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µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in

3
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µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-
dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-
ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].

Similar decays in the up quarks sector are very sensitive but still far from experimental reach
due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.

In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:
scalar, pseudoscalar and axial-vector couplings with B0

s ! µ+µ� and B0 ! µ+µ� decays, the vector
couplings with B0

s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with
D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).

? New charged currents, beyond direct searches, are precisely tested through semileptonic and
leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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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 C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
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 C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 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.
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → ℓ+ℓ−processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb−1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ′ℓℓ), often pushing25

the new physics mass scale " beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → sℓ+ℓ− transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O(p2/"2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → ℓ+ℓ−
39

(ℓ = e, µ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → ℓ+ℓ−and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → sℓℓ anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ+τ−
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → ℓ+ℓ−and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb−1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67
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BaBar
[1205.5442, 1303.0571]

Belle
[1507.03233, 1607.07923, 1612.00529]

LHCb
[1506.08614, 1708.08856]

2

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

~ 4σ

R(D(∗)) = B(B̄→D
(∗)

τ
−
ν̄τ )

B(B̄→D(∗)ℓ−ν̄ℓ)

R(D(∗)) =
B(B̄ → D(∗)τ−ν̄τ )

B(B̄ → D(∗)ℓ−ν̄ℓ)

1

:) Three experiments

Clean

Charged 
currents

(cL γμ bL)(τL γμ νL)
Good fit
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1

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

Branching fractions 

[1403.8044, 1503.07138, 
1506.08777, 1606.04731, 
1612.06764]

Angular distributions 

[1308.1707, 1512.04442]

LFU ratios

[1406.6482, 1705.05802]

Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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the branching fractions, however a larger number of observables is available [18, 19] and the B0
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In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
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d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
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b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-
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feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
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couplings with B0
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? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
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the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].

Similar decays in the up quarks sector are very sensitive but still far from experimental reach
due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.

In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:
scalar, pseudoscalar and axial-vector couplings with B0

s ! µ+µ� and B0 ! µ+µ� decays, the vector
couplings with B0

s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with
D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).

? New charged currents, beyond direct searches, are precisely tested through semileptonic and
leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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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 C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
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 C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 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 –
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → ℓ+ℓ−processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb−1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ′ℓℓ), often pushing25

the new physics mass scale " beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → sℓ+ℓ− transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O(p2/"2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → ℓ+ℓ−
39

(ℓ = e, µ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → ℓ+ℓ−and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → sℓℓ anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ+τ−
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → ℓ+ℓ−and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb−1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67

123
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(Zq̄q)ij ⇠

0

@
1 0 0

0 1 V
⇤
ts

0 Vts 1

1

A , CDµ
ij =

0

@
Cdµ 0 0

0 Csµ C
⇤
bsµ

0 Cbsµ Cbµ

1

A . (46)

c
(1)
QL ⇠ g

2
⇤ (47)

c
(1)
QL ⇠ g

2
⇤ (48)

B ! K
(⇤)
⌫⌧ ⌫̄⌧ (49)

pp ! µ
+
µ
�

(50)

pp ! ⌧
+
⌧
�

(51)

10
�9 . |y| . 10

�6
(52)

|y| . 10
�9

(53)

|y| & 10
�6

(54)

ZZ = 1 (55)

✏ZeL 6= ✏ZµL (56)

✏ZeR = ✏ZµR = 0 (57)

 ⌘ (ZZ , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR)
T

(58)

L() =

Y

bin

Y

cat

exp (�µbin,cat) (µbin,cat)
Nexp

bin,cat

N
exp
bin,cat!

(59)

µbin,cat = (N
bg,SM
bin,cat +N

sig,SM
bin,cat 

T
Xbin,cat) (60)

 L,R ⌘ (4, 1,2, 0) (61)

(q
0
L, `

0
L, u

0
R, d

0
R, e

0
R) (62)

Yd / �q (63)

6

(Disclaimer: When the EFT fails, use explicit models)
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BaBar
[1205.5442, 1303.0571]

Belle
[1507.03233, 1607.07923, 1612.00529]

LHCb
[1506.08614, 1708.08856]

2

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

~ 4σ

R(D(∗)) = B(B̄→D
(∗)

τ
−
ν̄τ )

B(B̄→D(∗)ℓ−ν̄ℓ)

R(D(∗)) =
B(B̄ → D(∗)τ−ν̄τ )

B(B̄ → D(∗)ℓ−ν̄ℓ)

1

:) Three experiments

Clean

Charged 
currents

(cL γμ bL)(τL γμ νL)
Good fit
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1

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

Branching fractions 

[1403.8044, 1503.07138, 
1506.08777, 1606.04731, 
1612.06764]

Angular distributions 

[1308.1707, 1512.04442]

LFU ratios

[1406.6482, 1705.05802]

Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in

3

Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC
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predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
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for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
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s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0
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⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
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couplings with B0
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? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-
dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-
ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].

Similar decays in the up quarks sector are very sensitive but still far from experimental reach
due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.

In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:
scalar, pseudoscalar and axial-vector couplings with B0

s ! µ+µ� and B0 ! µ+µ� decays, the vector
couplings with B0

s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with
D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).

? New charged currents, beyond direct searches, are precisely tested through semileptonic and
leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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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 C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
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 C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 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 –
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → ℓ+ℓ−processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb−1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ′ℓℓ), often pushing25

the new physics mass scale " beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → sℓ+ℓ− transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O(p2/"2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → ℓ+ℓ−
39

(ℓ = e, µ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → ℓ+ℓ−and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → sℓℓ anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ+τ−
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → ℓ+ℓ−and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb−1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67
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Figure 1: MMHT2014 NNLO PDFs at Q2 = 10 GeV2 and Q
2 = 104 GeV2, with associated 68%

confidence-level uncertainty bands. The corresponding plot of NLO PDFs is shown in Fig. 20.

2 Changes in the theoretical procedures

In this Section, we list the changes in our theoretical description of the data, from that used

in the MSTW analysis [1]. We also glance ahead to mention some of the main e↵ects on the

resulting PDFs.

2.1 Input distributions

As is clear from the discussion in the Introduction, one improvement is to use parameterisations

for the input distributions based on Chebyshev polynomials. Following the detailed study in

[11], we take for most PDFs a parameterisation of the form

xf(x,Q2

0
) = A(1� x)⌘x�

 
1 +

nX

i=1

aiT
Ch

i
(y(x))

!
, (1)

where Q
2

0
= 1 GeV2 is the input scale, and T

Ch

i
(y) are Chebyshev polynomials in y, with

y = 1 � 2xk where we take k = 0.5 and n = 4. The global fit determines the values of the

set of parameters A, �, ⌘, ai for each PDF, namely for f = uV , dV , S, s+, where S is the

light-quark sea distribution

S ⌘ 2(ū+ d̄) + s+ s̄. (2)

For s+ ⌘ s + s̄ we set �+ = �S. As argued in [1] the sea quarks at very low x are governed

almost entirely by perturbative evolution, which is flavour independent, and any di↵erence in

6

[1412.3989]

Parton distribution functions

SM: Valence quark NP: Heavy flavour
*typically

:( pdf suppression 
:) Excess of events
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BaBar
[1205.5442, 1303.0571]

Belle
[1507.03233, 1607.07923, 1612.00529]

LHCb
[1506.08614, 1708.08856]

2

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2
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0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

~ 4σ

R(D(∗)) = B(B̄→D
(∗)

τ
−
ν̄τ )

B(B̄→D(∗)ℓ−ν̄ℓ)

R(D(∗)) =
B(B̄ → D(∗)τ−ν̄τ )

B(B̄ → D(∗)ℓ−ν̄ℓ)

1

:) Three experiments
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1

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

Branching fractions 

[1403.8044, 1503.07138, 
1506.08777, 1606.04731, 
1612.06764]

Angular distributions 

[1308.1707, 1512.04442]

LFU ratios

[1406.6482, 1705.05802]

Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in

3
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in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
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b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-
dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-
ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].

Similar decays in the up quarks sector are very sensitive but still far from experimental reach
due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.

In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:
scalar, pseudoscalar and axial-vector couplings with B0

s ! µ+µ� and B0 ! µ+µ� decays, the vector
couplings with B0

s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with
D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).

? New charged currents, beyond direct searches, are precisely tested through semileptonic and
leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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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 C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
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 C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 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 –
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → ℓ+ℓ−processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb−1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ′ℓℓ), often pushing25

the new physics mass scale " beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → sℓ+ℓ− transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O(p2/"2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → ℓ+ℓ−
39

(ℓ = e, µ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → ℓ+ℓ−and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → sℓℓ anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ+τ−
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → ℓ+ℓ−and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb−1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67
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SM Predictions

 = 1.0 contours2χ∆
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1

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

Branching fractions 

[1403.8044, 1503.07138, 
1506.08777, 1606.04731, 
1612.06764]

Angular distributions 

[1308.1707, 1512.04442]

LFU ratios

[1406.6482, 1705.05802]

Dettori Part B1 SAND

µ+µ� decay. The B0
s ! µ+µ� decay is one of the “golden”-channels at the LHC. It’s a FCNC

process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in

3

Dettori Part B1 SAND
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K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-
ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].

Similar decays in the up quarks sector are very sensitive but still far from experimental reach
due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.

In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:
scalar, pseudoscalar and axial-vector couplings with B0

s ! µ+µ� and B0 ! µ+µ� decays, the vector
couplings with B0

s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with
D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).

? New charged currents, beyond direct searches, are precisely tested through semileptonic and
leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0
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but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
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in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.

In SAND I propose to open a new field in the LHCb research program by studying B+ !
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
⇤0
b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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process, additionally suppressed for helicity reasons, with a SM branching fraction of about 3.6⇥10�9,
predicted accurately to 5% [5, 6], with strong enhancements instead in many NP models [7, 8, 9, 10].
Exploiting LHCb Run 1 data I have already led and performed the LHCb analysis which made the first
observation of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
measurements represent, in many cases, the most stringent bound for a sub-set of supersymmetric
models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches
for the equivalend B0 decay (B0 ! µ+µ�) start only now to reach the SM [13] as this decay is even
rarer owing to the larger CKM suppression. In particular, the ratio of the two branching fractions
R = B(B0 ! µ+µ�)/B(B0

s ! µ+µ�) is extremely well predicted in the SM [5] and would be modified
sensibly in any theory with a flavour structure di↵erent from the SM. A measurement of R di↵erent
from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
Violation (MFV) hypothesis [17]. Current measurements are limited by statistics to measurements of
the branching fractions, however a larger number of observables is available [18, 19] and the B0

d,s !
µ+µ� decays remain the strongest probes of this kind of NP [20, 21].
With regard to higher spin couplings, di↵erent experimental anomalies with respect to SM pre-

dictions are currently present in b ! s`+`� decays. The measured branching fractions of B0 !
K⇤µ+µ� [22], B+ ! K+µ+µ�, B0 ! K0µ+µ�, B+ ! K⇤+µ+µ�, [23, 24], B0

s ! �µ+µ� [25] and
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b ! ⇤µ+µ� [26] are all smaller than the respective SM predictions. Furthermore a large discrep-

ancy is present in the angular distributions of the B0 ! K⇤µ+µ� decay [27, 28, 29, 30, 31, 32]. In
addition, tests of lepton universality in B+ ! K+`+`� [33] and B0 ! K⇤`+`� [34] show the striking
feature of this precision observable not in agreement with SM. It’s important to note that some of
these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).
Remarkably, in terms of the e↵ective description, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous
but opposite shift in the CV and CA, which resembles the V � A structure of the weak coupling of
the SM. This can be caused by a new particle (Z 0) [38] similar to the Z0 in the SM but with much
higher mass (10-100 TeV) which is not accessible for direct production at the LHC. Several other
explanations, among which leptoquarks [39, 40], have been proposed, but di�culties are still present
when building a complete model [41].
Similar decays in the up quarks sector are very sensitive but still far from experimental reach

due to the stronger CKM suppression. Only recently they are starting to be probed in rare charm
decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most stringent
constraints on some of the proposed leptoquark explanations [40] and are therefore crucial to be
searched and studied at this very moment.
In SAND I therefore propose to study di↵erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B0
s ! µ+µ� and B0 ! µ+µ� decays, the vector

couplings with B0
s ! µ+µ�� and B0⇤ ! µ+µ� decays and the up-sector equivalent couplings with

D0 ! µ+µ�, D0 ! µ+µ�� and D⇤0 ! µ+µ� decays (see Sec. 3.1).
? New charged currents, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
in this sector. In fact, measurements of the ratio of branching fractions of B�(0) ! D[⇤]�(0)⌧�⌫ over
B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0

s ! µ+µ�, these decays are suppressed proportionally to
the ratio of the lepton mass to the B mass. Their branching fractions are precisely predicted in
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leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present
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B�(0) ! D[⇤]�(0)µ�⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]
experiments, are in disagreement with the SM predictions for a combined significance of 3.9 standard
deviations [51]. This would be a second sign of a violation of lepton flavour universality, which is a
key prediction of the SM.
In SAND I propose to open a new field in the LHCb research program by studying B+ !

`+⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforementioned
anomalies. The measurement of B+ ! `+⌫ decays at a hadron collider is thought to be infeasible [52],
owing to the impossibility to measure the final state missing energy. However if one can close the
kinematics of the decay with additional information, this obstacle can be overcome. A completely
new detection and reconstruction technique will be developed to achieve this (see Sec.3.2). The purely
leptonic B+ ! `+⌫ proceed in the SM through a simple charged current. However, since the helicity
is conserved in the decay, as for the B0
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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 C

µ
9 and C

µ
10 (top), in C

µ
9 and

C
e
9 (center), or in C

µ
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 C

µ
9 and positive C

µ
10 decrease

both B(B ! Kµ
+
µ

�) and B(B ! K
⇤
µ

+
µ

�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFU only ~ 4σ 
Global fit > 5σ

:( Only LHCb experiment :) Consistency!
(bL γμ sL)(μ γμ μ)

• 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 –
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µ
eL + (CS � CT ) d̄L�µdL ⌫̄L�

µ
⌫L (33)

�
q
bb = 1 (34)

|�
q
sb| . 0.1Vcb (35)

|�
q
sb| ⌧ Vcb , (36)

|�
q
sb| & 2Vcb (37)

|�
q
sb| . 0.5Vcb (38)

�
`
µµ > 0 (39)

v ⇥ C
�2
T (40)

Vcb ⇡ 0.04 (41)

b ! c⌧⌫⌧ (42)

R
⌧`
D(⇤) ⇡ 1 + 2CT

✓
1 +

�
q
sb

Vcb

◆
⇡ 1.24± 0.06 (43)

R
⌧`
D(⇤) ⇡ 1 +

↵�C
µ
9

⇡�`
µµ

⇡ 1.24± 0.06 (44)

R
⌧`
D(⇤) ⇡ 1.24± 0.06 (45)

5

SM:

 7



n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

7

B-anomalies vs High-pT Lepton Tails -  Admir Greljo, CERN

μ
μ

s

b

NP:
[tree-level or 1-loop]

Le↵ � �
CT

v2
�
q
ij(Q̄i�µ�

a
Qj)(L̄3�

µ
�
a
L3) (28)

Le↵ ⇠
2

(3.5TeV)2
(c̄L�µbL)(⌧̄L�

µ
⌫L) (29)

Le↵ ⇠
1

(32TeV)2
(s̄L�µbL)(µ̄L�

µ
µL) (30)

Le↵ � �
Cb⌧

v2
(Q̄3�µ�

a
Q3)(L̄3�

µ
�
a
L3) (31)

CT (Q̄�µ�
a
Q)(L̄�

µ
�
a
L) + CS(Q̄�µQ)(L̄�

µ
L) (32)

(CS + CT ) d̄L�µdL ēL�
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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Fig. 2 In blue (red ) we show the present (projected) 2σ limits on Cq µ

(flavor conserving (L̄ L)(L̄ L) operators) where q = u, d , s, c and b,
using 13 TeV ATLAS search in pp → µ+µ− channel [11]. Dashed
lines show the limits when all other coefficients are marginalized, while
the solid ones show the results of one-parameter fits

the differential observable P ′
5 [22], together with the hints

on LFU violation in RK and RK ∗ [23– 25], is obtained by
considering a new physics contribution to the Cbsµ coeffi-
cient 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 the charged-currrent
(RD(∗)) , see e.g. Refs. [27– 29].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b → s transitions,
one finds

"Cµ
9 = −"Cµ

10 = π

αVtbV ∗
ts
Cbsµ, (9)

where α is the electromagnetic fine structure constant while
|Vts | = (40.0 ± 2.7) × 10−3 and |Vtb| = 1.009 ± 0.031 are
CKM matrix elements [30].

The recent combined fit of Ref. [18] reported the best fit
value and 1σ preferred range

"Cµ
9 = −"Cµ

10 = −0.61 ± 0.12. (10)

Using this result and Eq. (9) the scale of the relevant new
physics can be estimated by defining Cbsµ = g2

∗v
2/%2,

obtaining %/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 % 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, in principle the renormaliza-
tion group effects should be taken into account. Since these
effects in this case are small, we neglect them (see for exam-
ple [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 energetic dilepton
events. We stress however, that even for models with light
new physics these searches can be relevant.

We now focus on the flavor structure of the CD(U )µ
i j matri-

ces in Eqs. (6, 7). New physics aligned only to the strange-
bottom coupling Cbsµ 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
!!!!

π

αVtbV ∗
ts
Cbsµ

!!!! < 100 (39), (11)

which should be compared with the value extracted from the
global flavor fits in Eq. (10). Such a peculiar flavor structure
is possible but not very motivated from the model building
point of view.

On the other hand, taking the b → sµ+µ−flavor anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavor models flavor-violating
couplings are related (by symmetry or dynamics) to flavor-
diagonal one(s). In this case the LHC upper limit on |Cq µ|
from the dimuon high-pT tail can be used in order to set a
lower bound on |λqbs |, defined as the ratio

λ
q
bs ≡ Cbsµ/Cq µ. (12)

In the following we study such limits for several particularly
interesting scenarios.

1. Minimal flavor violation
Under this assumption [31] the only source of flavor violation
are the SM Yukawa matrices Yu ≡ V † diag(yu, yc, yt ) and
Yd ≡ diag(yd , ys, yb). Using a spurion analysis the following
can be estimated

c(3,1)Qi j L22
∼

"
1+ αYuY †

u + βYd Y
†
d

#

i j
, (13)

where α,β ∼ O(1), which implies the following structure:

Cuµ = Ccµ = Ctµ ≡ CUµ,

Cdµ = Csµ = Cbµ ≡ CDµ, (14)

while flavor-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ| ∼ |VtbV ∗

ts y
2
t CDµ|. In this case

the contribution to rare B meson decays has a Vts suppres-
sion, while the dilepton signal at high-pT receives an uni-
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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,
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The resolution of the R(D(⇤)) anomaly requires c
QQLL

⌘

�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 + iA
0)/

p
2) has

the renormalizable Lagrangian of the form

LH0 = |D
µ
H

0
|
2

� M
2
H0 |H

0
|
2

� �H0 |H
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� �V (H 0
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cR � Y⌧ L̄3H

0
⌧R + h.c. , (7)

where H̃
0 = i�

2
H

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,H

0 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⌫ + M
2
U
U

†
µ
U

µ + (Jµ

U
Uµ + h.c.) , (8)

J
µ

U
⌘ �ij Q̄i�

µ
Lj , (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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discussing the connection to flavor in Sect. 3, we limit our
attention to the (L̄ L)(L̄ L) operators with muons given in the
first line of Eq. (1).1 To this purpose it is useful to rearrange
the terms relevant to p p → µ+µ−as2:

Leff ⊃
CUµ
i j

v2 (ū iLγµu
j
L)(µ̄Lγ µµL)

+
CDµ
i j

v2 (d̄ iLγµd
j
L)(µ̄Lγ µµL). (6)

The CUµ and CDµ matrices carry the flavor structure of the
operators. Since the top quark does not appear in the pro-
cess under study the corresponding terms can be neglected.
Regarding the off-diagonal elements, we only keep the b−s
one, since it is where the flavor anomalies appear. We set the
others to zero. In summary:

CUµ
i j =

⎛

⎝
Cu µ 0 0

0 Ccµ 0
0 0 Ctµ

⎞

⎠ , CDµ
i j =

⎛

⎝
Cdµ 0 0

0 Csµ C∗
bsµ

0 Cbsµ Cbµ

⎞

⎠ .

(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavor non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p → ℓ+ℓ−at the
LHC. In our analysis we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb−1 of data. We
digitize Fig. 1 of Ref. [11], which shows the distribution of
dielectron and dimuon reconstructed invariant masses after
the final event selection. We perform a profile likelihood
fit to a binned histogram distribution adopting the method
from Ref. [14]. The number of signal events, as well as the
expected signal events in the SM and background processes,
are directly taken from Fig. 1 of Ref. [11]. The likelihood
function (L) is constructed treating every bin as an indepen-
dent Poisson variable, with the expected number of events,

#N bin = #N bin
SM

×
∑

q ,ℓ
∫ τ bin

max
τ bin

min
dτ τ Lq q̄ (τ, µF ) |Fq ℓ(τ s0)|2

∑
q ,ℓ

∫ τ bin
max

τ bin
min

dτ τ Lq q̄ (τ, µF ) |FSM
q ℓ (τ s0)|2

, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of χ2 ≡ −2 log L ,
while n σ C.L. regions are given to be #χ2 ≡ χ2 −χ2

min <

1 Note that similar conclusions apply also for solutions of the flavor
anomalies involving operators with different chirality structure.
2 The down and up couplings are given by two orthogonal combinations
of the triplet and singlet operators in the first line of Eq. (1): CD(U )µ

i j =
v2/'2(c(1)Qi j L22

± c(3)Qi j L22
).

#n σ , where #n σ are defined with the appropriate cumula-
tive distribution functions. In the numerical study we use the
NNLO118 MMHT2014 parton distribution functions set [15].
We checked that our results have a very small dependence on
the factorization scale variation. At present, theoretical and
systematic uncertainties on the expected number of events in
the SM are negligible when compared to the statistical one in
the high invariant mass region relevant for setting the limits
on the contact interactions [9,11]. Nonetheless, their impor-
tance will increase at the high-luminosity phase. However,
we still expect systematic uncertainties to be subleading or
at most comparable to the statistical one. Therefore we do
not include them in the projections.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6, 7) in a
FeynRules [16] model, and generating pp → µ+µ−events
at 13 TeV with the same acceptance cuts as in the ATLAS
search [11] using MadGraph5_aMC@NLO [17]. We find
good agreement between the fits performed in both ways.

In the SMEFT, neglecting flavor-violating interactions, are
18 independent four-fermion operators for muons and 18 for
electrons relevant to pp → ℓ+ℓ−(see Eq. (1)). In Appendix
B (Table 1) we provide present and projected 2σ limits on
all these coefficients, using the recent ATLAS search [11].
While these limits are obtained in the scenario where only
one operator is considered at a time, we checked that the 18×
18 correlation matrix derived in the Gaussian approximation
does not contain any large value (the only non-negligible
correlations are among the triplet and singlet operators with
the same-flavor content, which is discussed in more details
below). The absence of flat directions can be understood by
the fact that operators with fermions of different flavor or
chirality do not interfere with each other.

Focusing only on the (L̄ L)(L̄ L) operators (in the notation
of Eq. (6)), the 2σ limits, both from the present ATLAS
search (blue) and projected for 3000 fb−1 (red), are shown in
Fig. 2. The solid lines show the 2σ bounds when operators
are taken one at a time. The dashed ones show the limits when
all the others are marginalized. The small difference between
the two, especially with present accuracy, confirms what we
commented above. Further constraints on the operators with
SU (2)L triplet structure can be derived from the charged-
current pp → ℓν 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 analyses
in Refs. [18– 21]). In particular, a good fit of the anomaly in
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discussing the connection to flavor in Sect. 3, we limit our
attention to the (L̄ L)(L̄ L) operators with muons given in the
first line of Eq. (1).1 To this purpose it is useful to rearrange
the terms relevant to p p → µ+µ−as2:

Leff ⊃
CUµ
i j

v2 (ū iLγµu
j
L)(µ̄Lγ µµL)

+
CDµ
i j

v2 (d̄ iLγµd
j
L)(µ̄Lγ µµL). (6)

The CUµ and CDµ matrices carry the flavor structure of the
operators. Since the top quark does not appear in the pro-
cess under study the corresponding terms can be neglected.
Regarding the off-diagonal elements, we only keep the b−s
one, since it is where the flavor anomalies appear. We set the
others to zero. In summary:

CUµ
i j =

⎛

⎝
Cu µ 0 0

0 Ccµ 0
0 0 Ctµ

⎞

⎠ , CDµ
i j =

⎛

⎝
Cdµ 0 0

0 Csµ C∗
bsµ

0 Cbsµ Cbµ

⎞
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(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavor non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p → ℓ+ℓ−at the
LHC. In our analysis we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb−1 of data. We
digitize Fig. 1 of Ref. [11], which shows the distribution of
dielectron and dimuon reconstructed invariant masses after
the final event selection. We perform a profile likelihood
fit to a binned histogram distribution adopting the method
from Ref. [14]. The number of signal events, as well as the
expected signal events in the SM and background processes,
are directly taken from Fig. 1 of Ref. [11]. The likelihood
function (L) is constructed treating every bin as an indepen-
dent Poisson variable, with the expected number of events,

#N bin = #N bin
SM

×
∑

q ,ℓ
∫ τ bin

max
τ bin

min
dτ τ Lq q̄ (τ, µF ) |Fq ℓ(τ s0)|2

∑
q ,ℓ

∫ τ bin
max

τ bin
min

dτ τ Lq q̄ (τ, µF ) |FSM
q ℓ (τ s0)|2

, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of χ2 ≡ −2 log L ,
while n σ C.L. regions are given to be #χ2 ≡ χ2 −χ2

min <

1 Note that similar conclusions apply also for solutions of the flavor
anomalies involving operators with different chirality structure.
2 The down and up couplings are given by two orthogonal combinations
of the triplet and singlet operators in the first line of Eq. (1): CD(U )µ

i j =
v2/'2(c(1)Qi j L22

± c(3)Qi j L22
).

#n σ , where #n σ are defined with the appropriate cumula-
tive distribution functions. In the numerical study we use the
NNLO118 MMHT2014 parton distribution functions set [15].
We checked that our results have a very small dependence on
the factorization scale variation. At present, theoretical and
systematic uncertainties on the expected number of events in
the SM are negligible when compared to the statistical one in
the high invariant mass region relevant for setting the limits
on the contact interactions [9,11]. Nonetheless, their impor-
tance will increase at the high-luminosity phase. However,
we still expect systematic uncertainties to be subleading or
at most comparable to the statistical one. Therefore we do
not include them in the projections.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6, 7) in a
FeynRules [16] model, and generating pp → µ+µ−events
at 13 TeV with the same acceptance cuts as in the ATLAS
search [11] using MadGraph5_aMC@NLO [17]. We find
good agreement between the fits performed in both ways.

In the SMEFT, neglecting flavor-violating interactions, are
18 independent four-fermion operators for muons and 18 for
electrons relevant to pp → ℓ+ℓ−(see Eq. (1)). In Appendix
B (Table 1) we provide present and projected 2σ limits on
all these coefficients, using the recent ATLAS search [11].
While these limits are obtained in the scenario where only
one operator is considered at a time, we checked that the 18×
18 correlation matrix derived in the Gaussian approximation
does not contain any large value (the only non-negligible
correlations are among the triplet and singlet operators with
the same-flavor content, which is discussed in more details
below). The absence of flat directions can be understood by
the fact that operators with fermions of different flavor or
chirality do not interfere with each other.

Focusing only on the (L̄ L)(L̄ L) operators (in the notation
of Eq. (6)), the 2σ limits, both from the present ATLAS
search (blue) and projected for 3000 fb−1 (red), are shown in
Fig. 2. The solid lines show the 2σ bounds when operators
are taken one at a time. The dashed ones show the limits when
all the others are marginalized. The small difference between
the two, especially with present accuracy, confirms what we
commented above. Further constraints on the operators with
SU (2)L triplet structure can be derived from the charged-
current pp → ℓν 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 analyses
in Refs. [18– 21]). In particular, a good fit of the anomaly in
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Fig. 2 In blue (red ) we show the present (projected) 2σ limits on Cq µ

(flavor conserving (L̄ L)(L̄ L) operators) where q = u, d , s, c and b,
using 13 TeV ATLAS search in pp → µ+µ− channel [11]. Dashed
lines show the limits when all other coefficients are marginalized, while
the solid ones show the results of one-parameter fits

the differential observable P ′
5 [22], together with the hints

on LFU violation in RK and RK ∗ [23– 25], is obtained by
considering a new physics contribution to the Cbsµ coeffi-
cient 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 the charged-currrent
(RD(∗)) , see e.g. Refs. [27– 29].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b → s transitions,
one finds

"Cµ
9 = −"Cµ

10 = π

αVtbV ∗
ts
Cbsµ, (9)

where α is the electromagnetic fine structure constant while
|Vts | = (40.0 ± 2.7) × 10−3 and |Vtb| = 1.009 ± 0.031 are
CKM matrix elements [30].

The recent combined fit of Ref. [18] reported the best fit
value and 1σ preferred range

"Cµ
9 = −"Cµ

10 = −0.61 ± 0.12. (10)

Using this result and Eq. (9) the scale of the relevant new
physics can be estimated by defining Cbsµ = g2

∗v
2/%2,

obtaining %/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 % 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, in principle the renormaliza-
tion group effects should be taken into account. Since these
effects in this case are small, we neglect them (see for exam-
ple [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 energetic dilepton
events. We stress however, that even for models with light
new physics these searches can be relevant.

We now focus on the flavor structure of the CD(U )µ
i j matri-

ces in Eqs. (6, 7). New physics aligned only to the strange-
bottom coupling Cbsµ 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
!!!!

π

αVtbV ∗
ts
Cbsµ

!!!! < 100 (39), (11)

which should be compared with the value extracted from the
global flavor fits in Eq. (10). Such a peculiar flavor structure
is possible but not very motivated from the model building
point of view.

On the other hand, taking the b → sµ+µ−flavor anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavor models flavor-violating
couplings are related (by symmetry or dynamics) to flavor-
diagonal one(s). In this case the LHC upper limit on |Cq µ|
from the dimuon high-pT tail can be used in order to set a
lower bound on |λqbs |, defined as the ratio

λ
q
bs ≡ Cbsµ/Cq µ. (12)

In the following we study such limits for several particularly
interesting scenarios.

1. Minimal flavor violation
Under this assumption [31] the only source of flavor violation
are the SM Yukawa matrices Yu ≡ V † diag(yu, yc, yt ) and
Yd ≡ diag(yd , ys, yb). Using a spurion analysis the following
can be estimated

c(3,1)Qi j L22
∼

"
1+ αYuY †

u + βYd Y
†
d

#

i j
, (13)

where α,β ∼ O(1), which implies the following structure:

Cuµ = Ccµ = Ctµ ≡ CUµ,

Cdµ = Csµ = Cbµ ≡ CDµ, (14)

while flavor-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ| ∼ |VtbV ∗

ts y
2
t CDµ|. In this case

the contribution to rare B meson decays has a Vts suppres-
sion, while the dilepton signal at high-pT receives an uni-
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for the dimuon production would then be

Cuµ = Ccµ ≡ CUµ, Cdµ = Csµ ≡ CDµ,

Cbµ, Cbsµ ≡ λbsCbµ, (15)

where the flavor-violating coupling is expected to be |λbs | ∼
|Vts |. As already done in the MFV case, in the following we
leave λbs free to vary and perform a four-parameter fit to
the dimuon spectrum. The resulting limits on CUµ and CDµ

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 Cbµ.

In the lower panel of Fig. 4 we show the present and
projected limits in the Cbµ– λbs plane (here we set CDµ =
CUµ = 0, after checking that no large correlation with them
is present). As for the MFV case, the fit of the flavor anoma-
lies in Eq. (10) combined with the upper limit on |Cbµ|, pro-
vides a lower bound on |λbs |. In this case, while at present
this limit is much lower than the natural value predicted from
U (2) symmetry, λbs ∼ Vts , with high luminosity an inter-
esting region will be probed. For example, in the U (2) flavor
models of Refs. [29,33,34,57] a small value of λbs is neces-
sary in order to pass the bounds from B − B̄ mixing.

3. Single-operator benchmarks
It is illustrative to show the limits onλ

q
bs when only one flavor-

diagonal coefficient Cq µ is non-vanishing, while fitting at
the same time "Cµ

9 in Eq. (10). The expected 2σ limits with
36.1 fb−1 (3000 fb−1) are

λubs > 0.072 (0.77), λubs < −0.097 (−0.76),

λdbs > 0.049 (0.36), λdbs < −0.032 (−0.34),

λsbs > 0.007 (0.04), λsbs < −0.004 (−0.03),

λcbs > 0.003 (0.02), λcbs < −0.004 (−0.02),

λbbs > 0.002 (0.01), λbbs < −0.002 (−0.006). (16)

3.2 Model examples

We briefly speculate on the UV scenarios capable of explain-
ing the observed pattern of deviations in the rare B meson
decays. For our EFT approach to be valid, we focus on mod-
els with new resonances beyond the kinematical reach for
threshold production at the LHC. In such models, the effec-
tive operators in Eq. (1) are presumably generated at the tree
level.4 We focus here on the single mediator models in which
the required effect is obtained by integrating out a single res-
onance. These include either an extra Z ′ bosons [29,33,38–
52] or a leptoquark [28,53– 62] (for a recent review on lep-
toquarks see [63]).

4 Note that including a loop suppression factor of ∼ 1
16π2 , the fit of the

flavor anomalies in Eq. (10) points to a scale % ≈ 2.6+0.2
−0.3 TeV (see for

example models proposed in Refs. [35– 37]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi j Lkl

) or singlet

(c(1)Qi j Lkl
) operators consists of color-singlet vectors Z ′

µ ∼
(1, 1, 0) and W ′

µ ∼ (1, 3, 0), color-triplet scalar S3 ∼
(3̄, 3, 1/3), and vectorsUµ

1 ∼ (3, 1, 2/3),Uµ
3 ∼ (3, 3, 2/3),

in the notation of Ref. [63]. The quantum numbers in brack-
ets indicate color, weak, and hypercharge representations,
respectively.

Z ′ and W ′ models A color-singlet vector resonance gives
rise to an s-channel resonant contribution to the dilepton
invariant mass distributions if MZ ′ is kinematically acces-
sible. Otherwise, the deviation in the tails is described well
by the dimension-six operators in Eq. (1) with % = MV and

c(3)Qi j Lkl
= −g (3),i jQ g (3),klL , c(1)Qi j Lkl

= −g (1),i jQ g (1),klL , (17)

obtained after integrating out the heavy vectors with interac-
tions L ⊃ Z ′

µ Jµ +W ′a
µ Jaµ , where

Jµ = g (1),i jQ (Q̄iγµQ j )+ g (1),klL (L̄kγ
µLl),

Jaµ = g (3),i jQ (Q̄iγµσ aQ j )+ g (3),klL (L̄kγ
µσ a Ll). (18)

A quark flavor-violating g (x),23
Q coupling and g (x),22

L are
required to explain the flavor anomalies, while the limits from
pp → µ+µ− reported in Table 1 can easily be translated to
the flavor-diagonal couplings and mass combinations.

For example, assuming a singlet Z ′ with g (1),i iQ =
g (1),i iL = g∗ and MFV structure (g (1),23

Q = Vtsg∗), as dictated
by neutral meson oscillation constraints, we derive limits on
g∗ as a function of the mass MZ ′ , both fitting the data directly
in the full model,5 and in the EFT approach. The results are
shown in Fig. 5. The limits in the full model are shown with
solid-blue and those in the EFT are shown with dashed-blue.
We see that for a mass MZ ′ ! 4 − 5 TeV the limits in the
two approaches agree well but for the lower masses the EFT
still provide conservative bounds.6 On top of this we show
with green lines the best fit and 2σ interval that reproduces
the b → sµµ flavor anomalies, showing how LHC dimuon
searches already exclude such a scenario independently of
the Z ′ mass. The red solid line indicates the naive bound
obtained when interpreting the limits on the narrow-width
resonance production σ (pp → Z ′)×B(Z ′ → µ+µ−) from
Fig. 6 of Ref. [11].

Related to the above analysis we comment on the model
recently proposed in Ref. [52]. An anomaly-free horizontal
gauge symmetry is introduced, with a corresponding gauge
field (Z ′

h ) having MFV-like couplings in the quark sector.
Figure 1 of Ref. [52] shows the preferred region from "Cµ

9

5 The Z ′ decay width is determined by decays into the SM fermions
u , d, s, c, b, t, µ, νµ via Eq. (18), i.e. (Z ′/MZ ′ = 5g2

∗/(6π).
6 See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.

123

fact the present (projected) 95% CL limits from the 13 TeV
analysis with 36 fb−1 (3000 fb−1) of

• Learn about the 
flavour structure 

[AG, Marzocca]
1704.09015 

Use           for flavour diagonal operatorsHigh-pT Tails

See also talk by  
D. Marzocca @ CKM 2018

�C
µ
9 = ��C

µ
10 ⇡ �0.61± 0.12 (46)

�U

MU
⇡ 1.4%

✓
MU

1 TeV

◆2

(47)

gU ⇡ 0.7

✓
MU

1 TeV

◆
(48)

(Zq̄q)ij ⇠

0

@
1 0 0

0 1 V
⇤
ts

0 Vts 1

1

A , CDµ
ij =

0

@
Cdµ 0 0

0 Csµ C
⇤
bsµ

0 Cbsµ Cbµ

1

A . (49)

c
(1)
QL ⇠ g

2
⇤ (50)

c
(1)
QL ⇠ g

2
⇤ (51)

B ! K
(⇤)
⌫⌧ ⌫̄⌧ (52)

pp ! µ
+
µ
�

(53)

pp ! ⌧
+
⌧
�

(54)

10
�9 . |y| . 10

�6
(55)

|y| . 10
�9

(56)

|y| & 10
�6

(57)

ZZ = 1 (58)

✏ZeL 6= ✏ZµL (59)

✏ZeR = ✏ZµR = 0 (60)

 ⌘ (ZZ , ✏ZeL , ✏ZeR , ✏ZµL , ✏ZµR)
T

(61)

L() =

Y

bin

Y

cat

exp (�µbin,cat) (µbin,cat)
Nexp

bin,cat

N
exp
bin,cat!

(62)

6

*SMEFT limits in the backup



!12

B-anomalies vs High-pT Lepton Tails -  Admir Greljo, CERN

Eur. Phys. J. C (2017) 77 :548 Page 3 of 10 548

discussing the connection to flavor in Sect. 3, we limit our
attention to the (L̄ L)(L̄ L) operators with muons given in the
first line of Eq. (1).1 To this purpose it is useful to rearrange
the terms relevant to p p → µ+µ−as2:

Leff ⊃
CUµ
i j

v2 (ū iLγµu
j
L)(µ̄Lγ µµL)

+
CDµ
i j

v2 (d̄ iLγµd
j
L)(µ̄Lγ µµL). (6)

The CUµ and CDµ matrices carry the flavor structure of the
operators. Since the top quark does not appear in the pro-
cess under study the corresponding terms can be neglected.
Regarding the off-diagonal elements, we only keep the b−s
one, since it is where the flavor anomalies appear. We set the
others to zero. In summary:

CUµ
i j =

⎛

⎝
Cu µ 0 0

0 Ccµ 0
0 0 Ctµ

⎞

⎠ , CDµ
i j =

⎛

⎝
Cdµ 0 0

0 Csµ C∗
bsµ

0 Cbsµ Cbµ

⎞

⎠ .

(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavor non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p → ℓ+ℓ−at the
LHC. In our analysis we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb−1 of data. We
digitize Fig. 1 of Ref. [11], which shows the distribution of
dielectron and dimuon reconstructed invariant masses after
the final event selection. We perform a profile likelihood
fit to a binned histogram distribution adopting the method
from Ref. [14]. The number of signal events, as well as the
expected signal events in the SM and background processes,
are directly taken from Fig. 1 of Ref. [11]. The likelihood
function (L) is constructed treating every bin as an indepen-
dent Poisson variable, with the expected number of events,

#N bin = #N bin
SM

×
∑

q ,ℓ
∫ τ bin

max
τ bin

min
dτ τ Lq q̄ (τ, µF ) |Fq ℓ(τ s0)|2

∑
q ,ℓ

∫ τ bin
max

τ bin
min

dτ τ Lq q̄ (τ, µF ) |FSM
q ℓ (τ s0)|2

, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of χ2 ≡ −2 log L ,
while n σ C.L. regions are given to be #χ2 ≡ χ2 −χ2

min <

1 Note that similar conclusions apply also for solutions of the flavor
anomalies involving operators with different chirality structure.
2 The down and up couplings are given by two orthogonal combinations
of the triplet and singlet operators in the first line of Eq. (1): CD(U )µ

i j =
v2/'2(c(1)Qi j L22

± c(3)Qi j L22
).

#n σ , where #n σ are defined with the appropriate cumula-
tive distribution functions. In the numerical study we use the
NNLO118 MMHT2014 parton distribution functions set [15].
We checked that our results have a very small dependence on
the factorization scale variation. At present, theoretical and
systematic uncertainties on the expected number of events in
the SM are negligible when compared to the statistical one in
the high invariant mass region relevant for setting the limits
on the contact interactions [9,11]. Nonetheless, their impor-
tance will increase at the high-luminosity phase. However,
we still expect systematic uncertainties to be subleading or
at most comparable to the statistical one. Therefore we do
not include them in the projections.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6, 7) in a
FeynRules [16] model, and generating pp → µ+µ−events
at 13 TeV with the same acceptance cuts as in the ATLAS
search [11] using MadGraph5_aMC@NLO [17]. We find
good agreement between the fits performed in both ways.

In the SMEFT, neglecting flavor-violating interactions, are
18 independent four-fermion operators for muons and 18 for
electrons relevant to pp → ℓ+ℓ−(see Eq. (1)). In Appendix
B (Table 1) we provide present and projected 2σ limits on
all these coefficients, using the recent ATLAS search [11].
While these limits are obtained in the scenario where only
one operator is considered at a time, we checked that the 18×
18 correlation matrix derived in the Gaussian approximation
does not contain any large value (the only non-negligible
correlations are among the triplet and singlet operators with
the same-flavor content, which is discussed in more details
below). The absence of flat directions can be understood by
the fact that operators with fermions of different flavor or
chirality do not interfere with each other.

Focusing only on the (L̄ L)(L̄ L) operators (in the notation
of Eq. (6)), the 2σ limits, both from the present ATLAS
search (blue) and projected for 3000 fb−1 (red), are shown in
Fig. 2. The solid lines show the 2σ bounds when operators
are taken one at a time. The dashed ones show the limits when
all the others are marginalized. The small difference between
the two, especially with present accuracy, confirms what we
commented above. Further constraints on the operators with
SU (2)L triplet structure can be derived from the charged-
current pp → ℓν 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 analyses
in Refs. [18– 21]). In particular, a good fit of the anomaly in
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discussing the connection to flavor in Sect. 3, we limit our
attention to the (L̄ L)(L̄ L) operators with muons given in the
first line of Eq. (1).1 To this purpose it is useful to rearrange
the terms relevant to p p → µ+µ−as2:

Leff ⊃
CUµ
i j

v2 (ū iLγµu
j
L)(µ̄Lγ µµL)

+
CDµ
i j

v2 (d̄ iLγµd
j
L)(µ̄Lγ µµL). (6)

The CUµ and CDµ matrices carry the flavor structure of the
operators. Since the top quark does not appear in the pro-
cess under study the corresponding terms can be neglected.
Regarding the off-diagonal elements, we only keep the b−s
one, since it is where the flavor anomalies appear. We set the
others to zero. In summary:

CUµ
i j =

⎛

⎝
Cu µ 0 0

0 Ccµ 0
0 0 Ctµ

⎞

⎠ , CDµ
i j =

⎛

⎝
Cdµ 0 0

0 Csµ C∗
bsµ

0 Cbsµ Cbµ

⎞

⎠ .

(7)

2.2 Present limits and HL-LHC projections

In this section we derive limits on the flavor non-universal
quark-lepton contact interactions by looking in the tails of
dilepton invariant mass distributions in p p → ℓ+ℓ−at the
LHC. In our analysis we closely follow the recent ATLAS
search [11] performed at 13 TeV with 36.1 fb−1 of data. We
digitize Fig. 1 of Ref. [11], which shows the distribution of
dielectron and dimuon reconstructed invariant masses after
the final event selection. We perform a profile likelihood
fit to a binned histogram distribution adopting the method
from Ref. [14]. The number of signal events, as well as the
expected signal events in the SM and background processes,
are directly taken from Fig. 1 of Ref. [11]. The likelihood
function (L) is constructed treating every bin as an indepen-
dent Poisson variable, with the expected number of events,

#N bin = #N bin
SM

×
∑

q ,ℓ
∫ τ bin

max
τ bin

min
dτ τ Lq q̄ (τ, µF ) |Fq ℓ(τ s0)|2

∑
q ,ℓ

∫ τ bin
max

τ bin
min

dτ τ Lq q̄ (τ, µF ) |FSM
q ℓ (τ s0)|2

, (8)

which is a function of the contact interactions. The best fit
point corresponds to the global minimum of χ2 ≡ −2 log L ,
while n σ C.L. regions are given to be #χ2 ≡ χ2 −χ2

min <

1 Note that similar conclusions apply also for solutions of the flavor
anomalies involving operators with different chirality structure.
2 The down and up couplings are given by two orthogonal combinations
of the triplet and singlet operators in the first line of Eq. (1): CD(U )µ

i j =
v2/'2(c(1)Qi j L22

± c(3)Qi j L22
).

#n σ , where #n σ are defined with the appropriate cumula-
tive distribution functions. In the numerical study we use the
NNLO118 MMHT2014 parton distribution functions set [15].
We checked that our results have a very small dependence on
the factorization scale variation. At present, theoretical and
systematic uncertainties on the expected number of events in
the SM are negligible when compared to the statistical one in
the high invariant mass region relevant for setting the limits
on the contact interactions [9,11]. Nonetheless, their impor-
tance will increase at the high-luminosity phase. However,
we still expect systematic uncertainties to be subleading or
at most comparable to the statistical one. Therefore we do
not include them in the projections.

Furthermore, we independently cross-check the results
by implementing the subset of operators in Eqs. (6, 7) in a
FeynRules [16] model, and generating pp → µ+µ−events
at 13 TeV with the same acceptance cuts as in the ATLAS
search [11] using MadGraph5_aMC@NLO [17]. We find
good agreement between the fits performed in both ways.

In the SMEFT, neglecting flavor-violating interactions, are
18 independent four-fermion operators for muons and 18 for
electrons relevant to pp → ℓ+ℓ−(see Eq. (1)). In Appendix
B (Table 1) we provide present and projected 2σ limits on
all these coefficients, using the recent ATLAS search [11].
While these limits are obtained in the scenario where only
one operator is considered at a time, we checked that the 18×
18 correlation matrix derived in the Gaussian approximation
does not contain any large value (the only non-negligible
correlations are among the triplet and singlet operators with
the same-flavor content, which is discussed in more details
below). The absence of flat directions can be understood by
the fact that operators with fermions of different flavor or
chirality do not interfere with each other.

Focusing only on the (L̄ L)(L̄ L) operators (in the notation
of Eq. (6)), the 2σ limits, both from the present ATLAS
search (blue) and projected for 3000 fb−1 (red), are shown in
Fig. 2. The solid lines show the 2σ bounds when operators
are taken one at a time. The dashed ones show the limits when
all the others are marginalized. The small difference between
the two, especially with present accuracy, confirms what we
commented above. Further constraints on the operators with
SU (2)L triplet structure can be derived from the charged-
current pp → ℓν 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 analyses
in Refs. [18– 21]). In particular, a good fit of the anomaly in
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Fig. 2 In blue (red ) we show the present (projected) 2σ limits on Cq µ

(flavor conserving (L̄ L)(L̄ L) operators) where q = u, d , s, c and b,
using 13 TeV ATLAS search in pp → µ+µ− channel [11]. Dashed
lines show the limits when all other coefficients are marginalized, while
the solid ones show the results of one-parameter fits

the differential observable P ′
5 [22], together with the hints

on LFU violation in RK and RK ∗ [23– 25], is obtained by
considering a new physics contribution to the Cbsµ coeffi-
cient 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 the charged-currrent
(RD(∗)) , see e.g. Refs. [27– 29].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b → s transitions,
one finds

"Cµ
9 = −"Cµ

10 = π

αVtbV ∗
ts
Cbsµ, (9)

where α is the electromagnetic fine structure constant while
|Vts | = (40.0 ± 2.7) × 10−3 and |Vtb| = 1.009 ± 0.031 are
CKM matrix elements [30].

The recent combined fit of Ref. [18] reported the best fit
value and 1σ preferred range

"Cµ
9 = −"Cµ

10 = −0.61 ± 0.12. (10)

Using this result and Eq. (9) the scale of the relevant new
physics can be estimated by defining Cbsµ = g2

∗v
2/%2,

obtaining %/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 % 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, in principle the renormaliza-
tion group effects should be taken into account. Since these
effects in this case are small, we neglect them (see for exam-
ple [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 energetic dilepton
events. We stress however, that even for models with light
new physics these searches can be relevant.

We now focus on the flavor structure of the CD(U )µ
i j matri-

ces in Eqs. (6, 7). New physics aligned only to the strange-
bottom coupling Cbsµ 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
!!!!

π

αVtbV ∗
ts
Cbsµ

!!!! < 100 (39), (11)

which should be compared with the value extracted from the
global flavor fits in Eq. (10). Such a peculiar flavor structure
is possible but not very motivated from the model building
point of view.

On the other hand, taking the b → sµ+µ−flavor anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavor models flavor-violating
couplings are related (by symmetry or dynamics) to flavor-
diagonal one(s). In this case the LHC upper limit on |Cq µ|
from the dimuon high-pT tail can be used in order to set a
lower bound on |λqbs |, defined as the ratio

λ
q
bs ≡ Cbsµ/Cq µ. (12)

In the following we study such limits for several particularly
interesting scenarios.

1. Minimal flavor violation
Under this assumption [31] the only source of flavor violation
are the SM Yukawa matrices Yu ≡ V † diag(yu, yc, yt ) and
Yd ≡ diag(yd , ys, yb). Using a spurion analysis the following
can be estimated

c(3,1)Qi j L22
∼

"
1+ αYuY †

u + βYd Y
†
d

#

i j
, (13)

where α,β ∼ O(1), which implies the following structure:

Cuµ = Ccµ = Ctµ ≡ CUµ,

Cdµ = Csµ = Cbµ ≡ CDµ, (14)

while flavor-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ| ∼ |VtbV ∗

ts y
2
t CDµ|. In this case

the contribution to rare B meson decays has a Vts suppres-
sion, while the dilepton signal at high-pT receives an uni-
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for the dimuon production would then be

Cuµ = Ccµ ≡ CUµ, Cdµ = Csµ ≡ CDµ,

Cbµ, Cbsµ ≡ λbsCbµ, (15)

where the flavor-violating coupling is expected to be |λbs | ∼
|Vts |. As already done in the MFV case, in the following we
leave λbs free to vary and perform a four-parameter fit to
the dimuon spectrum. The resulting limits on CUµ and CDµ

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 Cbµ.

In the lower panel of Fig. 4 we show the present and
projected limits in the Cbµ– λbs plane (here we set CDµ =
CUµ = 0, after checking that no large correlation with them
is present). As for the MFV case, the fit of the flavor anoma-
lies in Eq. (10) combined with the upper limit on |Cbµ|, pro-
vides a lower bound on |λbs |. In this case, while at present
this limit is much lower than the natural value predicted from
U (2) symmetry, λbs ∼ Vts , with high luminosity an inter-
esting region will be probed. For example, in the U (2) flavor
models of Refs. [29,33,34,57] a small value of λbs is neces-
sary in order to pass the bounds from B − B̄ mixing.

3. Single-operator benchmarks
It is illustrative to show the limits onλ

q
bs when only one flavor-

diagonal coefficient Cq µ is non-vanishing, while fitting at
the same time "Cµ

9 in Eq. (10). The expected 2σ limits with
36.1 fb−1 (3000 fb−1) are

λubs > 0.072 (0.77), λubs < −0.097 (−0.76),

λdbs > 0.049 (0.36), λdbs < −0.032 (−0.34),

λsbs > 0.007 (0.04), λsbs < −0.004 (−0.03),

λcbs > 0.003 (0.02), λcbs < −0.004 (−0.02),

λbbs > 0.002 (0.01), λbbs < −0.002 (−0.006). (16)

3.2 Model examples

We briefly speculate on the UV scenarios capable of explain-
ing the observed pattern of deviations in the rare B meson
decays. For our EFT approach to be valid, we focus on mod-
els with new resonances beyond the kinematical reach for
threshold production at the LHC. In such models, the effec-
tive operators in Eq. (1) are presumably generated at the tree
level.4 We focus here on the single mediator models in which
the required effect is obtained by integrating out a single res-
onance. These include either an extra Z ′ bosons [29,33,38–
52] or a leptoquark [28,53– 62] (for a recent review on lep-
toquarks see [63]).

4 Note that including a loop suppression factor of ∼ 1
16π2 , the fit of the

flavor anomalies in Eq. (10) points to a scale % ≈ 2.6+0.2
−0.3 TeV (see for

example models proposed in Refs. [35– 37]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi j Lkl

) or singlet

(c(1)Qi j Lkl
) operators consists of color-singlet vectors Z ′

µ ∼
(1, 1, 0) and W ′

µ ∼ (1, 3, 0), color-triplet scalar S3 ∼
(3̄, 3, 1/3), and vectorsUµ

1 ∼ (3, 1, 2/3),Uµ
3 ∼ (3, 3, 2/3),

in the notation of Ref. [63]. The quantum numbers in brack-
ets indicate color, weak, and hypercharge representations,
respectively.

Z ′ and W ′ models A color-singlet vector resonance gives
rise to an s-channel resonant contribution to the dilepton
invariant mass distributions if MZ ′ is kinematically acces-
sible. Otherwise, the deviation in the tails is described well
by the dimension-six operators in Eq. (1) with % = MV and

c(3)Qi j Lkl
= −g (3),i jQ g (3),klL , c(1)Qi j Lkl

= −g (1),i jQ g (1),klL , (17)

obtained after integrating out the heavy vectors with interac-
tions L ⊃ Z ′

µ Jµ +W ′a
µ Jaµ , where

Jµ = g (1),i jQ (Q̄iγµQ j )+ g (1),klL (L̄kγ
µLl),

Jaµ = g (3),i jQ (Q̄iγµσ aQ j )+ g (3),klL (L̄kγ
µσ a Ll). (18)

A quark flavor-violating g (x),23
Q coupling and g (x),22

L are
required to explain the flavor anomalies, while the limits from
pp → µ+µ− reported in Table 1 can easily be translated to
the flavor-diagonal couplings and mass combinations.

For example, assuming a singlet Z ′ with g (1),i iQ =
g (1),i iL = g∗ and MFV structure (g (1),23

Q = Vtsg∗), as dictated
by neutral meson oscillation constraints, we derive limits on
g∗ as a function of the mass MZ ′ , both fitting the data directly
in the full model,5 and in the EFT approach. The results are
shown in Fig. 5. The limits in the full model are shown with
solid-blue and those in the EFT are shown with dashed-blue.
We see that for a mass MZ ′ ! 4 − 5 TeV the limits in the
two approaches agree well but for the lower masses the EFT
still provide conservative bounds.6 On top of this we show
with green lines the best fit and 2σ interval that reproduces
the b → sµµ flavor anomalies, showing how LHC dimuon
searches already exclude such a scenario independently of
the Z ′ mass. The red solid line indicates the naive bound
obtained when interpreting the limits on the narrow-width
resonance production σ (pp → Z ′)×B(Z ′ → µ+µ−) from
Fig. 6 of Ref. [11].

Related to the above analysis we comment on the model
recently proposed in Ref. [52]. An anomaly-free horizontal
gauge symmetry is introduced, with a corresponding gauge
field (Z ′

h ) having MFV-like couplings in the quark sector.
Figure 1 of Ref. [52] shows the preferred region from "Cµ

9

5 The Z ′ decay width is determined by decays into the SM fermions
u , d, s, c, b, t, µ, νµ via Eq. (18), i.e. (Z ′/MZ ′ = 5g2

∗/(6π).
6 See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.
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Fig. 5 Limits on the Z0 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 Z0 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)Qi jLkl

) or singlet

(c(1)Qi jLkl
) operators, consists of: color-singlet vectors Z0

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.

Z0 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 MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
MV and

c(3)Qi jLkl
=�g(3),i j

Q g(3),kl
L , c(1)Qi jLkl

=�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 � Z0

µ Jµ +W 0a
µ Ja

µ , where

Jµ = g(1),i j
Q (Q̄igµ Q j)+g(1),kl

L (L̄kgµ Ll) ,

Ja
µ = g(3),i j

Q (Q̄igµ saQ j)+g(3),kl
L (L̄kgµ saLl) .

(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 Z0 with g1,i j
Q = g1,i j

L =

d i jg⇤ and MFV structure (g(1),23
Q =Vtsg⇤) we derive limits

on g⇤ as a function of the mass MZ0 , 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 MZ0 & 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 Z0 mass. Red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z0)⇥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
DCµ

9 in the mass versus coupling plane, as well as the con-
straint from the Z0 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 Z0 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 � yLL
3i jQ̄

c,i
L is2saL j

LSa
3 + xLL

3i jQ̄
i
Lgµ saL j

LUa
3,µ

+ xLL
1i jQ̄

i
Lgµ L j

LU1,µ +h.c. ,
(19)

4The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2

⇤/(6p).
5See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.
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predicted from U(2) symmetry, lbs ⇠Vts, with high lumi-
nosity an interesting region will be probed. For example,
in the U(2) flavour models of Ref. [29,33,34,57] a small
value of lbs is necessary in order to pass the bounds from
B� B̄ mixing.

3) Single-operator benchmarks:
It is illustrative to show the limits on l q

bs when only one
flavour-diagonal coefficient Cqµ is non-vanishing, while fit-
ting at the same time DCµ

9 in Eq. (10). The expected 2s
limits with 36.1 fb�1 (3000 fb�1) are:
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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.4 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 Z0 bosons [29,33,38,39,40,41,42,43,44,45,46,47,48,
49,50,51,52] or a leptoquark [53,54,55,56,57,58,28,59,
60,61,62] (for a recent review on leptoquarks see [63]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi jLkl

) or singlet

(c(1)Qi jLkl
) operators, consists of: color-singlet vectors Z0

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. [63]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z0 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 MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
MV and

c(3)Qi jLkl
=�g(3),i j

Q g(3),kl
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4Note 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. [35,36,37]).
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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 Z0 with g1,i j
Q = g1,i j

L =

d i jg⇤ and MFV structure (g(1),23
Q =Vtsg⇤) we derive limits

on g⇤ as a function of the mass MZ0 , both fitting the data
directly in the full model,5 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 MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.6

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 Z0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z0)⇥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. [52]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h) having MFV-like couplings in the quark

5The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2

⇤/(6p).
6See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.
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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.4 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 Z0 bosons [29,33,38,39,40,41,42,43,44,45,46,47,48,
49,50,51,52] or a leptoquark [53,54,55,56,57,58,28,59,
60,61,62] (for a recent review on leptoquarks see [63]).
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) operators, consists of: color-singlet vectors Z0
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1 ⇠ (3,1,2/3), U µ
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tation of Ref. [63]. The quantum numbers in brackets indi-
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ton invariant mass distributions if MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
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MV and
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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 Z0 with g1,i j
Q = g1,i j

L =

d i jg⇤ and MFV structure (g(1),23
Q =Vtsg⇤) we derive limits

on g⇤ as a function of the mass MZ0 , both fitting the data
directly in the full model,5 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 MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.6

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 Z0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z0)⇥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. [52]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h) having MFV-like couplings in the quark

5The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2

⇤/(6p).
6See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m``) after selection, for data
and the SM background estimates as well as their ratio before and after marginalisation. Selected Z0

� signals with a
pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m``) and the shaded
band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are
shown together with their statistical uncertainty.

A search for Z0
� signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like
signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the
Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value
for finding a Z0

� signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a
given central mass and with a given width), more significant than the observed, is computed analytically,
using the test statistic q0. The test statistic q0 is based on the logarithm of the profile likelihood ratio �(µ).
The test statistic is modified for signal masses below 1.5 TeV to also quantify the significance of potential
deficits in the data. As in the BH search the SM background model is constructed using the modes of
marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are
not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are
tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that
is p-values corresponding to specific signal mass hypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)
and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which
is the probability to find anywhere in the m`` distribution a Z0-like excess more significant than that
observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-
cesses. The LLR tests for a Z0

� find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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predicted from U(2) symmetry, lbs ⇠Vts, with high lumi-
nosity an interesting region will be probed. For example,
in the U(2) flavour models of Ref. [29,33,34,57] a small
value of lbs is necessary in order to pass the bounds from
B� B̄ mixing.

3) Single-operator benchmarks:
It is illustrative to show the limits on l q

bs when only one
flavour-diagonal coefficient Cqµ is non-vanishing, while fit-
ting at the same time DCµ

9 in Eq. (10). The expected 2s
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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.4 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 Z0 bosons [29,33,38,39,40,41,42,43,44,45,46,47,48,
49,50,51,52] or a leptoquark [53,54,55,56,57,58,28,59,
60,61,62] (for a recent review on leptoquarks see [63]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi jLkl

) or singlet

(c(1)Qi jLkl
) operators, consists of: color-singlet vectors Z0

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. [63]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z0 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 MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
MV and

c(3)Qi jLkl
=�g(3),i j

Q g(3),kl
L , c(1)Qi jLkl

=�g(1),i j
Q g(1),kl

L , (17)

4Note 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. [35,36,37]).
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details.

obtained after integrating out the heavy vectors with inter-
actions L � Z0

µ Jµ +W 0a
µ Ja

µ , where

Jµ = g(1),i j
Q (Q̄igµ Q j)+g(1),kl

L (L̄kgµ Ll) ,

Ja
µ = g(3),i j

Q (Q̄igµ saQ j)+g(3),kl
L (L̄kgµ saLl) .

(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 Z0 with g(1),iiQ = g(1),iiL = g⇤
and MFV structure (g(1),23

Q = Vtsg⇤) we derive limits on
g⇤ as a function of the mass MZ0 , both fitting the data di-
rectly in the full model,5 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 MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.6

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 Z0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z0)⇥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. [52]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h) having MFV-like couplings in the quark

5The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2

⇤/(6p).
6See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.

Figure 2: Left: Prediction for �Cµ
9 = ��Cµ

10 (following from Rµe
K(⇤)) and R⌧`

D(⇤) for a randomly
chosen set of points within the 1� preferred region of the EFT fit: the blue points are obtained setting
|�q

sb| < 5|Vcb|, while the green points are obtained setting the tighter condition |�q
sb| < 2|Vcb| in the fit.

The red cross denotes the 1� experimental constraint. Right: expectations for B(B ! K(⇤)⌫⌫̄) and
B(B ! K(⇤)⌧ ⌧̄) within the 1� preferred values of the EFT fit, again for �q

sb < 5Vcb (blue) and �q
sb < 2Vcb

(green).

the context of an explicit vector leptoquark model in Section 3.1. Another constraint on the
size of CS,T comes from the study of perturbative unitarity in 2 ! 2 scattering processes [45].
Similarly to the one from direct searches, this bound is relevant for small �q

bs
and large CS,T ,

while it is easily satisfied in the region chosen by our EFT fit.
As far as other low-energy observables are concerned, the most problematic constraint is

the one following from meson-antimeson mixing. On the one hand, given the symmetry and
symmetry-breaking structure of the theory, we expect the underlying model to generate an
e↵ective interaction of the type

�L(�B=2) = CNP
0

(V ⇤
tb
Vti)2

32⇡2v2
�
b̄L�µd

i

L

�2
, CNP

0 = O(1)⇥
32⇡2v2

⇤2
0

����
�q

sb

Vcb

����
2

. (6)

The preferred values of ⇤0 and �q

sb
from the EFT fit yield CNP

0 = O(100), while the experimental
constraints on�MBs,d require C

NP
0 to be at mostO(10%). This problem poses a serious challenge

to all models where�F = 2 e↵ective operators are generated without some additional dynamical
suppression compared to the semi-leptonic ones. A notable case where such suppression does
occur are models with LQ mediators, where �F = 2 amplitudes are generated only beyond the
tree level.

An alternative to avoid the problem posed by �F = 2 constraints is to abandon the large �q

sb

scenario preferred by the EFT fit, and assume |�q

sb
| . 0.1⇥ |Vcb|. In this limit the contribution to

(down-type)�F = 2 amplitudes is suppressed also in presence of tree-level amplitudes. However,
in order to cure the problem of the EFT fit, in this case one needs additional contributions to
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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 Z0 with g(1),iiQ = g(1),iiL = g⇤
and MFV structure (g(1),23

Q = Vtsg⇤) we derive limits on
g⇤ as a function of the mass MZ0 , both fitting the data di-
rectly in the full model,5 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 MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.6

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 Z0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z0)⇥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. [52]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h) having MFV-like couplings in the quark

5The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2
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6See Ref. [9] for a more detailed discussion on the EFT validity in
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3.2 Model examples
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explaining the observed pattern of deviations in the rare B
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at the tree level.4 We focus here on the single mediator
models in which the required effect is obtained by inte-
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the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.6
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interval which reproduce the b ! sµµ flavour anomalies,
showing how LHC dimuon searches already exclude such
a scenario independently of the Z0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z0)⇥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. [52]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0
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5The Z0 decay width is determined by decays into the SM fermions
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obtained after integrating out the heavy vectors with inter-
actions L � Z0

µ Jµ +W 0a
µ Ja

µ , where
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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. g(1),iiQ = g⇤
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Z
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g(1),22
L = g⇤ For example, assuming a Z0 with g(1),iiQ =

g(1),22
L = g⇤ and MFV structure (g(1),23

Q =Vtsg⇤), as dictated
by neutral meson oscillation constraints, we derive limits
on g⇤ as a function of the mass MZ0 , both fitting the data
directly in the full model,5 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 MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the

5The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 ⇡ 5g2

⇤/(6p).
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at both LEP-1 and LHC (see e.g. Ref. [13]). Also, such ef-
fects are not enhanced at high energies, scaling like ⇠ v2/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)Qi jLkl

L 2 (Q̄igµ saQ j)(L̄kgµ saLl)+
c(1)Qi jLkl

L 2 (Q̄igµ Q j)(L̄kgµ Ll)+

cui jekl

L 2 (ūigµ u j)(ēkgµ el)+
cdi jLkl

L 2 (d̄igµ d j)(ēkgµ el)+

cui jLkl

L 2 (ūigµ u j)(L̄kgµ Ll)+
cdi jLkl

L 2 (d̄igµ d j)(L̄kgµ Ll)+

cQi jekl

L 2 (Q̄igµ Q j)(ēkgµ el) (1)

where i, j,k, l are flavour indices, Qi =(V ⇤
jiu

j
L,d

i
L)

T and Li =

(n i
L,`

i
L)

T are the SM left-handed quark and lepton weak
doublets, while di, ui, ei 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
! `�p01

`+p02
) = i Â

qL,qR
Â
`L,`R

(q̄igµ q j) ( ¯̀gµ`) Fq`(p2) ,

(2)

where p ⌘ p1 + p2 = p01 + p02, and the form factor Fq`(p2)
can be expanded around the physical poles present in the
SM (photon and Z boson propagators), leading to

Fq`(p2) = d i j e2QqQ`

p2 +d i j gq
Zg`Z

p2 �m2
Z + imZGZ

+
eq`

i j

v2 . (3)

Here, Qq(`) is the quark (lepton) electric charge, while gq(`)
Z

is the corresponding coupling to Z boson: in the SM
g f

Z = 2mZ
v (T 3

f �Q f sin2 qW ). The contact terms eq`
i j are related

to the EFT coefficients in Eq. (1) by simple relations ex =
v2

L 2 cx. The only constraint on the contact terms imposed by

SU(2)L invariance are edLek
R

i j = euLek
R

i j = cQi jekk v2/L 2.
The dilepton invariant mass spectrum can be written as

(see Appendix A),

ds
dt

=

✓
ds
dt

◆

SM
⇥ Âq,`Lqq̄(t,µF)|Fq`(ts0)|2

Âq,`Lqq̄(t,µF)|FSM
q` (ts0)|2

, (4)

where t ⌘ m2
`+`�/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"
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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+e�(m``)⌘
dsµµ
dm``

/
dsee

dm``
=

=
Âq,µ Lqq̄(m2

``/s0,µF)|Fqµ(m2
``)|2

Âq,e Lqq̄(m2
``/s0,µF)|Fqe(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 RSM

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-pT 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

v2 (ūi
Lgµ u j

L)(µ̄Lgµ µL)+
CDµ

i j

v2 (d̄i
Lgµ d j

L)(µ̄Lgµ µL) , (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 = v2/L 2(c(1)Qi jL22
± c(3)Qi jL22

).

Proposal: R-ratios at high-pT

Lepton flavour universality tests

*SMEFT limits in the backup
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ergy flavor phenomenology of such models has been dis-
cussed in Refs. [23, 32], 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 [37] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [23], 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 [38].

Integrating out the heavy Uµ field at the tree level, the
following e↵ective dimension six interaction is generated

L
e↵
U

= �
1

M
2
U

J
µ†
U
J
µ

U
. (10)

Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one finds

Le↵
U

= �
�il�

†
kj

2M
2
U

[(Q̄i�µ�
a
Qj)(L̄k�

µ
�aLl) + (Q̄i�µQj)(L̄k�

µ
Ll)] ,

(11)

which finally leads to
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� �
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M
2
U

⇥
Vcb(c̄L�

µ
bL)(⌧̄L�µ⌫L) + (b̄L�

µ
bL)(⌧̄L�µ⌧L)

⇤
.

(12)
The fit to R(D(⇤)) anomaly requires |gU |

2
/M

2
U

⌘

2|c
QQLL

| ' (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. [39], 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. [39], 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
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MW
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= 1.2 ± 0.3, (14)

(see Fig. [1] in [39]) 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. [39] 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 [37] 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 [40] 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 [41]. 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
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to

�L(�B=2) = C(U)
0

(V ⇤
tb
Vti)2

32⇡2v2
�
b̄L�µd

i

L

�2
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0 = C2
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2v2
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As already pointed out in Section 2.3, the value of C(U)
0 should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)
0 = (4⇡↵/s2

W
)S0(xt) ⇡ 1.0, see Ap-

pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs
does not increase

13

8

Figure 5: ATLAS (13 TeV, 3.2 fb�1) ⌧⌧ search [42] exclusion
limits on bb̄ ! H

0 ! ⌧⌧ resonances. The preferred value from
the fit to the R(D(⇤)) anomaly is YbY

⇤
⌧ ⇥v

2
/M

2
H+ = (2.9±0.8).

pled regime of this setup the resolution of the R(D(⇤))
anomalies cannot be reconciled with existing LHC ⌧

+
⌧
�

searches. On the other hand, interestingly, a light Z
0

resonance with MZ0 . 400 GeV, a relatively small width
and couplings compatible with the W

0 resolution of the
R(D(⇤)) anomaly is not excluded by our ⌧+⌧� search re-
cast. Note, however, that our analysis is by no means
optimized as we are forced to use a certain fixed number
of bins and their sizes and cannot leverage the full control
of experimental systematics.

3. 2HDM exclusion limits

The cross-sections for A,H
0 production from bb̄ an-

nihilation can be estimated at NNLO in QCD using the
Higgs cross-section WG results [50]. While the results are
directly applicable for the CP even state H

0, we expect
them to hold as a good approximation also for a heavy
CP-odd A

0 due to the restoration of chiral symmetry
when mb/mH0 ⌧ 1 . We have checked explicitly that
di↵erences between scalar and pseudoscalar production
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Figure 6: (Upper plot) 8 TeV [41] (13 TeV [42]) ATLAS
⌧
+
⌧
� search exclusion limits are shown in red (black) and

R(D(⇤)) preferred region in green for the vector leptoquark
model. Projected 13 TeV limits for 300 fb�1 are shown in
grey. (Lower plot) the same search exclusion limits for the
scalar leptoquark model.

are negligible up to NLO [51] for the interesting mass
region mA0,H0 & 200 GeV. In setting bounds, we there-
fore rescale the LO simulation results to the Higgs cross-
section WG production cross-sections [50] taken at the
lower factorization, renormalization and 68% CL PDF
uncertainty ranges.

Conservatively considering only a single neutral scalar
resonance contribution (denoted by H

0 meaning either
A

0 or H
0), we show the resulting 95% CL upper lim-

its on the |YbY⌧ | ⇥ v
2
/M

2
H0 (evaluated at the b-quark

mass scale µR ' 4.3 GeV) after recasting the ATLAS
13 TeV [42] ⌧

+
⌧
� search in Fig. 5. We observe that

even after accounting for the possible O(100 GeV) mass
splitting between the charged and the lightest neutral
state within the scalar H 0 doublet, the R(D(⇤)) preferred
value YbY
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Figure 3. The lines show the correlations among triplet and singlet operators in single-mediator
models. Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in
red. Electroweak singlet mediators are shown with the solid lines while triplets with dashed.

The plot in figure 3 clearly singles out the case of a vector LQ, Uµ
1 , which we closely

examine in the next subsection, as the best single-mediator case. However, it must be

stressed that there is no fundamental reason to expect the low-energy anomalies to be

saturated by the contribution of a single tree-level mediator. In fact, in many UV com-

pletions incorporating one of these mediators (for example in composite Higgs models, see

section 4), these states often arise with partners of similar mass but different electroweak

representation, and it is thus natural to consider two or more of them at the same time.

For this reason, and also for illustrative purposes, in the following subsections we consider

two representative cases with more than one mediator at work: two colour-less vectors,

SU(2)L triplet and singlet, and two coloured scalars, also electroweak triplet and singlet.
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examine in the next subsection, as the best single-mediator case. However, it must be

stressed that there is no fundamental reason to expect the low-energy anomalies to be

saturated by the contribution of a single tree-level mediator. In fact, in many UV com-

pletions incorporating one of these mediators (for example in composite Higgs models, see

section 4), these states often arise with partners of similar mass but different electroweak

representation, and it is thus natural to consider two or more of them at the same time.

For this reason, and also for illustrative purposes, in the following subsections we consider

two representative cases with more than one mediator at work: two colour-less vectors,

SU(2)L triplet and singlet, and two coloured scalars, also electroweak triplet and singlet.

3.1 Scenario I: vector leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is

that of an SU(2)L-singlet vector leptoquark, Uµ
1 ≡ (3,1, 2/3), coupled to the left-handed

quark and lepton currents
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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
!

qL ,qR

!

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

"

dσ

dτ

#

SM

×
$

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
$

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
$

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

$

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136

123
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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
µ⌫

+
M

2
W 0

2
W

0aµ
W

0a
µ

+ W
0a
µ
J
aµ

W 0 ,

J
aµ

W 0 ⌘ �
q

ij
Q̄i�

µ
�
a
Qj + �

`

ij
L̄i�

µ
�
a
Lj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij

' g
b(⌧)�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 D

0 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
a
H

†
�
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,

L
e↵
W 0 = �

1

2M2
W 0

J
aµ

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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scalar or tensor currents, expected to be suppressed by the68

light fermion Yukawa couplings), dimension-six operators69

can contribute to q q̄ → ℓ+ℓ− either by modifying the70

SM contributions due to the Z exchange or via local four-71

fermion interactions. The former class of deviations can be72

probed with high precision by on-shell Z production and73

decays at both LEP-1 and LHC (see e.g. Ref. [13]). Also,74

such effects are not enhanced at high energies, scaling like75

∼v2/"2, where v ≃246 GeV.76

For these reasons we neglect them and focus on the four-77

fermion interactions which comprise four classes depend-78

ing on the chirality: (L̄ L)(L̄ L), (R̄ R)(R̄ R), (R̄ R)(L̄ L) and79

(L̄ L)(R̄ R). In particular, the relevant set of operators is80

LSMEFT ⊃
c
(3)
Qi j Lkl

"2
(Q̄iγµσ a Q j )(L̄kγ

µσaLl)81

+
c
(1)
Qi j Lkl

"2
(Q̄iγµQ j )(L̄kγ

µLl)82

+
cu i j ekl

"2
(ū iγµu j )(ēkγ

µel) +
cdi j Lkl

"2
(d̄iγµd j )(ēkγ

µel)83

+
cu i j Lkl

"2
(ū iγµu j )(L̄kγ

µLl) +
cdi j Lkl

"2
(d̄iγµd j )(L̄kγ

µLl)84

+
cQi j ekl

"2
(Q̄iγµQ j )(ēkγ

µel) (1)85

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d i

L)T and86

Li = (νi
L , ℓi

L)T are the SM left-handed quark and lepton87

weak doublets and di , u i , ei are the right-handed singlets.88

V is the CKM flavor mixing matrix and σ a are the Pauli89

matrices acting on SU (2)L space.90

An equivalent classification of the possible contact inter-91

actions can be obtained by studying directly the q q̄ → ℓ−ℓ+
92

scattering amplitude:93

A(qi
p1

q̄
j
p2→ℓ−

p′
1
ℓ+

p′
2
)94

= i
!

qL ,qR

!

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)95

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)96

can be expanded around the physical poles present in the SM97

(photon and Z boson propagators), leading to98

Fqℓ(p2) = δi j e2 Qq Qℓ

p2
+ δi j g

q
Z g ℓ

Z

p2 −m2
Z + im Z'Z

+
ϵ

qℓ
i j

v2
.99

(3)100

Here, Qq(ℓ) is the quark (lepton) electric charge and g
q(ℓ)
Z101

is the corresponding coupling to Z boson: in the SM g
f
Z =102

2m Z
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to103

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .104

The only constraint on the contact terms imposed by SU (2)L105

invariance are ϵ
dL ek

R
i j = ϵ

u L ek
R

i j = cQi j ekk v
2/"2.106

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−

for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see 107

Appendix A), 108

dσ

dτ
=

"

dσ

dτ

#

SM

×
$

q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2
$

q,ℓ Lqq̄(τ, µF )|FSM
qℓ (τ s0)|2

, (4) 109

where τ ≡ m2
ℓ+ℓ−/s0 and

√
s0 is the proton–proton center 110

of mass energy. The sum is over the left- and right-handed 111

quarks and leptons as well as the quark flavors accessible 112

in the proton. Note that, since we are interested in the high- 113

energy tails (away from the Z pole), the universal higher- 114

order radiative QCD corrections factorize to a large extent. 115

Therefore, consistently including those corrections in the SM 116

prediction is enough to achieve good theoretical accuracy. It 117

is still useful to define the differential LFU ratio, 118

Rµ+µ−/e+e−(mℓℓ) ≡
dσµµ

dmℓℓ
/

dσee

dmℓℓ
119

=
$

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|
2

$

q,e Lqq̄(m2
ℓℓ/s0, µF )|Fqe(m

2
ℓℓ)|2

, (5) 120

which is a both theoretically and experimentally cleaner 121

observable. In fact, in the SM both QCD and electroweak 122

corrections are universal among muons and electrons, pre- 123

dicting RSM
µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As 124

an illustration, in Fig. 1 we show the predictions for this 125

observable at
√

s0 = 13 TeV, assuming new physics in three 126

benchmark operators. The parton luminosities used to derive 127

these predictions are discussed in the next chapter. 128

A goal of this work is to connect the high-pT dilepton tails 129

measurements with the recent experimental hints on lepton- 130

flavor universality violation in rare semileptonic B meson 131

decays. The pattern of observed deviations can be explained 132

with a new physics contribution to a single four-fermion 133

bsµµ contact interaction. As discussed in more detail in 134

Sect. 3, a good fit of the flavor anomalies can be obtained 135

with a left-handed chirality structure. For this reason, when 136
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UV example: Single-mediator model

Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2

 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ

1 ⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents

LU = �
1

2
U †
1,µ⌫U

1,µ⌫ +M2
UU

†
1,µU

µ

1 + gU (J
µ

U
U1,µ + h.c.) , (7)

Jµ

U
⌘ �i↵ Q̄i�

µL↵ . (8)

Here �(0)
i↵

= �3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour
structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is

Le↵ � �
1

v2
CU �i↵�

⇤
j�

h
(Q̄i

L�µ�
aQj

L
)(L̄�

L
�µ�aL↵

L) + (Q̄i

L�µQ
j

L
)(L̄�

L
�µL↵

L)
i
, (9)

where CU = v2|gU |2/(2M2
U
) > 0. Note that in this case the singlet and triplet operators have

the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but

12

J
H
E
P
1
1
(
2
0
1
7
)
0
4
4

Figure 3. The lines show the correlations among triplet and singlet operators in single-mediator
models. Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in
red. Electroweak singlet mediators are shown with the solid lines while triplets with dashed.
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3.1 Scenario I: vector leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is
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Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2

 2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.
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fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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ergy flavor phenomenology of such models has been dis-
cussed in Refs. [23, 32], 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 [37] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [23], 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 [38].

Integrating out the heavy Uµ field at the tree level, the
following e↵ective dimension six interaction is generated

L
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J
µ†
U
J
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Using Fierz identities to match the above expression onto
the operator basis in Eq. (3), one finds
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The fit to R(D(⇤)) anomaly requires |gU |

2
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2
U

⌘

2|c
QQLL

| ' (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. [39], 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. [39], 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.
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(see Fig. [1] in [39]) 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. [39] finds that Y
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L
and Y
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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 [37] 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 [40] 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
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| = 34 ± 9. Imposing a

(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M� . 1, leads to |Y
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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 [41]. 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
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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
µ⌫

+
M

2
W 0

2
W

0aµ
W

0a
µ

+ W
0a
µ
J
aµ

W 0 ,

J
aµ

W 0 ⌘ �
q

ij
Q̄i�

µ
�
a
Qj + �

`

ij
L̄i�

µ
�
a
Lj . (4)

Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij

' g
b(⌧)�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 D

0 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
a
H

†
�
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,

L
e↵
W 0 = �

1

2M2
W 0

J
aµ

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
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Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij

' g
b(⌧)�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 D

0 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
a
H

†
�
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,

L
e↵
W 0 = �

1

2M2
W 0

J
aµ

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 = �
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Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij

' g
b(⌧)�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 D

0 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
a
H

†
�
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,

L
e↵
W 0 = �

1

2M2
W 0

J
aµ

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 ⌧

+
⌧
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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
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Since the largest e↵ects should involve B-mesons and tau

leptons we assume �
q(`)
ij

' g
b(⌧)�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 D

0 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
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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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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
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tributions to the purely leptonic observables.
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We confront the indications of lepton flavor universality (LFU) violation observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ective field theory arguments we correlate possible non-standard contributions to semi-tauonic
charged currents with the ⌧

+
⌧
� signature at high energy hadron colliders. Several representative

standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
triplet of color-neutral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that, in general, ⌧+

⌧
� searches pose a serious challenge to NP explanations of

the LFU anomaly. Recasting existing 8 TeV and 13 TeV LHC analyses, stringent limits are set on
all considered simplified models. Future projections of the ⌧

+
⌧
� constraints as well as caveats in

interpreting them within more elaborate models are also discussed.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both directly in W decays at LEP [1], but also
indirectly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulating
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In particular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
ratios

R(D(⇤)) ⌘
�(B ! D

(⇤)
⌧⌫)

�(B ! D(⇤)`⌫)
, (1)

where ` = e, µ, systematically larger than the corre-
sponding very precise SM predictions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25 ± 0.07) ⇥ R(D⇤)SM , (2a)

R(D) = (1.32 ± 0.16) ⇥ R(D)SM , (2b)

puts the combined significance of these excesses at the
4.0 � level (assuming R(D) = R(D⇤) the significance
exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced
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to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧

+
⌧
� searches by ATLAS and CMS are presented in

Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧

+
⌧
�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,
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Jožef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

2
Physik-Institut, Universität Zur̈ich, CH-8057 Zur̈ich, Switzerland

3
Faculty of Science, University of Sarajevo, Zmaja od Bosne 33-35, 71000 Sarajevo, Bosnia and Herzegovina

4
Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

(Dated: September 23, 2016)

We confront the indications of lepton flavor universality (LFU) violation observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ective field theory arguments we correlate possible non-standard contributions to semi-tauonic
charged currents with the ⌧

+
⌧
� signature at high energy hadron colliders. Several representative

standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
triplet of color-neutral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that, in general, ⌧+

⌧
� searches pose a serious challenge to NP explanations of

the LFU anomaly. Recasting existing 8 TeV and 13 TeV LHC analyses, stringent limits are set on
all considered simplified models. Future projections of the ⌧

+
⌧
� constraints as well as caveats in

interpreting them within more elaborate models are also discussed.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both directly in W decays at LEP [1], but also
indirectly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulating
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In particular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
ratios

R(D(⇤)) ⌘
�(B ! D

(⇤)
⌧⌫)

�(B ! D(⇤)`⌫)
, (1)

where ` = e, µ, systematically larger than the corre-
sponding very precise SM predictions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25 ± 0.07) ⇥ R(D⇤)SM , (2a)

R(D) = (1.32 ± 0.16) ⇥ R(D)SM , (2b)

puts the combined significance of these excesses at the
4.0 � level (assuming R(D) = R(D⇤) the significance
exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced
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to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧

+
⌧
� searches by ATLAS and CMS are presented in

Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧

+
⌧
�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,
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Figure 3: (Left) The mT distribution after the final selection. The black symbols with error bars
show data, while the filled histograms represent the SM backgrounds. Signal examples for SSM
W0 bosons with masses of 0.6, 1.0, 4.0, and 5.0 TeV are shown with the open histograms. (Right)
The integral transverse mass distribution, where the value in each bin is equal to the number of
events with transverse mass equal to or greater than the left of the bin. The lower panels show
the ratio of data to prediction, and the gray band represents the systematic uncertainties.

filling each bin of the histogram with the sum of that bin and all following bins. The systematic
uncertainties, which are detailed in Section 7, are illustrated as a grey band in the lower panels
of the plots. The product of the signal efficiency and acceptance for SSM W0 ! tn events
depends on the W0 boson mass. The total signal efficiency for the studied range of mT >
300 GeV varies from 14% to about 24% as MW0 increases from 1 to 3 TeV. For higher W0 boson
masses, events shift to lower mT because of the increasing fraction of off-shell production (as
shown in Fig. 3 for a few signal mass points). For example, for a W0 boson with a mass of
5 TeV, the total signal efficiency is around 17%. Within a ±25% mass range around the MW0

the efficiency of an SSM W0 is around 5% for MW0 = 1 TeV, 5% for MW0 = 3 TeV, and 2%
for MW0 = 5 TeV. The trigger threshold affects the signal efficiency in the low-mass range.
These efficiency values are obtained assuming the W0 ! tn branching fraction to be unity. The
efficiency values are estimated using simulated events where the t lepton decays hadronically.

The dominant background is from the off-shell tail of the mT distribution of the SM W boson,
and is obtained from simulation. The background contributions from Z(! nn) + jets and QCD
multijet events are also obtained from simulation. These backgrounds primarily arise as a con-
sequence of jets misidentified as th candidates. The contribution of QCD multijet background
is small compared to Z(! nn) + jets in the signal region. Following the strategy in Ref. [46],
to ensure that the misidentified tau background is simulated properly, the agreement between
data and simulation is checked in a control region dominated by Z(! µµ) + jets events, where
a jet is misidentified as a th candidate. The p

miss
T is recalculated excluding the muons from

the Z decay in order to reproduce the p
miss
T distribution of Z ! nn events. Specifically, the

control region is defined as follows. Events are selected online using a dimuon trigger with
muon pT thresholds of 17 and 8 GeV. They must contain two oppositely charged muons with
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Figure 1: Transverse mass distribution after the event selection. The total impact of the statistical and systematic
uncertainties on the SM background is depicted by the hatched area. The ratio of the data to the estimated SM
background is shown in the lower panel. The prediction for W

0
SSM and W

0
NU (cot �NU = 5.5) bosons with masses of

3 TeV are superimposed.

To reduce the impact of statistical fluctuations in the jet background estimate, a function f (mT) =
m

a+b logmT
T , where a and b are free parameters, is fitted to the estimate in the range 400 < mT < 800 GeV

and is used to evaluate the jet background in the range mT > 500 GeV. The impact of altering the fit range
leads to an uncertainty that increases with mT, reaching 50% at mT = 2 TeV. The statistical uncertainty
from the control regions is propagated using pseudo-experiments and also reaches 50% at mT = 2 TeV.

Figure 1 shows the observed mT distribution of the data after event selection, including the estimated
SM background contributions and predictions for W

0
SSM and W

0
NU (cot �NU = 5.5) bosons with masses

of 3 TeV. The number of observed events is consistent with the expected SM background. Therefore,
upper limits are set on the production of a high-mass resonance decaying to ⌧⌫. The statistical analysis
uses a likelihood function constructed as the Poisson probability describing the total number of observed
events given the signal-plus-background expectation. Systematic uncertainties in the expected number
of events are incorporated into the likelihood via nuisance parameters constrained by Gaussian prior
probability density distributions. Correlations between signal and background are taken into account. A
signal-strength parameter, with a uniform prior probability density distribution, multiplies the expected
signal. The dominant relative uncertainties in the expected signal and background contributions are shown
in Figure 2 as a function of the mT threshold.

Limits are set at the 95% credibility level (CL) using the Bayesian Analysis Toolkit [60]. Figure 3 shows
the model-independent upper limits on the visible ⌧⌫ production cross section, �(pp ! ⌧⌫ + X) · A · ",
as a function of the mT threshold, where A is the fiducial acceptance (including the mT threshold) and " is
the reconstruction e�ciency. Model-specific limits can be derived by evaluating �, A and " for the model
in question and checking if the corresponding visible cross section is excluded at any mT threshold. This
allows the results to be reinterpreted for a broad range of models, regardless of their mT distribution. Good
agreement between the generated and reconstructed mT distributions is found, indicating that a reliable
calculation of the mT threshold acceptance can be made at generator level. The reconstruction e�ciency
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FIG. 1: Model-independent connection between RD(⇤) anomalies measured at low-energies (left) and searches of resonances in
�(pp ! ⌧⌫X) at high pT (right).

analysis of the expected signal strength which shows that the current searches are already sensitive to the effects of the NP in
RD(⇤) , up to the point where it starts discriminating among the possible solutions. Nonetheless, the EFT analysis breaks down
for masses of the mediators close to the energies of the process. Therefore, in a second step, in Sec. II B, II C, II D, we UV-
complete the different effective operators in terms of heavy colorless vector (W 0) and scalar (Higgs) mediators, or leptoquarks,
and study the constraints in the coupling-mass plots. Finally, in Sec III we present projections for the High-Luminosity phase of
the LHC and a possible High-Energy phase running at 28 TeV, and show how these searches provide a promissing venue for the
direct discovery (or conclusive ruling out) of the NP responsible for the RD(⇤) anomaly at the LHC.

I. EFFECTIVE LAGRANGIANS AND SIMPLIFIED MODELS FOR SEARCHES AT THE LHC

A. Effective Field Theory

In order to analyse the possible NP scenarios systematically in a bottom-up approach, we start with a low-energy effective field
theory (LEEFT) describing semitauonic charged-current transitions at energy scales of the order of the b-quark mass [71, 72],

LLEEFT �� 2Vkl

v2

"⇣
1 + ✏kl⌧L

⌘
⌧̄ �µPL⌫⌧ · ūk�

µPLdl + ✏kl⌧R ⌧̄ �µPL⌫⌧ · ūk�
µPRdl

+ ✏kl⌧T ⌧̄�µ⌫PL⌫⌧ · ūk�
µ⌫PLd+ ✏kl⌧SL

⌧̄PL⌫⌧ · ūkPLdl + ✏kl⌧SR
⌧̄PL⌫⌧ · ūkPRdl

#
+ h.c., (1)

where subindices label quark flavor in the physical mass basis, PL,R are the chiral projectors, �µ⌫ = i/2[�µ, �⌫ ] and we have
used GF = 1/(

p
2v2) with v = 246 GeV the electroweak symmetry breaking (EWSB) scale. Light right-handed neutrinos can

be added straighforwardly to the above list by the replacements PL ! PR in the leptonic currents and ✏� ! ✏̃� in labeling the
Wilson coefficients. None of these operators with ⌫R interfere with the SM for vanishing neutrino masses.

TABLE I: Values of the Wilson coefficients at µ = mb of the LEEFT Lagrangian of eq. (1) for b ! c⌧⌫ transitions fitted to the
current values of RD(⇤) . For the theoretical analysis we follow ref. [56].

Left-handed Tensor Scalar-Tensor Right-handed
✏cb⌧L ✏cb⌧T ✏cb⌧SL

✏cb⌧T ✏̃cb⌧R

0.11(2) 0.37(1) 0.18(7) �0.042(10) 0.48(6)

Out of the ten possible operators for b ! c⌧⌫ transitions, only those with ✏cb⌧L , ✏cb⌧T (possibly with an admixture of ✏cb⌧SL
) and

✏̃cb⌧R have been shown to explain the measurements of RD(⇤) at the same time as being consistent with all other low-energy data
such as the kinematic distributions [73] in the corresponding decays or constraints on the Bc ! ⌧⌫ branching fraction [48, 50].
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analysis of the expected signal strength which shows that the current searches are already sensitive to the effects of the NP in
RD(⇤) , up to the point where it starts discriminating among the possible solutions. Nonetheless, the EFT analysis breaks down
for masses of the mediators close to the energies of the process. Therefore, in a second step, in Sec. II B, II C, II D, we UV-
complete the different effective operators in terms of heavy colorless vector (W 0) and scalar (Higgs) mediators, or leptoquarks,
and study the constraints in the coupling-mass plots. Finally, in Sec III we present projections for the High-Luminosity phase of
the LHC and a possible High-Energy phase running at 28 TeV, and show how these searches provide a promissing venue for the
direct discovery (or conclusive ruling out) of the NP responsible for the RD(⇤) anomaly at the LHC.

I. EFFECTIVE LAGRANGIANS AND SIMPLIFIED MODELS FOR SEARCHES AT THE LHC

A. Effective Field Theory

In order to analyse the possible NP scenarios systematically in a bottom-up approach, we start with a low-energy effective field
theory (LEEFT) describing semitauonic charged-current transitions at energy scales of the order of the b-quark mass [71, 72],

LLEEFT �� 2Vkl

v2

"⇣
1 + ✏kl⌧L

⌘
⌧̄ �µPL⌫⌧ · ūk�

µPLdl + ✏kl⌧R ⌧̄ �µPL⌫⌧ · ūk�
µPRdl

+ ✏kl⌧T ⌧̄�µ⌫PL⌫⌧ · ūk�
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⌧̄PL⌫⌧ · ūkPLdl + ✏kl⌧SR
⌧̄PL⌫⌧ · ūkPRdl

#
+ h.c., (1)

where subindices label quark flavor in the physical mass basis, PL,R are the chiral projectors, �µ⌫ = i/2[�µ, �⌫ ] and we have
used GF = 1/(

p
2v2) with v = 246 GeV the electroweak symmetry breaking (EWSB) scale. Light right-handed neutrinos can

be added straighforwardly to the above list by the replacements PL ! PR in the leptonic currents and ✏� ! ✏̃� in labeling the
Wilson coefficients. None of these operators with ⌫R interfere with the SM for vanishing neutrino masses.

TABLE I: Values of the Wilson coefficients at µ = mb of the LEEFT Lagrangian of eq. (1) for b ! c⌧⌫ transitions fitted to the
current values of RD(⇤) . For the theoretical analysis we follow ref. [56].

Left-handed Tensor Scalar-Tensor Right-handed
✏cb⌧L ✏cb⌧T ✏cb⌧SL

✏cb⌧T ✏̃cb⌧R

0.11(2) 0.37(1) 0.18(7) �0.042(10) 0.48(6)

Out of the ten possible operators for b ! c⌧⌫ transitions, only those with ✏cb⌧L , ✏cb⌧T (possibly with an admixture of ✏cb⌧SL
) and

✏̃cb⌧R have been shown to explain the measurements of RD(⇤) at the same time as being consistent with all other low-energy data
such as the kinematic distributions [73] in the corresponding decays or constraints on the Bc ! ⌧⌫ branching fraction [48, 50].
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analysis of the expected signal strength which shows that the current searches are already sensitive to the effects of the NP in
RD(⇤) , up to the point where it starts discriminating among the possible solutions. Nonetheless, the EFT analysis breaks down
for masses of the mediators close to the energies of the process. Therefore, in a second step, in Sec. II B, II C, II D, we UV-
complete the different effective operators in terms of heavy colorless vector (W 0) and scalar (Higgs) mediators, or leptoquarks,
and study the constraints in the coupling-mass plots. Finally, in Sec III we present projections for the High-Luminosity phase of
the LHC and a possible High-Energy phase running at 28 TeV, and show how these searches provide a promissing venue for the
direct discovery (or conclusive ruling out) of the NP responsible for the RD(⇤) anomaly at the LHC.

I. EFFECTIVE LAGRANGIANS AND SIMPLIFIED MODELS FOR SEARCHES AT THE LHC

A. Effective Field Theory

In order to analyse the possible NP scenarios systematically in a bottom-up approach, we start with a low-energy effective field
theory (LEEFT) describing semitauonic charged-current transitions at energy scales of the order of the b-quark mass [71, 72],

LLEEFT �� 2Vkl

v2

"⇣
1 + ✏kl⌧L

⌘
⌧̄ �µPL⌫⌧ · ūk�
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µPRdl

+ ✏kl⌧T ⌧̄�µ⌫PL⌫⌧ · ūk�
µ⌫PLd+ ✏kl⌧SL

⌧̄PL⌫⌧ · ūkPLdl + ✏kl⌧SR
⌧̄PL⌫⌧ · ūkPRdl

#
+ h.c., (1)

where subindices label quark flavor in the physical mass basis, PL,R are the chiral projectors, �µ⌫ = i/2[�µ, �⌫ ] and we have
used GF = 1/(

p
2v2) with v = 246 GeV the electroweak symmetry breaking (EWSB) scale. Light right-handed neutrinos can

be added straighforwardly to the above list by the replacements PL ! PR in the leptonic currents and ✏� ! ✏̃� in labeling the
Wilson coefficients. None of these operators with ⌫R interfere with the SM for vanishing neutrino masses.

TABLE I: Values of the Wilson coefficients at µ = mb of the LEEFT Lagrangian of eq. (1) for b ! c⌧⌫ transitions fitted to the
current values of RD(⇤) . For the theoretical analysis we follow ref. [56].

Left-handed Tensor Scalar-Tensor Right-handed
✏cb⌧L ✏cb⌧T ✏cb⌧SL

✏cb⌧T ✏̃cb⌧R

0.11(2) 0.37(1) 0.18(7) �0.042(10) 0.48(6)

Out of the ten possible operators for b ! c⌧⌫ transitions, only those with ✏cb⌧L , ✏cb⌧T (possibly with an admixture of ✏cb⌧SL
) and

✏̃cb⌧R have been shown to explain the measurements of RD(⇤) at the same time as being consistent with all other low-energy data
such as the kinematic distributions [73] in the corresponding decays or constraints on the Bc ! ⌧⌫ branching fraction [48, 50].
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For internal use only.

I. W 0
UFO MODEL FOR pp ! ⌧⌫ STUDY

A. Implementation

We consider a W 0
µ coupled to the left-handed SM fermions in the following way

L � (gc c̄L�
µbL + gu ūL�

µbL + g⌧ ⌫̄
⌧
L�

µ⌧L)W
0+
µ + h.c. . (1)

Such setup is motivated by the B-physics anomalies.
This Lagrangian is implemented in the JorgeWp_UFO model. The W 0 particle (anti-particle) name is wp+ (wp-)

with the PDG number 34. The W 0 mass, total decay width and the couplings are external input parameters found in the
param_card.dat. Dictionary:
MW 0 : mwp
�W 0 : wwp
g⌧ : gta
gu: gu
gc: gc
All the input parameters are real numbers.

B. Validation

a) Decays
We use MadGraph5_aMC@NLO (version 2.6.1) to generate:
> import model JorgeWp_UFO

> generate wp+ > c b⇠
> add process wp- > b c⇠
> output WpToBC

This calculates the partial width of the W 0 ! bc̄. The numerical results are in agreement with the analytic formula

�(W 0+ ! cb̄) = �(W 0� ! bc̄) =
g2c
8⇡

MW 0 . (2)

C. Simulation procedure of pp ! W 0 ! ⌧⌫ + 0, 1 jets

We suggest to simulate production of a W 0 in association with extra two extra b jets
> import model JorgeWp_UFO

> define p = p b b⇠
> define j = j b b⇠
> define ta = ta+ ta-

> define nu = vt vt⇠
> generate p p > ta nu NP==2

> add process p p > ta nu j NP==2

> output ppWpTaNu

I find 56 diagrams (28 independent). It also includes the one by Wolfgang.
The relevant parameters in the param_card.dat are mwp and wwp.
Some models for B-anomalies predict rather broad W 0. Therefore, it is important to perform the search beyond the narrow

width approximation. Ideally, one could report limits on the |gcg⌧ | coupling as a function of the MW 0 and �W 0 (see Fig. 4 of
Ref. [2]). Note that this combination is directly related to b ! c⌧⌫ anomaly.

[1] A. Greljo, G. Isidori and D. Marzocca, JHEP 1507 (2015) 142 doi:10.1007/JHEP07(2015)142 [arXiv:1506.01705 [hep-ph]].
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Figure 1. The �2
/dof distribution (blue) for the fit of the R(D(⇤)) predictions in the QVR e↵ective

theory to the current world average [7]. Also shown (shaded orange) are exclusion regions for
Br[Bc ! ⌧⌫] & 5%.
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Figure 2. Kinematic distributions in the B rest frame for couplings ranging over C23,3 2 [0.26, 0.66]
(gray regions) with phase space cuts (2.9), for B ! (D⇤

! D⇡)(⌧ ! `⌫̄`⌫⌧ )⌫̄ (top row) and
B ! D(⌧ ! `⌫̄`⌫⌧ )⌫̄ (bottom row). The blue (red) dashed curves show the SM (SM+W

0 best fit,
C23,3 = 0.46). [JZ: If we put this in appendix, the plots can be bigger?] [DR: This should
be in the main text. Just make them bigger :)]

choosing a phase convention in which Vcb is real. We work in the mass basis, such that

setting i = 2, j = 3, k = 3 in eq. (2.3) generates the operator
�
c̄R�

µ
bR

��
⌧̄R�µNR

�
. The

definition for ⇤e↵ in (2.4) is chosen such that the rate for the B ! D
(⇤)

⌧N̄R decay is

normalized to the SM rate for the B ! D
(⇤)

⌧ ⌫̄ process at C23,3 = 1. The B ! D
(⇤)

⌧ ⌫̄

decays become an incoherent sum of two contributions: from the SM decay, b ! c⌧ ⌫̄⌧ , as

well as from the new decay channel, b ! c⌧N̄R. The NP contributions therefore necessarily

increase the both B ! D
(⇤)

⌧ ⌫̄ branching ratios above the SM expectation, in agreement

with the direction of the experimental observations for R(D(⇤)).

– 4 –

“missing”

… but I like W’. What was the problem?

  

Vector Triplet Model

-09-

Integrate out the heavy vectors: 

RD(*) anomaly fit

- Greljo, Isidori, Marzocca JHEP 1507(2015)142
- Pappadopulo et al. JHEP 1409 (2014) 060

Constraints:

- EWPO: 

mass splitting of O(1%)

- LEP constraints on charged pair production:

- CP violation          mixing: 

c

b

ν

τ

ATLAS 36 fb-1 + CMS 36 fb-1

Preliminary

[AG, Martin Camalich, 
Ruiz-Alvarez] 1811.XXXXX 

Z ! ⌧
+
⌧
�

(81)

pp ! `
+
`
�

(82)

pp ! ⌧⌫ (83)

8

[Asadi, Buckley, Shih]  
1804.04135
[AG, Robinson, Shakya, Zupan] 
1804.04642

Broad!
again
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•   Anomalies

• Field content

  [AG, Marzocca], TBD

Completion of the Vector LQ + RHN solution from 1807.10745

+ light

n � 2 (64)

b ! c⌧ ⌫̄⌧ (65)

b ! sµµ̄ (66)

L � W
0aµ

J
a
µ (67)

v/

p
CT ⇡ 0.7 TeV (68)

�b⌧ = 1 (69)

W
0
= (1,1,+1) (70)

NR = (1,1, 0) (71)

7

Simplified mediator model
[Marzocca et al], 1807.10745 

2 The 4321 model

In this section we summarise the main features of the 4321 model presented in [37] (see also [62]).
Further details are provided in App. A. The goal of the model’s construction is to generate a cou-
pling of the vector leptoquark U ⇠ (3,1, 2/3) mainly to left-handed SM fermions. This allows i)
to match with the model-independent fits to B-anomalies [35, 52] and ii) to tame strong constraints
from chirality-enhanced meson decays into lepton pairs (for an updated analysis see Ref. [63]). To
this end we consider the gauge group G4321 ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, which ex-
tends the SM group G321 ⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y by means of an extra SU(4) factor. The
embedding of colour and hypercharge into G4321 is defined as SU(3)c = (SU(3)4 ⇥ SU(3)0)diag
and Y =

p
2/3T 15 + Y 0, with SU(3)4 ⇢ SU(4) and T 15 being one of the generators of SU(4).1

Apart from the SM gauge fields, the gauge boson spectrum comprises three new massive vectors
belonging to G4321/G321 and transforming under G321 as U ⇠ (3,1, 2/3), g0 ⇠ (8,1, 0) and
Z 0 ⇠ (1,1, 0). Their definition in terms of the G4321 gauge fields, as well as their masses, are given
in App. A.4.

An important point to be stressed is that the three massive vectors are connected by gauge
symmetry breaking and it is not possible to parametrically decouple the g0 (hereafter called “col-
oron”) and the Z 0 from the leptoquark mass scale. In App. A.5 we show that this feature persists
also in non-minimal scalar sectors responsible for G4321 breaking. Moreover, the peculiar embed-
ding of the SM into G4321 allows for suppressed coupling of the Z 0 and coloron to light quarks
(cf. Sec. A.7). That is not the case in more standard Pati Salam [64] embeddings such as in [38],
where the Z 0 has unsuppressed O(gs) couplings to valence quarks.

The matter content of the model is summarised in Table 1, where we have emphasised with
a grey background the states added on top of the SM-like fields. The new gauge bosons receive a
TeV-scale mass induced by the vacuum expectation value (VEV) of three scalar multiplets: ⌦1 ⇠�
4,1,1,�1/2

�
, ⌦3 ⇠

�
4,3,1, 1/6

�
and ⌦15 ⇠ (15,1,1, 0), responsible for the breaking of

G4321 ! G321. While only ⌦3 would suffice for the breaking, the role of the other fields is of
phenomenological nature as discussed below. By means of a suitable scalar potential (analysed in
App. A.1) it is possible to achieve a VEV configuration ensuring the proper G4321 ! G321 breaking.
After removing the linear combinations corresponding to the would-be Goldstone bosons (GB), the
massive scalar spectrum featuring the radial modes is detailed in App. A.2. The final breaking of
G321 is obtained via the Higgs doublet field transforming as H ⇠ (1,1,2, 1/2).

The would-be SM fermion fields, denoted with a prime, are singlets of SU(4) and are charged
under the SU(3)0⇥SU(2)L⇥U(1)0 subgroup with SM-like charges. Like in the SM, they come in
three copies of flavour. Being SU(4) singlets, they do not couple to the vector leptoquark directly.
In order to induce the required leptoquark interactions to SM fermions, we introduce three vector-
like heavy fermions that mix with the SM-like fermions once ⌦1,3 acquire a VEV (cf. also Fig. 1).
The vector-like fermions transform under G4321 as  L,R = (Q0

L,R
, L0

L,R
)T ⇠ (4,1,2, 0), with

Q0
L,R

⇠ (3,2, 1/6) and L0
L,R

⇠ (1,2,�1/2) when decomposed under G321. The vector-like
masses of Q0 and L0 are split by the VEV of ⌦15. The mixing among the left-handed SM-like and

1For a complete list of SU(4) generators see App. A.10.

– 4 –
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n � 2 (64)
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7
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7

μ 

[Azatov, Barducci, Ghosh, 
Marzocca, Ubaldi] 1807.10745 

  

Vector LQ Model

-11-

Constraints LHC pair production:

- Barbieri,Isidori,Pattori,Senia  [1512.01560]
- Fajfer, Kosnik [1511.06024]

Barbieri,Isidori,Pattori,Senia
[1512.01560]

c
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ν

τ
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8

[Robinson, Shakya, Zupan] 1807.04753
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p p → W'++ p p → W'- @ 13 TeV
ℒ ⊃ c γ μPLb W 'μ + h.c.
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We confront the indications of lepton flavor universality (LFU) violation observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ective field theory arguments we correlate possible non-standard contributions to semi-tauonic
charged currents with the ⌧

+
⌧
� signature at high energy hadron colliders. Several representative

standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
triplet of color-neutral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that, in general, ⌧+

⌧
� searches pose a serious challenge to NP explanations of

the LFU anomaly. Recasting existing 8 TeV and 13 TeV LHC analyses, stringent limits are set on
all considered simplified models. Future projections of the ⌧

+
⌧
� constraints as well as caveats in

interpreting them within more elaborate models are also discussed.

I. INTRODUCTION

Lepton flavor universality (LFU) of weak interactions
is one of the key predictions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both directly in W decays at LEP [1], but also
indirectly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulating
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In particular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
ratios

R(D(⇤)) ⌘
�(B ! D

(⇤)
⌧⌫)

�(B ! D(⇤)`⌫)
, (1)

where ` = e, µ, systematically larger than the corre-
sponding very precise SM predictions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25 ± 0.07) ⇥ R(D⇤)SM , (2a)

R(D) = (1.32 ± 0.16) ⇥ R(D)SM , (2b)

puts the combined significance of these excesses at the
4.0 � level (assuming R(D) = R(D⇤) the significance
exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced

⇤
Electronic address:darius.faroughy@ijs.si

†
Electronic address:admir@physik.uzh.ch

‡
Electronic address:jernej.kamenik@cern.ch

to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧

+
⌧
� searches by ATLAS and CMS are presented in

Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧

+
⌧
�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,
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exceeds 4.4 �). Both R(D(⇤)) exhibit deviations of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relatively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contributions in b ! c⌧⌫ transi-
tions [15]. At the tree level, the possibilities are reduced
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to the exchange of a charged scalar (H+) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternatively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Importantly, all possibilities imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generation
SM fermions, making them potential targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quantify the current and future sensitivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In particular we will show that quite generally
NP relevant to the R(D(⇤)) anomalies can be e�ciently
probed using high-pT tau pair production at the LHC.

The rest of the paper is structured as follows. In sec-
tion II we employ e↵ective field theory (EFT) arguments
to correlate NP contributions to R(D(⇤)) with high-pT
signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. III. The resulting constraints coming from exist-
ing ⌧

+
⌧
� searches by ATLAS and CMS are presented in

Sec. IV. Future experimental prospects as well as possible
directions for model building in order to alleviate ⌧

+
⌧
�

constraints are discussed in Sec. V.

II. EFFECTIVE FIELD THEORY

At su�ciently low energies, the exchange of new mas-
sive particles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ective field theory description where the SM
contains all the relevant degrees of freedom. The leading
contributions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ective operators re-
specting the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,
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where s, t , and u are the Mandelstam variables. The total
partonic cross section is

σ̂ = s
144π

!
|Fq LℓL (s)|2 + |Fq RℓR (s)|2

+ |Fq LℓR (s)|2 + |Fq RℓL (s)|2
"
, (A.2)

while the hadronic cross section is obtained after convoluting
the partonic one with the corresponding parton luminosity
functions

Lq q̄ (τ, µF ) =
# 1

τ

dx
x

fq (x, µF ) fq̄ (τ/x, µF ). (A.3)

In particular, the cross section in the dilepton invariant mass
bin

$
τ bin

min, τ
bin
max

%
is given by

σ bin(p p→ℓ+ℓ−) =
&

q

# τ bin
max

τ bin
min

dτ 2Lq q̄ (τ, µF ) σ̂ (τ s0).

(A.4)

Appendix B: Operator limits

In Table 1 we show the present 2σ limits on the 36 inde-
pendent four-fermion operators contributing to pp → ℓ+ℓ−

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 Cx ≡ v2

%2 cx .
In the case of operators involving bL quark instead, 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 (L̄ L)(L̄ L)
operators with the same fermion content. This correlation is
shown explicitly in the 2d fit of Fig. 3.

Table 1 One-parameter 2σ limits from pp → µ+µ−, e+e−

Ci ATLAS 36.1 fb−1 3000 fb−1

C (1)
Q1L2 [−5.73, 14.2] × 10−4 [−1.30, 1.51] × 10−4

C (3)
Q1L2 [−7.11, 2.84] × 10−4 [−5.25, 5.25] × 10−5

Cu R L2 [−0.84, 1.61] × 10−3 [−2.00, 2.66] × 10−4

Cu RµR [−0.52, 1.36] × 10−3 [−1.04, 1.08] × 10−4

CQ1µR
[−0.82, 1.27] × 10−3 [−2.25, 4.10] × 10−4

CdR L2 [−2.13, 1.61] × 10−3 [−8.98, 5.11] × 10−4

CdRµR [−2.31, 1.34] × 10−3 [−4.89, 3.33] × 10−4

C (1)
Q2L2 [−8.84, 7.35] × 10−3 [−3.83, 2.39] × 10−3

C (3)
Q2L2 [−9.75, 5.56] × 10−3 [−1.43, 1.15] × 10−3

CQ2µR
[−7.53, 8.67] × 10−3 [−2.58, 3.73] × 10−3

CsR L2 [−1.04, 0.93] × 10−2 [−4.42, 3.33] × 10−3

CsRµR [−1.09, 0.87] × 10−2 [−4.67, 2.73] × 10−3

CcR L2 [−1.33, 1.52] × 10−2 [−4.58, 6.54] × 10−3

CcRµR [−1.21, 1.62] × 10−2 [−3.48, 6.32] × 10−3

CbL L2 [−2.61, 2.07] × 10−2 [−11.1, 6.33] × 10−3

CbLµR [−2.28, 2.42] × 10−2 [−8.53, 10.0] × 10−3

CbRL2 [−2.41, 2.29] × 10−2 [−9.90, 8.68] × 10−3

CbRµR [−2.47, 2.23] × 10−2 [−10.5, 7.97] × 10−3

C (1)
Q1L1 [−0.0, 1.75] × 10−3 [−1.01, 1.13] × 10−4

C (3)
Q1L1 [−8.92,−0.54] × 10−4 [−3.99, 3.93] × 10−5

Cu R L1 [−0.19, 1.92] × 10−3 [−1.56, 1.92] × 10−4

Cu ReR [0.15, 2.06] × 10−3 [−7.89, 8.23] × 10−5

CQ1eR [−0.40, 1.37] × 10−3 [−1.8, 2.85] × 10−4

CdR L1 [−2.1, 1.04] × 10−3 [−7.59, 4.23] × 10−4

CdReR [−2.55, 0.46] × 10−3 [−3.37, 2.59] × 10−4

C (1)
Q2L1 [−6.62, 4.36] × 10−3 [−3.31, 1.92] × 10−3

C (3)
Q2L1 [−8.24, 2.05] × 10−3 [−8.87, 7.90] × 10−4

CQ2eR [−4.67, 6.34] × 10−3 [−2.11, 3.30] × 10−3

CsR L1 [−7.4, 5.9] × 10−3 [−3.96, 2.8] × 10−3

CsReR [−8.17, 5.06] × 10−3 [−3.82, 2.13] × 10−3

CcR L1 [−0.83, 1.13] × 10−2 [−3.74, 5.77] × 10−3

CcReR [−0.67, 1.27] × 10−2 [−2.59, 4.17] × 10−3

CbL L1 [−1.93, 1.19] × 10−2 [−8.62, 4.82] × 10−3

CbLeR [−1.47, 1.67] × 10−2 [−7.29, 8.99] × 10−3

CbRL1 [−1.65, 1.49] × 10−2 [−8.86, 7.48] × 10−3

CbReR [−1.73, 1.40] × 10−2 [−9.38, 6.63] × 10−3
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correlation is the one among the triplet and singlet (L̄ L)(L̄ L)
operators with the same fermion content. This correlation is
shown explicitly in the 2d fit of Fig. 3.

Table 1 One-parameter 2σ limits from pp → µ+µ−, e+e−

Ci ATLAS 36.1 fb−1 3000 fb−1

C (1)
Q1L2 [−5.73, 14.2] × 10−4 [−1.30, 1.51] × 10−4

C (3)
Q1L2 [−7.11, 2.84] × 10−4 [−5.25, 5.25] × 10−5

Cu R L2 [−0.84, 1.61] × 10−3 [−2.00, 2.66] × 10−4

Cu RµR [−0.52, 1.36] × 10−3 [−1.04, 1.08] × 10−4

CQ1µR
[−0.82, 1.27] × 10−3 [−2.25, 4.10] × 10−4

CdR L2 [−2.13, 1.61] × 10−3 [−8.98, 5.11] × 10−4

CdRµR [−2.31, 1.34] × 10−3 [−4.89, 3.33] × 10−4

C (1)
Q2L2 [−8.84, 7.35] × 10−3 [−3.83, 2.39] × 10−3

C (3)
Q2L2 [−9.75, 5.56] × 10−3 [−1.43, 1.15] × 10−3

CQ2µR
[−7.53, 8.67] × 10−3 [−2.58, 3.73] × 10−3

CsR L2 [−1.04, 0.93] × 10−2 [−4.42, 3.33] × 10−3

CsRµR [−1.09, 0.87] × 10−2 [−4.67, 2.73] × 10−3

CcR L2 [−1.33, 1.52] × 10−2 [−4.58, 6.54] × 10−3

CcRµR [−1.21, 1.62] × 10−2 [−3.48, 6.32] × 10−3

CbL L2 [−2.61, 2.07] × 10−2 [−11.1, 6.33] × 10−3

CbLµR [−2.28, 2.42] × 10−2 [−8.53, 10.0] × 10−3

CbRL2 [−2.41, 2.29] × 10−2 [−9.90, 8.68] × 10−3

CbRµR [−2.47, 2.23] × 10−2 [−10.5, 7.97] × 10−3

C (1)
Q1L1 [−0.0, 1.75] × 10−3 [−1.01, 1.13] × 10−4

C (3)
Q1L1 [−8.92,−0.54] × 10−4 [−3.99, 3.93] × 10−5

Cu R L1 [−0.19, 1.92] × 10−3 [−1.56, 1.92] × 10−4

Cu ReR [0.15, 2.06] × 10−3 [−7.89, 8.23] × 10−5

CQ1eR [−0.40, 1.37] × 10−3 [−1.8, 2.85] × 10−4

CdR L1 [−2.1, 1.04] × 10−3 [−7.59, 4.23] × 10−4

CdReR [−2.55, 0.46] × 10−3 [−3.37, 2.59] × 10−4

C (1)
Q2L1 [−6.62, 4.36] × 10−3 [−3.31, 1.92] × 10−3

C (3)
Q2L1 [−8.24, 2.05] × 10−3 [−8.87, 7.90] × 10−4

CQ2eR [−4.67, 6.34] × 10−3 [−2.11, 3.30] × 10−3

CsR L1 [−7.4, 5.9] × 10−3 [−3.96, 2.8] × 10−3

CsReR [−8.17, 5.06] × 10−3 [−3.82, 2.13] × 10−3

CcR L1 [−0.83, 1.13] × 10−2 [−3.74, 5.77] × 10−3

CcReR [−0.67, 1.27] × 10−2 [−2.59, 4.17] × 10−3

CbL L1 [−1.93, 1.19] × 10−2 [−8.62, 4.82] × 10−3

CbLeR [−1.47, 1.67] × 10−2 [−7.29, 8.99] × 10−3

CbRL1 [−1.65, 1.49] × 10−2 [−8.86, 7.48] × 10−3

CbReR [−1.73, 1.40] × 10−2 [−9.38, 6.63] × 10−3

123

548 Page 8 of 10 Eur. Phys. J. C (2017) 77 :548

where s, t , and u are the Mandelstam variables. The total
partonic cross section is

σ̂ = s
144π

!
|Fq LℓL (s)|2 + |Fq RℓR (s)|2

+ |Fq LℓR (s)|2 + |Fq RℓL (s)|2
"
, (A.2)

while the hadronic cross section is obtained after convoluting
the partonic one with the corresponding parton luminosity
functions

Lq q̄ (τ, µF ) =
# 1

τ

dx
x

fq (x, µF ) fq̄ (τ/x, µF ). (A.3)

In particular, the cross section in the dilepton invariant mass
bin

$
τ bin

min, τ
bin
max

%
is given by

σ bin(p p→ℓ+ℓ−) =
&

q

# τ bin
max

τ bin
min

dτ 2Lq q̄ (τ, µF ) σ̂ (τ s0).

(A.4)

Appendix B: Operator limits

In Table 1 we show the present 2σ limits on the 36 inde-
pendent four-fermion operators contributing to pp → ℓ+ℓ−

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 Cx ≡ v2

%2 cx .
In the case of operators involving bL quark instead, 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 (L̄ L)(L̄ L)
operators with the same fermion content. This correlation is
shown explicitly in the 2d fit of Fig. 3.

Table 1 One-parameter 2σ limits from pp → µ+µ−, e+e−

Ci ATLAS 36.1 fb−1 3000 fb−1

C (1)
Q1L2 [−5.73, 14.2] × 10−4 [−1.30, 1.51] × 10−4

C (3)
Q1L2 [−7.11, 2.84] × 10−4 [−5.25, 5.25] × 10−5

Cu R L2 [−0.84, 1.61] × 10−3 [−2.00, 2.66] × 10−4

Cu RµR [−0.52, 1.36] × 10−3 [−1.04, 1.08] × 10−4

CQ1µR
[−0.82, 1.27] × 10−3 [−2.25, 4.10] × 10−4

CdR L2 [−2.13, 1.61] × 10−3 [−8.98, 5.11] × 10−4

CdRµR [−2.31, 1.34] × 10−3 [−4.89, 3.33] × 10−4

C (1)
Q2L2 [−8.84, 7.35] × 10−3 [−3.83, 2.39] × 10−3

C (3)
Q2L2 [−9.75, 5.56] × 10−3 [−1.43, 1.15] × 10−3

CQ2µR
[−7.53, 8.67] × 10−3 [−2.58, 3.73] × 10−3

CsR L2 [−1.04, 0.93] × 10−2 [−4.42, 3.33] × 10−3

CsRµR [−1.09, 0.87] × 10−2 [−4.67, 2.73] × 10−3

CcR L2 [−1.33, 1.52] × 10−2 [−4.58, 6.54] × 10−3

CcRµR [−1.21, 1.62] × 10−2 [−3.48, 6.32] × 10−3

CbL L2 [−2.61, 2.07] × 10−2 [−11.1, 6.33] × 10−3

CbLµR [−2.28, 2.42] × 10−2 [−8.53, 10.0] × 10−3

CbRL2 [−2.41, 2.29] × 10−2 [−9.90, 8.68] × 10−3

CbRµR [−2.47, 2.23] × 10−2 [−10.5, 7.97] × 10−3

C (1)
Q1L1 [−0.0, 1.75] × 10−3 [−1.01, 1.13] × 10−4

C (3)
Q1L1 [−8.92,−0.54] × 10−4 [−3.99, 3.93] × 10−5

Cu R L1 [−0.19, 1.92] × 10−3 [−1.56, 1.92] × 10−4

Cu ReR [0.15, 2.06] × 10−3 [−7.89, 8.23] × 10−5

CQ1eR [−0.40, 1.37] × 10−3 [−1.8, 2.85] × 10−4

CdR L1 [−2.1, 1.04] × 10−3 [−7.59, 4.23] × 10−4

CdReR [−2.55, 0.46] × 10−3 [−3.37, 2.59] × 10−4

C (1)
Q2L1 [−6.62, 4.36] × 10−3 [−3.31, 1.92] × 10−3

C (3)
Q2L1 [−8.24, 2.05] × 10−3 [−8.87, 7.90] × 10−4

CQ2eR [−4.67, 6.34] × 10−3 [−2.11, 3.30] × 10−3

CsR L1 [−7.4, 5.9] × 10−3 [−3.96, 2.8] × 10−3

CsReR [−8.17, 5.06] × 10−3 [−3.82, 2.13] × 10−3

CcR L1 [−0.83, 1.13] × 10−2 [−3.74, 5.77] × 10−3

CcReR [−0.67, 1.27] × 10−2 [−2.59, 4.17] × 10−3

CbL L1 [−1.93, 1.19] × 10−2 [−8.62, 4.82] × 10−3

CbLeR [−1.47, 1.67] × 10−2 [−7.29, 8.99] × 10−3

CbRL1 [−1.65, 1.49] × 10−2 [−8.86, 7.48] × 10−3

CbReR [−1.73, 1.40] × 10−2 [−9.38, 6.63] × 10−3

123

548 Page 8 of 10 Eur. Phys. J. C (2017) 77 :548

where s, t , and u are the Mandelstam variables. The total
partonic cross section is

σ̂ = s
144π

!
|Fq LℓL (s)|2 + |Fq RℓR (s)|2

+ |Fq LℓR (s)|2 + |Fq RℓL (s)|2
"
, (A.2)

while the hadronic cross section is obtained after convoluting
the partonic one with the corresponding parton luminosity
functions

Lq q̄ (τ, µF ) =
# 1

τ

dx
x

fq (x, µF ) fq̄ (τ/x, µF ). (A.3)

In particular, the cross section in the dilepton invariant mass
bin

$
τ bin

min, τ
bin
max

%
is given by

σ bin(p p→ℓ+ℓ−) =
&

q

# τ bin
max

τ bin
min

dτ 2Lq q̄ (τ, µF ) σ̂ (τ s0).

(A.4)

Appendix B: Operator limits

In Table 1 we show the present 2σ limits on the 36 inde-
pendent four-fermion operators contributing to pp → ℓ+ℓ−

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 Cx ≡ v2

%2 cx .
In the case of operators involving bL quark instead, 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 (L̄ L)(L̄ L)
operators with the same fermion content. This correlation is
shown explicitly in the 2d fit of Fig. 3.

Table 1 One-parameter 2σ limits from pp → µ+µ−, e+e−

Ci ATLAS 36.1 fb−1 3000 fb−1

C (1)
Q1L2 [−5.73, 14.2] × 10−4 [−1.30, 1.51] × 10−4

C (3)
Q1L2 [−7.11, 2.84] × 10−4 [−5.25, 5.25] × 10−5

Cu R L2 [−0.84, 1.61] × 10−3 [−2.00, 2.66] × 10−4

Cu RµR [−0.52, 1.36] × 10−3 [−1.04, 1.08] × 10−4

CQ1µR
[−0.82, 1.27] × 10−3 [−2.25, 4.10] × 10−4

CdR L2 [−2.13, 1.61] × 10−3 [−8.98, 5.11] × 10−4

CdRµR [−2.31, 1.34] × 10−3 [−4.89, 3.33] × 10−4

C (1)
Q2L2 [−8.84, 7.35] × 10−3 [−3.83, 2.39] × 10−3

C (3)
Q2L2 [−9.75, 5.56] × 10−3 [−1.43, 1.15] × 10−3

CQ2µR
[−7.53, 8.67] × 10−3 [−2.58, 3.73] × 10−3

CsR L2 [−1.04, 0.93] × 10−2 [−4.42, 3.33] × 10−3

CsRµR [−1.09, 0.87] × 10−2 [−4.67, 2.73] × 10−3

CcR L2 [−1.33, 1.52] × 10−2 [−4.58, 6.54] × 10−3

CcRµR [−1.21, 1.62] × 10−2 [−3.48, 6.32] × 10−3

CbL L2 [−2.61, 2.07] × 10−2 [−11.1, 6.33] × 10−3

CbLµR [−2.28, 2.42] × 10−2 [−8.53, 10.0] × 10−3

CbRL2 [−2.41, 2.29] × 10−2 [−9.90, 8.68] × 10−3

CbRµR [−2.47, 2.23] × 10−2 [−10.5, 7.97] × 10−3

C (1)
Q1L1 [−0.0, 1.75] × 10−3 [−1.01, 1.13] × 10−4

C (3)
Q1L1 [−8.92,−0.54] × 10−4 [−3.99, 3.93] × 10−5

Cu R L1 [−0.19, 1.92] × 10−3 [−1.56, 1.92] × 10−4

Cu ReR [0.15, 2.06] × 10−3 [−7.89, 8.23] × 10−5

CQ1eR [−0.40, 1.37] × 10−3 [−1.8, 2.85] × 10−4

CdR L1 [−2.1, 1.04] × 10−3 [−7.59, 4.23] × 10−4

CdReR [−2.55, 0.46] × 10−3 [−3.37, 2.59] × 10−4

C (1)
Q2L1 [−6.62, 4.36] × 10−3 [−3.31, 1.92] × 10−3

C (3)
Q2L1 [−8.24, 2.05] × 10−3 [−8.87, 7.90] × 10−4

CQ2eR [−4.67, 6.34] × 10−3 [−2.11, 3.30] × 10−3

CsR L1 [−7.4, 5.9] × 10−3 [−3.96, 2.8] × 10−3

CsReR [−8.17, 5.06] × 10−3 [−3.82, 2.13] × 10−3

CcR L1 [−0.83, 1.13] × 10−2 [−3.74, 5.77] × 10−3

CcReR [−0.67, 1.27] × 10−2 [−2.59, 4.17] × 10−3

CbL L1 [−1.93, 1.19] × 10−2 [−8.62, 4.82] × 10−3

CbLeR [−1.47, 1.67] × 10−2 [−7.29, 8.99] × 10−3

CbRL1 [−1.65, 1.49] × 10−2 [−8.86, 7.48] × 10−3

CbReR [−1.73, 1.40] × 10−2 [−9.38, 6.63] × 10−3
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sor currents, expected to be suppressed by the light fermion
Yukawa couplings), dimension-six operators can contribute
to q q̄ → ℓ+ℓ−either by modifying the SM contributions
due to the Z exchange or via local four-fermion interactions.
The former class of deviations can be probed with high preci-
sion by on-shell Z production and decays at both LEP-1 and
LHC (see e.g. Ref. [13]). Also, such effects are not enhanced
at high energies, scaling like ∼v2/"2, where v ≃246 GeV.

For these reasons we neglect them and focus on the four-
fermion interactions which comprise four classes depend-
ing on the chirality: (L̄ L)(L̄ L), (R̄R)(R̄R), (R̄R)(L̄ L) and
(L̄ L)(R̄R). In particular, the relevant set of operators is

LSMEFT ⊃
c(3)Qi j Lkl

"2 (Q̄iγµσ aQ j )(L̄kγ
µσaLl)

+
c(1)Qi j Lkl

"2 (Q̄iγµQ j )(L̄kγ
µLl)

+
cu i j ekl
"2 (ū iγµu j )(ēkγ µel)+

cdi j Lkl

"2 (d̄iγµd j )(ēkγ µel)

+
cu i j Lkl

"2 (ū iγµu j )(L̄kγ
µLl)+

cdi j Lkl

"2 (d̄iγµd j )(L̄kγ
µLl)

+
cQi j ekl

"2 (Q̄iγµQ j )(ēkγ µel) (1)

where i, j, k, l are flavor indices, Qi = (V ∗
j i u

j
L , d

i
L)

T and
Li = (νiL , ℓ

i
L)

T are the SM left-handed quark and lepton
weak doublets and di , u i , ei are the right-handed singlets.
V is the CKM flavor mixing matrix and σ a are the Pauli
matrices acting on SU (2)L space.

An equivalent classification of the possible contact inter-
actions can be obtained by studying directly the q q̄ → ℓ−ℓ+

scattering amplitude:

A(qip1
q̄ j
p2→ℓ−

p′
1
ℓ+p′

2
)

= i
!

qL ,qR

!

ℓL ,ℓR

(q̄iγ µq j ) (ℓ̄γµℓ) Fqℓ(p2), (2)

where p ≡ p1 + p2 = p′
1 + p′

2, and the form factor Fqℓ(p2)

can be expanded around the physical poles present in the SM
(photon and Z boson propagators), leading to

Fqℓ(p2) = δi j
e2QqQℓ

p2 + δi j
g qZ g

ℓ
Z

p2 −m2
Z + imZ'Z

+
ϵ
qℓ
i j

v2 .

(3)

Here, Qq(ℓ) is the quark (lepton) electric charge and g q(ℓ)Z

is the corresponding coupling to Z boson: in the SM g f
Z =

2mZ
v (T 3

f −Q f sin2 θW ). The contact terms ϵ
qℓ
i j are related to

the EFT coefficients in Eq. (1) by simple relations ϵx = v2

"2 cx .
The only constraint on the contact terms imposed by SU (2)L

invariance are ϵ
dLekR
i j = ϵ

u LekR
i j = cQi j ekkv

2/"2.

Fig. 1 Rµ+µ−/e+e− as a function of the dilepton invariant mass mℓ+ℓ−
for three new physics benchmark points. See text for details

The dilepton invariant mass spectrum can be written (see
Appendix A),

dσ

dτ
=

"
dσ

dτ

#

SM
×

$
q,ℓ Lqq̄(τ, µF )|Fqℓ(τ s0)|2

$
q,ℓ Lqq̄(τ, µF )|FSM

qℓ (τ s0)|2
, (4)

where τ ≡ m2
ℓ+ℓ−/s0 and

√
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 flavors 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 factorize to a large extent.
Therefore, consistently including those corrections in the SM
prediction is enough to achieve good theoretical accuracy. It
is still useful to define the differential LFU ratio,

Rµ+µ−/e+e−(mℓℓ) ≡ dσµµ

dmℓℓ
/

dσee

dmℓℓ

=
$

q,µ Lqq̄(m2
ℓℓ/s0, µF )|Fqµ(m2

ℓℓ)|2$
q,e Lqq̄(m2

ℓℓ/s0, µF )|Fqe(m2
ℓℓ)|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 RSM

µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As
an illustration, in Fig. 1 we show the predictions for this
observable at

√
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to derive
these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton tails
measurements with the recent experimental hints on lepton-
flavor 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 detail in
Sect. 3, a good fit of the flavor anomalies can be obtained
with a left-handed chirality structure. For this reason, when
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The dilepton invariant mass spectrum can be written (see
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ℓ+ℓ−/s0 and
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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 flavors 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 factorize to a large extent.
Therefore, consistently including those corrections in the SM
prediction is enough to achieve good theoretical accuracy. It
is still useful to define the differential LFU ratio,
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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 RSM

µ+µ−/e+e−(mℓℓ) ≃1 with very high accuracy. As
an illustration, in Fig. 1 we show the predictions for this
observable at

√
s0 = 13 TeV, assuming new physics in three

benchmark operators. The parton luminosities used to derive
these predictions are discussed in the next chapter.

A goal of this work is to connect the high-pT dilepton tails
measurements with the recent experimental hints on lepton-
flavor 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 detail in
Sect. 3, a good fit of the flavor anomalies can be obtained
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