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Plot by D. Marzocca

The global significance of the New Physics hypothesis  
in b → sμ+μ- (very conservative SM uncertainties estimate) is:

3.9σ Lancierini, Isidori, Owen, Serra [2104.05631]

Compilation of “clean” observables Angular observables and Br’s

Specific NP hypothesis, with less conservative estimates 
of SM uncertainties show significances in the 5.9 - 7σ range.
Altmannshofera and Staub [2103.13370], Algueró et al. [2104.08921], Geng et al. [2103.12738]

Best-fit for αbs=0:  Λbs ≈ 37 TeV

Very good solution to all these deviations with:

RK and the other b→s µ+µ- probes
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From flavour to High-pT: EFT

The same contact interactions 
can be probed at both high 
and low energies

Crossing 
symmetry

Drell-Yan tailMeson decays

Λbsµ ~ 37 TeV

From RK anomalies:
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Λbsµ > 2.4 (4.1) TeV
Present (future 3ab-1) limits from LHC:

[Greljo, DM 1704.09015] 
[See also Kohda et al. 1803.07492, Afik et al. 1811.07920] 
ATLAS search ATLAS-CONF-2021-012

No hope to see this directly…. but…

If  mEW < Eµµ ≪ MNP we can use an EFT approach:

 ATLAS-CONF-2021-012

https://cds.cern.ch/record/2759286
https://cds.cern.ch/record/2759286
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In Minimal Flavor Violation the b-s contact interaction is 
suppressed by Vts compared to flavor-diagonal ones:

D’Ambrosio, Giudice, Isidori, Strumia [hep-ph/0207036]

From flavour to High-pT: EFT and MFV
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is fixed by RK fits

We get a prediction for CDµ 
(up to O(1) factors)
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Coeff. of flavor-diagonal 
(qi-qi-μ-μ) operators

4

first row of Eq. (1) (see for example [25]). Moreover, the
triplet operator could at the same time solve the anomalies
in charged-currrent (RD(⇤) ) , see e.g. Refs. [26,27,28].

Matching at the tree level this operator to the standard
effective weak Hamiltonian describing b ! s transitions,
one finds
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9 =�DCµ

10 =
p

aVtbV ⇤
ts

Cbsµ , (9)

where a is the electromagnetic fine structure constant while
|Vts| = (40.0± 2.7)⇥ 10�3 and |Vtb| = 1.009± 0.031 are
CKM matrix elements [29].

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

DCµ
9 =�DCµ

10 =�0.61±0.12 . (10)

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

⇤v2/L 2, ob-
taining L/g⇤ ⇡ 32+4

�3 TeV. Depending on the value of g⇤,
i.e. from the particular UV origin of the operator, the scale
of new physics L can be within or out of the reach of LHC
direct searches. We show that even in the latter case, under
some assumptions it can be possible to observe an effect
in the dimuon high energy tail. When comparing low and
high-energy measurements, the renormalisation group ef-
fects should in principle be taken into account. Since these
effects are small in this case, we neglect it in what follows
(see for example [25]).

We concentrate on UV models in which new particles
are above the scale of threshold production at the LHC,
such that the EFT approach is applicable in the most en-
ergetic dilepton events. We stress however that even for
models with light new physics these searches can be rele-
vant.

Let us discuss the flavour structure of the CD(U)µ
i j matri-

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

p
aVtbV ⇤

ts
Cbsµ

����< 100 (39) , (11)

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

On the other hand, taking the b! sµ+µ� flavour anoma-
lies at face value provides a measurement of the Cbsµ coef-
ficient (via Eq. (9)). In most flavour models flavour-violating
couplings are related (by symmetry or dynamics) to flavour-
diagonal one(s). In this case we can use the LHC upper

�������
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Fig. 3 Present and projected 95% CL limits from pp ! µ+µ� in the
MFV case defined by Eq. (14).

limit on |Cqµ | from the dimuon high-pT tail in order to set
a lower bound on |l q

bs|, defined as the ratio

l q
bs ⌘Cbsµ/Cqµ . (12)

In the following we study such limits for several particu-
larly interesting scenarios.

1) Minimal flavour violation
Under this assumption [30] the only source of flavour vio-
lation are the SM Yukawa matrices Yu ⌘ V †diag(yu,yc,yt)
and Yd ⌘ diag(yd ,ys,yb). Using a spurion analysis one can
estimate

c(3,1)Qi jL22
⇠
⇣

1+aYuY †
u +bYdY †

d

⌘

i j
, (13)

where a,b ⇠O(1), which implies the following structure:

Cuµ =Ccµ =Ctµ ⌘CUµ ,

Cdµ =Csµ =Cbµ ⌘CDµ ,
(14)

while flavour-violating terms are expected to be CKM sup-
pressed, for example |Cbsµ | ⇠ |VtbV ⇤

tsy2
t CDµ |. In this case

the contribution to rare B meson decays has a Vts sup-
pression, while the dilepton signal at high-pT receives an
universal contribution dominated by the valence quarks in
the proton. The flavour fit in Eq. (10) combined with this
flavour structure would imply a value of |CDµ | ⇠ 1.4 ⇥
10�3 which, as can be seen from the limits in Fig. 3, is
already probed by the ATLAS dimuon search [11] depend-
ing on the origin of the operator (i.e. from the SU(2) sin-
glet or triplet structure) and will definitely be investigated

The MFV solution is in 
tension with LHC Drell-Yan!

[Greljo, DM 1704.09015]
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Tree-level Mediators: Z’
Altmannshofer et al 1403.1269, Allanach et al. 1904.10954, 2009.02197, 2103.12056, etc…

This can be searched in high-pT Drell-Yan. 
For MFV-like flavor structure (e.g. U(1)B-L):

[Greljo, DM 1704.09015]

Excluded if MFV.

This bound is avoided if Z’ coupled mainly to 3rd gen: 
e.g. U(1)B3-L2 or via mixing with vector-like quarks.
Allanach 2009.02197, Altmannshofer et al 1403.1269

Bs-mixing induced at tree-level:

 + imposing RK:

Saturating this and for gμμ~ √4π:

Upper bound on MZ'
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Tree-level Mediators: Leptoquarks

Bs-mixing is only loop-induced.

Lint ⊃

TeV-scale LQs can fit the anomaly with small couplings.vector scalar

[Gherardi, DM, Venturini 2008.09548]

2008.09548

No show-stoppers to fit the 
RK anomalies with LQs at tree-level.
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Charged-current B-anomalies
Semi-leptonic b to c decays

Charged-current interaction: tree-level effect 
in the SM, with mild CKM suppression


 
LFU ratios:
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• RH & scalar currents disfavoured 


• SM predictions robust: form factors  
cancel in the ratio (to a good extent)


• Consistent results by three very different 
experiments, in different channels


• Large backgrounds & systematic errors

~ 20% enhancement in LH currents  
~ 4σ from SM
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All measurements since 2012 
consistently above the SM predictions

While μ/e universality well tested

~ 14% enhancement from the SM

~ 3σ from the SM (3.7σ when combined)

Belle - [1510.03657]
R(D)µ/e = 0.995 ± 0.045
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D(*)

τ

ν

Low-energy New Physics interpretations:
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1

Λ / √c  ~  4.5 TeV

Other solutions with tensor and scalar 
operators also fit well data.



David Marzocca (INFN) SM@LHC 2021 - 28/04/2021 8

From RK to R(D(*)) anomalies
A large coupling to the τ induces an RG-
enhanced lepton-flavor universal 
contribution proportional to C9u  

Correct size 
obtained with the 
preferred value of 
R(D(*)).

Capdevila et al. 1712.01919, Crivellin et al. 1807.02068

[Gherardi, DM, Venturini 2008.09548]

SM gauge invariance SU(2)L
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3. operators containing flavour-blind contractions of the light fields have vanishing Wil-

son coefficients.

We first discuss the consequences of these hypotheses on the structure of the relevant effec-

tive operators and then proceed analysing the experimental constraints on their couplings.

2.1 The effective Lagrangian

According to the first hypothesis listed above, we consider the following effective Lagrangian

at a scale Λ above the electroweak scale

Leff = LSM− 1

v2
λq
ijλ

!
αβ

[
CT (Q̄i

Lγµσ
aQj

L)(L̄
α
Lγ

µσaLβ
L) + CS (Q̄i

LγµQ
j
L)(L̄

α
Lγ

µLβ
L)
]
, (2.1)

where v ≈ 246GeV. For simplicity, the definition of the EFT cutoff scale and the nor-

malisation of the two operators is reabsorbed in the flavour-blind adimensional coefficients

CS and CT .

The flavour structure in eq. (2.1) is contained in the Hermitian matrices λq
ij , λ

!
αβ and

follows from the assumed U(2)q × U(2)! flavour symmetry and its breaking. The flavour

symmetry is defined as follows: the first two generations of left-handed quarks and leptons

transform as doublets under the corresponding U(2) groups, while the third generation

and all the right-handed fermions are singlets. Motivated by the observed pattern of the

quark Yukawa couplings (both mass eigenvalues and mixing matrix), it is further assumed

that the leading breaking terms of this flavour symmetry are two spurion doublets, Vq and

V!, that give rise to the mixing between the third generation and the other two [31, 32].

The normalisation of Vq is conventionally chosen to be Vq ≡ (V ∗
td, V

∗
ts), where Vji denote

the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In the lepton sector we

assume V! ≡ (0, V ∗
τµ) with |Vτµ| % 1. We adopt as reference flavour basis the down-

type quark and charged-lepton mass eigenstate basis, where the SU(2)L structure of the

left-handed fields is

Qi
L =

(
V ∗
jiu

j
L

diL

)
, Lα

L =

(
ναL
%αL

)
. (2.2)

A detailed discussion about the most general flavour structure of the semi-leptonic

operators compatible with the U(2)q×U(2)! flavour symmetry and the assumed symmetry-

breaking terms is presented in appendix A. The main points can be summarised as follows:

1. The factorised flavour structure in eq. (2.1) is not the most general one; however,

it is general enough given that the available data are sensitive only to the flavour-

breaking couplings λq
sb and λ!

µµ (and, to a minor extent, also to λ!
τµ). By construction,

λq
bb = λ!

ττ = 1.

2. The choice of basis in eq. (2.2) to define the U(2)q ×U(2)! singlets (i.e. to define the

“third generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects

itself in the values of λq
sb, λ

!
µµ, and λ!

τµ, that, in absence of a specific basis alignment,

are expected to be

λq
sb = O(|Vcb|) , λ!

τµ = O(|Vτµ|) , λ!
µµ = O(|Vτµ|2) . (2.3)

– 4 –
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Charged-current in muons⇠ gµVts
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Generalising lepton flavour

Λ/√gτ ~ 1 TeV
same hierarchy as

R(D(*))
ge ≪ gµ ≪ gτIf

Required for RK

me ≪ mµ ≪ mτ

Usually UV physics generates both. 
The exception are Z’ models, which 
generate only the singlet

Λ/√gµ ~ 7 TeV
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CKM-like flavor structure
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From R(D(*)) to mono-τ tails

ν      

τ      
b

c

B

D(*)
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Crossing 
symmetry

Greljo, Camalich, Ruiz-Alvarez [1811.07920]
The mono-tau tail is directly sensitive to the same operator (or mediator) contributing to R(D(*))

2

full field content of the SM [39, 40]. Without specifying
the flavour structure, we focus on the collider signature
that stems exclusively from four-fermion operators giv-
ing c̄b ⌧̄ ⌫ in the fermion mass basis, which are the ones
directly linked to RD(⇤) . Finally, when connecting the
values of the WCs at µ = mb to those at µ = ⇤, one
needs to account for the rescaling and mixing e↵ects in-
duced by the renormalization group evolution produced
by SM radiative corrections [41–46].

TABLE I. Values of the WCs at µ = mb of the EFT La-
grangian of eq. (1) for semi-tauonic b ! c transitions fitted to
the current values of RD(⇤) . For the theoretical analysis we
follow ref. [22].

Left-handed Tensor Scalar-Tensor Right-handed
✏cbL ✏cbT ✏cbSL

✏cbT ✏̃cbR
0.11(2) 0.37(1) 0.18(7) �0.042(10) 0.48(6)

At low energies, these operators induce semi-tauonic B
decays, as shown in Fig. 1 left. The characteristic (V �A)
structure remaining in the ⇤ ! 1 limit incarnates the
SM contribution, whereas di↵erent combinations of these
operators have been found to accommodate the RD(⇤)

anomalies [47–49]. A sample of the preferred NP solu-
tions is shown in Tab. I.

At high energies, these operators contribute to pp !

⌧⌫X at the LHC, as shown in Fig. 1 right. Schematically,
the ratio of NP and SM cross-sections for this process, at
energies

p
s � MW and leading order in QCD, reads

�NP

�SM
⇠

P
i Lib ⌦ |Vib|

2 s
v4

�
↵�|✏

ib
� |

2
�

Lud ⌦ |Vud|
2 s
v4

⇣
M2

W
s

⌘2 , (2)

where the sum over flavors refers to the up and charm

quark in Eq. 1 and are convoluted by the luminosity func-
tions Lij containing the corresponding parton distribu-
tion functions (PDF). The SM cross-section is given by
the W± exchange while in the NP one ↵� is an operator-
dependent factor (e.g. ↵L = 1). The sensitivity to NP
in b ! ui comes from the quadratic dependence on the
WCs, while the interference with the SM is relevant only
when involving both up and down flavors [33, 50].

At first glance, one might conclude that e↵ects in
b ! ui are negligible when compared with the domi-
nant SM production from ud̄, dū fusion, which is PDF
and CKM favoured. However, in the high-pT tails above
the EWSB scale, the SM amplitude unitarises while the
EFT one keeps growing. Interestingly, the energy en-
hancement in the tails is large enough to compensate for
the aforementioned suppressions leading to bounds com-
petitive to B-decays. Finally, the absence of interference
e↵ects implies that the collider signature is sensitive only
to the Lorentz structure (“vector”, “scalar” or “tensor”)
and not to the chirality of the partonic currents.

To perform our numerical collider studies we use
MadGraph5 AMC@NLO v2.6.1 [51, 52] with the NNPDF

FIG. 2. 1� (red) and 2� (blue) ranges on the absolute value
of the WCs of semi-tauonic cb transitions at µ = mb.

3.0 PDF set (and using FeynRules 2.0 [53]) to gener-
ate samples of the inclusive process pp ! ⌧hX + MET.
We work at leading order in QCD but we add up to two
jets at the partonic level, introducing (↵s/⇡)-suppressed
NP contributions through e.g. gc̄ ! b̄⌧

�
⌫̄ [35] or gg !

cb̄⌧
�
⌫̄ on top of the numerically more significant bc̄ !

⌧
�
⌫̄. The output is matched to Pythia 8 v8.230 [54]

for modeling the parton showers and hadronization and,
finally, to Delphes v3.4.1 [55] for proper detector sim-
ulation with default ATLAS and CMS detectors config-
urations. We compare our simulations to W

0 searches in
this channel performed by ATLAS with 36.1 fb�1 [56]
and CMS with 35.9 fb�1 [57]. Simulations are ran in-
dependently for each experiment and we apply the same
kinematic cuts described in their papers.

A good agreement, within a ⇠ 20%, is obtained be-
tween our simulated transverse mass distributions of the
⌧h (mT ) in W

�
! ⌧

�
⌫̄ and those reported by the ex-

perimental collaborations. The total signal is compared
to the mT distributions measured by ATLAS and CMS
assuming Poissonian probabilities for the events in each
bin [58]. In our analysis of NP, we systematically take
into account the renormalization-group evolution of the
WCs by assigning µ equal to the average mT in each bin.
Systematic uncertainties of the SM backgrounds reported
by the experiments are incorporated in the analysis by
means of nuisance parameters that we assume to be nor-
mally distributed and uncorrelated. The results of the
statistical analyses presented in this work stem from the
profile likelihoods depending exclusively on the WCs. In
addition to the analysis of the current data, we perform
a sensitivity study for the LHC after run 2 (150 fb�1)
and after the HL-LHC phase (3 ab�1), assuming that
the systematic uncertainties of the SM background scale
with luminosity as �/N ⇠ 1/

p
N [59].

In Tab. II we show the results of our NP collider anal-
ysis in terms of the cb four-fermion operators. The fits to
the two collaborations di↵er mainly because ATLAS has
a slight excess of events in the mT distribution whereas
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Admir Greljo,1 Jorge Martin Camalich,1, 2, 3 and José David Ruiz-Álvarez4
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We investigate the crossing-symmetry relation between b ! c⌧�⌫̄ decay and bc̄ ! ⌧�⌫̄ scattering
to derive direct correlations of New Physics in semi-tauonic B-meson decays and the mono-tau
signature at the LHC (pp ! ⌧hX + MET). Using an exhaustive set of e↵ective operators and heavy
mediators we find that the current ATLAS and CMS data constrain scenarios addressing anomalies in
B-decays. Pure tensor solutions, completed by leptoquark, and right-handed solutions, completed
by W 0

R or leptoquark, are challenged by our analysis. Furthermore, the sensitivity that will be
achieved in the high-luminosity phase of the LHC will probe all the possible scenarios that explain
the anomalies. Finally, we note that the LHC is also competitive in the b ! u transitions and
bounds in some cases are currently better than those from B decays.

Introduction: Branching fractions of semi-tauonic
B-meson decays, measured through the ratios RD(⇤) =
�(B ! D

(⇤)
⌧⌫)/�(B ! D

(⇤)
`⌫) (with ` = e or µ), ap-

pear to be enhanced with respect to the Standard Model
(SM) by roughly thirty percent, with a global significance
of⇠ 4� [1–11]. If this is due to new physics (NP), its mass
scale is expected to be not far above the TeV scale (see
e.g. [12]). The most immediate question is whether such
NP is already ruled out by the existing high-pT searches
and, if not, what is the roadmap for its direct discovery.

From a bottom-up perspective the NP interpretation
of the RD(⇤) anomalies involves two di↵erent aspects,
(i) new dynamics (i.e. degrees of freedom), and (ii)
the flavour structure. Both aspects are relevant when
it comes to identifying correlated e↵ects in other ob-
servables such as weak hadron or ⌧ decays, electroweak
precision observables and high-pT LHC signatures (see
e.g. [13]).

The Lorentz structure of the e↵ective operators that
describe the e↵ects of the hypothesized heavy mediators
at low energies can be discriminated by using b ! c⌧⌫ de-
cay data alone [14–24]. On the other hand, most of flavor
data is consistent with the SM, which suggests that such
NP must couple mainly to the third generation of quarks
and leptons [13, 25–32]. However, in general, and with-
out the guidance of a theory of flavor, models addressing
the anomalies have some freedom in the way they im-
plement couplings in flavor space. All this complicates
defining conclusive tests in other weak hadron decays or
clear direct-search strategies at the LHC.

The aim of this letter is to discuss and explore in detail
the phenomenology of a collider signature that should be
produced at the LHC by any model addressing the RD(⇤)

anomalies with new heavy mediators. The main idea, il-
lustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the NP, crossing symmetry univocally
connects the b ! c⌧

�
⌫̄ decay and the bc̄ ! ⌧

�
⌫̄ scatter-

ing processes [14, 33–36]. As we demonstrate below, the
analysis of pp ! ⌧⌫X at the LHC already excludes broad
classes of models addressing the anomalies and provides
a “no-lose theorem” for the direct discovery of NP at

FIG. 1. Illustration of the complementarity in b ! c⌧⌫ transi-
tions as measured in B meson decays and inclusive production
of ⌧+MET of high-pT LHC.

the LHC, in case the RD(⇤) anomalies were confirmed in
the future. Furthermore, these searches simultaneously
constrain operators involving semi-tauonic b ! u transi-
tions with bounds that are currently competitive, or even
better, than those obtained in B decays.
E↵ective-field theory: We start with a low-energy

e↵ective field theory (EFT) of NP in semi-tauonic b ! ui

transitions (with ui up- or charm-quarks) [37, 38],

Le↵ � �
2Vib

v2

"⇣
1 + ✏

ib
L

⌘
⌧̄ �µPL⌫⌧ · ūi�

µ
PLb

+ ✏
ib
R ⌧̄ �µPL⌫⌧ · ūi�

µ
PRb+ ✏

ib
T ⌧̄�µ⌫PL⌫⌧ · ūi�

µ⌫
PLb

+ ✏
ib
SL

⌧̄PL⌫⌧ · ūiPLb+ ✏
ib
SR

⌧̄PL⌫⌧ · ūiPRb

#
+ h.c. (1)

where subindices label quark flavor in the mass basis, Vij

are the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements, PL,R are the chiral projectors, �µ⌫ = i/2[�µ

, �
⌫ ]

and we have used v ⇡ 246 GeV the electroweak symme-
try breaking (EWSB) scale. With this normalization, the
Wilson coe�cients (WCs) scale as ✏� ⇠ v

2
/⇤2, where ⇤

is the characteristic scale of NP. Light right-handed neu-
trinos can be added to Eq. (1) with the replacements
PL ! PR in the leptonic currents and ✏� ! ✏̃� in label-
ing the WCs. None of these operators interfere with the
SM for vanishing neutrino masses.
In order to connect this EFT to NP with a typical scale

⇤ � v, one needs to switch first to another EFT which
is invariant under SU(2)L⇥U(1)Y and is built using the
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FIG. 3. Bounds on representative explicit models that address the RD(⇤) anomalies. Left: The U1 vector leptoquark. Right: A
potentially broad W 0 gauge boson. See main text for details.

TABLE II. 2� upper bounds for the absolute value of the
WCs of semi-tauonic cb transitions at µ = mb.

Data set Vector Scalar Tensor
ATLAS (36.1 fb�1) 0.55 0.93 0.26
CMS (35.9 fb�1) 0.25 0.45 0.12
LHC combined 0.32 0.57 0.16
LHC (150 fb�1) 0.21 0.37 0.10

HL-LHC 0.10 0.17 0.05

the one of CMS is systematically consistent with the SM.
The most remarkable result shown in this table is that,
combining the analysis of the two sets of data, we arrive
at a sensitivity to NP which is, indeed, competitive to the
one achieved in B decays. In fact, the collider data poses
already a challenge to some of the possible explanations
to the RD(⇤) anomaly. To make this discussion clearer,
we compare in Fig. 2 the results from the fits to RD(⇤)

shown in Tab. I with the ones obtained from the collider
analysis. The tensor and right-handed solutions are ex-
cluded at more than 2� with the current data, while the
HL-LHC will probe the two remaining scenarios in Tab. I.

A caveat in this analysis concerns the range of conver-
gence of the expansion in powers of (s/⇤2) implied by
the EFT. This manifests, for instance, in the pathologi-
cal behaviour of the cross section, Eq. (2), for

p
s � ⇤,

leading to the upper bound ⇤ . 9 TeV by means of uni-
tarity arguments [12]. In the upper horizontal axis of
Fig. 2 we show the bounds in terms of the NP scale de-
fined as ⇤ = v/

p
|Vcb||✏�|, which result to be within the

range of mT reported by the experiments. The bins most
sensitive to NP turn out to be those in 0.7 TeV . mT .
1.5 TeV; removing the tail of the distribution above that
region has a minimal impact, of . 10%, on the bounds.
Therefore, the EFT analysis should retain its validity for
mediators above this scale.

For scenarios with lighter NP, the EFT study is invalid
and one needs to do the analysis in terms of the partic-
ular UV completions of the operators. The possibilities

in terms of mediators are also quite limited, reducing
to the tree-level exchange of either new colorless vector
(W 0) [28, 60–65] and scalar (H±) [66–70] particles in the
s-channel, or leptoquarks in the t-channel [27, 47, 49, 71–
91]. We will not consider extra Higsses because they are
in conflict with bounds from the decay Bc ! ⌧⌫ [14, 16].

The Leptoquark completion: Leptoquarks (LQ)
carrying di↵erent quantum numbers (or combinations
thereof) can produce all the operators in Eq. (1) [27, 47,
49, 71–91] (we will use same notation as in refs. [92, 93]).
Our analysis involve (i) the scalar LQ S1 = (3̄, 1, 1/3)
producing vector-current (left-handed or right-handed)
solutions; (ii) the S1 producing the scalar-tensor solution;
(iii) the S1 combined with the scalar LQ R2 = (3, 2, 7/6)
to achieve a tensor solution by adjusting the masses
MS1 = MR2 ; (iv) the vector LQ U1 = (3, 1, 2/3) lead-
ing also to the vector-current scenarios. All in all, we
study four di↵erent LQ models, accounting for a total of
six di↵erent NP solutions to the RD(⇤) anomalies.

We simulate the signals scanning the LQ masses in the
range 0.75 TeV to 5 TeV and, for a given mass, we derive
upper bounds on the product of LQ couplings to c- and
b-quarks. In contrast to the EFT analysis, we simulate
without jets at parton level in the final state keeping only
the t-channel contributions, which are those connected
to RD(⇤) . Single- and pair-LQ production topologies ap-
pear with extra jets. These introduce model dependence
in terms of e.g. branching fractions to other possible de-
cay channels, and are the target of direct searches (see
e.g. [94, 95]).

In all the models we find that the bounds on the
coupling-mass plane of the LQ are approximately equal
to those derived from the EFT solutions they incarnate
for masses & 2� 3 TeV. Solutions with lower masses are,
nevertheless, being cornered by the aforementioned direct
searches. Therefore, the conclusions for the LQ are very
similar to the EFT analysis: The two LQ S1-R2 scenario
is excluded by more than 2� in all the mass range. Right-
handed solutions [49, 91] with S1 and U1 are also ex-
cluded by & 2� except for masses below 2 TeV. This mass

Possible solutions with 
RH neutrinos are already 
excluded by mono-τ data.
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Mono-tau tails at LHC
[DM, Min, Son, 2008.07541]

•Improves the Signal/Background ratio 
•Selects only operators with b-quark

Optimise the sensitivity to b → c τ ν 
operators requiring b-jet tagging:

95%CL limits

By comparing 3rd and 4th 
columns: 
b-tagging improves the 
limits by at least ~30%
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Di-tau high-pT tail
If R(D(*)) is addressed by this operator

A sizeable effect is also induced 
in at least one of these:

SU(2)L

[Faroughy, Greljo, Kamenik 1609.07138]

These can be looked for in 
ττ high-pT searches

τ      
  

  τ      

[Buttazzo, Greljo, Isidori, DM 1706.07808, 
see also 1808.08179, 1810.10017 for more general scenarios]
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Tree-level Mediators: Leptoquarks

U1 = (3, 1, 2/3),
Vector Leptoquark

S1 = (3,̅ 1, 1/3), 
S3 = (3,̅ 3, 1/3),

Scalar Leptoquarks

These two setups offer the best 
explanations to both anomalies:

Crivellin et al. 1703.09226; Buttazzo, Greljo, Isidori, DM 
1706.07808; D.M. 1803.10972; Arnan et al 1901.06315; 
Bigaran et al. 1906.01870; Crivellin et al. 1912.04224; 

Saad 2005.04352; V. Gherardi, E. Venturini, D.M. 
2003.12525, 2008.09548; Bordone et al. 2010.03297; 

Crivellin et al. 2010.06593, 2101.07811; ETC…

Barbieri et al 1512.01560; Buttazzo, Greljo, Isidori, DM 
1706.07808; Di Luzio et al 1708.08450; Bordone et al. 

1712.01368; Calibbi et al. ’17; Blanke, Crivellin ’18; 
Cornella et al 2103.16558; Angelescu et al 1808.08179

Scalar Leptoquarks S1 and S3:

Several important observables constraining this model are induced at one-loop. 

We approach this problem systematically, performing a full one-loop analysis by: 

• deriving the complete one-loop SMEFT matching for these two leptoquarks, 

• including an exhaustive list of observables, computed at one-loop.
V. Gherardi, E. Venturini, D.M. [2003.12525]

V. Gherardi, E. Venturini, D.M. [2008.09548]

The combination of the two scalars can address both anomalies. 
If the S1 coupling to RH fermions is allowed, also a solution to (g-2)µ is possible.

MS1,3 ~ 1 TeV

https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
https://arxiv.org/abs/2003.12525
https://arxiv.org/abs/2008.09548
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S1+S3: R(K(*)) + R(D(*)) + (g-2)μ
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Figure 6: Result from the fit in the S1 + S3
(all) model, aimed at addressing all anomalies (see

description in the text).
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R(D(*))10 active couplings

(g-2)µ

A very good fit of all three 
classes of anomalies can be 
achieved, 
while being consistent with all 
phenomenological bounds.



David Marzocca (INFN) SM@LHC 2021 - 28/04/2021 14

The Threefold Way of LQ Searches at LHC
QCD 
pair-production

single-production

High-pT Drell-Yan

[Diaz, Schmaltz, Zhong 1706.05033, 1810.10017; Dorsner, Greljo 1801.07641]

In order to cover all couplings it is important 
to consider all combinations of different 

lepton & quark combinations in final state!
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Leptoquark searches at CMS and ATLAS

CMS ττbb 1703.03995, 1811.00806 
CMS ττtt 1803.02864  
CMS μμjj & μνjj CMS PAS EXO-17-003 
CMS μμtt 1809.05558 
CMS νν+(jj,bb,tt) 1805.10228

CMS

ATLAS lljj, lνjj 1902.00377 
ATLAS lljj 2006.05872 
ATLAS tt(ee,μμ) 2010.02098 
ATLAS LQ→(tν,bτ) 1902.08103 
ATLAS LQ→(bν,tτ) 2101.12527 
ATLAS ttττ 2101.11582

https://arxiv.org/abs/1703.03995
https://arxiv.org/abs/1811.00806
https://arxiv.org/abs/1803.02864
https://cds.cern.ch/record/2308268
https://arxiv.org/abs/1809.05558
https://arxiv.org/abs/1805.10228
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/LQ.html
https://arxiv.org/abs/1902.00377
https://arxiv.org/abs/2006.05872
https://arxiv.org/abs/2010.02098
https://arxiv.org/abs/1902.08103
https://arxiv.org/abs/2101.12527
https://arxiv.org/abs/2101.11582
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Conclusions
• RK anomalies are now rather robust deviations from the SM 
• While signatures at LHC cannot be guaranteed, 

in several motivated scenarios LHC searches are already constraining: 
in particular di-muon high-pT tails. 

• R(D(*)) anomalies still need more experimental confirmation, 
 they would strongly hint to leptoquark solutions. 

• The model-independent signature is mono-τ at high-pT, potentially 
improved by requiring b-tagging. 

• A sizeable effect is also expected in di-tau high-pT tails. 

• In general, following the threefold way of leptoquark searches  
 in all possible channels is crucial.

The Threefold Way 
of LQ Searches at LHC
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Backup
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Di-lepton tails at LHC
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studied in details in Refs. [59,60]. We would like to point
out that similar limits would apply even for a relatively
light LQ (in the ⇠ TeV range). As an illustration, the fit to
low-energy anomalies in the model of Ref. [36] (where the
effect is loop-generated), requires large charm-muon-LQ
coupling, leading to a potentially observable c c̄ ! µ+µ�

production at high-pT . We also note that the single LQ pro-
duction at the LHC can constrain similar couplings [61].

4 Conclusions

In this work we discuss the contribution from flavour non-
universal new physics to the high-pT dilepton tails in pp!
`+`�, where ` = e,µ . In particular, we set the best up-to-
date limits on all 36 four-fermion operators in the SMEFT
which contribute to these processes by recasting the recent
13 TeV ATLAS analysis with 36.1 fb�1 of data, as well as
estimate the final sensitivity for the high-luminosity phase
at the LHC.

Recent results in rare semileptonic B meson decays
show some intriguing hints for possible violation of lepton-
flavour universality. It is particularly interesting to notice
that all the different anomalies can be coherently described
by a new physics contribution to the left-handed bL ! sLµ+

L µ�
L

contact interaction. In most flavour models, the flavour-
changing interactions are related (and usually suppressed
with respect) to the flavour diagonal ones. These, in turn,
are probed via the high-pT dimuon tail, allowing us to set
limits which are already probing interesting regions of pa-
rameter space of some models.

In particular, our limits exclude, or put in strong ten-
sion, scenarios which aim to describe the flavour anoma-
lies using MFV structure that directly relates the bsµµ
contact interaction to the ones involving first generation
quarks, tightly constrained from pp! µ+µ�. On the other
hand, scenarios with U(2)Q flavour symmetry predomi-
nantly coupled to the third generation quarks lead to milder
constraints. We also briefly discuss a few explicit examples
with heavy mediator states (colourless vectors and lepto-
quarks), and show a comparison of the limits obtained in
the EFT with those obtained directly in the model.

If these flavour anomalies will be confirmed with more
data, correlated signals at high-pT processes at LHC will
be crucial in order to decipher the responsible dynamics.
We show that the high energy dilepton tails can provide
very valuable information in this direction.

Acknowledgements We would like to thank Martı́n González-Alonso
and Gino Isidori for useful discussions. This work is supported in
part by the Swiss National Science Foundation (SNF) under contract
200021-159720.

Appendix A: dilepton cross section

The unpolarized partonic differential cross section follow-
ing from Eq. (2) is given by

dŝ
dt

=
1

48ps2 u2 �|FqL`L(s)|
2 + |FqR`R(s)|

2�

+
1

48ps2 t2 �|FqL`R(s)|
2 + |FqR`L(s)|

2� ,
(A.1)

where s, t, and u are the Mandelstam variables. The total
partonic cross section is

ŝ =
s

144p
�
|FqL`L (s)|

2 + |FqR`R (s)|
2 + |FqL`R (s)|

2 + |FqR`L (s)|
2� ,

(A.2)

while the hadronic cross section is obtained after convolut-
ing the partonic one with the corresponding parton lumi-
nosity functions

Lqq̄(t,µF) =
Z 1

t

dx
x

fq(x,µF) fq̄(t/x,µF) . (A.3)

In particular, the cross section in the dilepton invariant mass
bin

⇥
tbin

min,tbin
max

⇤
is given by

sbin(p p ! `+`�) = Â
q

Z tbin
max

tbin
min

dt 2Lqq̄(t,µF) ŝ(ts0) .

(A.4)

Appendix B: Operator limits

In Table 1 we show the present 2s limits on the 36 inde-
pendent four-fermion operators contributing to pp! `+`�

from the 13 TeV ATLAS analysis [11] with 36.1 fb�1 of
data, as well as projections for 3000 fb�1, where only one
operator is turned on at a time. The notation used is as in
Eq. (1) but the cutoff dependence has been reabsorbed as
Cx ⌘ v2

L 2 cx. In the case of operators involving bL quark, in-
stead, we keep only the combination of triplet and singlet
aligned with it, since the top quark does not enter in this
observable. In the Gaussian approximation we derived the
correlation matrix in the 36 coefficients and checked that
the only non-negligible correlation is the one among the
triplet and singlet (L̄L)(L̄L) operators with same fermion
content. This correlation is shown explicitly in the 2d fit of
Fig. 3.
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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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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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- Limits on flavor-conserving operators, recasting ATLAS 13TeV analysis:    
[Greljo, D.M. 1704.09015] 

- Limits recasting ATLAS Drell-Yan 8TeV analysis: 
[Les Houches 2002.12220 (Sec.2)]
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Mono-tau tails at LHC
[D.M., Min, Son, 2008.07541]

We recast CMS τν analysis at 13 TeV and 35.9fb-1 [1807.11421]

Bins in transverse mass

For each bin we get the xsection:

… which we use to build the likelihood 
and get limits on all ui dj τ ν  operators.

After validating with CMS τν analysis, 
we devise our own τν+b analysis
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Flavor at High vs. Low Energy
[D.M., Min, Son, 2008.07541]

Mono-tau tails are (or will be in the future) competitive with low-energy limits from 
semileptonic τ decays

and charm physics

R(D(*))

B→τν
τ→νK
τ→νπ

charm

[Fuentes-Martin, Greljo, Camalich, Ruiz-Alvarez, 2003.12421]

How do these LHC limits compare 
with bounds from low energy?

[A. Pich 1310.7922]

  

Let us focus for simplicity on LL operators.


