23]. Low en-

3 Similar conclusions also apply for an SU(2)L triplet model.
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first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (R

D

(⇤) ) , see e.g. Refs. [26,27,28].
Matching at the tree level this operator to the standard

effective weak Hamiltonian describing b ! s transitions,
one finds

DC

µ
9 =�DC

µ
10 =

p
aV

tb

V

⇤
ts

C

bsµ , (9)

where a is the electromagnetic fine structure constant while
|V

ts

| = (40.0± 2.7)⇥ 10�3 and |V
tb

| = 1.009± 0.031 are
CKM matrix elements [29].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DC

µ
9 =�DC

µ
10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining C

bsµ = g

2
⇤v

2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j

matri-
ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling C

bsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aV

tb

V

⇤
ts

C

bsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the C

bsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |C
qµ | from the dimuon high-p

T

tail in order to set
a lower bound on |l q

bs

|, defined as the ratio

l q

bs

⌘C

bsµ/C

qµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Y

u

⌘ V

†diag(y
u

,y
c

,y
t

)
and Y

d

⌘ diag(y
d

,y
s

,y
b

). Using a spurion analysis one can
estimate

c

(3,1)
Q

i j

L22
⇠
⇣

1+aY

u

Y

†
u

+bY

d

Y

†
d

⌘

i j

, (13)

where a,b ⇠O(1), which implies the following structure:

C

uµ =C

cµ =C

tµ ⌘C

Uµ ,

C

dµ =C

sµ =C

bµ ⌘C

Dµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |C

bsµ | ⇠ |V
tb

V

⇤
ts

y

2
t

C

Dµ |. In this case
the contribution to rare B meson decays has a V

ts

sup-
pression, while the dilepton signal at high-p

T

receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |C

Dµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

Single mediator models

Need to generate one of the operators at the EW scale:
and/or

• Coherent picture of B-anomalies is emerging?
[Buttazzo, AG, Isidori, Marzocca] to appear soon
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• Peak hunt 
• Deviation in the tail

Di-lepton searches at high pT

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v

2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:
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are the right-handed singlets. V

is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)

L

space.
An equivalent classification of the possible contact in-

teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi

p1
q̄

j

p2
! `�

p

0
1
`+

p

0
2
) = i Â

q

L

,q
R

Â
`

L

,`
R

(q̄igµ
q

j) ( ¯̀gµ`) F

q`(p

2) ,

(2)
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0
2, and the form factor F
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can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to
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Here, Q
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is the corresponding coupling to Z boson: in the SM
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to the EFT coefficients in Eq. (1) by simple relations e
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The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
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F

)|F
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, (4)

where t ⌘ m

2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.
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Fig. 1 Rµ+µ�/e

+
e

� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e

+
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which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting R

SM
µ+µ�/e

+
e

�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-p

T

dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B

meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L eff �
CUµ

i j

v

2 (ūi

L
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) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j

= v

2/L 2(c(1)
Q

i j

L22
± c

(3)
Q

i j

L22
).



26

Resonance searches

8

Z1 Z2

ATLAS 13 TeV, 13.3 fb-1

Future sensitivity, 300 fb-1

0.5 1.0 1.5 2.0 2.5 3.0 3.5
10-5

10-4

10-3

10-2

10-1

100

MZ1,2 [TeV]

σ
(p

p
→

Z
1,

2)
×

B
r(Z

1,
2
→

μ+
μ-

)[
pb

]

Figure 4. Predictions for the LHC signals (� ⇥ B) at 8 TeV (first row) and 13 TeV (second row) for µ+µ�, tt̄ and jj resonance
searches for Z

1

(green) and Z
2

(blue). Present limits are shown with black line, and future-projected with dashed line.

posed model can be summarized as follows.

• Two Z 0 bosons arise as the lowest-lying resonances
resulting from the gauging of the flavor group, one
corresponding to a gauged U(1)q and the other one
to a gauged µ�⌧ flavor symmetry. A small but non-
vanishing mass-mixing among the Z 0 bosons is re-
quired in order to accommodate the flavor anoma-
lies.

• The flavor symmetry acting on the light quark fam-
ilies ensures a partial protection for quark FCNCs,
which turn out to be su�ciently small to avoid the
tight existing constraints while allowing for sizable
e↵ects in b ! sµ+µ�. The model predicts no FC-
NCs in the charged lepton sector.

• Concerning b ! sµ+µ� transitions, our model pre-
dicts Cµµ

9

|
NP

only, and maximal µ� e universality
violation. Therefore, no deviations from the SM
predictions in Bs ! µ+µ� are expected but sizable
e↵ects in angular observables measuring lepton fla-
vor universality violation [89–91] should occur.

Present data already provides important restrictions
on the parameter space of the model: for small gauge

mixing, the bound from Bs mixing implies gq/MZ
2

.
0.1 TeV�1 while the constraint from NTP gives the
bound g`/MZ

1

. 1.7 TeV�1. Direct searches at LHC al-
low for a very light (almost leptophilic) Z 0 together with
a heavier one (mostly quarkphilic) in the TeV domain.
This full region of the parameter space will be explored
in the near future by dimuon searches.
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where sW is the sine of Weinberg angle. Requiring NP
contributions to the mixing amplitude to be at most
O(10%), we find the following condition

����
�bs

VtbV ⇤

ts

gq⇤v

MZ
2

���� . 0.7 . (38)

In the numerical fit we take NP contributions to the mix-
ing amplitude to be �RBs = �0.10±0.07 (see discussion
in Ref. [75]).

ϵ= 0.1

1σ
2σ

C9
μμ+ΔRBs

C9
μμ+RNTP
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Figure 2. Combined fit to Bs mixing, neutrino trident produc-
tion and b ! sµ+µ� observables assuming ✏ = 0.1 (green - 1�,
yellow - 2�). Relaxing the first (second) constraint is illustrated
with red (blue).

It is worth noting that the contribution to �F = 2
processes have necessarily constructive interference and
are MFV-like (i.e. a similar relative correction compared
to the SM is also expected in Bd � Bd and Kaon mix-
ing). This conclusion would not hold if the �i

d terms
in Eq. (7) were not negligible. Tuning the �i

d one can
generate arbitrary contributions to �F = 2 amplitudes
and relax the bound in Eq. (38). However, since this
tuning does not find a natural explanation within our
framework, we will not consider this possibility any fur-
ther. Flavon fields also give tree-level MFV-like contri-
butions to �F = 2 transitions. However, since they are
SM singlets, their contributions to these processes receive
an extra suppression of O

�
m2

b/h�mix

i2
�
, and can be ne-

glected. We checked this explicitly in the model example
and also verified that flavon-Higgs box contributions can
be neglected since they are not parametrically enhanced
by large masses compared to the Z 0 contribution.

C. Neutrino Trident Production

Bounds on flavor-diagonal Z 0 couplings to muons can
also arise from neutrino trident production (NTP), where
a muon pair is created by scattering a muon-neutrino
with a nucleon: ⌫µN ! ⌫Nµ+µ� [76]. Note that as the

flavor of the neutrino in the final state is not detected, one
must sum over all three generations in the case of flavor-
violating interactions. We obtain for the cross section of
NTP

�
NP

�
SM

=
1 +

�
1 + 4s2W + 2v2V NP

�
2

1 + (1 + 4s2W )
2

, (39)

with

V NP = g2`

"✓
c⇠

MZ
1

◆
2

+

✓
s⇠

MZ
2

◆
2

#
, (40)

while expanding in ✏

V NP =
g2`
M2

Z
1

+O(✏2) . (41)

The bound from the CCFR collaboration [77] is given by

R
NTP

⌘ �
exp

/�
SM

= 0.82± 0.28 . (42)

Requiring this constraint to be satisfied at the 2� level
implies

����
g`⇤v

MZ
1

���� . 12 . (43)

D. Combined fit to low-energy data

Using the limits in Eq. (38) and Eq. (43), and plugging
in Eq. (35), we find that the NP contribution to Cµµ

9

can
be

Cµµ
9

|
NP

' � 8⇥ ✏ . (44)

We then conclude that ✏ ⇠ O(0.1) is required to recon-
cile low-energy constraints with the correct size of Cµµ

9

.
To make this point more precise, we perform a com-
bined fit to the set of measurements discussed above.
The total likelihood as a function of three parameters:
gq⇤v/MZ

2

, g`⇤v/MZ
1

and ✏, is constructed by adding the
corresponding �2 terms from the three measurements:
Cµµ

9

|
NP

, �RBs and R
NTP

. The preferred region for
gq⇤v/MZ

2

and g`⇤v/MZ
1

at 1� (green) and 2� (yellow),
setting ✏ = 0.1, is shown in Fig. 2. In the numerical
analysis, we set �bs = VtbV ⇤

ts as suggested by Eq. (18).
Possible O(1) modifications of this parameter shift ac-
cordingly the preferred value of gq⇤v/MZ

2

.

E. Direct searches at LHC

In this subsection, we discuss the LHC phenomenology
of the two Z 0 bosons. In the limit of zero mass and
kinetic mixing and assuming that right-handed neutrinos
are heavy, Z

1

' Ẑ` (see Eq. (22)) decays predominantly
to ⌧+⌧�, µ+µ� and ⌫̄⌫ with the partial decay widths

�(Ẑ` ! µµ) = �(Ẑ` ! ⌧⌧) = �(Ẑ` ! ⌫̄⌫) =
g2`
12⇡

M
ˆZ`

,

(45)

5

SU(2)E U(1)l SU(3)c SU(2)L U(1)Y
`jL 1 �j2 1 2 �1/2
ejR 2 1/2 1 1 �1
`
3L 1 �1 1 2 �1/2
⌧R 1 �1 1 1 �1
EjL 2 1/2 1 1 �1
EjR 1 �j2 1 1 �1

H 1 0 1 2 1/2
�e 2 1/2 1 1 0
�⌫ 1 �1 1 1 0

Table II. Particle content for the lepton sector. Particles added
to the SM are shown in a gray background.

generation) Yukawa matrix elements read

y(2)u =
�uMu

�0

u

h�ui�1 , y(2)d =
�dMd

�0

d

V †h�di�1 ,

(y(2)e )ii =
�eiMe

�0

eive
,

(29)

with h�ei = (ve 0)|. On the other hand, the extra
fermions acquire a mass proportional to the vevs of the
flavon fields, which are assumed to be large, and they de-
couple at low energies. The vevs of the flavon fields break
the flavor group down to U(1)q ⇥ U(1)µ�⌧ . The unbro-
ken U(1)µ�⌧ symmetry ensures that the charged lepton
Yukawa couplings are diagonal, and therefore there are
no flavor violating couplings in the charged lepton sector.
Finally in the step III, the scalar flavons �

mix

and
�⌫ develop a vev around the TeV scale giving a heavy
mass to the neutral gauge bosons associated to the U(1)’s
(M̂Zq(`)

⇠ gq(`)h�mix(⌫)i). Mixing among the third and
the first two generations of quarks in the down-quark
sector is generated,

Yd
h�

mix

i�! Yd =

✓
y(2)d ymix

d
0 yb

◆
, (30)

where, at leading order in h�di�1h�
mix

i,

ymix

d = y(2)d

�
mix

h�
mix

i
Md

. (31)

Note that in this model Vub ' (ymix

d )
1

/yb and Vcb '
(ymix

d )
2

/yb, and therefore in order to accommodate the
measured values of the CKM matrix elements the hier-
archy �

mix

h�
mix

i & Md has to be enforced.
Finally, as we will discuss in Section IV (see Eq. (44)),

a relatively large amount of mass mixing between the
gauge bosons associated to the flavored U(1)’s is needed
in order to accommodate the b ! s`+`� anomalies. In
the minimal framework presented in this section, the only
connection between the two sectors is given by the portal
interaction (�†

mix

�
mix

)(�†

⌫�⌫). This interaction is how-
ever unable to induce the required mixing at su�cient
level, which in the minimal model is absent even at the
one-loop order. Therefore, the minimal model presented
here has to be extended. The necessary amount of mixing
can be easily accounted for by the inclusion of additional
particles, either fermions or scalars, charged under both

U(1)q and U(1)µ�⌧ , and with a mass around the TeV
scale. For the purpose of this study it is not necessary
to provide a precise realization of such extensions but we
rather consider the gauge boson mixing as a free param-
eter.

IV. PHENOMENOLOGICAL IMPLICATIONS

A. Rare transitions: b ! sµ+µ�

We start with the e↵ective Hamiltonian for b ! sµ+µ�

transitions,

H
e↵

= �4GFp
2
VtbV

⇤

ts
e2

16⇡2

X

i

(Cµµ
i Oµµ

i +C 0µµ
i O0µµ

i )+h.c.

(32)
In our model only a contribution to the operator

Oµµ
9

⌘ (s̄L�
⌫bL) (µ̄�⌫µ) , (33)

is generated. For our numerical analysis we rely on
the results of the fit for the Wilson coe�cients reported
in Ref. [21] (see also Ref. [20]), where the best fit is
Cµµ

9

|
NP

= �1.09 ± 0.22 at the 1� level. In our case,
we have

Cµµ
9

|
NP

=
gqg`�⇤

bs

VtbV ⇤

ts

c⇠s⇠
c�


1� t⇠t�
M2

Z
1

� 1 + t�/t⇠
M2

Z
2

�
⇤2

⌫ ,

(34)

where ⇤v =
qp

2⇡/(GF↵em) = 7 TeV.
Naive e↵ective field theory power counting suggests

that the contribution due to pure kinetic mixing is
expected to be additionally suppressed by a factor ⇠
m2

b/M
2

Z
1,2

. This is due to the presence of derivatives
from the field-strength tensors. Indeed, we explicitly
checked that Cµµ

9

|
NP

in Eq. (34) vanishes in the limit
�M̂2,mb ! 0. Therefore, from now on, we set � to zero
and allow for non-zero mass mixing �M̂2 = M̂ZqM̂Z`✏,
where the parameter ✏ is expected to be small. Expand-
ing in ✏, we find

Cµµ
9

|
NP

= � �⇤

bs

VtbV ⇤

ts

✓
gq⇤v

MZ
2

◆✓
g`⇤v

MZ
1

◆
✏+O(✏2) . (35)

B. �F = 2 processes

Flavor violating Z 0 couplings to b and s unavoidably
induce tree level contribution to Bs � B̄s mixing. In our
model

�RBs = |gq�bs|2
 

s2⇠
M2

Z
1

+
c2⇠

M2

Z
2

!✓
g2(VtbV ⇤

ts)
2

16⇡2v2
S
0

◆
�1

,

(36)
where the SM loop factor S

0

' 2.3. Expanding in ✏, we
find

�RBs =

����
�bs

VtbV ⇤

ts

����
2

✓
gq⇤v

MZ
2

◆
2

✓
2s2W
S
0

◆
+O(✏2) , (37)

• Gauged U(1)q × U(1)μ−τ  
• Two Z’ bosons 
• Mass mixing Two dimuon “peaks”
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• High-energy tails in the dimuon spectrum 
• Strong limits on the flavour-conserving operators (no flat 

directions) 

• Complementary info on the NP flavour structure

Drell-Yan tails

2

at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v

2/L 2,
where v ' 246 GeV.

For these reasons we neglect them and focus on the
four-fermion interactions which comprise of four classes
depending on the chirality: (L̄L)(L̄L), (R̄R)(R̄R), (R̄R)(L̄L),
and (L̄L)(R̄R). In particular, the relevant set of operators is:

L SMEFT �
c

(3)
Q

i j

L

kl

L 2 (Q̄
i

gµ sa

Q

j

)(L̄
k

gµ s
a

L

l

)+
c

(1)
Q

i j

L

kl

L 2 (Q̄
i

gµ Q

j

)(L̄
k

gµ
L

l

)+

c

u

i j

e

kl

L 2 (ū
i

gµ u

j

)(ē
k

gµ
e

l

)+
c

d

i j

L

kl

L 2 (d̄
i

gµ d

j

)(ē
k

gµ
e

l

)+

c

u

i j

L

kl

L 2 (ū
i

gµ u

j

)(L̄
k

gµ
L

l

)+
c

d

i j

L

kl

L 2 (d̄
i

gµ d

j

)(L̄
k

gµ
L

l

)+

c

Q

i j

e

kl

L 2 (Q̄
i

gµ Q

j

)(ē
k

gµ
e

l

) (1)

where i, j,k, l are flavour indices, Q

i

=(V ⇤
ji

u

j

L

,di

L

)T and L

i

=

(n i

L

,`i

L

)T are the SM left-handed quark and lepton weak
doublets, while d

i

, u

i

, e

i

are the right-handed singlets. V

is the CKM flavour mixing matrix and sa are the Pauli
matrices acting on SU(2)

L

space.
An equivalent classification of the possible contact in-

teractions can be obtained by studying directly the q q̄ !
`�`+ scattering amplitude:

A (qi

p1
q̄

j

p2
! `�

p

0
1
`+

p

0
2
) = i Â

q

L

,q
R

Â
`

L

,`
R

(q̄igµ
q

j) ( ¯̀gµ`) F

q`(p

2) ,

(2)

where p ⌘ p1 + p2 = p

0
1 + p

0
2, and the form factor F

q`(p

2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

F

q`(p

2) = d i j

e

2
Q

q

Q`

p

2 +d i j

g

q

Z

g

`
Z

p

2 �m

2
Z

+ im

Z

G
Z

+
eq`

i j

v

2 . (3)

Here, Q

q(`) is the quark (lepton) electric charge, while g

q(`)
Z

is the corresponding coupling to Z boson: in the SM
g

f

Z

= 2m

Z

v

(T 3
f

�Q

f

sin2 q
W

). The contact terms eq`
i j

are related
to the EFT coefficients in Eq. (1) by simple relations e

x

=
v

2

L 2 c

x

. The only constraint on the contact terms imposed by

SU(2)
L

invariance are ed

L

e

k

R

i j

= eu

L

e

k

R

i j

= c

Q

i j

e

kk

v

2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Â

q,`Lqq̄

(t,µ
F

)|F
q`(ts0)|2

Â
q,`Lqq̄

(t,µ
F

)|FSM
q` (ts0)|2

, (4)

where t ⌘ m

2
`+`�/s0 and

p
s0 is the proton-proton center

of mass energy. The sum is over the left- and right-handed
quarks and leptons as well as the quark flavours accessible
in the proton. Note that, since we are interested in the high-
energy tails (away from the Z pole), the universal higher-
order radiative QCD corrections factorise to a large extent.

SM

!4 TeV"!2!Q3ΓΑQ3"!L2ΓΑL2"

!!30 TeV"!2!Q1ΓΑΣaQ1"!L2ΓΑΣaL2"

!4 TeV"!2!Q2ΓΑQ2"!L2ΓΑL2"
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0.7

0.8

0.9

1.0

1.1

1.2

1.3

m !% !! #GeV$

R
Μ%
Μ!
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dΣ !pp" Μ$Μ%" # dΣ !pp" e$e%" , s0 & !13 TeV"2

Fig. 1 Rµ+µ�/e

+
e

� as a function of the dilepton invariant mass m`+`�

for three new physics benchmark points. See text for details.

Therefore, consistently including those corrections in the
SM prediction is enough to achieve good theoretical accu-
racy. It is still useful to define the differential LFU ratio,

Rµ+µ�/e

+
e

�(m``)⌘
dsµµ
dm``

/
ds

ee

dm``
=

=
Â

q,µ L
qq̄

(m2
``/s0,µF

)|F
qµ(m2

``)|2

Â
q,e L

qq̄

(m2
``/s0,µF

)|F
qe

(m2
``)|2

,

(5)

which is a both theoretically and experimentally cleaner
observable. In fact, in the SM both QCD and electroweak
corrections are universal among muons and electrons, pre-
dicting R

SM
µ+µ�/e

+
e

�(m``) ' 1 with very high accuracy. As
an illustration, we show in Fig. 1 the predictions for this
observable at

p
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to de-
rive these predictions are discussed in the next chapter.

A goal of this work is to connect the high-p

T

dilepton
tails measurements with the recent experimental hints on
lepton flavour universality violation in rare semileptonic B

meson decays. The pattern of observed deviations can be
explained with a new physics contribution to a single four-
fermion bsµµ contact interaction. As discussed in more
details in Section 3, a good fit of the flavour anomalies
can be obtained with a left-handed chirality structure. For
this reason, when discussing the connection to flavour in
Section 3, we limit our attention to the (L̄L)(L̄L) oper-
ators with muons given in the first line of Eq. (1).1 For
this purpose, it is useful to rearrange the terms relevant to
p p ! µ+µ� as:2

L eff �
CUµ

i j

v

2 (ūi

L

gµ u

j

L

)(µ̄
L

gµ µ
L

)+
CDµ

i j

v

2 (d̄i

L

gµ d

j

L

)(µ̄
L

gµ µ
L

) , (6)

1Note that similar conclusions apply also for solutions of the flavour
anomalies involving operators with different chirality structure.
2The down and up couplings are given by two orthogonal combina-
tions of the triplet and singlet operators in the first line of Eq. (1):
CD(U)µ

i j

= v

2/L 2(c(1)
Q

i j

L22
± c

(3)
Q

i j

L22
).

4

be derived from the charged-current pp ! `n processes [6,
7,9].

3 Implications for R(K) and R(K⇤)

3.1 Effective field theory discussion

Recent measurements in rare semileptonic b ! s transi-
tions provide strong hints for a new physics contribution to
bsµµ local interactions (see for example the recent anal-
yses in Refs. [18,19,20,21]). In particular, a good fit of
the anomaly in the differential observable P

0
5 [22], together

with the hints on LFU violation in R

K

and R

K

⇤ [23,24,25],
is obtained by considering a new physics contribution to
the C

bsµ coefficient in Eqs. (6,7). In terms of the SMEFT
operators at the electroweak scale, this corresponds to a
contribution to (at least) one of the two operators in the
first row of Eq. (1) (see for example [26]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (R

D

(⇤) ) , see e.g. Refs. [27,28,29].
Matching at the tree level this operator to the standard

effective weak Hamiltonian describing b ! s transitions,
one finds

DC

µ
9 =�DC

µ
10 =

p
aV

tb

V

⇤
ts

C

bsµ , (9)

where a is the electromagnetic fine structure constant while
|V

ts

| = (40.0± 2.7)⇥ 10�3 and |V
tb

| = 1.009± 0.031 are
CKM matrix elements [30].

The recent combined fit of Ref. [18] reported the best
fit value and 1s preferred range

DC

µ
9 =�DC

µ
10 =�0.61±0.12 . (10)

Using this result and Eq. (9), one can estimate the scale of
the relevant new physics by defining C

bsµ = g

2
⇤v

2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [26]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

Let us discuss the flavour structure of the CD(U)µ
i j

matri-
ces in Eqs. (6,7). New physics aligned only to the strange-
bottom coupling C

bsµ will not be probed at the LHC, in
fact the present (projected) 95% CL limits from the 13 TeV
ATLAS pp ! µ+µ� analysis with 36 fb�1 (3000 fb�1) of
luminosity are
����

p
aV

tb

V

⇤
ts

C

bsµ

����< 100 (39) , (11)

which should be compared with the value extracted from
the global flavour fits in Eq. (10). Such a peculiar flavour
structure is possible, but not very motivated from the model
building point of view.

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the C

bsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper
limit on |C

qµ | from the dimuon high-p

T

tail in order to set
a lower bound on |l q

bs

|, defined as the ratio

l q

bs

⌘C

bsµ/C

qµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [31] the only source of flavour vio-
lation are the SM Yukawa matrices Y

u

⌘ V

†diag(y
u

,y
c

,y
t

)
and Y

d

⌘ diag(y
d

,y
s

,y
b

). Using a spurion analysis one can
estimate

c

(3,1)
Q

i j

L22
⇠
⇣

1+aY

u

Y

†
u

+bY

d

Y

†
d

⌘

i j

, (13)
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Fig. 4 We show the present (solid red) and projected (dashed red)
95% CL limit from pp ! µ+µ� in the C

qµ -|l
bs

| plane. The solid
(dashed) green line corresponds to the best fit (2s interval) from the
fit of the flavour anomalies in Eq. (10).

where a,b ⇠O(1), which implies the following structure:

C

uµ =C

cµ =C

tµ ⌘C

Uµ ,

C

dµ =C

sµ =C

bµ ⌘C

Dµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |C

bsµ | ⇠ |V
tb

V

⇤
ts

y

2
t

C

Dµ |. In this case
the contribution to rare B meson decays has a V

ts

sup-
pression, while the dilepton signal at high-p
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receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |C
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10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated
at high luminosity.3 Allowing for more freedom and set-
ting C
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Dµ , we show in the top (central) panel of
Fig. 4 the 95% CL limit in the C

Dµ -|l
bs

| plane, where C
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Dµ by assuming the triplet (singlet) struc-
ture. As discussed before, a direct upper limit on l
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, via
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the other hand, requiring C
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flavour structure is unambiguously related to the CKM ma-
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where the flavour violating coupling is expected to be |l
bs

|⇠
|V

ts

|. As already done in the MFV case, in the following
we leave l

bs

free to vary and perform a four-parameter fit
to the dimuon spectrum. The resulting limits on C

Uµ and
C

Dµ are very similar to those obtained in the MFV scenario
(see Fig. 3) and are required to be much smaller than the
allowed range for C
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In the lower panel of Fig. 4 we show the present and

projected limits in the C

bµ -l
bs

plane (here we set C

Dµ =
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Uµ = 0, after checking that no large correlation with them
is present). As for the MFV case, the fit of the flavour
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bµ |, provides a lower bound on |l
bs

|. In this case, while
at present this limit is much lower than the natural value

3It should also be noted that the triplet combination is bounded from
the semileptonic hadron decays (CKM unitarity test) C
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Dµ =
(0.46± 0.52)⇥ 10�3 [7], in the absence of other competing contri-
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Fig. 5 Limits on the Z

0 MFV model from pp ! µ+µ�. See text for
details.

3.2 Model examples

Let us briefly speculate about the UV scenarios capable of
explaining the observed pattern of deviations in the rare B

meson decays. For our EFT approach to be valid, we focus
on models with new resonances beyond the kinematical
reach for threshold production at the LHC. In such models,
the effective operators in Eq. (1) are presumably generated
at the tree level.3 We focus here on the single mediator
models in which the required effect is obtained by inte-
grating out a single resonance. These include either an ex-
tra Z

0 bosons [28,32,37,38,39,40,41,42,43,44,45,46,47,
48,49] or a leptoquark [50,51,52,53,54,55,27,56,57,58]
(for a recent review on leptoquarks see [59]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)

Q

i j

L

kl

) or singlet

(c(1)
Q

i j

L

kl

) operators, consists of: color-singlet vectors Z

0
µ ⇠

(1,1,0) and W

0
µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),

and vectors U

µ
1 ⇠ (3,1,2/3), U

µ
3 ⇠ (3,3,2/3), in the no-

tation of Ref. [59]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z

0 and W

0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if M

Z

0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
M

V

and

c

(3)
Q

i j

L

kl

=�g

(3),i j

Q

g

(3),kl

L

, c

(1)
Q

i j

L

kl

=�g

(1),i j

Q

g

(1),kl

L

, (17)

3Note that including a loop suppression factor of ⇠ 1
16p2 , the fit of

the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
�0.3 TeV

(see for example models proposed in Refs. [34,35,36]).

obtained after integrating out the heavy vectors with inter-
actions L � Z

0
µ Jµ +W

0a
µ J

a

µ , where

Jµ = g

(1),i j

Q

(Q̄
i

gµ Q

j

)+g
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(L̄
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l

) ,

J
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Q

(Q̄
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gµ sa

Q
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)+g

(3),kl

L

(L̄
k

gµ sa

L

l

) .
(18)

A quark flavour-violating g

(x),23
Q

coupling and g

(x),22
L

are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a singlet Z

0 with g

1,i j

Q

= g

1,i j

L

=

d i j

g⇤ and MFV structure (g(1),23
Q

=V

ts

g⇤) we derive limits
on g⇤ as a function of the mass M

Z

0 , both fitting the data
directly in the full model,4 and in the EFT approach. The
results are shown in Fig. 5. The limits in the full model are
shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass M

Z

0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.5

On top of this, we show with green lines the best fit and 2s
interval which reproduce the b ! sµµ flavour anomalies,
showing how LHC dimuon searches already exclude such
a scenario independently of the Z

0 mass. Red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z

0)⇥B(Z0 ! µ+µ�) from Fig. 6 of Ref. [11].
Related to the above analysis, let us comment on the

model recently proposed in Ref. [49]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h

) having MFV-like couplings in the quark
sector. Fig. 1 of Ref. [49] shows the preferred region from
DC

µ
9 in the mass versus coupling plane, as well as the con-

straint from the Z

0 resonance search (from the same exper-
imental analysis used here [11]). While the limits from the
resonance search are effective up to ⇠ 4 TeV, we note that
the limits from the tails go even beyond and already probe
the interesting parameter region as shown in our Fig. 4.
Note that this statement is independent of the Z

0 mass (as
long as the EFT is valid).

Leptoquark models: A color-triplet resonance in the
t-channel gives rise to pp ! `+`� at the LHC [60,61].
The relevant interaction Lagrangian for explaining B de-
cay anomalies is,

L � y

LL

3i j
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j
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LL
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(19)

4The Z

0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. G

Z

0/M

Z

0 = 5g

2
⇤/(6p).

5See Ref. [9] for a more detailed discussion on the EFT validity in
high-p

T

dilepton tails.
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Conclusions
• R(D(*)): Di-Tau signal at the high-pT! 

• R(K(*)): Even if the NP scale is beyond the LHC collision energies, 
deviation in the high-pT dilepton tail might still be observed.

[Faroughy, AG, F. Kamenik] Phys.Lett. B764 (2017) 126-134 

[AG, and D. Marzocca] 1704.09015 
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Stay tuned…

… for the interplay of flavour and collider physics in years 
to come…
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2

below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.
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representative cases, where we extend the SM by a sin-
gle field transforming non-trivially under the SM gauge
group.

a. Vector triplet: A color-neutral real SU(2)L
triplet of massive vectors W 0a ⇠ W 0±, Z 0 can be coupled
to the SM fermions via

LW 0 � �1

4
W 0aµ⌫W 0a

µ⌫+
m2

W 0

2
W 0aµW 0a

µ +W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ gb�

q
ijQ̄i�

µ�aQj + g⌧�
`
ijL̄i�

µ�aLj , (6)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which coin-
cides with the mass-ordered mass-eigenbasis of down-like
quarks (di) and charged leptons (`i), V (U) is the CKM
(PMNS) flavor mixing matrix, and �a are the Pauli ma-
trices. Since the largest e↵ects should involve B-mesons

and tau leptons we assume �
q(`)
ij = �i3�j3, consistently

with the U(2) flavor symmetry [1]. Furthermore, o↵-
diagonal �q

i3 entries (i 6= 3) are constrained by Bs mixing,
i.e. gb�

q
23

/mW 0 < 8.5 ⇥ 10�3 TeV�1 [? ] and can thus
also be neglected in the following. The main constraint
on gb comes from its contribution to CP violation in D0

mixing yielding gb/mW 0 < 2.2TeV�1 [? ]. Finally, in the
lepton sector flavor mixing e↵ects induced by finite neu-
trino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

Integrating out the heavy vector at tree level,

Le↵

W 0 � � 1

2m2

W 0
Jaµ
W 0J

aµ
W 0 , (7)

determines low-energy flavor phenomenology [1]. In par-
ticular,

Le↵
W 0 � � gbg⌧

m2
W 0

(Q̄3�µ�
aQ3)(L̄3�

µ�aL3)�
g2b

2m2
W 0

(Q̄3�µ�
aQ3)

2 .

(8)
The resolution of the R(D(⇤)) anomalies requires

Vcbgbg⌧/m
2

W 0 ' 0.18TeV�2 AG: (I get gbg⌧/m
2

W 0 '
(2.1± 0.5)TeV�2, when multiplied by Vcb, I get 0.09).

b. 2HDM: Color-neutral SU(2) doublet of massive
scalars with hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 +
iA0)/

p
2) has the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 �m2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (9)

where H̃ 0
↵ = ✏↵�H

0⇤� and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to split-
ting of A,H0, H+ masses and to mixing of H0 with the
SM Higgs boson (h) away from the alignment (innert)
limit. We discuss the relevance of these e↵ects below.
Additional couplings to fermions, not required by B de-
cay data, are severely constrained by neutral meson os-
cilations and/or LFU measurements in the ⇡,K,Dq me-
son and ⌧ lepton decays, and we do not consider them
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Figure 1: Electrweak precision constraints on the masses of
the scalars in the THDM, in the CP conserving and alignment
(innert) limit. Allowed region are shaded in orange, green and
blue for reference charged scalar masses of mH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of mH+ values of mA,H

outside of the corresponding shaded region are excluded at
the 3� level.

any further. On the other hand as we discuss below,
accounting for both R(D(⇤)) anomalies requires both
Yb,c nonvanishing. While Yb is safe from tree-level FC-
NCs, Yc induces D0 mixing and is thus constrained to
Yc/mH0 < 0.12TeV�1 [? ]. This is potentially problem-
atic. JFK: We should quantify this later, maybe super-
imposing this constraint on the rest.
Finally, the H 0 model leads to

Le↵.
H0 =

YbY
⇤
⌧

m2

H0
(Q̄

3

bR)(⌧̄RL3

) + h.c.

+
Y ⇤
c Y

⇤
⌧

m2

H0
(c̄RQ

↵
3

)✏↵�(⌧̄RL
�
3

) + h.c.

+
|Yb|2

m2

H0
(Q̄

3

bR)(b̄RQ3

) +
|Yc|2

m2

H0
(Q̄

3

cR)(c̄RQ3

)

+
YbYc

m2

H0
(Q̄↵

3

bR)✏↵�(Q̄
�
3

cR) + h.c.+ . . . . (10)

Accounting for both R(D(⇤)) and the observed de-
cay spectra [5] requires non-vanishing contributions of
both VcbYbY

⇤
⌧ /m

2

H0 ⇠ 1.25TeV�1 and YcY⌧/m
2

H0 ⇠
�1.02TeV�1.
In a general THDM, the masses of A,H0, H+ are in-

dependent parameters and no common mH0 scale can
be defined. However, the spectrum is subject to elec-
troweak precision constraints. In particular, the extra
scalar states contribute to the gauge bosons vacuum po-
larizations, parametrized by the Peskin-Takeuchi param-
eters S and T. Working in the CP conserving and align-
ment (innert) limits, we can employ the known results [?
] for the relevant THDM contributions. Comparing these
to the recent Gfitter fit of electrweak precision data [?
] we obtain the constraints shown in Fig. 1. We have
checked that similar results are obtained even for mod-
erate departures from the alignment (innert) limit, as

(1) Dominant couplings with the third generation  
 

(2) Flavor alignment with down quarks and charged 
leptons (to avoid FCNC in the down sector)  
 

2

below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.
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[AG, Isidori, Marzocca, JHEP 1507 (2015) 142]

b→sνν & R(D* )

0.00 0.05 0.10 0.15 0.20
-1.0

-0.5

0.0

0.5

1.0

ϵq ϵℓ

θ 2
3
(in
un
its
of
V c
b)

Marginalized Δχ2

*Unpublished

Obs. Oi Exp. bound (µi ± �i) Def. Oi(x↵)

R
0

(D⇤) 0.14± 0.04 ✏`✏q
R

0

(D) 0.19± 0.09 ✏`✏q
�Rµe

b!c 0.00± 0.01 2✏`✏q�`
µµ

�R�F=2

Bs
0.0± 0.1 ✏2q |�

q
bs|2(|V ⇤

tbVts|2Rloop

SM

)�1

�Cµ
9

�0.53± 0.18 �(⇡/↵
em

)�`
µµ✏`✏q�

q
bs/|V ⇤

tbVts|
�R⌧!µ/e

0.0040± 0.0032 2✏2`
�
�`
µµ � 1

2

|�`
⌧µ|2

�

⇤�2

⌧µ
(0.0± 4.1)⇥ 10�9 [GeV�2] (GF /

p
2)✏2`�

`
µµ�

`
⌧µ

⇤�2

uc (0.0± 5.6)⇥ 10�14 [GeV�2] (GF /
p
2)✏2q |VubV ⇤

cb|2

Table 1: Observables entering in the fit with their experimental bound (assuming the uncer-
tainties follow the Gaussian distribution) and the expression in terms of the parameters of our
model.

3.5 Combined fit and discussion

The low-energy observables discussed above depend on the three flavor-non-universal couplings
�q
bs, �

`
µµ, �

`
⌧µ, and the two flavor-independent combinations

✏`,q ⌘
g`,q mW

g mV
⇡ g`,q

122GeV

mV
, (40)

which we assume to be bounded by |✏`,q| < 2. We have performed a combined fit of these
parameters using the experimental constraints reported in Table 1. For simplicity, we have
assumed Gaussian errors for all the observables. The preferred region of the model parameters
(x↵) has been determined minimizing the �2 distribution

�2(x↵) =
X

i

(Oi(x↵)� µi)2

�2

i

. (41)

The best-fit point is found for

✏` ⇡ 0.37 , ✏q ⇡ 0.38 , �q
bs ⇡ 2.3⇥ 10�3 , �`

µµ ⇡ 2.0⇥ 10�2 , �`
⌧µ ⇡ 4.8⇥ 10�2 . (42)

The �2 improvement of the best-fit point with respect to the SM limit is �2(x
SM

)� �2(x
BF

) =
18.6 for 5 d.o.f., which corresponds to a p-value for the SM hypothesis of 0.002. In Fig. 1 we
show the 68%CL and 95%CL regions in the (✏q, ✏`), (�

q
bs,�

`
µµ), (�

`
µµ,�

`
⌧µ), and (�Cµ

9

,�RBs)
planes, after having marginalised over the other parameters.

The best-fit point implies a small non-standard contribution to Cµ
9

. This is because of
the bounds on |�`

µµ| and |�q
bs| dictated by LFU in ⌧ decays and �mBq mixing (see sect. 3.4).

However, in the 95%CL (68%CL) preferred region of the model parameters the e↵ective coupling
|�`

µµ| can exceed 0.10 (0.05). In this case �Cµ
9

can be within 1� or 2� of its central value (see
right panels in Fig. 1).6

6A “perfect fit” of �Cµ
9

can be obtained extending the minimal version of the model, at the cost of introducing
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Table 2: Observables entering in the fit, together with their predictions in terms of

the model parameters describing the contributions due to ⇢ and ! exchange, and the

corresponding experimental bounds (assuming Gaussian uncertainties).

which we assume to be bounded as |✏(0)`,q | < 1 (for m⇢ = 1.5 TeV this implies |g(0)`,q | . 12).

The contributions to the flavor observables defined in Ref. [32] are summarized in Table 2.

5.2 Vector color-octet contributions to �F = 2

For the color-octet singlet and triplet fields,

VA
µ : (8,1, 0) and VA,a

µ : (8,3, 0) , (5.10)

we write the e↵ective couplings to quark currents as follows

L � 1

2
gO�q

ij q̄iL�µTAqjL VA
µ + g0O�q

ij q̄iL�µTA⌧aqjL VA,a
µ , (5.11)

where TA are the generators of color (TA = �A/2 where �A are Gell-Mann matrices)

and gO (g0O) is the corresponding coupling constant for the color-octet, electroweak singlet

(triplet), vector resonance. The singlet contribution to meson mixing is the same as in

Table 2 with the replacement (✏0q)
2 ! �2✏2O/3, where

✏O ⌘ gO mW

g mO
⇡ gO

122 GeV

mO
. (5.12)

Note that this implies a cancellation between � and VA contributions to meson mixing in

the limit aVq =
p

3/2 a�q , that is what is expected by a näıve evaluation of the relevant

connected TC amplitudes contributing to these couplings.

Similarly, the contribution of the triplet is obtained via the replacement (✏q)2 !
�2(✏0O)2/3.

– 15 –

*Tree level (stronger) 
*One-loop (similar)

Here, E and E 0 are the energies of the incoming and outgoing particles and E = E 0 due to the
energy conservation. We choose the transverse momentum of the outgoing particles to be along
the x- axis. Explicitly computing
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Figure 2: Electroweak precision constraints on the masses of
the scalars in the 2HDM, in the CP conserving and alignment
(inert) limit. Allowed regions are shaded in orange, green and
blue for reference charged scalar masses of MH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of MH+ values of MA,H

outside of the corresponding shaded region are excluded at
the 3� level.

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same
time to potentially large b b̄ ! Z 0 ! ⌧+⌧� signal at the
LHC.

Production and decay phenomenology of W 0 and Z 0

at the LHC have already been discussed in Refs. [19, 33],
showing that the R(D⇤) anomaly cannot be addressed
consistently in presence of a narrow Z 0 decaying to ⌧+⌧�.
Here we significantly extend these previous works by re-
casting existing LHC ⌧⌧ searches including possible large
resonance width e↵ects in order to properly extract the
LHC limits on this model (see Section IV B2 for results).

B. Scalar doublet

Color-neutral SU(2) doublet of massive scalars with
hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 + iA0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 � M2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (7)

where H̃ 0 = i�2H 0⇤ and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to splitting
of A,H0, H+ masses and to mixing of H0 with the SM
Higgs boson (h) away from the alignment (inert) limit.
We discuss the relevance of these e↵ects below. Addi-
tional couplings to fermions, not required by B decay

data, are severely constrained by neutral meson oscila-
tions and/or LFU measurements in the ⇡,K,Dq meson
and ⌧ lepton decays, and we do not consider them any
further.

The H 0 model can account for both R(D(⇤)) and
the observed decay spectra [26] through simultaneous
non-vanishing contributions to cdQLe = YbY

⇤
⌧ /M

2

H+ '
(50 ± 14) TeV�2 and cQuLe = YcY⌧/M

2

H+ ' (�1.6 ±
0.5) TeV�2 (renormalized at the b-quark mass scale µR '
4.2 GeV) via the exchange of the charged H 0 component
(H+). The corresponding high-pT signatures at the LHC
are on the other hand driven by bb̄ ! (H0, A) ! ⌧+⌧�

processes.
As in the vector triplet case, robust mass bounds can

only be set on the charged states, in particular MH+ &
90 GeV as required by direct searches at LEP [32]. How-
ever, in a general two higgs doublet model (2HDM), the
masses of A,H0, H+ are independent parameters and no
common MH0 scale can be defined. Consequently, the
mass scale suppressing charged currents entering R(D(⇤))
(MH+) could be significantly di↵erent from the masses of
neutral scalars (H0, A) to be probed in the ⌧+⌧� final
state at the LHC. However, the spectrum is also subject
to electroweak precision constraints. In particular, the
extra scalar states contribute to the gauge boson vac-
uum polarizations, parametrized by the Peskin-Takeuchi
parameters S and T. Working in the CP conserving and
alignment (inert) limits, we can employ the known re-
sults [34] for the relevant 2HDM contributions. Compar-
ing these to the recent Gfitter fit of electroweak precision
data [35] we obtain the constraints shown in Fig. 2. We
have checked that similar results are obtained even for
moderate departures from the alignment (inert) limit, as
allowed by current Higgs precision measurements. We
observe that both A,H0 cannot be simultaneously arbi-
trarily decoupled in mass from H+. In particular, we
find that at least one neutral scalar has to lie within
⇠ 100 GeV of the charged state. This level of uncer-
tainty needs to be kept in mind when interpreting the
constraints on this model derived in Section IV B 3.

C. Vector Leptoquark

One can also extend the SM with a vector leptoquark
weak singlet, Uµ ⌘ (3,1, 2/3),3 coupled to the left-
handed quark and lepton currents [24, 33, 36, 37],

LU = �1

2
U †
µ⌫U

µ⌫ + M2

UU
†
µU

µ + (Jµ
UUµ + h.c.) , (8)

Jµ
U ⌘ �ij Q̄i�

µLj , (9)

where again we restrict our discussion to �ij ' gU�3i�3j ,
consistent with a U(2) flavor symmetry [24]. Low en-

3 Similar conclusions also apply for an SU(2)L triplet model.
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Figure 2: Electroweak precision constraints on the masses of
the scalars in the 2HDM, in the CP conserving and alignment
(inert) limit. Allowed regions are shaded in orange, green and
blue for reference charged scalar masses of MH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of MH+ values of MA,H

outside of the corresponding shaded region are excluded at
the 3� level.

and after expanding SU(2)L indices,

Le↵
W 0 � �

�q
ij�

`
kl

M2
W 0

(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

� �
gbg⌧

M2
W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires cQQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5) TeV�2, leading at the same
time to potentially large b b̄ ! Z 0 ! ⌧+⌧� signal at the
LHC.

Production and decay phenomenology of W 0 and Z 0

at the LHC have already been discussed in Refs. [19, 33],
showing that the R(D⇤) anomaly cannot be addressed
consistently in presence of a narrow Z 0 decaying to ⌧+⌧�.
Here we significantly extend these previous works by re-
casting existing LHC ⌧⌧ searches including possible large
resonance width e↵ects in order to properly extract the
LHC limits on this model (see Section IV B2 for results).

B. Scalar doublet

Color-neutral SU(2) doublet of massive scalars with
hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 + iA0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 � M2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (7)

where H̃ 0 = i�2H 0⇤ and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to splitting
of A,H0, H+ masses and to mixing of H0 with the SM
Higgs boson (h) away from the alignment (inert) limit.
We discuss the relevance of these e↵ects below. Addi-
tional couplings to fermions, not required by B decay

data, are severely constrained by neutral meson oscila-
tions and/or LFU measurements in the ⇡,K,Dq meson
and ⌧ lepton decays, and we do not consider them any
further.

The H 0 model can account for both R(D(⇤)) and
the observed decay spectra [26] through simultaneous
non-vanishing contributions to cdQLe = YbY

⇤
⌧ /M

2

H+ '
(50 ± 14) TeV�2 and cQuLe = YcY⌧/M

2

H+ ' (�1.6 ±
0.5) TeV�2 (renormalized at the b-quark mass scale µR '
4.2 GeV) via the exchange of the charged H 0 component
(H+). The corresponding high-pT signatures at the LHC
are on the other hand driven by bb̄ ! (H0, A) ! ⌧+⌧�

processes.
As in the vector triplet case, robust mass bounds can

only be set on the charged states, in particular MH+ &
90 GeV as required by direct searches at LEP [32]. How-
ever, in a general two higgs doublet model (2HDM), the
masses of A,H0, H+ are independent parameters and no
common MH0 scale can be defined. Consequently, the
mass scale suppressing charged currents entering R(D(⇤))
(MH+) could be significantly di↵erent from the masses of
neutral scalars (H0, A) to be probed in the ⌧+⌧� final
state at the LHC. However, the spectrum is also subject
to electroweak precision constraints. In particular, the
extra scalar states contribute to the gauge boson vac-
uum polarizations, parametrized by the Peskin-Takeuchi
parameters S and T. Working in the CP conserving and
alignment (inert) limits, we can employ the known re-
sults [34] for the relevant 2HDM contributions. Compar-
ing these to the recent Gfitter fit of electroweak precision
data [35] we obtain the constraints shown in Fig. 2. We
have checked that similar results are obtained even for
moderate departures from the alignment (inert) limit, as
allowed by current Higgs precision measurements. We
observe that both A,H0 cannot be simultaneously arbi-
trarily decoupled in mass from H+. In particular, we
find that at least one neutral scalar has to lie within
⇠ 100 GeV of the charged state. This level of uncer-
tainty needs to be kept in mind when interpreting the
constraints on this model derived in Section IV B 3.

C. Vector Leptoquark

One can also extend the SM with a vector leptoquark
weak singlet, Uµ ⌘ (3,1, 2/3),3 coupled to the left-
handed quark and lepton currents [24, 33, 36, 37],

LU = �1

2
U †
µ⌫U

µ⌫ + M2

UU
†
µU

µ + (Jµ
UUµ + h.c.) , (8)

Jµ
U ⌘ �ij Q̄i�

µLj , (9)

where again we restrict our discussion to �ij ' gU�3i�3j ,
consistent with a U(2) flavor symmetry [24]. Low en-

3 Similar conclusions also apply for an SU(2)L triplet model.
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EFT exclusion limits: We generate pp ! ⌧⌧
events using Madgraph assuming non-zero Wilson coef-
ficient each the e↵ective four-fermion operators listed
above. These are then passed through the same simu-
lation pipeline as discussed. Comparing the predicted
number of the events after the final selection with the
exclusions, one finds:

|cW 0 | < 2.8 TeV�2 at 95% CL, (14)

that is to be compared compared with the preferred
range from the anomaly, cW 0 ' (2.1 ± 0.5)TeV�2. The
EFT limits should be taken with caution, as the LHC
explores high pT momentum transfers where the EFT
validity might break up. In the following, we derive the
limits in each model separately.

Z 0 exclusion limits: Events for the process bb̄ !
Z 0 ! ⌧+⌧� were simulated with Madgraph for di↵erent
values of the Z 0 mass and width. We fixed the renor-
malization and factorization scalesat M 0

Z and used the
NN23NLO set for the parton distribution functions in the
5-flavor scheme. The LO production cross-section was
rescaled to NLO in QCD by applying the corresponding
K-factor extracted from Figure [? ].

A comment is in order about the role of the next-to-
leading order (NLO) QCD corrections to bb̄ induced Z 0

production. In Fig. 3 we plot the Z 0 production x-section
at the 13TeV LHC induced by gb = 1 as computed at the
LO and NLO in QCD using aMC@NLO, and shown in
orange and green, respectively. The perturbative (dot-
ted contours), pdf (dashed contours) and total (shaded
regions) uncertainties are also shown. The first are ob-
tained independently varying factorisation and renormal-
isation scales within µF , µR 2 [0.5, 2]M , the second are
given by the 68% C.L. ranges when averaging over the
PDF set. The total uncertainty is obtained by adding
the perturbative and pdf uncertainties in quadrature. We
observe that at low Z 0 masses, perturbative uncertainty
dominates, while above ⇠ 1TeV (0.5TeV), the pdf un-
certainty takes over at LO (NLO). Our numerical results
and findings are consistent with those that have recently
appeared in the literature for specific Z 0 masses and SM-
like couplings [2].

Coming back to simulation results, shown in Fig. 2 are
the limits on bb̄ ! Z 0 ! ⌧�⌧+ production for mZ0 =
1.5 TeV, gb and g⌧ are the corresponding Z 0 couplings
to bottom quarks and tau leptons, respectively. Black
region is not allowed by consistency requirement that the
total width is larger than the sum of the partial widths
to bb̄ and ⌧+⌧�. The exclusion region from the recast of
ATLAS search [3] is shown in brown while the preferred
1� region from the combination of R(D⇤) and R(D) is
shown in green assuming the entire NP contribution is
due to the vector triplet discussed in [1].

Moreover, shown in the contour plot in Fig. ?? is the
upper limit on gbg⌧v

2/m2

Z0 for a given Z 0 mass and width
as obtained from the recast of ATLAS 8 TeV search [3].
Fit to R(D(⇤)) for this quantity is 0.13±0.03. The region
shaded in black is obtained assuming |gbg⌧ | to be at the
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Figure 3: Next-to-leading order QCD corrections for a narrow
Z0 production via bottom-bottom fusion.

Figure 4: 8 TeV ATLAS ⌧⌧ search exclusion limits (red) and
R(D(⇤)) preferred region (green) for vector LQ model.

exclusion limits.
THDM exclusion limits: We estimate the A,H0

production from bb̄ annihilation at NNLO in QCD using
the Higgs cross-section WG results of the SM Higgs bo-
son []. While the results are directly applicable for the
CP even state H0, we have checked that di↵erences be-
tween scalar and pseudoscalar production are negligible
up to NLO []. Similarly to the Z 0 model, in order to
recast the experimental analyses, events for the process
bb̄ ! A(H0) ! ⌧+⌧� were simulated with Madgraph for
di↵erent values of the scalar mass and width. The main
di↵erence here is that the experimental analyses require
an additional b-jet tag in order to increase sensitivity
to corresponding production mechanism. Therefore the
simulation was performed in the four-flavor scheme with
massive b-quarks. JFK: Note that with a b-tag the inclu-
sive bb̄ ! h results do not apply, instead pp ! hjb would
be needed, which is known only at NLO and is part of
the inclusive NNLO result.
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final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross-section for
the Sequential SM (SSM) as reported in Fig. 8 of [42].
The rescaling factors are the signal event yields reported
in Table 4 of [42] divided by the predicted cross-section in
SSM from Fig. 8 of [42]. In particular, for the final selec-
tion bins defined with mtot

T > 400, 500, 600, 750 and 850
GeV, the excluded number of signal events at 95% CL
are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. Here the
total transverse mass mtot

T of the visible part of ⌧
had

⌧
had

is defined by

mtot

T ⌘
q

m2
T (⌧1, ⌧2) +m2

T (/ET , ⌧1) +m2
T (/ET , ⌧2) , (15)

where mT (A,B) =
p

pT (A)pT (B)[1� cos��(A,B)] is the
transverse mass between objects A and B, and /ET is
the total missing transverse energy reconstructed in the
event. As discussed in the Appendix, we perform (for
each model) a montecarlo simulation of the mtot

T distri-
bution at the reconstruction level in order to find the ex-
pected number of signal events in these bins. The point
in the parameter space of a model is excluded if any of
the above limits are exceeded.

ATLAS (13 TeV, 3.2 fb�1): The ATLAS collabo-
ration has also performed a search for ⌧⌧ resonances at
13 TeV using 3.2 fb�1 of data [43]. We recast [43] by re-
producing correctly the SM backgrounds, and injecting
our signal (see Appendix for details). After performing
the statistical analysis using the CLs method [44] on the
mtot

T distribution (Fig. (4f) of Ref. [43]), we find that for
the final selection bin defined via mtot

T > 150, 186, 231,
287, 357, 444, 551 and 684 GeV, the excluded number of
signal events at 95% CL are N

evs

> 200, 190, 120, 50,
20, 9.2, 6.2 and 3.7, respectively.5 Again, the point in
a model’s parameter space is excluded if the predicted
number of events exceeds the limit in any of the bins.

ATLAS (13 TeV, 13.2 fb�1): The ATLAS collab-
oration has recently released results on a search for the
MSSM process A0/H0 ! ⌧⌧ using 13.2�13.3 fb�1 of col-
lected data from pp-collisions at 13 TeV center-of-mass
energy [45]. We recast the search in the fully inclusive
category described in the Appendix. We take advan-
tage of the higher luminosity of this search and use it
to probe models with ⌧⌧ resonances in the lower mass
region 200 � 700 GeV which typically su↵er from low
sensitivity. For this, we perform for each model a profile
likelihood fit to a binned histogram distribution of mtot

T
with seven bins bounded bellow by 150, 200, 250, 300,
350, 400, 450 GeV, respectively. To be as conservative as
possible, we assume systematic uncertainties among bins
reported in Figs. (4d) and (4e) of [45] to be uncorrelated
and add them linearly to obtain the inclusive ones. Lim-
its on the parameter space of a model are given at 95%
CL.

5 Here we conservatively assume ⇠ 10% systematical uncertainty
in the first four bins of Fig. (4f) of Ref. [43].

B. Results

We implemented the EFT operators as well as all the
simplified models into Feynrules 2 [46] and generated
pp(bb̄) ! ⌧+⌧� events using Madgraph 5 [47] at LO in
QCD. The production cross-sections were then rescaled
to the most precise known values in the literature (when
available) for each specific case as described in detail be-
low. The generated events were finally passed through
the same simulation pipeline as described above and in
the Appendix.

1. EFT exclusion limits

First, we demonstrate the LHC ⌧+⌧� search sensitiv-
ity within the EFT by switching on individual operators
in Eq. (3). The respective production cross-sections are
only known at LO in QCD and were computed using the
NNPDF2.3 [48] PDF set at NLO in the 5-flavor scheme.
Comparing the predicted number of events after the final
selection with the exclusions, we find at 95% CL

|cQQLL| < 2.8 (2.6) TeV�2 recast [42] ([43]), (16a)

|cdQLe| < 2.1 (1.9) TeV�2 recast [42] ([43]),(16b)

while, as anticipated in Sec. II, no relevant bounds can
be obtained on c

QuLe(0)
. For the scalar operator, which

has a non-vanishing anomalous dimension and runs
under the QCD RG evolution, we assume the represen-
tative renormalization scale to be within the highest
mtot

T bin, which dominates the experimental constraints
– µR & 700 GeV. Due to the very slow running of ↵s

above the top mass threshold, the associated ambiguity
is expected to be small. On the other hand, these
constraints should be taken with caution, since the LHC
explores high pT momentum transfers where the EFT
validity might break down. In the following, we thus
rather derive more robust constraints on all explicit
model examples introduced in Sec. III.

2. Vector triplet exclusion limits

We start the discussion with a comment on the signif-
icance of the next-to-leading order (NLO) QCD correc-
tions to bb̄ induced Z 0 production. In Fig. 3 we plot the
Z 0 production cross-section at the 13 TeV LHC induced
by gb = 1 as computed at the LO and NLO in QCD
using aMC@NLO [47], and shown in orange and green,
respectively. We fixed the renormalization and factor-
ization scales at mZ0 and used the NNPDF3.0 [49] set
for PDFs in the NLO 5-flavor scheme. The perturba-
tive (dotted contours), PDF (dashed contours) and to-
tal (shaded regions) uncertainties are also shown. The
first are obtained independently varying factorisation and

*Similar conclusions for:

2

representative cases, where we extend the SM by a sin-
gle field transforming non-trivially under the SM gauge
group.

a. Vector triplet: A color-neutral real SU(2)L
triplet of massive vectors W 0a ⇠ W 0±, Z 0 can be coupled
to the SM fermions via

LW 0 � �1

4
W 0aµ⌫W 0a

µ⌫+
m2

W 0

2
W 0aµW 0a

µ +W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ gb�

q
ijQ̄i�

µ�aQj + g⌧�
`
ijL̄i�

µ�aLj , (6)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which coin-
cides with the mass-ordered mass-eigenbasis of down-like
quarks (di) and charged leptons (`i), V (U) is the CKM
(PMNS) flavor mixing matrix, and �a are the Pauli ma-
trices. Since the largest e↵ects should involve B-mesons

and tau leptons we assume �
q(`)
ij = �i3�j3, consistently

with the U(2) flavor symmetry [1]. Furthermore, o↵-
diagonal �q

i3 entries (i 6= 3) are constrained by Bs mixing,
i.e. gb�

q
23

/mW 0 < 8.5 ⇥ 10�3 TeV�1 [? ] and can thus
also be neglected in the following. The main constraint
on gb comes from its contribution to CP violation in D0

mixing yielding gb/mW 0 < 2.2TeV�1 [? ]. Finally, in the
lepton sector flavor mixing e↵ects induced by finite neu-
trino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.

Integrating out the heavy vector at tree level,

Le↵

W 0 � � 1

2m2

W 0
Jaµ
W 0J

aµ
W 0 , (7)

determines low-energy flavor phenomenology [1]. In par-
ticular,

Le↵
W 0 � � gbg⌧

m2
W 0

(Q̄3�µ�
aQ3)(L̄3�

µ�aL3)�
g2b

2m2
W 0

(Q̄3�µ�
aQ3)

2 .

(8)
The resolution of the R(D(⇤)) anomalies requires

Vcbgbg⌧/m
2

W 0 ' 0.18TeV�2 AG: (I get gbg⌧/m
2

W 0 '
(2.1± 0.5)TeV�2, when multiplied by Vcb, I get 0.09).

b. 2HDM: Color-neutral SU(2) doublet of massive
scalars with hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 +
iA0)/

p
2) has the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 �m2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (9)

where H̃ 0
↵ = ✏↵�H

0⇤� and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to split-
ting of A,H0, H+ masses and to mixing of H0 with the
SM Higgs boson (h) away from the alignment (innert)
limit. We discuss the relevance of these e↵ects below.
Additional couplings to fermions, not required by B de-
cay data, are severely constrained by neutral meson os-
cilations and/or LFU measurements in the ⇡,K,Dq me-
son and ⌧ lepton decays, and we do not consider them
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Figure 1: Electrweak precision constraints on the masses of
the scalars in the THDM, in the CP conserving and alignment
(innert) limit. Allowed region are shaded in orange, green and
blue for reference charged scalar masses of mH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of mH+ values of mA,H

outside of the corresponding shaded region are excluded at
the 3� level.

any further. On the other hand as we discuss below,
accounting for both R(D(⇤)) anomalies requires both
Yb,c nonvanishing. While Yb is safe from tree-level FC-
NCs, Yc induces D0 mixing and is thus constrained to
Yc/mH0 < 0.12TeV�1 [? ]. This is potentially problem-
atic. JFK: We should quantify this later, maybe super-
imposing this constraint on the rest.
Finally, the H 0 model leads to

Le↵.
H0 =

YbY
⇤
⌧

m2

H0
(Q̄

3

bR)(⌧̄RL3

) + h.c.

+
Y ⇤
c Y

⇤
⌧

m2

H0
(c̄RQ

↵
3

)✏↵�(⌧̄RL
�
3

) + h.c.

+
|Yb|2

m2

H0
(Q̄

3

bR)(b̄RQ3

) +
|Yc|2

m2

H0
(Q̄

3

cR)(c̄RQ3

)

+
YbYc

m2

H0
(Q̄↵

3

bR)✏↵�(Q̄
�
3

cR) + h.c.+ . . . . (10)

Accounting for both R(D(⇤)) and the observed de-
cay spectra [5] requires non-vanishing contributions of
both VcbYbY

⇤
⌧ /m

2

H0 ⇠ 1.25TeV�1 and YcY⌧/m
2

H0 ⇠
�1.02TeV�1.
In a general THDM, the masses of A,H0, H+ are in-

dependent parameters and no common mH0 scale can
be defined. However, the spectrum is subject to elec-
troweak precision constraints. In particular, the extra
scalar states contribute to the gauge bosons vacuum po-
larizations, parametrized by the Peskin-Takeuchi param-
eters S and T. Working in the CP conserving and align-
ment (innert) limits, we can employ the known results [?
] for the relevant THDM contributions. Comparing these
to the recent Gfitter fit of electrweak precision data [?
] we obtain the constraints shown in Fig. 1. We have
checked that similar results are obtained even for mod-
erate departures from the alignment (innert) limit, as

(1) Dominant couplings with the third generation  
 

(2) Flavor alignment with down quarks and charged 
leptons (to avoid FCNC in the down sector)  
 

2

below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.
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below the electroweak breaking scale v
EW

' 246 GeV,
this is certainly not suitable for processes occurring at
LHC energies. To fully explore the possible high-pT
signatures associated with e↵ects in R(D(⇤)), a set of
semileptonic dimension six operators invariant under the
full SM gauge symmetry is required. In the following we
adopt the following complete basis [25, 26]

Le↵ � cijklQQLL(Q̄i�µ�
aQj)(L̄k�

µ�aLl)

+ cijklQuLe(Q̄iu
j
R)i�

2(L̄k`
l
R) + cijkldQLe(d̄

i
RQj)(L̄k`

l
R)

+ cijkldQLe0(d̄
i
R�µ⌫Qj)(L̄k�

µ⌫`lR) + h.c. , (3)

where Qi = (V ⇤
jiu

j
L, d

i
L)

T and Li = (U⇤
ji⌫

j , `iL)
T are the

SM quark and lepton weak doublets in a basis which co-
incides with the mass-ordered mass-eigenbasis of down-
like quarks (di) and charged leptons (`i), V (U) is the
CKM (PMNS) flavor mixing matrix and �a are the
Pauli matrices acting on SU(2)L indices (suppressed).
Note that we have omitted a fifth possible operator
(Q̄�µ⌫u

j
R)i�

2(L̄�µ⌫`lR), which can be shown to be redun-
dant.

First observation that can be made at this point is that
in addition to charged current (ui ! dj`k⌫l) transitions,
all operators predict the appearance of neutral quark
and lepton currents (uiūj ! `k ¯̀l and/or did̄j ! `k ¯̀l).
We note however that this would no longer be true in
presence of additional light neutral fermions (⌫R) which
could mimic the missing energy signature of SM neutri-
nos in B ! D(⇤)⌧⌫ decays. Additional operators can
namely be constructed by the simultaneous substitution
`R $ ⌫R and uR $ dR in Eq. (3), plus the operator
(d̄iR�µu

j
R)(⌫̄R�

µ`kR) which can a↵ect R(D(⇤)) [12] but do
not contribute to neutral currents involving charged lep-
tons. In the EFT approach such contributions thus seem
to be transparent to the tauonic high-pT probes discussed
in the following. Consequently we do not include opera-
tors involving ⌫R in our EFT discussion. In Sec. III how-
ever, we use an explicit dynamical model to show that
specific UV solutions of the R(D(⇤)) puzzle involving ⌫R
can still be susceptible to our constraints.

To proceed further, we need to specify the flavor
structure of the operators. We work with a particular
choice of flavor alignment (consistent with an U(2) fla-
vor symmetry acting on the first two generations of SM
fermions), namely cijklQQLL ' cQQLL�i3�j3�k3�l3, c

ijkl
dQLe '

cdQLe�i3�j3�k3�l3, cijkldQLe0 ' cdQLe0�i3�j3�k3�l3 which is
motivated by (1) the requirement that the dominant ef-
fects appear in charged currents coupling to b-quarks
and tau-leptons, and (2) stringent constraints on flavor
changing neutral currents (FCNCs) (see Refs. [12, 15, 26]
for more detailed discussion on this point). Small de-
viations from this limit, consistent with existing flavor
constraints, would however not a↵ect our conclusions.
A common and crucial consequence of these flavor struc-
tures is that b ! c quark currents always carry additional
flavor suppression of the order ⇠ |Vcb| ' 0.04 compared
to the dominant b ! t (charged current) and b ! b, t ! t

(neutral current) transitions.

The flavor structure of cQuLe requires a separate dis-
cussion however. In the down-quark mass basis used in
Eq. (3), the simplest choice ensuring dominant e↵ects
appear in b ! c⌧⌫ would be cijklQuLe ' cQuLe�i3�j2�k3�l3.
However this flavor structure leads to potentially dan-
gerous c ! u FCNCs, suppressed only by order of
⇠ |Vub| ' 0.004 compared to the leading charged current
e↵ects. A safer choice with respect to flavor constraints
would be to impose flavor alignement in the mass basis
of up-like quarks. In both cases the dominant induced
neutral current is in the t ! c sector, while c ! c is
suppressed or completely absent. However, it has been
shown previously [26], that non-zero cQuLe alone can-
not accommodate both R(D(⇤)) and be consistent with
the measurements of the corresponding decay spectra.
In the next section we provide the matching relations
for suitable combinations of EFT operators within ex-
plicit NP models. It turns out that models addressing
R(D(⇤)) through cQuLe contributions generically induce
additional operators at low energies which do lead to size-
able b ! b and/or c ! c neutral current transitions.

We are now in a position to identify the relevant LHC
signatures at high pT . The main focus of this work is on
⌧+⌧� production from heavy flavor annihilation in the
colliding protons (bb̄ ! ⌧+⌧� and cc̄ ! ⌧+⌧�). Even
though it is suppressed by small heavy quark PDFs, this
signature has been demonstrated previously to be ex-
tremely constraining for a particular explicit NP model
addressing the R(D(⇤)) anomaly [15], owing in particular
to the ⇠ 1/|Vcb| enhancement of the relevant bb̄ ! ⌧+⌧�

neutral current process over the charged b ! c⌧⌫ tran-
sition, as dictated by flavor constraints. As discussed
above, in the EW preserving limit and in absence of can-
celations (to be discussed later) a similar conclusion can
be reached individually for all terms in Eq. (3) except
the one proportional to cQuLe. Obviously, no such fla-
vor enhancement is there for the related charged current
mediated process of ⌧+⌫ production from b̄c annihila-
tion. The resulting constraints thus turn out not to be
competitive. All other signatures involve at least three
particles in the final state of the high energy collision
and are thus expected to be phase-space suppressed.1 As
we demonstrate in the next section using explicit mod-
els, these conclusions hold generally even in presence of
on-shell production of heavy NP mediators. A notable
exception are top quark decays, which do present an or-
thogonal sensitive high-pT probe, relevant especially for
light mediator masses below the top quark mass [30]. In
the following we thus restrict our analysis to mediator
masses above ⇠ 200 GeV.

1 Exceptions arise in case of on-shell QCD or EW pair production
of new particles, which is not captured by the EFT in Eq. (3)
and which we discuss on explicit simplified model examples in
Sec. III.
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anomaly in Sec. 3. The resulting constraints coming from existing 
τ+τ− searches by ATLAS and CMS are presented in Sec. 4. Future 
experimental prospects as well as possible directions for model 
building in order to alleviate τ+τ− constraints are discussed in 
Sec. 5.

2. Effective field theory

At sufficiently low energies, the exchange of new massive parti-
cles induces effects which can be fully captured by the appearance 
of local higher dimensional operators within an effective field the-
ory description where the SM contains all the relevant degrees 
of freedom. The leading contributions appear at operator dimen-
sion six. While the effects in semileptonic B decays can without 
loss of generality be described in terms of effective operators re-
specting the QCD and QED gauge symmetries relevant below the 
electroweak breaking scale vEW ≃ 246 GeV, this is certainly not 
suitable for processes occurring at LHC energies. To fully explore 
the possible high-pT signatures associated with effects in R(D(∗)), 
a set of semileptonic dimension six operators invariant under the 
full SM gauge symmetry is required. In the following we adopt the 
following complete basis [25,26]

Leff ⊃ ci jkl
Q Q LL(Q̄ iγµσ a Q j)(L̄kγ

µσa Ll)

+ ci jkl
Q uLe(Q̄ iu

j
R)iσ 2(L̄kℓ

l
R) + ci jkl

dQ Le(d̄
i
R Q j)(L̄kℓ

l
R)

+ ci jkl
Q uLe′(Q̄ σµνu j

R)iσ 2(L̄σµνℓl
R) + h.c. , (3)

where Q i = (V ∗
jiu

j
L, d

i
L)

T and Li = (U∗
jiν

j, ℓi
L)

T are the SM quark 
and lepton weak doublets in a basis which coincides with the 
mass-ordered mass-eigenbasis of down-like quarks (di ) and charged 
leptons (ℓi ), V (U ) is the CKM (PMNS) flavor mixing matrix 
and σ a are the Pauli matrices acting on SU (2)L indices (sup-
pressed). Note that we have omitted a fifth possible operator 
(d̄i

Rσµν Q j)(L̄kσ
µνℓl

R), which can be shown to be redundant.
First observation that can be made at this point is that in addi-

tion to charged current (ui → d jℓkνl) transitions, all operators pre-
dict the appearance of neutral quark and lepton currents (ui ū j →
ℓkℓ̄l and/or did̄ j → ℓkℓ̄l). We note however that this would no 
longer be true in presence of additional light neutral fermions (νR ) 
which could mimic the missing energy signature of SM neutrinos 
in B → D(∗)τν decays. Additional operators can namely be con-
structed by the simultaneous substitution ℓR ↔ νR and uR ↔ dR

in Eq. (3), plus the operator (d̄i
Rγµu j

R)(ν̄Rγ µℓk
R) which can affect 

R(D(∗)) [15] but do not contribute to neutral currents involving 
charged leptons. In the EFT approach such contributions thus seem 
to be transparent to the tauonic high-pT probes discussed in the 
following. Consequently we do not include operators involving νR
in our EFT discussion. In Sec. 3 however, we use an explicit dy-
namical model to show that specific UV solutions of the R(D(∗))
puzzle involving νR can still be susceptible to our constraints.

To proceed further, we need to specify the flavor structure of 
the operators. We work with a particular choice of flavor alignment 
(consistent with an U (2) flavor symmetry acting on the first two 
generations of SM fermions), namely ci jkl

Q Q LL ≃ cQ Q LLδi3δ j3δk3δl3, 
ci jkl

dQ Le ≃ cdQ Leδi3δ j3δk3δl3, which is motivated by (1) the require-
ment that the dominant effects appear in charged currents cou-
pling to b-quarks and tau-leptons, and (2) stringent constraints on 
flavor changing neutral currents (FCNCs) (see Refs. [15,19,26] for 
more detailed discussion on this point). Small deviations from this 
limit, consistent with existing flavor constraints, would however 
not affect our conclusions. A common and crucial consequence of 
these flavor structures is that b → c quark currents always carry 
additional flavor suppression of the order ∼ |V cb| ≃ 0.04 compared 

to the dominant b → t (charged current) and b → b, t → t (neutral 
current) transitions.

The flavor structure of cQ uLe and cQ uLe′ requires a separate dis-
cussion. In the down-quark mass basis used in Eq. (3), the simplest 
choice ensuring dominant effects appear in b → cτν would be 
ci jkl

Q uLe(′) ≃ cQ uLe(′)δi3δ j2δk3δl3. However this flavor structure leads to 
potentially dangerous c → u FCNCs, suppressed only by order of 
∼ |V ub| ≃ 0.004 compared to the leading charged current effects. 
A safer choice with respect to flavor constraints would be to im-
pose flavor alignment in the mass basis of up-like quarks. In both 
cases the dominant induced neutral current is in the t → c sec-
tor, while c → c is suppressed or completely absent. However, it 
has been shown previously [26], that non-zero cQ uLe alone can-
not accommodate both R(D(∗)) and be consistent with the mea-
surements of the corresponding decay spectra. While cQ uLe′ can 
provide a good fit in the EFT [27], it cannot be matched alone 
onto single-mediator models in the UV. In the next section we 
provide the matching relations for suitable combinations of EFT 
operators within explicit NP models. It turns out that models ad-
dressing R(D(∗)) through cQ uLe(′) contributions generically induce 
additional operators at low energies which do lead to sizeable 
b → b and/or c → c neutral current transitions.

We are now in a position to identify the relevant LHC sig-
natures at high pT . The main focus of this work is on τ+τ−

production from heavy flavor annihilation in the colliding protons 
(bb̄ → τ+τ− and cc̄ → τ+τ−). Even though it is suppressed by 
small heavy quark PDFs, this signature has been demonstrated pre-
viously to be extremely constraining for a particular explicit NP 
model addressing the R(D(∗)) anomaly [19], owing in particular 
to the ∼ 1/|V cb| enhancement of the relevant bb̄ → τ+τ− neutral 
current process over the charged b → cτν transition, as dictated by 
flavor constraints. As discussed above, in the EW preserving limit 
and in absence of cancellations (to be discussed later) a similar 
conclusion can be reached individually for terms in Eq. (3) propor-
tional to cQ Q LL and cdQ Le but not the ones proportional to cQ uLe
and cQ uLe′ . Obviously, no such flavor enhancement is there for the 
related charged current mediated process of τ+ν production from 
b̄c annihilation. The resulting constraints thus turn out not to be 
competitive. All other signatures involve at least three particles in 
the final state of the high energy collision and are thus expected 
to be phase-space suppressed.1 As we demonstrate in the next sec-
tion using explicit models, these conclusions hold generally even in 
presence of on-shell production of heavy NP mediators. A notable 
exception are top quark decays, which do present an orthogo-
nal sensitive high-pT probe, relevant especially for light mediator 
masses below the top quark mass [28]. In the following we thus 
restrict our analysis to mediator masses above ∼ 200 GeV.

3. Models

The different chiral structures being probed by R(D(∗)) single 
out a handful of simplified single mediator models [26]. In the fol-
lowing we consider the representative cases, where we extend the 
SM by a single field transforming non-trivially under the SM gauge 
group.

First categorization of single mediators is by color. While col-
orless intermediate states can only contribute to b → cτν tran-
sitions in the s ≡ (pb − pc)

2-channel, colored ones can be ex-
changed in the t ≡ (pb − pτ )2- or u ≡ (pb − pν)2-channels. The 
colorless fields thus need to appear in non-trivial SU (2)L mul-

1 Exceptions arise in case of on-shell QCD or EW pair production of new parti-
cles, which is not captured by the EFT in Eq. (3) and which we discuss on explicit 
simplified model examples in Sec. 3.

3

Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

b

b τ

τ
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Production cross sections:

s = 8 TeV
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Figure 3: Predicted cross sections for single and pair production of charged and neutral vector
bosons for 8 TeV pp collisions as a function of gq and mV in the limit of approximate flavor
symmetry.

Figure 4: Preferred region from flavor data and exclusion limits from LHC. See text for details.
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•  Left:    single V production (bb→V0, b c →V+) 
•  Right:  pair production

[AG, Isidori, Marzocca] 
JHEP 1507 (2015) 142

LHC phenomenology: Vector Triplet Model
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Z’ production at NLO QCD 5

B. Results

EFT exclusion limits: We generate pp ! ⌧⌧
events using Madgraph assuming non-zero Wilson coe�-
cient for each of the e↵ective four-fermion operators listed
above. These are then passed through the same simu-
lation pipeline as discussed. Comparing the predicted
number of the events after the final selection with the
exclusions, one finds at 95% CL :

|c3333QQLL| < 2.8 (2.6) TeV�2 recast [22] ([33]), (12)

|c3333dQLe| < , (13)

|cijkldQLe0 | < , (14)

that is to be compared compared with the
preferred range from the R(D(⇤)) anomaly,
|c3333QQLL| ' �(2.1 ± 0.5)TeV�2. The EFT limits
should be taken with caution, as the LHC explores high
pT momentum transfers where the EFT validity might
break down. In the following, we derive the limits in
each model separately.

Vector triplet exclusion limits: Events for the
process bb̄ ! Z 0 ! ⌧+⌧� were simulated with Madgraph
for di↵erent values of the Z 0 mass and width. We fixed
the renormalization and factorization scales at M 0

Z and
used the NN23NLO set for the parton distribution func-
tions in the 5-flavor scheme. The LO production cross-
section was rescaled to NLO in QCD by applying the
corresponding K-factor extracted from Figure 3.
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leading order (NLO) QCD corrections to bb̄ induced Z 0

production. In Fig. 3 we plot the Z 0 production cross
section at the 13 TeV LHC induced by gb = 1 as com-
puted at the LO and NLO in QCD using aMC@NLO,
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ATLAS search [22] is shown in brown while the preferred
1� region from the combination of R(D⇤) and R(D) is
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Figure 3: Next-to-leading order QCD corrections for a narrow
Z0 production via bottom-bottom fusion.

Figure 4: 8 TeV (13 TeV) ATLAS ⌧⌧ search exclusion limits
are shown in red (black) and R(D(⇤)) preferred region in green
for the vector LQ model. Projected 13 TeV limits for 300 fb�1

are shown in grey.

shown in green assuming the entire NP contribution is
due to the vector triplet discussed in [15].
Moreover, shown in the contour plot in Fig. ?? is the

upper limit on gbg⌧v
2/m2

Z0 for a given Z 0 mass and width
as obtained from the recast of ATLAS 8 TeV search [22].
Fit to R(D(⇤)) for this quantity is 0.13 ± 0.03. The
region shaded in black is obtained assuming |gbg⌧ | to be
at the exclusion limits.

THDM exclusion limits: We estimate the A,H0

production from bb̄ annihilation at NNLO in QCD using
the Higgs cross-section WG results of the SM Higgs
boson []. While the results are directly applicable for
the CP even state H0, we have checked that di↵erences
between scalar and pseudoscalar production are negligi-
ble up to NLO []. Similarly to the Z 0 model, in order to
recast the experimental analyses, events for the process

p.d.f. uncertainties  

using aMC@NLO 

[Faroughy, AG, F. Kamenik] 
Phys.Lett. B764 (2017) 126-134 

Vector Triplet Model -W’

b

b

b

g

Z’



37

Vector triplet model: 13 TeV recast bounds

• Improvements needed in the low mass 
region!
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III. MODELS

The di↵erent chiral structures being probed byR(D(⇤))
single out a handful of simplified single mediator mod-
els [26]. In the following we consider the representative
cases, where we extend the SM by a single field trans-
forming non-trivially under the SM gauge group.

Color singlet Color triplet

Scalar 2HDM Scalar LQ

Vector W 0 Vector LQ

Table I: A set of simplified models generating b ! c⌧⌫ tran-
sition at tree level, classified according to the mediator spin
and color.

First categorization of single mediators is by color.
While colorless intermediate states can only contribute
to b ! c⌧⌫ transitions in the s ⌘ (pb�pc)2-channel, col-
ored ones can be exchanged in the t ⌘ (pb � p⌧ )2- or
u ⌘ (pb � p⌫)2-channels. The colorless fields thus need
to appear in non-trivial SU(2)L multiplets (doublets or
triplets) where the charged state mediating semileptonic
charged currents is accompanied by one or more neu-
tral states mediating neutral currents. Such models thus
predict ŝ ⌘ (p⌧+ + p⌧�)2-channel resonances in ⌧+⌧�

production. In addition to the relevant heavy quark and
tau-lepton couplings, searches based on the on-shell pro-
duction of these resonances depend crucially on the as-
sumed width of the resonance, as we demonstrate be-
low in Sec. IV. Alternatively, colored mediators (lepto-
quarks) can be SU(2)L singlets, doublets or triplets, car-
rying baryon and lepton numbers. Consequently they
will again mediate ⌧+⌧� production, this time through
t̂ ⌘ (pb � p⌧�)2- or û ⌘ (pb�p⌧+)2-channel exchange.
In this case a resonant enhancement of the high-pT sig-
nal is absent, however, the searches do not depend on
the assumed width (or equivalently possible other decay
channels) of the mediators. In the following we examine
the representative models for both cases summarized in
Table I.

A. Vector triplet

A color-neutral real SU(2)L triplet of massive vectors
W 0a ⇠ W 0±, Z 0 can be coupled to the SM fermions via

LW 0 = �1

4
W 0aµ⌫W 0a

µ⌫ +
M2

W 0

2
W 0aµW 0a

µ +W 0a
µ Jaµ

W 0 ,

Jaµ
W 0 ⌘ �q

ijQ̄i�
µ�aQj + �`

ijL̄i�
µ�aLj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij ' gb(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [15]. Departures from this limit
in the quark sector are constrained by low energy flavor

data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15]. The main impli-
cation is that the LHC phenomenology of heavy vectors
is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2TeV�1 [31]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.
In addition, electroweak precision data require W 0 and

Z 0 components of W 0a to be degenerate up to O(%) [16],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [22] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [15], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,

Le↵

W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

and after expanding SU(2)L indices,

Le↵

W 0 � �
�q
ij�

`
kl

M2

W 0
(Q̄i�µ�

aQj)(L̄k�
µ�aLl)

� �
gbg⌧
M2

W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires c3333QQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5)TeV�2, leading, at the same
time, to potentially large b b̄ ! Z 0 ! ⌧+⌧� signal at the
LHC.
Production and decay phenomenology of W 0 and Z 0

at the LHC have already been discussed in Refs. [15, 27],
showing that the R(D⇤) anomaly cannot be addressed
consistently in presence of a narrow Z 0 decaying to ⌧+⌧�.
Here we significantly extend these previous works by re-
casting existing LHC ⌧⌧ searches including possible large
resonance width e↵ects in order to properly extract the
LHC limits on this model (see Section IVB2 for results).

B. Scalar doublet

Color-neutral SU(2) doublet of massive scalars with
hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 + iA0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 �M2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (7)
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with existing ⌧+⌧� resonance searches at the LHC in the
mA,H0 & 200 GeV region. To be rechecked after the
final plots are done.

4. Scalar and Vector LQ exclusion limits

The ⌧+⌧� production through t-channel leptoquark
exchange is only known at LO in QCD and we simu-
late it using the NNPDF2.3 [41] PDF set at NLO in
the 5-flavor scheme. The exclusion limits for the vec-
tor leptoquark model from the recast of 8 TeV [24] and
13 TeV [35] searches are shown in Fig. 6 (top) in red
and black shades, respectively. On the other hand, the
preferred region at 68% CL from R(D(⇤)) anomaly is
shown in green. In addition, projected exclusion limits
at 13 TeV, with 300 fb�1 (assuming the present 13 TeV
limits on the cross section to scale with the square root
of the luminosity ratio) are shown in gray. In this model,
the R(D(⇤)) anomaly explanation is already in some ten-
sion with existing ⌧+⌧� searches, and future LHC Run-II

Figure 6: (Upper plot) 8 TeV (13 TeV) ATLAS ⌧+⌧� search
exclusion limits are shown in red (black) and R(D(⇤)) pre-
ferred region in green for the vector leptoquark model. Pro-
jected 13 TeV limits for 300 fb�1 are shown in grey. (Lower
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quark model.

data should resolve the issue conclusively.
On the other hand, exclusion limits for the scalar lep-

toquark model are shown in Fig. 6 (bottom). Although
bounds can only be set on one of the two relevant cou-
plings (Y b⌧

L ), we note that in order to keep Y b⌧
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enough to fully accommodate the R(D(⇤)) anomaly (see
Eq. (14)), Y b⌧
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sitive. On the other hand, ⌧+⌧� more model dependent,
even though predicted by SU(2)L gauge invariance. List
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Figure 1: Electroweak precision constraints on the masses of
the scalars in the 2HDM, in the CP conserving and alignment
(inert) limit. Allowed regions are shaded in orange, green and
blue for reference charged scalar masses of MH+ = 100GeV,
200GeV and 300GeV, respectively (in sequence from bottom-
left to top-right). For a given value of MH+ values of MA,H

outside of the corresponding shaded region are excluded at
the 3� level.

where H̃ 0 = i�2H 0⇤ and �V (H 0, H) parametrizes addi-
tional terms in the scalar potential which lead to splitting
of A,H0, H+ masses and to mixing of H0 with the SM
Higgs boson (h) away from the alignment (inert) limit.
We discuss the relevance of these e↵ects below. Addi-
tional couplings to fermions, not required by B decay
data, are severely constrained by neutral meson oscila-
tions and/or LFU measurements in the ⇡,K,Dq meson
and ⌧ lepton decays, and we do not consider them any
further.

The H 0 model can account for both R(D(⇤)) and
the observed decay spectra [26] through simultaneous
non-vanishing contributions to cdQLe = YbY

⇤
⌧ /M

2

H+ '
(50± 14)TeV�2 and cQuLe = YcY⌧/M

2

H+ ' (�1.6 ±
0.5)TeV�2 (renormalized at the b-quark mass scale µR '
4.2 GeV) via the exchange of the charged H 0 component
(H+). The corresponding high-pT signatures at the LHC
are on the other hand driven by bb̄ ! (H0, A) ! ⌧+⌧�

processes.

As in the vector triplet case, robust mass bounds can
only be set on the charged states, in particular MH+ &
90 GeV as required by direct searches at LEP [22]. How-
ever, in a general two higgs doublet model (2HDM), the
masses of A,H0, H+ are independent parameters and no
common MH0 scale can be defined. Consequently, the
mass scale suppressing charged currents entering R(D(⇤))
(MH+) could be significantly di↵erent from the masses of
neutral scalars (H0, A) to be probed in the ⌧+⌧� final
state at the LHC. However, the spectrum is also subject
to electroweak precision constraints. In particular, the
extra scalar states contribute to the gauge boson vac-
uum polarizations, parametrized by the Peskin-Takeuchi
parameters S and T. Working in the CP conserving and
alignment (inert) limits, we can employ the known re-
sults [32] for the relevant 2HDM contributions. Compar-

ing these to the recent Gfitter fit of electroweak precision
data [33] we obtain the constraints shown in Fig. 1. We
have checked that similar results are obtained even for
moderate departures from the alignment (innert) limit,
as allowed by current Higgs precision measurements. We
observe that both A,H0 cannot be simultaneously arbi-
trarily decoupled in mass from the H+. In particular,
we find that at least one neutral scalar has to lie within
⇠ 100GeV of the charged state. This level of uncer-
tainty needs to be kept in mind when interpreting the
constraints on this model derived in Section IVB3.

C. Vector Leptoquark

One can also extend the SM with a vector leptoquark
weak singlet, Uµ ⌘ (3,1, 2/3),2 coupled to the left-
handed quark and lepton currents [20, 27, 28],

LU = �1

2
U †
µ⌫U

µ⌫ +M2

UU
†
µU

µ + (Jµ
UUµ + h.c.) , (8)

Jµ
U ⌘ �ij Q̄i�

µLj , (9)

where again we restrict our discussion to �ij ' gU�3i�3j ,
consistent with a U(2) flavor symmetry [20]. Low en-
ergy flavor phenomenology of such models has been dis-
cussed in Refs. [20, 27], implying that the third gener-
ation fermion couplings dominate the phenomenological
discussion also at the LHC.
Unlike in the case of colorless mediators, QCD induced

leptoquark pair production can lead to a large signal
rate at the LHC, thus yielding robust constraints on the
leptoquark mass MU . In the exact U(2) flavor limit,
B(U ! t⌫) = B(U ! b⌧) = 0.5. Revisiting the AT-
LAS search [49] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [20], excludes
MU < 770 GeV. For large �ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t�channel [51].
Integrating out the heavy Uµ field at the tree level, the

following e↵ective dimension six interaction is generated

Le↵

U = � 1

M2

U

Jµ†
U Jµ

U . (10)

Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one finds

Le↵

U = �
�il�

†
kj

2M2

U

[(Q̄i�µ�
aQj)(L̄k�

µ�aLl) + (Q̄i�µQj)(L̄k�
µLl)] ,

(11)

which finally leads to

Le↵

U � � |gU |2
M2

U

⇥
Vcb(c̄L�

µbL)(⌧̄L�µ⌫L) + (b̄L�
µbL)(⌧̄L�µ⌧L)

⇤
.

(12)

2 Similar conclusions also apply for an SU(2)L triplet model.
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is predominantly determined by their couplings to the
third generation fermions (gb and g⌧ ). The main con-
straint on gb comes from its contribution to CP violation
in D0 mixing yielding gb/MW 0 < 2.2TeV�1 [31]. On the
other hand lepton flavor mixing e↵ects induced by finite
neutrino masses can be neglected and thus a single lepton
flavor combination written above su�ces without loss of
generality.
In addition, electroweak precision data require W 0 and

Z 0 components of W 0a to be degenerate up to O(%) [16],
with two important implications: (1) it allows to cor-
relate NP in charged currents at low energies and neu-
tral resonance searches at high-pT ; (2) the robust LEP
bounds on pair production of charged bosons decaying to
⌧⌫ final states [22] can be used to constrain the Z 0 mass
from below MZ0 ' MW 0 & 100GeV. Finally, W 0a cou-

pling to the Higgs current (W 0
aH

†�a
$
Dµ H) needs to be

suppressed [15], and thus irrelevant for the phenomeno-
logical discussions at LHC.

Integrating out heavy W 0a at tree level, generates the
four-fermion operator,

Le↵

W 0 = � 1

2M2

W 0
Jaµ
W 0J

aµ
W 0 , (5)

and after expanding SU(2)L indices,

Le↵

W 0 � �
�q
ij�

`
kl

M2

W 0
(Q̄i�µ�

aQj)(L̄k�
µ�aLl)

� �
gbg⌧
M2

W 0

�
2Vcbc̄L�

µbL⌧̄L�µ⌫L + b̄L�
µbL⌧̄L�µ⌧L

�
. (6)

The resolution of the R(D(⇤)) anomaly requires c3333QQLL ⌘
�gbg⌧/M

2

W 0 ' �(2.1 ± 0.5)TeV�2, leading, at the same
time, to potentially large b b̄ ! Z 0 ! ⌧+⌧� signal at the
LHC.
Production and decay phenomenology of W 0 and Z 0

at the LHC have already been discussed in Refs. [15, 27],
showing that the R(D⇤) anomaly cannot be addressed
consistently in presence of a narrow Z 0 decaying to ⌧+⌧�.
Here we significantly extend these previous works by re-
casting existing LHC ⌧⌧ searches including possible large
resonance width e↵ects in order to properly extract the
LHC limits on this model (see Section IVB2 for results).

B. Scalar doublet

Color-neutral SU(2) doublet of massive scalars with
hypercharge Y = 1/2, H 0 ⇠ (H+, (H0 + iA0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |DµH 0|2 �M2

H0 |H 0|2 � �H0 |H 0|4 � �V (H 0, H)

� YbQ̄3

H 0bR � YcQ̄3

H̃ 0cR � Y⌧ L̄3

H 0⌧R + h.c. , (7)
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where H̃ ′ = iσ 2 H ′∗ and δV (H ′, H) parametrizes additional terms 
in the scalar potential which lead to splitting of A, H0, H+ masses 
and to mixing of H0 with the SM Higgs boson (h) away from the 
alignment (inert) limit. We discuss the relevance of these effects 
below. Additional couplings to fermions, not required by B decay 
data, are severely constrained by neutral meson oscillations and/or 
LFU measurements in the π , K , Dq meson and τ lepton decays, 
and we do not consider them any further.

The H ′ model can account for both R(D(∗)) and the observed 
decay spectra [26] through simultaneous non-vanishing contri-
butions to cdQ Le = YbY ∗

τ /M2
H+ ≃ (50 ± 14) TeV−2 and cQ uLe =

Yc Yτ /M2
H+ ≃ (−1.6 ± 0.5) TeV−2 (renormalized at the b-quark 

mass scale µR ≃ 4.2 GeV) via the exchange of the charged H ′ com-
ponent (H+). The corresponding high-pT signatures at the LHC are 
on the other hand driven by bb̄ → (H0, A) → τ+τ− processes.

As in the vector triplet case, robust mass bounds can only be 
set on the charged states, in particular MH+ ! 90 GeV as re-
quired by direct searches at LEP [32]. However, in a general two 
Higgs doublet model (2HDM), the masses of A, H0, H+ are inde-
pendent parameters and no common MH ′ scale can be defined. 
Consequently, the mass scale suppressing charged currents enter-
ing R(D(∗)) (MH+ ) could be significantly different from the masses 
of neutral scalars (H0, A) to be probed in the τ+τ− final state at 
the LHC. However, the spectrum is also subject to electroweak pre-
cision constraints. In particular, the extra scalar states contribute 
to the gauge boson vacuum polarizations, parametrized by the 
Peskin–Takeuchi parameters S and T. Working in the CP conserving 
and alignment (inert) limits, we can employ the known results [34]
for the relevant 2HDM contributions. Comparing these to the re-
cent Gfitter fit of electroweak precision data [35] we obtain the 
constraints shown in Fig. 2. We have checked that similar results 
are obtained even for moderate departures from the alignment (in-
ert) limit, as allowed by current Higgs precision measurements. We 
observe that both A, H0 cannot be simultaneously arbitrarily de-
coupled in mass from H+ . In particular, we find that at least one 
neutral scalar has to lie within ∼ 100 GeV of the charged state. 
This level of uncertainty needs to be kept in mind when interpret-
ing the constraints on this model derived in Section 4.2.3.

3.3. Vector leptoquark

One can also extend the SM with a vector leptoquark weak 
singlet, Uµ ≡ (3, 1, 2/3),3 coupled to the left-handed quark and 
lepton currents [24,33,36,37],

LU = − 1
2

U †
µνUµν + M2

U U †
µUµ + ( JµU Uµ + h.c.) , (8)

JµU ≡ βi j Q̄ iγ
µL j , (9)

where again we restrict our discussion to βi j ≃ gU δ3iδ3 j , consistent 
with a U (2) flavor symmetry [24]. Low energy flavor phenomenol-
ogy of such models has been discussed in Refs. [24,33], implying 
that the third generation fermion couplings dominate the phe-
nomenological discussion also at the LHC.

Unlike in the case of colorless mediators, QCD induced lepto-
quark pair production can lead to a large signal rate at the LHC, 
thus yielding robust constraints on the leptoquark mass MU . In 
the exact U (2) flavor limit, B(U → tν) = B(U → bτ ) = 0.5. Re-
visiting the ATLAS search [38] for QCD pair-produced third gen-
eration scalar leptoquark in the tt̄νν̄ channel, Ref. [24], excludes 
MU < 770 GeV. For large βi j , limits from leptoquark pair pro-
duction are even more stringent due to extra contributions from 
diagrams with leptons in the t-channel [39].

3 Similar conclusions also apply for an SU (2)L triplet model.

Integrating out the heavy Uµ field at the tree level, the follow-
ing effective dimension six interaction is generated

Leff
U = − 1

M2
U

Jµ†
U JµU . (10)

Using Fierz identities to match the above expression onto the op-
erator basis in Eq. (3), one finds

Leff
U = −

βilβ
†
kj

2M2
U

[(Q̄ iγµσ a Q j)(L̄kγ
µσa Ll) + (Q̄ iγµ Q j)(L̄kγ

µLl)] ,

(11)

which finally leads to

Leff
U ⊃ − |gU |2

M2
U

[
V cb(c̄Lγ

µbL)(τ̄LγµνL) + (b̄Lγ
µbL)(τ̄LγµτL)

]
.

(12)

The fit to R(D(∗)) anomaly requires |gU |2/M2
U ≡ 2|cQ Q LL | ≃

(4.3 ± 1.0) TeV−2. As a consequence, sizeable b b̄ → τ+τ− sig-
nal at LHC is induced via t-channel vector LQ exchange. A recast 
of existing τ+τ− searches in this model is presented in the Sec-
tion 4.2.4.

3.4. Scalar leptoquark

Finally, we analyze a model recently proposed in Ref. [40], in 
which the SM is supplemented by a scalar leptoquark weak dou-
blet, ( ≡ (3, 2, 1/6) and a fermionic SM singlet (νR ),4 with the 
following Yukawa interactions,

L( ⊃ Y ij
L d̄i(iσ2(

∗)†L j + Y iν
R Q̄ i(νR + h.c. . (13)

The mass of the fermionic singlet is assumed to be below the ex-
perimental resolution of the semi-tauonic B decay measurements, 
such that the excess of events is explained via the LQ medi-
ated contribution with νR in the final state. Following Ref. [40], 
the R(D(∗)) anomaly can be accommodated provided the model 
parameters (evaluated at mass scale of the leptoquark µR ∼
0.5–1 TeV) take values respecting
(

Y bν
R Y bτ∗

L

g2
w

)(
MW

M(

)2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [40]) where gw ≃ 0.65 and MW ≃ 80 GeV are the 
SM weak gauge coupling and W boson mass, respectively. Consid-
ering an exhaustive set of flavor constraints, Ref. [40] finds that 
Y sτ

L , Y sµ
L and Y sν

R are in general constrained to be small, and we 
therefore do not consider them in our subsequent analysis.

The ((2/3) component decays dominantly to bτ and tν , while 
((1/3) decays to the bν final state. As in the vector leptoquark case, 
QCD pair production can again be used to obtain constraints on the 
leptoquark mass M( . In particular, ATLAS [38] excludes at 95% CL 
pair-produced third-generation scalar leptoquarks decaying exclu-
sively to bb̄νν̄ for M( < 625 GeV and tt̄νν̄ for M( < 640 GeV, re-
spectively. In addition, CMS [41] excludes at 95% CL M( < 900 GeV
scalar leptoquarks decaying exclusively to τ leptons and b quarks. 
Consequently, relatively large couplings are required in order to 
accommodate the R(D(∗)) anomaly. For example, M( = 650 GeV, 
implies |Y bν

R Y bτ
L | = 34 ±9. Imposing a (conservative) perturbativity 

4 The case of several νR is a trivial generalization which does not affect our main 
results.
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where H̃ ′ = iσ 2 H ′∗ and δV (H ′, H) parametrizes additional terms 
in the scalar potential which lead to splitting of A, H0, H+ masses 
and to mixing of H0 with the SM Higgs boson (h) away from the 
alignment (inert) limit. We discuss the relevance of these effects 
below. Additional couplings to fermions, not required by B decay 
data, are severely constrained by neutral meson oscillations and/or 
LFU measurements in the π , K , Dq meson and τ lepton decays, 
and we do not consider them any further.

The H ′ model can account for both R(D(∗)) and the observed 
decay spectra [26] through simultaneous non-vanishing contri-
butions to cdQ Le = YbY ∗

τ /M2
H+ ≃ (50 ± 14) TeV−2 and cQ uLe =

Yc Yτ /M2
H+ ≃ (−1.6 ± 0.5) TeV−2 (renormalized at the b-quark 

mass scale µR ≃ 4.2 GeV) via the exchange of the charged H ′ com-
ponent (H+). The corresponding high-pT signatures at the LHC are 
on the other hand driven by bb̄ → (H0, A) → τ+τ− processes.

As in the vector triplet case, robust mass bounds can only be 
set on the charged states, in particular MH+ ! 90 GeV as re-
quired by direct searches at LEP [32]. However, in a general two 
Higgs doublet model (2HDM), the masses of A, H0, H+ are inde-
pendent parameters and no common MH ′ scale can be defined. 
Consequently, the mass scale suppressing charged currents enter-
ing R(D(∗)) (MH+ ) could be significantly different from the masses 
of neutral scalars (H0, A) to be probed in the τ+τ− final state at 
the LHC. However, the spectrum is also subject to electroweak pre-
cision constraints. In particular, the extra scalar states contribute 
to the gauge boson vacuum polarizations, parametrized by the 
Peskin–Takeuchi parameters S and T. Working in the CP conserving 
and alignment (inert) limits, we can employ the known results [34]
for the relevant 2HDM contributions. Comparing these to the re-
cent Gfitter fit of electroweak precision data [35] we obtain the 
constraints shown in Fig. 2. We have checked that similar results 
are obtained even for moderate departures from the alignment (in-
ert) limit, as allowed by current Higgs precision measurements. We 
observe that both A, H0 cannot be simultaneously arbitrarily de-
coupled in mass from H+ . In particular, we find that at least one 
neutral scalar has to lie within ∼ 100 GeV of the charged state. 
This level of uncertainty needs to be kept in mind when interpret-
ing the constraints on this model derived in Section 4.2.3.

3.3. Vector leptoquark

One can also extend the SM with a vector leptoquark weak 
singlet, Uµ ≡ (3, 1, 2/3),3 coupled to the left-handed quark and 
lepton currents [24,33,36,37],

LU = − 1
2

U †
µνUµν + M2

U U †
µUµ + ( JµU Uµ + h.c.) , (8)

JµU ≡ βi j Q̄ iγ
µL j , (9)

where again we restrict our discussion to βi j ≃ gU δ3iδ3 j , consistent 
with a U (2) flavor symmetry [24]. Low energy flavor phenomenol-
ogy of such models has been discussed in Refs. [24,33], implying 
that the third generation fermion couplings dominate the phe-
nomenological discussion also at the LHC.

Unlike in the case of colorless mediators, QCD induced lepto-
quark pair production can lead to a large signal rate at the LHC, 
thus yielding robust constraints on the leptoquark mass MU . In 
the exact U (2) flavor limit, B(U → tν) = B(U → bτ ) = 0.5. Re-
visiting the ATLAS search [38] for QCD pair-produced third gen-
eration scalar leptoquark in the tt̄νν̄ channel, Ref. [24], excludes 
MU < 770 GeV. For large βi j , limits from leptoquark pair pro-
duction are even more stringent due to extra contributions from 
diagrams with leptons in the t-channel [39].

3 Similar conclusions also apply for an SU (2)L triplet model.

Integrating out the heavy Uµ field at the tree level, the follow-
ing effective dimension six interaction is generated

Leff
U = − 1

M2
U

Jµ†
U JµU . (10)

Using Fierz identities to match the above expression onto the op-
erator basis in Eq. (3), one finds

Leff
U = −

βilβ
†
kj

2M2
U

[(Q̄ iγµσ a Q j)(L̄kγ
µσa Ll) + (Q̄ iγµ Q j)(L̄kγ

µLl)] ,

(11)

which finally leads to

Leff
U ⊃ − |gU |2

M2
U

[
V cb(c̄Lγ

µbL)(τ̄LγµνL) + (b̄Lγ
µbL)(τ̄LγµτL)

]
.

(12)

The fit to R(D(∗)) anomaly requires |gU |2/M2
U ≡ 2|cQ Q LL | ≃

(4.3 ± 1.0) TeV−2. As a consequence, sizeable b b̄ → τ+τ− sig-
nal at LHC is induced via t-channel vector LQ exchange. A recast 
of existing τ+τ− searches in this model is presented in the Sec-
tion 4.2.4.

3.4. Scalar leptoquark

Finally, we analyze a model recently proposed in Ref. [40], in 
which the SM is supplemented by a scalar leptoquark weak dou-
blet, ( ≡ (3, 2, 1/6) and a fermionic SM singlet (νR ),4 with the 
following Yukawa interactions,

L( ⊃ Y ij
L d̄i(iσ2(

∗)†L j + Y iν
R Q̄ i(νR + h.c. . (13)

The mass of the fermionic singlet is assumed to be below the ex-
perimental resolution of the semi-tauonic B decay measurements, 
such that the excess of events is explained via the LQ medi-
ated contribution with νR in the final state. Following Ref. [40], 
the R(D(∗)) anomaly can be accommodated provided the model 
parameters (evaluated at mass scale of the leptoquark µR ∼
0.5–1 TeV) take values respecting
(

Y bν
R Y bτ∗

L

g2
w

)(
MW

M(

)2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [40]) where gw ≃ 0.65 and MW ≃ 80 GeV are the 
SM weak gauge coupling and W boson mass, respectively. Consid-
ering an exhaustive set of flavor constraints, Ref. [40] finds that 
Y sτ

L , Y sµ
L and Y sν

R are in general constrained to be small, and we 
therefore do not consider them in our subsequent analysis.

The ((2/3) component decays dominantly to bτ and tν , while 
((1/3) decays to the bν final state. As in the vector leptoquark case, 
QCD pair production can again be used to obtain constraints on the 
leptoquark mass M( . In particular, ATLAS [38] excludes at 95% CL 
pair-produced third-generation scalar leptoquarks decaying exclu-
sively to bb̄νν̄ for M( < 625 GeV and tt̄νν̄ for M( < 640 GeV, re-
spectively. In addition, CMS [41] excludes at 95% CL M( < 900 GeV
scalar leptoquarks decaying exclusively to τ leptons and b quarks. 
Consequently, relatively large couplings are required in order to 
accommodate the R(D(∗)) anomaly. For example, M( = 650 GeV, 
implies |Y bν

R Y bτ
L | = 34 ±9. Imposing a (conservative) perturbativity 

4 The case of several νR is a trivial generalization which does not affect our main 
results.
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Operator Fierz identity Allowed Current �Lint

OVL (c̄�µPLb) (⌧̄ �
µPL⌫) (1,3)0 (gq q̄L⌧�

µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
µPL⌫)

OSR (c̄PRb) (⌧̄PL⌫)

OSL (c̄PLb) (⌧̄PL⌫)

�
(1,2)1/2 (�dq̄LdR�+ �uq̄LuRi⌧2�

† + �`
¯̀
LeR�)

OT (c̄�µ⌫PLb) (⌧̄�µ⌫PL⌫)

O0
VL

(⌧̄ �µPLb) (c̄�
µPL⌫)  ! OVL

⌧
(3,3)2/3 � q̄L⌧�µ`LU

µ

O0
VR

(⌧̄ �µPRb) (c̄�
µPL⌫)  ! �2OSR

�
(3,1)2/3 (� q̄L�µ`L + �̃ d̄R�µeR)U

µ

O0
SR

(⌧̄PRb) (c̄PL⌫)  ! � 1
2OVR

O0
SL

(⌧̄PLb) (c̄PL⌫)  ! � 1
2OSL � 1

8OT (3,2)7/6 (� ūR`L + �̃ q̄Li⌧2eR)R

O0
T (⌧̄�µ⌫PLb) (c̄�µ⌫PL⌫)  ! �6OSL + 1

2OT

O00
VL

(⌧̄ �µPLc
c) (b̄c�µPL⌫)  ! �OVR

O00
VR

(⌧̄ �µPRc
c) (b̄c�µPL⌫)  ! �2OSR (3̄,2)5/3 (� d̄cR�µ`L + �̃ q̄cL�µeR)V

µ

O00
SR

(⌧̄PRc
c) (b̄cPL⌫)  ! 1

2OVL

⌧
(3̄,3)1/3 � q̄cLi⌧2⌧ `LS

O00
SL

(⌧̄PLc
c) (b̄cPL⌫)  ! � 1

2OSL + 1
8OT

�
(3̄,1)1/3 (� q̄cLi⌧2`L + �̃ ūc

ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values
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Operator Fierz identity Allowed Current �Lint
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µqL + g` ¯̀L⌧�
µ`L)W

0
µ

OVR (c̄�µPRb) (⌧̄ �
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ReR)S

O00
T (⌧̄�µ⌫PLc

c) (b̄c�µ⌫PL⌫)  ! �6OSL � 1
2OT

TABLE II. All possible four-fermion operators that can contribute to B̄ ! D(⇤)⌧ ⌫̄. Operators for which no quantum numbers
are given can only arise from dimension-8 operators in a gauge invariant completion. For other operators the interaction terms
which are subsequently integrated out are given. For the T operators we use the conventional definition of �µ⌫ = i[�µ, �⌫ ]/2.

single operator, while others can generate two simulta-
neously. Anticipating the large Wilson coe�cients neces-
sary to fit the observed R(D(⇤)) ratios, we focus on oper-
ators which can arise from dimension-6 gauge-invariant
terms. Operators which can only come from SM gauge
invariant dimension-8 terms or cannot be generated by
integrating out a low-spin mediator will be omitted. Such
contributions would be suppressed by additional powers
of v/⇤, or could only arise from strongly coupled NP.

We calculate the contributions of all operators in the
heavy quark limit [35]. Subleading corrections Our
method follows that of Ref. [36], and we rederived and
confirmed those results. (A missing factor of (1�m

2
`/q

2)
has to be inserted in Eq. (10) of Ref. [36].) We use the
most precise single measurement of the hA1 form fac-
tor [8], which equals the Isgur–Wise function in the heavy
quark limit.

Higher order corrections are neglected, except for
the following two e↵ects that are known to be signifi-
cant. For scalar operators a numerically sizable term,
(mB+mD⇤)/(mb+mc) ' 1.4, arises from hD⇤|c̄�5b|Bi =
�q

µhD⇤|c̄�µ�5b|Bi/(mb + mc). We also include the
leading-log scale dependence of scalar (here CS is either
CSL or CSR) and tensor currents [37] in fits to models
where they appear simultaneously,

CS(mb) =

✓
↵s(mt)

↵s(mb)

◆�12/23 ✓
↵s(M)

↵s(mt)

◆�12/21

CS(M) ,

CT (mb) =

✓
↵s(mt)

↵s(mb)

◆4/23 ✓
↵s(M)

↵s(mt)

◆4/21

CT (M) . (9)

For numerical calculations we use a reference scale M =
750 GeV. The sensitivity to this choice is small, as most
of the running occurs at low scales, between mb and mt.

To test the robustness of our results to O(⇤QCD/mc,b)
corrections, we varied the slope parameter of the Isgur–
Wise function, ⇢2, by ±0.2 (motivated by Ref. [38]), and
found less than 1� change in the results. We leave consid-
eration of O(⇤QCD/mc,b) corrections for the new physics,
of the sort carried out for 2HDMs in [39, 40], for future
work.

Figure 1 shows the results of �2 fits to R(D) and R(D⇤)
for each of the four-fermion operators in Table II individ-
ually. Here and below, our �2 includes experimental and
SM theory uncertainties, but does not include theory un-
certainties on NP, which are subdominant. Throughout,
we assume that no new large sources of CP violation
are present, i.e., we assume that the the phases of the
NP operators are aligned with the phase of the SM vec-
tor operator. A contribution from the OT operator or a
modification of the SM contribution proportional to OVL

(or any of its equivalents under Fierz identities) provide
good fits to the data. The OSL operator can also fit
the total rates, but it leads to q

2 spectra incompatible
with observations. The operator O00

SL
also gives a good

fit, which is not apparent from only considering the un-
primed operators. (Note that the measurements of R(D)
and R(D⇤) depend on the operator coe�cients, because
the decay distributions are modified by the new physics
contribution, a↵ecting the experimental e�ciencies and
the measured rates [1, 41]. This e↵ect cannot be included
in our fits, providing another reason to take the �2 values

• Both non-zero to fit the anomaly
*Vcb suppression in b c → τ ν
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5

The fit to R(D(⇤)) anomaly requires |gU |2/M2

U ' (4.3±
1.0)TeV�2. As a consequence, sizeable b b̄ ! ⌧+⌧� sig-
nal at LHC is induced via t-channel vector LQ exchange.
A recast of existing ⌧+⌧� searches in this model is pre-
sented in the Section IVB4.

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [44], in which the SM is supplemented by a scalar
leptoquark weak doublet, � ⌘ (3,2, 1/6) and a fermionic
SM singlet (⌫R),3 with the following Yukawa interactions,

L
�

� Y ij
L d̄i(i�2

�⇤)†Lj + Y i⌫
R Q̄i�⌫R + h.c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonic B
decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ⌫R in the
final state. Following Ref. [44], the R(D(⇤)) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquark µR ⇠ 0.5� 1 TeV)
take values respecting

✓
Y b⌫
R Y b⌧⇤

L

g2w

◆✓
MW

M
�

◆
2

= 1.2± 0.3, (14)

(see Fig. [1] in [44]) where gw ' 0.65 and MW ' 80GeV
are the SM weak gauge coupling and W boson mass,
respectively. Considering an exhaustive set of flavor con-
straints, Ref. [44] finds that Y s⌧

L , Y sµ
L and Y s⌫

R are in
general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The �(2/3) component decays dominantly to b⌧ and
t⌫, while �(1/3) decays to the b⌫ final state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M

�

. In particular, ATLAS [45] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bb̄⌫⌫̄ for M

�

< 625 GeV and tt̄⌫⌫̄ for
M

�

< 640 GeV, respectively. In addition, CMS [46] ex-
cludes at 95% CL M

�

< 900 GeV scalar leptoquarks
decaying exclusively to ⌧ leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate the R(D(⇤)) anomaly. For example,
M

�

= 650 GeV, implies |Y b⌫
R Y b⌧

L | = 34 ± 9. Imposing a
(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M�

. 1, leads to |Y ij
L,R| . 7.1.

In this model the R(D(⇤)) resolution involves a light
⌫R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizable bb̄ ! ⌧⌧ production at LHC
is generated via t-channel� exchange, and can e↵ectively

3 The case of several ⌫R is a trivial generalization which does not
a↵ect our main results.

constrain |Y b⌧
L | (see Section IVB4). A restrictive enough

bound in conjunction with Eq. (14) can in turn drive the
Y b⌫
R coupling into the non-perturbative regime.

Discuss with Nejc why his other scalar LQ [17] is not
supported by Zoltan.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the ⌧+ ⌧� signature at the
LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧�⌧+ final state at 8 TeV pp collisions with
19.5� 20.3 fb�1 of data [24]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross section for
the Sequential SM (SSM) as reported in Fig. 8 of [24].
The rescaling factors are the signal event yields reported
in Table 4 of [24] divided by the predicted cross section
in SSM from Fig. 8 of [24]. In particular, for the final
selection bins defined with mtot

T > 400, 500, 600, 750 and
850 GeV, the excluded number of signal events at 95%
CL are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. As
discussed in the Appendix, we perform (for each model)
a montecarlo simulation of the mtot

T distribution at the
reconstruction level in order to find the expected number
of signal events in these bins. The point in the parameter
space of a model is excluded if any of the above limits
are exceeded.

ATLAS (13 TeV, 3.2 fb�1): The ATLAS collabo-
ration has also performed a search for ⌧⌧ resonances at
13 TeV using 3.2 fb�1 of data [35] WRONG REFER-
ENCE!. We recast [35] by reproducing correctly the SM
backgrounds, and injecting our signal (see Appendix for
details). After performing the statistical analysis using
the CLs method [? ] on themtot

T distribution (Fig. (4f) of
Ref. [35]), we find that for the final selection bin defined
via mtot

T > 150, 186, 231, 287, 357, 444, 551 and 684
GeV, the excluded number of signal events at 95% CL
are N

evs

> 200, 190, 120, 50, 20, 9.2, 6.2 and 3.7, respec-
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Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧�⌧+ final state at 8 TeV pp collisions with
19.5� 20.3 fb�1 of data [24]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross section for
the Sequential SM (SSM) as reported in Fig. 8 of [24].
The rescaling factors are the signal event yields reported
in Table 4 of [24] divided by the predicted cross section
in SSM from Fig. 8 of [24]. In particular, for the final
selection bins defined with mtot

T > 400, 500, 600, 750 and
850 GeV, the excluded number of signal events at 95%
CL are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. As
discussed in the Appendix, we perform (for each model)
a montecarlo simulation of the mtot

T distribution at the
reconstruction level in order to find the expected number
of signal events in these bins. The point in the parameter
space of a model is excluded if any of the above limits
are exceeded.

ATLAS (13 TeV, 3.2 fb�1): The ATLAS collabo-
ration has also performed a search for ⌧⌧ resonances at
13 TeV using 3.2 fb�1 of data [35] WRONG REFER-
ENCE!. We recast [35] by reproducing correctly the SM
backgrounds, and injecting our signal (see Appendix for
details). After performing the statistical analysis using
the CLs method [? ] on themtot

T distribution (Fig. (4f) of
Ref. [35]), we find that for the final selection bin defined
via mtot
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GeV, the excluded number of signal events at 95% CL
are N
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> 200, 190, 120, 50, 20, 9.2, 6.2 and 3.7, respec-
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Figure 5: ATLAS (13 TeV, 3.2 fb�1) ⌧⌧ search exclusion lim-
its on bb̄ ! H0 ! ⌧⌧ resonances. The preferred value from
the fit to the R(D(⇤)) anomaly is YbY

⇤
⌧ ⇥v2/M2

H+ = (2.9±0.8).
AG: To be updated.

tor leptoquark model from the recast of 8 TeV [24] and
13 TeV [35] searches are shown in Fig. 6 (top) in red
and black shades, respectively. On the other hand, the
preferred region at 68% CL from R(D(⇤)) anomaly is
shown in green. In addition, projected exclusion limits
at 13 TeV, with 300 fb�1 (assuming the present 13 TeV
limits on the cross section to scale with the square root
of the luminosity ratio) are shown in gray. In this model,
the R(D(⇤)) anomaly explanation is already in some ten-
sion with existing ⌧+⌧� searches, and future LHC Run-II
data should resolve the issue conclusively.

On the other hand, exclusion limits for the scalar lep-
toquark model are shown in Fig. 6 (bottom). Although
bounds can only be set on one of the two relevant cou-
plings (Y b⌧

L ), we note that in order to keep Y b⌧
R Y b⌧

L large
enough to fully accommodate the R(D(⇤)) anomaly (see
Eq. (14)), Y b⌧

R is pushed to non-perturbative values.

V. FUTURE PROSPECTS AND DISCUSSION

ATLAS ττ: 13 TeV, 3.2 fb-1

ATLAS ττ: 8 TeV, 19.5 fb-1

13TeV, 300 fb-1
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Figure 6: (Upper plot) 8 TeV (13 TeV) ATLAS ⌧+⌧� search
exclusion limits are shown in red (black) and R(D(⇤)) pre-
ferred region in green for the vector leptoquark model. Pro-
jected 13 TeV limits for 300 fb�1 are shown in grey. (Lower
plot) the same search exclusion limits for the scalar lepto-
quark model.

Comment on ⌧⌫ searches which are probably less sen-
sitive. On the other hand, ⌧+⌧� more model dependent,
even though predicted by SU(2)L gauge invariance. List
out possible caveats, such as tuning neutral currents with
another Z 0 for vector triplet, etc.

Discuss 2HDM departures from alignment limit for H0

(reduced couplings)? Could be a loophole.
Neubert model [19] can avoid ⌧+⌧�, due to charm-

tau coupling, and Vcb suppression. Already strong limits
from LQ pair production [34]. Use single LQ production
(boosted monotop) to improve. Watanabe loophole [29].

Loophole with ⌫R in the EFT.
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• QCD induced LQ pair production is large  
• Limits are getting stronger (>1 TeV) 
• Focus is on the third generation LQ searches

~

Other signatures at the LHC

CMS Exotica Physics Group Summary – ICHEP, 2016!
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Limits from Drell-Yan tails
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Appendix B: Operator limits

In Table 1 we show the present 2s limits on the 36 inde-
pendent four-fermion operators contributing to pp! `+`�

from the 13 TeV ATLAS analysis [11] with 36.1 fb�1 of
data, as well as projections for 3000 fb�1, where only one
operator is turned on at a time. The notation used is as in
Eq. (1) but the cutoff dependence has been reabsorbed as
C

x

⌘ v

2

L 2 c

x

. In the case of operators involving b

L

quark, in-
stead, we keep only the combination of triplet and singlet
aligned with it, since the top quark does not enter in this
observable. In the Gaussian approximation we derived the
correlation matrix in the 36 coefficients and checked that
the only non-negligible correlation is the one among the
triplet and singlet (L̄L)(L̄L) operators with same fermion
content. This correlation is shown explicitly in the 2d fit of
Fig. 3.
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Appendix B: Operator limits

In Table 1 we show the present 2s limits on the 36 inde-
pendent four-fermion operators contributing to pp! `+`�

from the 13 TeV ATLAS analysis [11] with 36.1 fb�1 of
data, as well as projections for 3000 fb�1, where only one
operator is turned on at a time. The notation used is as in
Eq. (1) but the cutoff dependence has been reabsorbed as
C

x

⌘ v

2

L 2 c

x

. In the case of operators involving b

L

quark, in-
stead, we keep only the combination of triplet and singlet
aligned with it, since the top quark does not enter in this
observable. In the Gaussian approximation we derived the
correlation matrix in the 36 coefficients and checked that
the only non-negligible correlation is the one among the
triplet and singlet (L̄L)(L̄L) operators with same fermion
content. This correlation is shown explicitly in the 2d fit of
Fig. 3.
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of the Z 0 ! ⌧+⌧� branching ratio. The tension can be further reduced in the limit where the
assumption of narrow resonances (� ⌧ M), that is implicit in all present direct searches, no
longer holds.

2 The model

2.1 Step I: four-fermion operators

Our main assumption is that all the non-standard four-fermion interactions can be described by
the following e↵ective Lagrangian

�L(T )

4f = � 1

2m2

V

Ja
µJ

a
µ , (4)

where Ja
µ is a fermion current transforming as a SU(2)L triplet, built in terms of SM quarks

and lepton fields:

Ja
µ = gq�

q
ij

⇣
Q̄i

L�µT
aQj

L

⌘
+ g`�

`
ij

⇣
L̄i
L�µT

aLj
L

⌘
. (5)

Here �q,` are Hermitian flavor matrices and, by convention, �q
33

= �`
33

= 1.
We define Qi

L and Li
L to be the quark and lepton electroweak doublets in the flavor basis

where down-type quarks and charged-leptons are diagonal. We assume an approximate U(2)q ⇥
U(2)` flavor symmetry, under which the light generations of Qi

L and Li
L transform as 2q⇥1` and

1q ⇥ 2`, respectively, and all other fermions are singlets. We further assume that the underlying
dynamics responsible for the e↵ective interaction in Eq. (4) involves, in first approximation,
only third generation SM fermions (the left-handed 1q ⇥ 1` fermions). In this limit, the flavor

couplings in Eq. (5) are �q,`
ij = �i3�3j . The corrections to this limit are expected to be generated

by appropriate U(2)q⇥U(2)` breaking spurions, connected to the generation of subleading terms
in the Yukawa couplings for the SM light fermions.

In the quark case, the leading U(2)q breaking spurion is a doublet, whose flavor structure is
unambiguously connected to the CKM matrix (V ) [29]. We can thus expand �q

ij as follows:

�q
ij = �i3�3j + (✏

1

�i3V̂3j + ✏⇤
1

V̂ ⇤
3i�3j) + ✏

2

(V̂ ⇤
3iV̂3j) + . . . , V̂

3j = V
3j � �

3jV3j , (6)

with ✏
2

= O(✏2
1

). As we will discuss below, low-energy flavor-physics data imply ✏i ⌧ 1.
The breaking structure in the lepton sector is less clear, given the intrinsic ambiguity in

reconstructing the lepton Yukawa couplings under the (natural) assumption that neutrino masses
are generated by a see-saw mechanism.2 As we will discuss below, low-energy data are compatible
with the hypothesis that the leading breaking terms in the lepton sector transform as doublets
of U(2)`.

2An attempt to build a consistent neutrino mass matrix starting from an approximate U(2)` symmetry broken
by small U(2)` doublets has been discussed in Ref. [30].

4

Among the four-fermion operators generated by the model, the ones most relevant to flavor
phenomenology are:

�L(T )

c.c. = � gqg`
2m2

V

h
(V �q)ij�

`
ab

⇣
ūiL�µd

j
L

⌘⇣
¯̀a
L�µ⌫

b
L

⌘
+ h.c.

i
, (7)

�L(T )

FCNC

= � gqg`
4m2

V

�`
ab

h
�q
ij

⇣
d̄iL�µd

j
L

⌘
� (V �qV †)ij

⇣
ūiL�µu

j
L

⌘i⇣
¯̀a
L�µ`

b
L � ⌫̄aL�µ⌫

b
L

⌘
, (8)

�L(T )

�F=2

= �
g2q

8m2

V


(�q

ij)
2

⇣
d̄iL�µd

j
L

⌘
2

+ (V �qV †)2ij

⇣
ūiL�µu

j
L

⌘
2

�
, (9)

�L(T )

LFV

= � g2`
8m2

V

�`
ab�

`
cd(¯̀

a
L�µ`

b
L)(¯̀

c
L�µ`

d
L) , (10)

�L(T )

LFU

= � g2`
8m2

V

(�2�`
ab�

`
cd + 4�`

ad�
`
cb)(¯̀

a
L�µ`

b
L)(⌫̄

c
L�µ⌫

d
L) . (11)

2.2 Step II: simplified dynamical model

In order to generate �L(T )

4f in a dynamical way, we introduce the heavy spin-1 triplet, V a
µ

(a = 1, 2, 3), following the general simplified Lagrangian proposed in Ref. [42]. By means of
this approach we can describe both models in which the new vector is weakly coupled, such as
gauge extension of the SM, and strongly coupled models, such as Composite Higgs models. The
simplified Lagrangian reads

LV = �1

4
D

[µV
a
⌫]D

[µV ⌫]a +
m2

V

2
V a
µ V

µa + gHV a
µ (H

†T ai
$
Dµ H) + V a

µ J
a
µ , (12)

where T a = �a/2, D
[µV

a
⌫] = DµV a

⌫ �D⌫V a
µ and DµV a

⌫ = @µV a
⌫ + g✏abcW b

µV
c
⌫ .

3

By integrating out at the tree-level the heavy spin-1 triplet and keeping only e↵ective oper-
ators of dimension  6, we obtain the e↵ective Lagrangian

Ld=6

e↵

= � 1

2m2

V

Ja
µJ

a
µ � g2H

2m2

V

(H†T ai
$
Dµ H)(H†T ai

$
Dµ H)� gH

m2

V

(H†T ai
$
Dµ H)Ja

µ . (13)

By construction, the first term is �L(T )

4f in Eq. (4). The second term, in the unitary gauge, is
simply

�g2Hv2

4m2

V

✓
m2

WW+

µ W�
µ +

m2

Z

2
ZµZµ

◆✓
1 +

h

v

◆
4

. (14)

This term induces an unphysical (custodially-invariant) shift in the W - and Z-boson masses,4.
that can be reabsorbed by a redefinition of v, and deviations in the Higgs interactions to W
and Z bosons. The latter are well within the existing bounds for the relevant set of parameters.

3With respect to Ref. [42] we dropped interaction terms with two or more insertions of V a
µ . While such

terms can be relevant for double production, they do not contribute to the low-energy e↵ective Lagrangian at the
dimension-6 level and are thus largely unconstrained by low-energy data.

4Within the full model of Eq. (12) this corresponds to a mass mixing between the SM EW gauge bosons and
the heavy vector triplet. The relative shift in the heavy vector masses mV is only of O(g2Hm2

W v2/m4

V )

5
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SU(2)L triplet current:

where Ja
µ (J0

µ) is a fermion current transforming as a SU(2)L triplet (singlet), built in terms of
the SM quarks and lepton doublets:

Ja
µ = gq�

q
ij

�
q̄iL�µ⌧

aqjL
�

+ g`�
`
ij

�
¯̀i
L�µ⌧

a`jL
�

, (39)

J0

µ =
1

2
g0

q�
q
ij

�
q̄iL�µq

j
L

�
+

1

2
g0

`�
`
ij

�
¯̀i
L�µ`

j
L

�
. (40)

Here �q,` are the Hermitian flavor matrices (�q,`
33

= 1), ⌧a = �a/2, and, in first approximation, in
the following we assume degenerate masses m⇢ = m! (see Eq. (16)). Comparing with Eq. (30),
we obtain g0

q = 2g⇢a!
q 2

q, and similarly for other couplings. Among the four-fermion operators
generated by the model, the ones most relevant to flavor phenomenology are:
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Table 1: Observables entering in the fit with their experimental bound (assuming the uncer-
tainties follow the Gaussian distribution) and the expression in terms of the parameters of our
model.

3.5 Combined fit and discussion

The low-energy observables discussed above depend on the three flavor-non-universal couplings
�q
bs, �

`
µµ, �

`
⌧µ, and the two flavor-independent combinations

✏`,q ⌘
g`,q mW

g mV
⇡ g`,q

122GeV

mV
, (40)

which we assume to be bounded by |✏`,q| < 2. We have performed a combined fit of these
parameters using the experimental constraints reported in Table 1. For simplicity, we have
assumed Gaussian errors for all the observables. The preferred region of the model parameters
(x↵) has been determined minimizing the �2 distribution

�2(x↵) =
X

i

(Oi(x↵)� µi)2

�2

i

. (41)

The best-fit point is found for

✏` ⇡ 0.37 , ✏q ⇡ 0.38 , �q
bs ⇡ 2.3⇥ 10�3 , �`

µµ ⇡ 2.0⇥ 10�2 , �`
⌧µ ⇡ 4.8⇥ 10�2 . (42)

The �2 improvement of the best-fit point with respect to the SM limit is �2(x
SM

)� �2(x
BF

) =
18.6 for 5 d.o.f., which corresponds to a p-value for the SM hypothesis of 0.002. In Fig. 1 we
show the 68%CL and 95%CL regions in the (✏q, ✏`), (�

q
bs,�

`
µµ), (�

`
µµ,�

`
⌧µ), and (�Cµ

9

,�RBs)
planes, after having marginalised over the other parameters.

The best-fit point implies a small non-standard contribution to Cµ
9

. This is because of
the bounds on |�`

µµ| and |�q
bs| dictated by LFU in ⌧ decays and �mBq mixing (see sect. 3.4).

However, in the 95%CL (68%CL) preferred region of the model parameters the e↵ective coupling
|�`

µµ| can exceed 0.10 (0.05). In this case �Cµ
9

can be within 1� or 2� of its central value (see
right panels in Fig. 1).6

6A “perfect fit” of �Cµ
9

can be obtained extending the minimal version of the model, at the cost of introducing

11

• 2 flavour universal • 3 flavour dependent

1) b→c τ ν

4) b→s μ μ 
3) Bs mix 
2) b→ cνμ(e)

5) τ → ννμ(e)
6) τ → 3μ
7) D mix

[AG, Isidori, Marzocca] 
JHEP 1507 (2015) 142

VTM: Combined fit to low-energy data



44

R0(D
⇤) = ✏`✏q

1

• The fit is driven by • Some tension with

where
O`

9

= (s̄L�
⌫bL)¯̀�⌫` , O`

10

= (s̄L�
⌫bL)¯̀�⌫�

5` . (36)

Present b ! sµ+µ� anomalies and Rµ/e
K seems to indicate a LF non-universal modification

in the Wilson coe�cients Cµ
9

compared to the SM (see e.g. Ref. [13, 14]). However, a good
fit to present data is also obtained assuming �Cµ

9

= ��Cµ
10

6= 0 and �Ce
9,10 = 0, that is

compatible with the modification expected in our NP framework for |�`
µµ| � |�`

ee|. The best fit
thus obtained implies �Cµ

9

= ��Cµ
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= �0.53± 0.18 [41].
In order to reproduce this result within our model we must impose
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. (37)

This result is in some tension with the bounds on |�`
µµ| and |�q

bs| dictated by LFU in ⌧ decays and
�mBq mixing, respectively. To express this tension more clearly, it is convenient to normalize
Eq. (37) to the maximal value of |�q

bs| allowed by �mBq mixing. This leads to
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bs
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✓
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1/2 ����
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gq

����
1/2

�`
µµ = (0.09± 0.03) , (38)

that should be compared with the constraint on |�`
µµ| from Eq. (29). Given the di↵erent scaling

of Eq. (38) and Eq. (29) in terms of g`/gq, the tension decreases for |g`/gq| < 1.
As far as b ! s⌧+⌧� decays are concerned, for R

0

= 0.15 and gq = g`, we find

�C⌧
9

= ��C⌧
10

⇡ �5.6⇥ �q
bs

|�q
bs|max

, vs. (C⌧
9

)
SM

⇡ �(C⌧
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)
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⇡ 4.2 . (39)

Thus if �q
bs is close to |�q

bs|max

, as favored by b ! sµ+µ� anomalies and Rµ/e
K , depending on

arg(�q
bs) we have two very di↵erent non-standard predictions for b ! s⌧+⌧� decays. In the

case of maximal constructive interference of NP and SM amplitudes, b ! s⌧+⌧� rates could
be enhanced up to a factor ⇡ 5 over the SM; in the case of maximal destructive interference,
b ! s⌧+⌧� rates could be strongly suppressed (even less than 1/10) compared to the SM
expectation. This possible enhancement or suppression would hold also for the b ! s⌫⌧ ⌫̄⌧ rates,
but it would appear “diluted” by a factor of ⇡ 3 in the measurable b ! s⌫⌫̄ rates summed over
all neutrino species.

In principle, the e↵ective four-fermion Lagrangian in Eq. (4) could allow also FCNC–LFV
transitions of the type b ! s`±i `

⌥
j , with the largest amplitude expected for b ! s⌧±µ⌥. The

latter can be estimated by means of Eq. (35), with the replacement �`
µµ ! �`

⌧µ. Given the

constraint on |�`
⌧µ| in Eq. (32), we find that FCNC–LFV helicity-conserving transitions (B !

K⌧±µ⌥, B ! K⇤⌧±µ⌥, . . . ) can have rates which are at most 10% of those of the corresponding
di-muon modes in the SM. Similarly, we find B(Bs ! ⌧±µ⌥) <⇠ 10�8. These bounds makes the
experimental search of these FCNC–LFV transitions very challenging, at least in the short
term. We also note that such bounds are saturated only if B(⌧ ! 3µ) is just below its current
experimental bound.
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Figure 1. Results of the low-energy fit in Table 1: 68%CL (green) and 95%CL (yellow) allowed
regions in the (✏q, ✏`) plane (upper-left plot), (�q

bs,�
`
µµ) plane (upper-right plot), (�`

µµ,�
`
⌧µ) plane

(lower-left plot), and in the (�Cµ
9 ,�RBs) plane (lower-right plot), after having marginalised over

the variables not shown. The black dots represent the best-fit points for these 2d likelihoods. In
the upper-right plot, the solid, dashed, and dotted red lines represent the iso-lines respectively for
the best-fit, 1- and 2-� ranges for �Cµ

9 , with fixed R0 = 0.15. In the lower-right plot, the dashed
and solid blue lines represent the 68%CL and 98%CL regions for �Cµ

9 and �RBs as favored by
b ! sµ+µ� and �mBs data.

4 Constraints on the dynamical model

4.1 Bounds from LEP-I

Since the couplings of the heavy vector with SM fermions in this model are strongly

non-universal, we cannot apply the LEP-I constraints as encoded in the bound on the

S-parameter. Instead, we consider the non-universal fit of LEP-I data performed in the

context of dimension-6 operators in Ref. [43]. To do this, we translate the e↵ective La-
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Table 1: Observables entering in the fit with their experimental bound (assuming the uncer-
tainties follow the Gaussian distribution) and the expression in terms of the parameters of our
model.

3.5 Combined fit and discussion

The low-energy observables discussed above depend on the three flavor-non-universal couplings
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bs, �
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⌧µ, and the two flavor-independent combinations

✏`,q ⌘
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which we assume to be bounded by |✏`,q| < 2. We have performed a combined fit of these
parameters using the experimental constraints reported in Table 1. For simplicity, we have
assumed Gaussian errors for all the observables. The preferred region of the model parameters
(x↵) has been determined minimizing the �2 distribution
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The best-fit point is found for
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The �2 improvement of the best-fit point with respect to the SM limit is �2(x
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) =
18.6 for 5 d.o.f., which corresponds to a p-value for the SM hypothesis of 0.002. In Fig. 1 we
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⌧µ), and (�Cµ

9

,�RBs)
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The best-fit point implies a small non-standard contribution to Cµ
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. This is because of
the bounds on |�`

µµ| and |�q
bs| dictated by LFU in ⌧ decays and �mBq mixing (see sect. 3.4).

However, in the 95%CL (68%CL) preferred region of the model parameters the e↵ective coupling
|�`

µµ| can exceed 0.10 (0.05). In this case �Cµ
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can be within 1� or 2� of its central value (see
right panels in Fig. 1).6

6A “perfect fit” of �Cµ
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can be obtained extending the minimal version of the model, at the cost of introducing
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