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 1) Angular observables in 

 2) Branching ratios

 4) LFU violation in          (2 bins)

 3) LFU violation in RK
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Figure 1: Examples of b ! s loop diagrams contributing to the decay B0
s ! �µ+µ� in the SM.

The T-odd CP asymmetries A8 and A9 are predicted to be close to zero in the SM and
are of particular interest, as they can be large in the presence of contributions beyond the
SM [12].

2 Detector and simulation

The LHCb detector [13,14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations
of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The
minimum distance of a track to a primary vertex, the impact parameter (IP), is measured
with a resolution of (15 + 29/pT)µm, where pT is the component of the momentum
transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers.
The online event selection is performed by a trigger [15], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction.

Simulated signal samples are used to determine the e↵ect of the detector geometry,
trigger, reconstruction and selection on the signal e�ciency. In addition, simulated
background samples are used to determine the pollution from specific background processes.
In the simulation, pp collisions are generated using Pythia [16] with a specific LHCb
configuration [17]. Decays of hadronic particles are described by EvtGen [18], in which
final-state radiation is generated using Photos [19]. The interaction of the generated
particles with the detector, and its response, are implemented using theGeant4 toolkit [20]
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Test of Lepton Flavor Universality in (charged current) b → c transitions 
[τ vs. light leptons (μ, e) ]:

LFU tests in b → c transitions 

Hc = D or D*

Γ(B → Hc
 τν)

Γ(B → Hc
 ℓν)

  R(Hc) = 
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NP
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W

τL , ℓL  νL

SM prediction quite solid: hadronic uncertainties cancel (to large extent) in the ratio 
and deviations from 1 in R(X) expected only from phase-space differences

Consistent results by 3 different exps. → 3.1σ excess over SM (D + D*)
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2 A tale of scales

In what follows we will focus for simplicity on purely left-handed operators, since they provide
the best fit for both the anomalies in b → sµµ and b → cτν transitions. The analysis can be
easily generalized to scenarios including more operators by using the results given in Sect. 5.
In order to start the discussion it is useful to identify and compare four (conceptually different)
scales in the EFT:3

1. ΛA: the “Fermi constant” of the process.
This is the scale required to explain the anomaly, to be evaluated at the typical energy of
the process which is fixed by the B-meson mass. The low-energy EFT description is based
on SU(3)C × U(1)EM invariant operators. The index A on ΛA runs over the anomalies,
schematically A = {RD(∗), RK(∗)}, and the EFT Lagrangian featuring purely left-handed
operators reads

Leff ⊃ −
1

Λ2
R

D(∗)

2 cLγ
µbLτLγµνL +

1

Λ2
R

K(∗)

sLγ
µbLµLγµµL + h.c. , (1)

where we assumed alignment with the phases of the CKM elements that appear in the
corresponding SM operators. Note that the fit of the RD(∗) and RK(∗) anomalies requires
an opposite sign interference with the SM contribution. We also included an extra factor
of 2 in the definition of the charged-current operator, so that the latter has the same
normalization of the neutral-current operator when considering a SMEFT. The best fit
values of the RD(∗) [23] and RK(∗) [10] anomalies yield respectively

ΛR
D(∗)

= 3.4± 0.4 TeV , (2)

ΛR
K(∗)

= 31± 4 TeV , (3)

where the errors are at 1σ. In the following we will only consider central values.

2. ΛO: the scale of the SMEFT operator.
This is the scale required to explain the anomaly using an EFT at higher energies4

(SU(3)C × SU(2)L × U(1)Y invariant), with Wilson coefficient normalized to one. The
index O on ΛO is associated with an operator of the SMEFT semi-leptonic basis and runs
over all the possible Lorentz and flavour structures. For definiteness we will consider here
an SU(2)L triplet operator (Q and L denoting SU(2)L doublets)

LSMEFT ⊃
1

Λ2
QijLkl

(

Qiγ
µσAQj

) (

Lkγµσ
ALl

)

+ h.c. , (4)

and two reference flavour structures such that the operator is aligned in the direction of
the flavour eigenstates responsible for the anomalies, namely O = Q23L33 (for b → cτν
transitions) and O = Q23L22 (for b → sµµ transitions). The matching with Eq. (1) yields

|ΛQ23L33 | = ΛR
D(∗)

= 3.4 TeV , (5)

|ΛQ23L22 | = ΛR
K(∗)

= 31 TeV . (6)

3Some of the results presented here will be derived in the following sections.
4QCD running effects on the Wilson coefficients are of the order of 1 + αs

4π
× log ΛO

mb
. For ΛO = 1 TeV, this

corresponds to an O(5%) correction that will be neglected in the following.

5

• What is the scale of New Physics? 

 On-shell effects @ colliders

 Model dependent part

C= (loops) x (couplings) x (flavour)

“Measured” 
Fermi constant
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SM-EFT regime: tails
• If the New Physics is very heavy the strategy is to look for di-lepton pair at high-pT

Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz

!11

SM EFT @ High-pT
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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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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
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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

Journal: 10052 MS: 5119 TYPESET DISK LE CP Disp.:2017/8/9 Pages: 9 Layout: Large

A
u

th
o

r 
P

ro
o

f

• Dilepton tails at high-pT

p

p

LSMEFT � C

M2
Q�µ QL�µL

<latexit sha1_base64="GdXd0EYBMsQvBD2VE3c4hi4Jb/k="></latexit><latexit sha1_base64="GdXd0EYBMsQvBD2VE3c4hi4Jb/k="></latexit><latexit sha1_base64="GdXd0EYBMsQvBD2VE3c4hi4Jb/k="></latexit><latexit sha1_base64="GdXd0EYBMsQvBD2VE3c4hi4Jb/k="></latexit>

A / E2

M2
<latexit sha1_base64="IFxugbC4jOfGTKc0LU+jYgCrwOs=">AAACF3icbVA9SwNBEN3zM8avqKXNYhCswp0IWkZFsBEimBjIRZlbJ7q4d7fszgnhyA/wJ/grbLWyE1tLC/+LezGFGl8xPN7MMG9epJW05Psf3sTk1PTMbGmuPL+wuLRcWVlt2TQzApsiValpR2BRyQSbJElhWxuEOFJ4Ht0eFv3zOzRWpskZ9TV2Y7hOZE8KICddVqphDHQjQOX7Ax5qk2pKedgzIPKji+1BfuKKm/Jr/hB8nAQjUmUjNC4rn+FVKrIYExIKrO0EvqZuDoakUDgoh5lFDeIWrrHjaAIx2m4+fGbANzMLzoNGw6XiQxF/buQQW9uPIzdZWLd/e4X4X6+TUW+vm8tEZ4SJKA6RVDg8ZIWRLiXkV9IgERTOkcuECzBAhEZyEMKJmYut7PII/n4/TlrbtcCvBac71frBKJkSW2cbbIsFbJfV2TFrsCYT7J49sif27D14L96r9/Y9OuGNdtbYL3jvX89On9c=</latexit><latexit sha1_base64="IFxugbC4jOfGTKc0LU+jYgCrwOs=">AAACF3icbVA9SwNBEN3zM8avqKXNYhCswp0IWkZFsBEimBjIRZlbJ7q4d7fszgnhyA/wJ/grbLWyE1tLC/+LezGFGl8xPN7MMG9epJW05Psf3sTk1PTMbGmuPL+wuLRcWVlt2TQzApsiValpR2BRyQSbJElhWxuEOFJ4Ht0eFv3zOzRWpskZ9TV2Y7hOZE8KICddVqphDHQjQOX7Ax5qk2pKedgzIPKji+1BfuKKm/Jr/hB8nAQjUmUjNC4rn+FVKrIYExIKrO0EvqZuDoakUDgoh5lFDeIWrrHjaAIx2m4+fGbANzMLzoNGw6XiQxF/buQQW9uPIzdZWLd/e4X4X6+TUW+vm8tEZ4SJKA6RVDg8ZIWRLiXkV9IgERTOkcuECzBAhEZyEMKJmYut7PII/n4/TlrbtcCvBac71frBKJkSW2cbbIsFbJfV2TFrsCYT7J49sif27D14L96r9/Y9OuGNdtbYL3jvX89On9c=</latexit><latexit sha1_base64="IFxugbC4jOfGTKc0LU+jYgCrwOs=">AAACF3icbVA9SwNBEN3zM8avqKXNYhCswp0IWkZFsBEimBjIRZlbJ7q4d7fszgnhyA/wJ/grbLWyE1tLC/+LezGFGl8xPN7MMG9epJW05Psf3sTk1PTMbGmuPL+wuLRcWVlt2TQzApsiValpR2BRyQSbJElhWxuEOFJ4Ht0eFv3zOzRWpskZ9TV2Y7hOZE8KICddVqphDHQjQOX7Ax5qk2pKedgzIPKji+1BfuKKm/Jr/hB8nAQjUmUjNC4rn+FVKrIYExIKrO0EvqZuDoakUDgoh5lFDeIWrrHjaAIx2m4+fGbANzMLzoNGw6XiQxF/buQQW9uPIzdZWLd/e4X4X6+TUW+vm8tEZ4SJKA6RVDg8ZIWRLiXkV9IgERTOkcuECzBAhEZyEMKJmYut7PII/n4/TlrbtcCvBac71frBKJkSW2cbbIsFbJfV2TFrsCYT7J49sif27D14L96r9/Y9OuGNdtbYL3jvX89On9c=</latexit><latexit sha1_base64="IFxugbC4jOfGTKc0LU+jYgCrwOs=">AAACF3icbVA9SwNBEN3zM8avqKXNYhCswp0IWkZFsBEimBjIRZlbJ7q4d7fszgnhyA/wJ/grbLWyE1tLC/+LezGFGl8xPN7MMG9epJW05Psf3sTk1PTMbGmuPL+wuLRcWVlt2TQzApsiValpR2BRyQSbJElhWxuEOFJ4Ht0eFv3zOzRWpskZ9TV2Y7hOZE8KICddVqphDHQjQOX7Ax5qk2pKedgzIPKji+1BfuKKm/Jr/hB8nAQjUmUjNC4rn+FVKrIYExIKrO0EvqZuDoakUDgoh5lFDeIWrrHjaAIx2m4+fGbANzMLzoNGw6XiQxF/buQQW9uPIzdZWLd/e4X4X6+TUW+vm8tEZ4SJKA6RVDg8ZIWRLiXkV9IgERTOkcuECzBAhEZyEMKJmYut7PII/n4/TlrbtcCvBac71frBKJkSW2cbbIsFbJfV2TFrsCYT7J49sif27D14L96r9/Y9OuGNdtbYL3jvX89On9c=</latexit>

valid when E . M
<latexit sha1_base64="VfHqXvEV3UnI7cF+t8KHqy+1ZUQ=">AAACGnicbVA9SwNBEN3zM8avqKXNYlAsJNyJoGVQBBtBwaiQC2FuM+ri7t6xOxcNR/6BP8FfYauVndjaWPhfvIsp/HpM8Xhvhpl5UaKkI99/90ZGx8YnJktT5emZ2bn5ysLiqYtTK7AhYhXb8wgcKmmwQZIUnicWQUcKz6LrvcI/66J1MjYn1EuwpeHSyAspgHKpXVkLCW/J6qwLSnb4zRWaPg83itrnoULnnNT8sF2p+jV/AP6XBENSZUMctSsfYScWqUZDQoFzzcBPqJWBJSkU9sth6jABcQ2X2MypAY2ulQ3+6fPV1AHFPEHLpeIDEb9PZKCd6+ko79RAV+63V4j/ec2ULnZamTRJSmhEsYikwsEiJ6zMg0LekRaJoLgcuTRcgAUitJKDELmY5smV8zyC39//JaebtcCvBcdb1fruMJkSW2YrbJ0FbJvV2QE7Yg0m2B17YI/sybv3nr0X7/WrdcQbziyxH/DePgGruaAk</latexit><latexit sha1_base64="VfHqXvEV3UnI7cF+t8KHqy+1ZUQ=">AAACGnicbVA9SwNBEN3zM8avqKXNYlAsJNyJoGVQBBtBwaiQC2FuM+ri7t6xOxcNR/6BP8FfYauVndjaWPhfvIsp/HpM8Xhvhpl5UaKkI99/90ZGx8YnJktT5emZ2bn5ysLiqYtTK7AhYhXb8wgcKmmwQZIUnicWQUcKz6LrvcI/66J1MjYn1EuwpeHSyAspgHKpXVkLCW/J6qwLSnb4zRWaPg83itrnoULnnNT8sF2p+jV/AP6XBENSZUMctSsfYScWqUZDQoFzzcBPqJWBJSkU9sth6jABcQ2X2MypAY2ulQ3+6fPV1AHFPEHLpeIDEb9PZKCd6+ko79RAV+63V4j/ec2ULnZamTRJSmhEsYikwsEiJ6zMg0LekRaJoLgcuTRcgAUitJKDELmY5smV8zyC39//JaebtcCvBcdb1fruMJkSW2YrbJ0FbJvV2QE7Yg0m2B17YI/sybv3nr0X7/WrdcQbziyxH/DePgGruaAk</latexit><latexit sha1_base64="VfHqXvEV3UnI7cF+t8KHqy+1ZUQ=">AAACGnicbVA9SwNBEN3zM8avqKXNYlAsJNyJoGVQBBtBwaiQC2FuM+ri7t6xOxcNR/6BP8FfYauVndjaWPhfvIsp/HpM8Xhvhpl5UaKkI99/90ZGx8YnJktT5emZ2bn5ysLiqYtTK7AhYhXb8wgcKmmwQZIUnicWQUcKz6LrvcI/66J1MjYn1EuwpeHSyAspgHKpXVkLCW/J6qwLSnb4zRWaPg83itrnoULnnNT8sF2p+jV/AP6XBENSZUMctSsfYScWqUZDQoFzzcBPqJWBJSkU9sth6jABcQ2X2MypAY2ulQ3+6fPV1AHFPEHLpeIDEb9PZKCd6+ko79RAV+63V4j/ec2ULnZamTRJSmhEsYikwsEiJ6zMg0LekRaJoLgcuTRcgAUitJKDELmY5smV8zyC39//JaebtcCvBcdb1fruMJkSW2YrbJ0FbJvV2QE7Yg0m2B17YI/sybv3nr0X7/WrdcQbziyxH/DePgGruaAk</latexit><latexit sha1_base64="VfHqXvEV3UnI7cF+t8KHqy+1ZUQ=">AAACGnicbVA9SwNBEN3zM8avqKXNYlAsJNyJoGVQBBtBwaiQC2FuM+ri7t6xOxcNR/6BP8FfYauVndjaWPhfvIsp/HpM8Xhvhpl5UaKkI99/90ZGx8YnJktT5emZ2bn5ysLiqYtTK7AhYhXb8wgcKmmwQZIUnicWQUcKz6LrvcI/66J1MjYn1EuwpeHSyAspgHKpXVkLCW/J6qwLSnb4zRWaPg83itrnoULnnNT8sF2p+jV/AP6XBENSZUMctSsfYScWqUZDQoFzzcBPqJWBJSkU9sth6jABcQ2X2MypAY2ulQ3+6fPV1AHFPEHLpeIDEb9PZKCd6+ko79RAV+63V4j/ec2ULnZamTRJSmhEsYikwsEiJ6zMg0LekRaJoLgcuTRcgAUitJKDELmY5smV8zyC39//JaebtcCvBcdb1fruMJkSW2YrbJ0FbJvV2QE7Yg0m2B17YI/sybv3nr0X7/WrdcQbziyxH/DePgGruaAk</latexit>



SM-EFT regime: tails
• If the New Physics is very heavy the strategy is to look for di-lepton pair at high-pT

Flavour at High-pT (theory) -  Admir Greljo, Johannes Gutenberg-Universität Mainz

!11

SM EFT @ High-pT

EFT validity
q2 << MX

90100200 10002000

E
ve

n
ts

-210

-110

1

10

210

310

410

510

610

710 Data
*γZ/

Top Quarks
Diboson
Multi-Jet & W+Jets

 (3 TeV)χZ’
 (4 TeV)χZ’
 (5 TeV)χZ’

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

Dielectron Search Selection

D
a
ta

 /
 B

kg
 

0.6
0.8

1
1.2
1.4

Dielectron Invariant Mass [GeV]
100 200 300 1000 2000

  
(p

o
st

-f
it)

D
a
ta

 /
 B

kg

0.6
0.8

1
1.2
1.4

(a)

E
ve

n
ts

2−10

1−10

1

10

210

310

410

510

610

710 Data

*γZ/

Top Quarks

Diboson

 (3 TeV)χZ’

 (4 TeV)χZ’

 (5 TeV)χZ’

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs

Dimuon Search Selection

D
a
ta

 /
 B

kg

0.6
0.8

1
1.2
1.4

Dimuon Invariant Mass [GeV]
100 200 300 1000 2000

  
(p

o
st

-f
it)

D
a
ta

 /
 B

kg

0.6
0.8

1
1.2
1.4

(b)

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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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
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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: Representative Feynman diagrams for a decay of a B+ meson to a K+ meson
in association with two leptons in the SM (upper) and in the EFT described in the text
(bottom). Only muons are considered for the decay within the EFT approach.
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Figure 2: A representative Feynman diagram for a production of one b-jet in association
with two muons within the EFT approach.

where CUµ
ij and CDµ

ij are matrices that carry the flavour structure of the operators. For
the off-diagonal elements only the b� s admixtures are considered, since those are the ones
related to the observed anomalies. The matrices take the form:

CUµ
ij =

0

B@
Cuµ 0 0

0 Ccµ 0

0 0 Ctµ

1

CA , CDµ
ij

0

B@
Cdµ 0 0

0 Csµ C⇤
bsµ

0 Cbsµ Ctµ

1

CA (2.2)

The generality of eq. 2.1 stems from the fact that it can be accommadated by a plethora
of new physics scenarios. A comprehensive EFT analysis including the operators in eq. 2.1
was recently performed in the context of B-meson decays in [35]. The Wilson coefficients
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We investigate the interplay between semi-tauonic B-meson decays and high-pT mono-taus (⌧h
+ MET) to uncover flavor violation beyond the Standard Model. Using e↵ective field theory and
explicit simplified models, we identify rather general correlations of new physics in low energy
b ! c(u)⌧⌫ transitions and inclusive pp ! ⌧⌫X process at high-pT . By recasting the latest ATLAS
and CMS searches, we set limits on the exhaustive set of e↵ective new physics operators, as well
as, on the corresponding heavy mediators, such as W 0 and leptoquarks. The key finding is that
the sensitivity of the present LHC data is already comparable to the one inferred from B-decays.
Our results put under scrutiny several models recently put forth to address anomalies in RD(⇤)

observables.

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 a thirty percent and with a global significance
of ⇠ 4� [1–11]. This anomaly suggests the presence of
new interactions violating lepton universality, and it has
been addressed in many di↵erent models beyond the SM
(BSM) involving new colorless vector (W 0) [12–16] and
scalar (Higgs) [17–21] particles, or leptoquarks [22–38]
with masses in the TeV range. Besides confirming these
tantalizing measurements at the LHCb and Belle II ex-
periments, the most immediate question is what are the
other observables and high-pT signatures in which one
could eventually discover, or rule out, these New Physics
(NP) at the LHC [39–41] Complete references. [42]

From a bottom-up perspective the analysis of theRD(⇤)

anomalies involves two di↵erent aspects of generality:
First, concerning the Lorentz structure of the e↵ective
operators that are needed for describing the e↵ects of
NP at the low energies where this process takes place.
Di↵erent operators are UV-completed by di↵erent heavy
particles, introducing a first criterion for model selec-
tion. Further discrimination criteria can be introduced
with low-energy data alone, by using other observables in
b ! c⌧⌫ transitions, like the (semi)tauonic decay rates of
di↵erent channels [43–46] or the corresponding kinematic
distributions [47–52].

Secondly, concerning the structure of the new contribu-
tions in flavor space, since they involve new sources of fla-
vor violation both in the quark and lepton sectors, which
are expected to leave an imprint also in other processes.
The fact that most of flavor data is consistent with the
SM suggests that such NP must couple mainly to third
quark and lepton generations [23, 53–59]. Nonetheless, in
general, and without the guidance of a theory of flavor,
models addressing the anomalies have freedom in the way
they implement couplings in flavor space. This hinders
conclusive tests by measuring other weak hadron decays
or defining clear direct-search strategies at the LHC.

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 aim of this paper 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 heavy mediators. The main idea,
illustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the BSM crossing symmetry univo-
cally connects the anomalies to the partonic processes
bc̄ ! ⌧�⌫̄ and b̄c ! ⌧+⌫ [60–63]. As we demonstrate
in this letter, the analysis of pp ! ⌧⌫X at the LHC
already exclude broad classes of models addressing the
anomalies while o↵ers a no-lose “theorem” for the direct
discovery of NP at the LHC, were the RD(⇤) anomalies
to be peremptorily confirmed in the future. Furthermore,
we show how these analyses at the LHC also constrain
operators involving semitauonic b ! u transitions with
bounds that are currently competitive, or even better,
than those obtained in B decays.

E↵ective-field theory: In order to analyse the possible
NP scenarios systematically in a bottom-up approach, we
start with a low-energy e↵ective field theory (EFT) de-
scribing semi-tauonic charged-current b ! ui transitions
(with ui equal up or charm) at energy scales of the order
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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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• We recast the latest hadronic Tau + MET searches

Z ! ⌧
+
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pp ! `
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pp ! ⌧⌫ (83)
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The Mono-Tau Menace: From B Decays to High-pT Tails
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We investigate the interplay between semi-tauonic B-meson decays and high-pT mono-taus (⌧h
+ MET) to uncover flavor violation beyond the Standard Model. Using e↵ective field theory and
explicit simplified models, we identify rather general correlations of new physics in low energy
b ! c(u)⌧⌫ transitions and inclusive pp ! ⌧⌫X process at high-pT . By recasting the latest ATLAS
and CMS searches, we set limits on the exhaustive set of e↵ective new physics operators, as well
as, on the corresponding heavy mediators, such as W 0 and leptoquarks. The key finding is that
the sensitivity of the present LHC data is already comparable to the one inferred from B-decays.
Our results put under scrutiny several models recently put forth to address anomalies in RD(⇤)

observables.

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 a thirty percent and with a global significance
of ⇠ 4� [1–11]. This anomaly suggests the presence of
new interactions violating lepton universality, and it has
been addressed in many di↵erent models beyond the SM
(BSM) involving new colorless vector (W 0) [12–16] and
scalar (Higgs) [17–21] particles, or leptoquarks [22–38]
with masses in the TeV range. Besides confirming these
tantalizing measurements at the LHCb and Belle II ex-
periments, the most immediate question is what are the
other observables and high-pT signatures in which one
could eventually discover, or rule out, these New Physics
(NP) at the LHC [39–41] Complete references. [42]

From a bottom-up perspective the analysis of theRD(⇤)

anomalies involves two di↵erent aspects of generality:
First, concerning the Lorentz structure of the e↵ective
operators that are needed for describing the e↵ects of
NP at the low energies where this process takes place.
Di↵erent operators are UV-completed by di↵erent heavy
particles, introducing a first criterion for model selec-
tion. Further discrimination criteria can be introduced
with low-energy data alone, by using other observables in
b ! c⌧⌫ transitions, like the (semi)tauonic decay rates of
di↵erent channels [43–46] or the corresponding kinematic
distributions [47–52].

Secondly, concerning the structure of the new contribu-
tions in flavor space, since they involve new sources of fla-
vor violation both in the quark and lepton sectors, which
are expected to leave an imprint also in other processes.
The fact that most of flavor data is consistent with the
SM suggests that such NP must couple mainly to third
quark and lepton generations [23, 53–59]. Nonetheless, in
general, and without the guidance of a theory of flavor,
models addressing the anomalies have freedom in the way
they implement couplings in flavor space. This hinders
conclusive tests by measuring other weak hadron decays
or defining clear direct-search strategies at the LHC.

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 aim of this paper 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 heavy mediators. The main idea,
illustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the BSM crossing symmetry univo-
cally connects the anomalies to the partonic processes
bc̄ ! ⌧�⌫̄ and b̄c ! ⌧+⌫ [60–63]. As we demonstrate
in this letter, the analysis of pp ! ⌧⌫X at the LHC
already exclude broad classes of models addressing the
anomalies while o↵ers a no-lose “theorem” for the direct
discovery of NP at the LHC, were the RD(⇤) anomalies
to be peremptorily confirmed in the future. Furthermore,
we show how these analyses at the LHC also constrain
operators involving semitauonic b ! u transitions with
bounds that are currently competitive, or even better,
than those obtained in B decays.

E↵ective-field theory: In order to analyse the possible
NP scenarios systematically in a bottom-up approach, we
start with a low-energy e↵ective field theory (EFT) de-
scribing semi-tauonic charged-current b ! ui transitions
(with ui equal up or charm) at energy scales of the order

!13
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LHC is sensitive to NP scenarios addressing anomalies!
“No-loose theorem” for the discovery of NP at the LHC
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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].

Z ! ⌧
+
⌧
�

(81)

pp ! `
+
`
�

(82)

pp ! ⌧⌫ (83)
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Fig. 2 we show the bounds in terms of the NP scale de-
fined as ⇤ = v/

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

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

Flavour Physics with High-pT Leptons -  Admir Greljo, CERN

A lot of room for 
improvements:  
- b-tag,  
- tau charge-asymetries,  
- rapidity distribution,  
- polarization.

[Thanks to A. Greljo]
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• Fits to data suggest a sizeable (most likely dominant) contribution of the New Physics to 
left currents for both quarks and leptons
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• Collider implication: Quantum numbers of tree level mediators restricted

Scattering ΛU SU(3)C × SU(2)L

(QL +QL)3 → (LL + LL)3
√

4π√
3

∣

∣ΛQL(3)

∣

∣

√
3× 2

(QL +QL)1 → (LL + LL)1
√

4π√
3

∣

∣ΛQL(1)

∣

∣

√
3× 2

uR + uR → eR + eR
√

8π√
3
|Λue|

√
3

dR + dR → eR + eR
√

8π√
3
|Λde|

√
3

uR + uR → LL + LL

√

8π√
6
|ΛuL|

√
3×

√
2

dR + dR → LL + LL

√

8π√
6
|ΛdL|

√
3×

√
2

QL +QL → eR + eR
√

8π√
6
|ΛQe|

√
3×

√
2

dR +QL → LL + eR
√

8π√
3
|ΛdQLe|

√
3

QL + uR → LL + eR
√

8π√
3
|ΛQuLe|

√
3

Table 2: Scale of unitarity violation ΛU as a function of the coefficients ΛO of the semi-leptonic
SMEFT basis of Eq. (20). For the case of QLQL → LLLL scattering the SU(2)L triplet and
singlet channels are labelled explicitly. The third column denotes the enhancement factors on
the partial wave due to the gauge group structure in SU(3)C × SU(2)L space.

for the new mediators is that after integrating them out they are able to generate triplet and
singlet left-handed operator, namely those associated with the coefficients ΛQL(3) and ΛQL(1) in
Eq. (20). In all the cases that we are going to consider the phenomenologically disfavoured
right-handed and scalar/tensor operator of Eq. (20) can be set to zero by a proper choice of
the mediator’s coupling. Given these conditions, the full set of simplified models is displayed
in Table 3.

Simplified Model Spin SM irrep c1/c3 RD(∗) RK(∗) No di → djνν

Z ′ 1 (1, 1, 0) ∞ × ! ×
V ′ 1 (1, 3, 0) 0 ! ! ×
S1 0 (3, 1, 1/3) −1 ! × ×
S3 0 (3, 3, 1/3) 3 ! ! ×
U1 1 (3, 1, 2/3) 1 ! ! !
U3 1 (3, 3, 2/3) −3 ! ! ×

Table 3: Overview of simplified models which can possibly contribute to RD(∗) or RK(∗) via a
singlet/triplet left-handed operator. Only for specific values of the ratio of the Wilson coeffi-
cients c1/c3 (obtained by integrating out a given mediator) the dangerous di → djνν operators
are not generated (U1 case).

From the SU(2)L decomposition (neglecting flavour indices and reinserting the Wilson co-
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Models with Flavor Changing Z 0 Bosons

µ+

µ−

bL

sL

Z ′

Z
0 models:

(WA, Straub ’13/’14; Gauld, Goertz, Haisch ’13; Buras

et al. ’13/’14; WA, Gori, Pospelov, Yavin ’14; Glashow,

Guadagnoli, Lane ’14; Crivellin, D’Ambrosio, Heeck ’14/’15;

Niehoff, Stangl, Straub ’15; Aristizabal Sierra, Staub,

Vicente ’15; Boucenna, Valle, Vicente ’15; ...)

alternative option: lepto-quarks

(Hiller, Schmaltz ’14; Gripaios, Nardecchia, Renner ’14;

Buras et al. ’14; Becirevic, Fajfer, Kosnik ’15; ...)
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Horizontal (flavour) structure 
• Considering the whole set of data (neutral and charged currents),  a possible link with the 
SM flavour structure is emerging 

• Motivated flavour ansatz in the quark sector (MFV, U(2),Partial Compositeness, Froggat-
Nielsen) predicts dominant coupling of the New Physics with the third family.

conserving ones

cL�µbL
tL�µbL

=
Vcb

Vtb
⇡ Vcb ,

sL�µbL
bL�µbL

⇡
V ⇤

ts

Vtb
⇡ Vts (14)

2. SU(2)Q flavour symmetry

In the limit of vanishing SM Yukawa couplings for the first two generations, a larger sym-

metry is restored. This approximate symmetry (or a subgroup of it) might be promoted

to be a fundamental symmetry in the ultraviolet completion of the SM. In particular there

might be a symmetry that distinguishes the quark doublets of the first two generations

with respect to the third one. This symmetry has to be broken in order to reproduce

the observed hierarchy of masses and mixing of the SM fermions. If this is achieved by a

spurion ~X that trasforms as the fundamental representation of SU(2)Q, we get that the

the typical size of | ~X| is of the order of O(�2
) , where � is the Cabibbo angle []. In this

case we expect that BSM e↵ects scale like

c�µb

t�µb
= O(�2

) ,
s�µb

b�µb
= O(�2

) (15)

3. Partial compositeness

A dynamical explanation of the flavour structure of the SM is given by the paradigm of

partial compositeness in the context of Composite Higgs models. In this framework the

SM fields are linear combinations of elementary and composite states. The mixture of

elementary-composite composition of every SM state is regulated by the parameters ✏Ai ,
where A runs over the various SM quantum numbers (A = Q,L, u, d, e) and i is a family

index. In terms of the mixing angles, the Yukawa of the SM reads

(YU)ij ⇠ ✏Qi ✏
u
j , (YD)ij ⇠ ✏Qi ✏

d
j (16)

It is easy to show [] that ✏Qi are linked to the size of the CKMmatrix elements, in particular

✏2
✏3

= O(�2
) ,

✏1
✏3

= O(�3
) (17)

E↵ects beyond the SM are linked to the size of the ✏Ai , in particular for quark left currents

we expect

c�µb

t�µb
= O(�2

) ,
s�µb

b�µb
= O(�2

) (18)

From this brief discussion we conclude that all the 3 classes of flavour structure proposed

the flavour transition between the third and second family are suppressed by a factor O(�2
)

compared to the flavour transitions involving the third family only. This imply that stronger

unitarity bound can be derived from 2 ! 2 scattering of the third family. As a numerical

presentation of our results in table [] we fixed the numerical values to the MFV case, leading

to a Vcb suppression in the FCCC and Vts suppression in FCNC.

We now move to the discussion of possible enhancement in the lepton sector.

6

b ! sµµ
b ! c⌧⌫ 3q ! 2q3`3`

3q ! 2q2`2`

|CNP
⌧ | � |CNP

µ | � |CNP
e |

|Y SM
⌧ | � |Y SM

µ | � |Y SM
e |
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A link?

� = 0.23 (Cabibbo angle)
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where A runs over the various SM quantum numbers (A = Q,L, u, d, e) and i is a family

index. In terms of the mixing angles, the Yukawa of the SM reads

(YU)ij ⇠ ✏Qi ✏
u
j , (YD)ij ⇠ ✏Qi ✏

d
j (16)

It is easy to show [] that ✏Qi are linked to the size of the CKMmatrix elements, in particular

✏2
✏3

= O(�2
) ,

✏1
✏3

= O(�3
) (17)

E↵ects beyond the SM are linked to the size of the ✏Ai , in particular for quark left currents

we expect

c�µb

t�µb
= O(�2

) ,
s�µb

b�µb
= O(�2

) (18)

From this brief discussion we conclude that all the 3 classes of flavour structure proposed

the flavour transition between the third and second family are suppressed by a factor O(�2
)

compared to the flavour transitions involving the third family only. This imply that stronger

unitarity bound can be derived from 2 ! 2 scattering of the third family. As a numerical

presentation of our results in table [] we fixed the numerical values to the MFV case, leading

to a Vcb suppression in the FCCC and Vts suppression in FCNC.

We now move to the discussion of possible enhancement in the lepton sector.
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Where to look

Scattering ΛU SU(3)C × SU(2)L

(QL +QL)3 → (LL + LL)3
√

4π√
3
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∣ΛQL(3)

∣

∣

√
3× 2

(QL +QL)1 → (LL + LL)1
√

4π√
3

∣

∣ΛQL(1)

∣

∣

√
3× 2

uR + uR → eR + eR
√

8π√
3
|Λue|

√
3

dR + dR → eR + eR
√

8π√
3
|Λde|

√
3

uR + uR → LL + LL

√

8π√
6
|ΛuL|

√
3×

√
2

dR + dR → LL + LL

√

8π√
6
|ΛdL|

√
3×

√
2

QL +QL → eR + eR
√

8π√
6
|ΛQe|

√
3×

√
2

dR +QL → LL + eR
√

8π√
3
|ΛdQLe|

√
3

QL + uR → LL + eR
√

8π√
3
|ΛQuLe|

√
3

Table 2: Scale of unitarity violation ΛU as a function of the coefficients ΛO of the semi-leptonic
SMEFT basis of Eq. (20). For the case of QLQL → LLLL scattering the SU(2)L triplet and
singlet channels are labelled explicitly. The third column denotes the enhancement factors on
the partial wave due to the gauge group structure in SU(3)C × SU(2)L space.

for the new mediators is that after integrating them out they are able to generate triplet and
singlet left-handed operator, namely those associated with the coefficients ΛQL(3) and ΛQL(1) in
Eq. (20). In all the cases that we are going to consider the phenomenologically disfavoured
right-handed and scalar/tensor operator of Eq. (20) can be set to zero by a proper choice of
the mediator’s coupling. Given these conditions, the full set of simplified models is displayed
in Table 3.

Simplified Model Spin SM irrep c1/c3 RD(∗) RK(∗) No di → djνν

Z ′ 1 (1, 1, 0) ∞ × ! ×
V ′ 1 (1, 3, 0) 0 ! ! ×
S1 0 (3, 1, 1/3) −1 ! × ×
S3 0 (3, 3, 1/3) 3 ! ! ×
U1 1 (3, 1, 2/3) 1 ! ! !
U3 1 (3, 3, 2/3) −3 ! ! ×

Table 3: Overview of simplified models which can possibly contribute to RD(∗) or RK(∗) via a
singlet/triplet left-handed operator. Only for specific values of the ratio of the Wilson coeffi-
cients c1/c3 (obtained by integrating out a given mediator) the dangerous di → djνν operators
are not generated (U1 case).

From the SU(2)L decomposition (neglecting flavour indices and reinserting the Wilson co-
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}
 Colourless mediators

 Leptoquarks

}

 1) Resonance searches for charged current anomalies

 2) Resonance searches for neutral current anomalies only (and no flavour bias)

- Colourless mediator Z’+V’ not viable (excluded already              )  

- Vector Leptoquark, U1, decaying into SM fermions of the third family

- Scalar Leptoquarks, tuning+S1+S3, decaying into SM fermions of the third family

- More complicated linear combinations (and parameter adjustments) can be thought

- Z’ to muons 

- Leptoquark in final states with muons 

Z 0 ! ⌧⌧

- One loop mediators also viable..
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Fig. 92: Leading order Feynman diagrams for the production of a third-generation LQ in the single
production s-channel (left) and the pair production channel via gluon fusion (center) and quark fusion
(right).

Similar event selections are used in both the singly and pair produced LQ searches, except for the
requirement on the number of jets. In both channels, two reconstructed ⌧h with opposite-sign charge are
required, each with transverse momentum pT,⌧ > 50 GeV and a maximum pseudorapidity |⌘⌧ | < 2.3.
In the search for single production, the presence of at least one reconstructed jet with pT > 50 GeV is
required, while at least two are required in the search for pair production. Jets are reconstructed with
FASTJET [1507], using the anti-kT algorithm [1508], with a distance parameter of 0.4.

To reduce background due to Drell-Yan (particularly Z! ⌧⌧ ) events, the invariant mass of the
two selected ⌧h, m⌧⌧ , is required to be > 95 GeV. In addition, at least one of the previously selected
jets is required to be b-tagged to reduce QCD multijet backgrounds. Finally, an event is rejected if it
contains identified and isolated electrons (muons), with pT > 10 GeV, |⌘| <2.4 (2.5). The acceptance
of the signal events is 4.9% (11%) for single (pair) production, where the branching ratio of two ⌧ leptons
decaying hadronically is included in the numerator of the acceptance.

Signal extraction is based on a binned maximum likelihood fit to the distribution of the scalar pT

sum ST, which is defined as the sum of the transverse momenta of the two ⌧h and either the highest-pT

jet in the case of single LQ production, or the two highest-pT jets in the case of LQ pair production.
These distributions are shown in Fig. 93 for the HL-LHC 3000 fb�1 scenario.

Systematic uncertainties are calculated by scaling the current experimental uncertainties. For un-
certainties limited by statistics, including the uncertainty on the DY (3.3%) and QCD (3.3%) cross sec-
tions, a scale factor of 1/

p
L is applied, for an integrated luminosity ratio L. For uncertainties coming

from theoretical calculations, a scale factor of 1/2 is applied with respect to current uncertainties, as
is the case for the uncertainties on the cross section for top (2.8%) or diboson (3%) events. Other ex-
perimental systematic uncertainties are scaled by the square root of the integrated luminosity ratio until
the uncertainty reaches a minimum value, including uncertainties on the integrated luminosity (1%), ⌧
identification (5%) and b-tagging/misidentification (1%-5%).

Figure 94 shows an upper limit at 95% CL on the cross section times branching fraction � as
a function of mLQ by using the asymptotic CLs modified frequentist criterion [1509–1512]. Upper
limits are calculated considering two different scenarios. The first one, hereafter abbreviated as "stat.
only" considers only statistical uncertainties, to observe how the results are affected by the increase
of the integrated luminosity. The second scenario, hereafter abbreviated as "stat.+syst.," also includes
the estimate of the systematic uncertainties at the HL-LHC. For the single LQ production search, the
theoretical prediction for the cross section assumes � = 1 and � = 1.

Comparing the limits with theoretical predictions assuming unit Yukawa coupling � = 1, third-
generation scalar leptoquarks are expected to be excluded at 95% confidence level for LQ masses below
732 (1249) GeV for a luminosity of 300 fb�1, and below 1130 (1518) GeV for 3000 fb�1 in the single
(pair) production channel, considering both statistical and systematic uncertainties.

Since the single-LQ signal cross section scales with �2, it is straightforward to recast the results
presented in Fig. 94 in terms of expected upper limits on mLQ as a function of �, as shown in Fig. 95. The
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production s-channel (left) and the pair production channel via gluon fusion (center) and quark fusion
(right).

Similar event selections are used in both the singly and pair produced LQ searches, except for the
requirement on the number of jets. In both channels, two reconstructed ⌧h with opposite-sign charge are
required, each with transverse momentum pT,⌧ > 50 GeV and a maximum pseudorapidity |⌘⌧ | < 2.3.
In the search for single production, the presence of at least one reconstructed jet with pT > 50 GeV is
required, while at least two are required in the search for pair production. Jets are reconstructed with
FASTJET [1507], using the anti-kT algorithm [1508], with a distance parameter of 0.4.

To reduce background due to Drell-Yan (particularly Z! ⌧⌧ ) events, the invariant mass of the
two selected ⌧h, m⌧⌧ , is required to be > 95 GeV. In addition, at least one of the previously selected
jets is required to be b-tagged to reduce QCD multijet backgrounds. Finally, an event is rejected if it
contains identified and isolated electrons (muons), with pT > 10 GeV, |⌘| <2.4 (2.5). The acceptance
of the signal events is 4.9% (11%) for single (pair) production, where the branching ratio of two ⌧ leptons
decaying hadronically is included in the numerator of the acceptance.

Signal extraction is based on a binned maximum likelihood fit to the distribution of the scalar pT

sum ST, which is defined as the sum of the transverse momenta of the two ⌧h and either the highest-pT

jet in the case of single LQ production, or the two highest-pT jets in the case of LQ pair production.
These distributions are shown in Fig. 93 for the HL-LHC 3000 fb�1 scenario.

Systematic uncertainties are calculated by scaling the current experimental uncertainties. For un-
certainties limited by statistics, including the uncertainty on the DY (3.3%) and QCD (3.3%) cross sec-
tions, a scale factor of 1/

p
L is applied, for an integrated luminosity ratio L. For uncertainties coming

from theoretical calculations, a scale factor of 1/2 is applied with respect to current uncertainties, as
is the case for the uncertainties on the cross section for top (2.8%) or diboson (3%) events. Other ex-
perimental systematic uncertainties are scaled by the square root of the integrated luminosity ratio until
the uncertainty reaches a minimum value, including uncertainties on the integrated luminosity (1%), ⌧
identification (5%) and b-tagging/misidentification (1%-5%).

Figure 94 shows an upper limit at 95% CL on the cross section times branching fraction � as
a function of mLQ by using the asymptotic CLs modified frequentist criterion [1509–1512]. Upper
limits are calculated considering two different scenarios. The first one, hereafter abbreviated as "stat.
only" considers only statistical uncertainties, to observe how the results are affected by the increase
of the integrated luminosity. The second scenario, hereafter abbreviated as "stat.+syst.," also includes
the estimate of the systematic uncertainties at the HL-LHC. For the single LQ production search, the
theoretical prediction for the cross section assumes � = 1 and � = 1.

Comparing the limits with theoretical predictions assuming unit Yukawa coupling � = 1, third-
generation scalar leptoquarks are expected to be excluded at 95% confidence level for LQ masses below
732 (1249) GeV for a luminosity of 300 fb�1, and below 1130 (1518) GeV for 3000 fb�1 in the single
(pair) production channel, considering both statistical and systematic uncertainties.

Since the single-LQ signal cross section scales with �2, it is straightforward to recast the results
presented in Fig. 94 in terms of expected upper limits on mLQ as a function of �, as shown in Fig. 95. The

201

• Working assumption: decays into third family.  Relevant parameters: LQ coupling and mass:
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(right).

Similar event selections are used in both the singly and pair produced LQ searches, except for the
requirement on the number of jets. In both channels, two reconstructed ⌧h with opposite-sign charge are
required, each with transverse momentum pT,⌧ > 50 GeV and a maximum pseudorapidity |⌘⌧ | < 2.3.
In the search for single production, the presence of at least one reconstructed jet with pT > 50 GeV is
required, while at least two are required in the search for pair production. Jets are reconstructed with
FASTJET [1507], using the anti-kT algorithm [1508], with a distance parameter of 0.4.

To reduce background due to Drell-Yan (particularly Z! ⌧⌧ ) events, the invariant mass of the
two selected ⌧h, m⌧⌧ , is required to be > 95 GeV. In addition, at least one of the previously selected
jets is required to be b-tagged to reduce QCD multijet backgrounds. Finally, an event is rejected if it
contains identified and isolated electrons (muons), with pT > 10 GeV, |⌘| <2.4 (2.5). The acceptance
of the signal events is 4.9% (11%) for single (pair) production, where the branching ratio of two ⌧ leptons
decaying hadronically is included in the numerator of the acceptance.

Signal extraction is based on a binned maximum likelihood fit to the distribution of the scalar pT

sum ST, which is defined as the sum of the transverse momenta of the two ⌧h and either the highest-pT

jet in the case of single LQ production, or the two highest-pT jets in the case of LQ pair production.
These distributions are shown in Fig. 93 for the HL-LHC 3000 fb�1 scenario.

Systematic uncertainties are calculated by scaling the current experimental uncertainties. For un-
certainties limited by statistics, including the uncertainty on the DY (3.3%) and QCD (3.3%) cross sec-
tions, a scale factor of 1/

p
L is applied, for an integrated luminosity ratio L. For uncertainties coming

from theoretical calculations, a scale factor of 1/2 is applied with respect to current uncertainties, as
is the case for the uncertainties on the cross section for top (2.8%) or diboson (3%) events. Other ex-
perimental systematic uncertainties are scaled by the square root of the integrated luminosity ratio until
the uncertainty reaches a minimum value, including uncertainties on the integrated luminosity (1%), ⌧
identification (5%) and b-tagging/misidentification (1%-5%).

Figure 94 shows an upper limit at 95% CL on the cross section times branching fraction � as
a function of mLQ by using the asymptotic CLs modified frequentist criterion [1509–1512]. Upper
limits are calculated considering two different scenarios. The first one, hereafter abbreviated as "stat.
only" considers only statistical uncertainties, to observe how the results are affected by the increase
of the integrated luminosity. The second scenario, hereafter abbreviated as "stat.+syst.," also includes
the estimate of the systematic uncertainties at the HL-LHC. For the single LQ production search, the
theoretical prediction for the cross section assumes � = 1 and � = 1.

Comparing the limits with theoretical predictions assuming unit Yukawa coupling � = 1, third-
generation scalar leptoquarks are expected to be excluded at 95% confidence level for LQ masses below
732 (1249) GeV for a luminosity of 300 fb�1, and below 1130 (1518) GeV for 3000 fb�1 in the single
(pair) production channel, considering both statistical and systematic uncertainties.

Since the single-LQ signal cross section scales with �2, it is straightforward to recast the results
presented in Fig. 94 in terms of expected upper limits on mLQ as a function of �, as shown in Fig. 95. The
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Similar event selections are used in both the singly and pair produced LQ searches, except for the
requirement on the number of jets. In both channels, two reconstructed ⌧h with opposite-sign charge are
required, each with transverse momentum pT,⌧ > 50 GeV and a maximum pseudorapidity |⌘⌧ | < 2.3.
In the search for single production, the presence of at least one reconstructed jet with pT > 50 GeV is
required, while at least two are required in the search for pair production. Jets are reconstructed with
FASTJET [1507], using the anti-kT algorithm [1508], with a distance parameter of 0.4.

To reduce background due to Drell-Yan (particularly Z! ⌧⌧ ) events, the invariant mass of the
two selected ⌧h, m⌧⌧ , is required to be > 95 GeV. In addition, at least one of the previously selected
jets is required to be b-tagged to reduce QCD multijet backgrounds. Finally, an event is rejected if it
contains identified and isolated electrons (muons), with pT > 10 GeV, |⌘| <2.4 (2.5). The acceptance
of the signal events is 4.9% (11%) for single (pair) production, where the branching ratio of two ⌧ leptons
decaying hadronically is included in the numerator of the acceptance.

Signal extraction is based on a binned maximum likelihood fit to the distribution of the scalar pT

sum ST, which is defined as the sum of the transverse momenta of the two ⌧h and either the highest-pT

jet in the case of single LQ production, or the two highest-pT jets in the case of LQ pair production.
These distributions are shown in Fig. 93 for the HL-LHC 3000 fb�1 scenario.

Systematic uncertainties are calculated by scaling the current experimental uncertainties. For un-
certainties limited by statistics, including the uncertainty on the DY (3.3%) and QCD (3.3%) cross sec-
tions, a scale factor of 1/

p
L is applied, for an integrated luminosity ratio L. For uncertainties coming

from theoretical calculations, a scale factor of 1/2 is applied with respect to current uncertainties, as
is the case for the uncertainties on the cross section for top (2.8%) or diboson (3%) events. Other ex-
perimental systematic uncertainties are scaled by the square root of the integrated luminosity ratio until
the uncertainty reaches a minimum value, including uncertainties on the integrated luminosity (1%), ⌧
identification (5%) and b-tagging/misidentification (1%-5%).

Figure 94 shows an upper limit at 95% CL on the cross section times branching fraction � as
a function of mLQ by using the asymptotic CLs modified frequentist criterion [1509–1512]. Upper
limits are calculated considering two different scenarios. The first one, hereafter abbreviated as "stat.
only" considers only statistical uncertainties, to observe how the results are affected by the increase
of the integrated luminosity. The second scenario, hereafter abbreviated as "stat.+syst.," also includes
the estimate of the systematic uncertainties at the HL-LHC. For the single LQ production search, the
theoretical prediction for the cross section assumes � = 1 and � = 1.

Comparing the limits with theoretical predictions assuming unit Yukawa coupling � = 1, third-
generation scalar leptoquarks are expected to be excluded at 95% confidence level for LQ masses below
732 (1249) GeV for a luminosity of 300 fb�1, and below 1130 (1518) GeV for 3000 fb�1 in the single
(pair) production channel, considering both statistical and systematic uncertainties.

Since the single-LQ signal cross section scales with �2, it is straightforward to recast the results
presented in Fig. 94 in terms of expected upper limits on mLQ as a function of �, as shown in Fig. 95. The
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Fig. 85: Present constraints and HL(HE)-LHC projections in the leptoquark mass versus coupling plane for the
scalar leptoquark S3 (left), and vector leptoquark U1 (right). The grey and dark grey solid regions are the current
exclusions. The grey and black dashed lines are the projected reach for HL-LHC (pair and single leptoquark
production prospects are based on the CMS simulation from Section 10.4.5). The red dashed lines are the projected
reach at HE-LHC (see Section 10.4.6). The green and yellow bands are the 1� and 2� preferred regions from the
fit to B physics anomalies. The second coupling required to fit the anomaly does not enter in the leading high-pT

diagrams but it is relevant for fixing the preferred region shown in green, for more details see Ref. [265].

– Leptoquark decays: the fit to the R(D⇤
) observables suggest a rather light leptoquark (at the

TeV scale) that couples predominately to the third generation fermions of the SM. A series of
constraints from flavour physics, in particular the absence of BSM effects in kaon and charm
mixing observables, reinforces this picture.

– Leptoquark production mechanism: The size of the couplings required to explain the anomaly is
typically very large, roughly yq` ⇡ mLQ/ (1 TeV). Depending of the actual sizes of the leptoquark
couplings and its mass we can distinguish three regimes that are relevant for the phenomenology
at the LHC:

1. LQ pair production due to strong interactions,
2. Single LQ production plus lepton via a single insertion of the LQ coupling, and
3. Non-resonant production of di-lepton through t-channel exchange of the leptoquark.

Interestingly all three regimes provide complementary bounds in the (mLQ, yq`
) plane, see Fig. 84.

Several simplified models with leptoquark as a mediator were shown to be consistent with the
low-energy data. A vector leptoquark with SU(3)c ⇥ SU(2)L ⇥ U(1)Y SM quantum numbers Uµ ⇠
(3,1, 2/3) was identified as the only single mediator model which can simultaneously fit the two anoma-
lies (see e.g. [265] for a recent fit including leading RGE effects). In order to substantially cover the
relevant parameter space, one needs future HL- (HE-) LHC, see Fig. 85 (right) (see also Fig. 5 of [265]
for details on the present LHC constraints). A similar statement applies to an alternative model featuring
two scalar leptoquarks, S1, S3 [955]. The pair of plots in Fig. 85 summaries the current exclusion and
the discovery reach for the HE and HL-LHC in the LQ coupling versus mass plane.

Leptoquarks states are emerging as the most convincing mediators for the explanations of the
flavour anomalies. It is then important to explore all the possible signatures at the HL- and HE-LHC.
The experimental programme should focus not only on the final states containing quarks and leptons of
the third generation, but also on the whole list of decay channels including the off-diagonal ones (bµ,
s⌧, . . . ). The completeness of this approach would allow to shed light on the flavour structure of the
putative New Physics.

Another aspect to be emphasized regarding leptoquark models is that the UV complete models
often require extra fields. The accompanying particles would leave more important signatures at high
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• Message: LQ survives at the LHC and HL-LHC in large 
part of the parameter space…

• HL-LHC and HE-LHC report [1812.07638]

• Two decay channels: bottom-tau, top-neutrino. SU(2) fix 
the BR to be equal

• Top-neutrino: see N. Vignaroli 1808.10309
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Working assumption: largest couplings to third generation fermions,

couplings to lighter ones are CKM (flavour) suppressed.
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Figure 5. Present and future-projected LHC constraints on the vector leptoquark model of
section 3.1. The 1σ and 2σ preferred regions from the low-energy fit are shown in green and
yellow, respectively.

3.2 Scenario II: scalar leptoquarks

We introduce two scalar leptoquarks S1 = (3,1, 1/3) and S3 = (3,3, 1/3). The relevant

interaction Lagrangian is given by [46]

L ⊃ g1β1 iα(Q̄
c i
L ϵLα

L)S1 + g3β3 iα(Q̄
c i
L ϵσaLα

L)S
a
3 + h.c., (3.5)

where ϵ = iσ2, Qc
L = CQ̄T

L, and Sa
3 are the components of the S3 leptoquark in SU(2)L

space. A model with the same field content was recently proposed in [26] as a possible

solution of the B-physics anomalies. However, the flavour structure postulated in [26]

leads to large cancellations in b → sνν̄ and potential tuning also in b → u charged-

current transitions. Contrary to the vector LQ case, baryon number conservation is not

automatically absent in the renormalisable operators built in terms of S1,3 and must be

imposed as an additional symmetry of the theory.

Integrating out the leptoquark states at tree-level and matching to the effective theory,
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) > 0. Enforcing a minimally broken U(2)q × U(2)ℓ flavour

symmetry the two mixing matrices β1,iα and β3 iα follow the decomposition presented in

appendix A and have a hierarchical structure similar to the βiα of the vector LQ case.

These two flavour matrices are, in general, different. However, for the sake of simplicity, in

the fit we fix β3,sµ = β1,sµ and β1,bµ = β3,bµ, keeping only the two s− τ elements different
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L, and Sa
3 are the components of the S3 leptoquark in SU(2)L

space. A model with the same field content was recently proposed in [26] as a possible

solution of the B-physics anomalies. However, the flavour structure postulated in [26]

leads to large cancellations in b → sνν̄ and potential tuning also in b → u charged-
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where C1,3 = v2|g1,3|2/(4M2
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) > 0. Enforcing a minimally broken U(2)q × U(2)ℓ flavour

symmetry the two mixing matrices β1,iα and β3 iα follow the decomposition presented in

appendix A and have a hierarchical structure similar to the βiα of the vector LQ case.

These two flavour matrices are, in general, different. However, for the sake of simplicity, in

the fit we fix β3,sµ = β1,sµ and β1,bµ = β3,bµ, keeping only the two s− τ elements different
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can use the EFT approach to describe the RG contributions from those two
operators to the Z couplings as well as to e+e�ff̄ contact terms. While the
former e↵ect does not grow with the energy, the latter does and therefore
is expected to be more important at large
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Figure 5. Present and future-projected LHC constraints on the vector leptoquark model of
section 3.1. The 1σ and 2σ preferred regions from the low-energy fit are shown in green and
yellow, respectively.

3.2 Scenario II: scalar leptoquarks

We introduce two scalar leptoquarks S1 = (3,1, 1/3) and S3 = (3,3, 1/3). The relevant

interaction Lagrangian is given by [46]

L ⊃ g1β1 iα(Q̄
c i
L ϵLα

L)S1 + g3β3 iα(Q̄
c i
L ϵσaLα

L)S
a
3 + h.c., (3.5)

where ϵ = iσ2, Qc
L = CQ̄T

L, and Sa
3 are the components of the S3 leptoquark in SU(2)L

space. A model with the same field content was recently proposed in [26] as a possible

solution of the B-physics anomalies. However, the flavour structure postulated in [26]

leads to large cancellations in b → sνν̄ and potential tuning also in b → u charged-

current transitions. Contrary to the vector LQ case, baryon number conservation is not

automatically absent in the renormalisable operators built in terms of S1,3 and must be

imposed as an additional symmetry of the theory.

Integrating out the leptoquark states at tree-level and matching to the effective theory,

we find the following semi-leptonic operators
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j
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(3.6)

where C1,3 = v2|g1,3|2/(4M2
S1,3

) > 0. Enforcing a minimally broken U(2)q × U(2)ℓ flavour

symmetry the two mixing matrices β1,iα and β3 iα follow the decomposition presented in

appendix A and have a hierarchical structure similar to the βiα of the vector LQ case.

These two flavour matrices are, in general, different. However, for the sake of simplicity, in

the fit we fix β3,sµ = β1,sµ and β1,bµ = β3,bµ, keeping only the two s− τ elements different
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Figure 5. Present and future-projected LHC constraints on the vector leptoquark model of
section 3.1. The 1σ and 2σ preferred regions from the low-energy fit are shown in green and
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3.2 Scenario II: scalar leptoquarks

We introduce two scalar leptoquarks S1 = (3,1, 1/3) and S3 = (3,3, 1/3). The relevant

interaction Lagrangian is given by [46]

L ⊃ g1β1 iα(Q̄
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L)S1 + g3β3 iα(Q̄
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L ϵσaLα

L)S
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3 + h.c., (3.5)

where ϵ = iσ2, Qc
L = CQ̄T

L, and Sa
3 are the components of the S3 leptoquark in SU(2)L

space. A model with the same field content was recently proposed in [26] as a possible

solution of the B-physics anomalies. However, the flavour structure postulated in [26]

leads to large cancellations in b → sνν̄ and potential tuning also in b → u charged-

current transitions. Contrary to the vector LQ case, baryon number conservation is not

automatically absent in the renormalisable operators built in terms of S1,3 and must be

imposed as an additional symmetry of the theory.

Integrating out the leptoquark states at tree-level and matching to the effective theory,

we find the following semi-leptonic operators
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where C1,3 = v2|g1,3|2/(4M2
S1,3

) > 0. Enforcing a minimally broken U(2)q × U(2)ℓ flavour

symmetry the two mixing matrices β1,iα and β3 iα follow the decomposition presented in

appendix A and have a hierarchical structure similar to the βiα of the vector LQ case.

These two flavour matrices are, in general, different. However, for the sake of simplicity, in

the fit we fix β3,sµ = β1,sµ and β1,bµ = β3,bµ, keeping only the two s− τ elements different
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Figure 4: Comparison between the reach of CLIC and LHC in the mLQ�g3 plane.
The gray region represents the parameter space where the expected total number
of events for leptoquark production in the b⌧ channel will be larger than 10 at
3 TeV CLIC with 3 ab�1 of luminosity; the red region is the present exclusion
from LHC, combining pair production (vertical bound) and ⌧⌧ searches; the red
dashed line is the reach of HL-LHC. The green and yellow bands are the 1� and 2�
preferred regions from the flavour fit of Ref. [8]. Left: scalar leptoquark S3, from
Ref. [20]. Right: vector leptoquark U1, bounds quoted in Ref. [8]. labelfig:LHC

the e+e� ! ff̄ cross section at various energies
p
s. For values

p
s ⌧ ⇤ one

can use the EFT approach to describe the RG contributions from those two
operators to the Z couplings as well as to e+e�ff̄ contact terms. While the
former e↵ect does not grow with the energy, the latter does and therefore
is expected to be more important at large

p
s. The four-fermion contact

interactions relevant for CLIC are (in the Warsaw basis)
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[115] D. Bečirević, S. Fajfer, and N. Košnik Phys. Rev. D92 (2015), no. 1 014016, [arXiv:1503.09024].

[116] W. Altmannshofer, A. J. Buras, D. M. Straub, and M. Wick JHEP 04 (2009) 022,
[arXiv:0902.0160].

[117] A. J. Buras, J. Girrbach-Noe, C. Nieho↵, and D. M. Straub JHEP 02 (2015) 184,
[arXiv:1409.4557].

[118] C. Bobeth and A. J. Buras arXiv:1712.01295.

[119] L. Di Luzio, M. Kirk, and A. Lenz arXiv:1712.06572.

[120] E. E. Jenkins, A. V. Manohar, and M. Trott JHEP 01 (2014) 035, [arXiv:1310.4838].

[121] A. Efrati, A. Falkowski, and Y. Soreq JHEP 07 (2015) 018, [arXiv:1503.07872].

[122] A. Pich Prog. Part. Nucl. Phys. 75 (2014) 41–85, [arXiv:1310.7922].

[123] J. Wess and B. Zumino Phys. Lett. 37B (1971) 95–97.

[124] E. Witten Nucl. Phys. B223 (1983) 422–432.
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[126] I. Doršner and A. Greljo arXiv:1801.07641.

[127] CMS Collaboration, A. M. Sirunyan et al. JHEP 07 (2017) 121, [arXiv:1703.03995].

[128] CMS Collaboration, A. M. Sirunyan et al. arXiv:1803.02864.

[129] CMS Collaboration Tech. Rep. CMS-PAS-SUS-18-001, 2018.

[130] CMS Collaboration Tech. Rep. CMS-PAS-EXO-17-029, 2018.

[131] A. Greljo and D. Marzocca Eur. Phys. J. C77 (2017), no. 8 548, [arXiv:1704.09015].

[132] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer,
P. Torrielli, and M. Zaro JHEP 07 (2014) 079, [arXiv:1405.0301].

[133] T. Ahmed, M. C. Kumar, P. Mathews, N. Rana, and V. Ravindran Eur. Phys. J. C76 (2016),
no. 6 355, [arXiv:1510.02235].

[134] ATLAS Collaboration, M. Aaboud et al. Phys. Lett. B775 (2017) 105–125, [arXiv:1707.04147].

[135] CMS Collaboration, A. M. Sirunyan et al. arXiv:1712.03143.

45

• A lot of phenomenological aspects 
call for full models!



1) Direct searches.
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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.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [22]. 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 [15]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15].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 [25]. 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(%) [26],

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 [27] 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 [15], 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)

and after expanding SU(2)L indices,

Le↵
W 0 � �

�
q

ij
�
`

kl

M
2
W 0

(Q̄i�µ�
a
Qj)(L̄k�

µ
�
a
Ll)

� �
gbg⌧

M
2
W 0

�
2Vcbc̄L�

µ
bL⌧̄L�µ⌫L + b̄L�

µ
bL⌧̄L�µ⌧L

�
. (6)

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

2
Also, Ref. [24] 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.

[Faroughy,Greljo,Kamenik,
1609.07138]

2) Radiative contraints 

[Feruglio, Paradisi, Pattori,
1606.00524,1705.00929]

Purely leptonic effective Lagrangian

• Quantum effects generate a purely leptonic effective Lagrangian:
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Figure: Diagram generating
a four-lepton process.

• Top-quark yukawa interactions affect both neutral and charged currents.
• Gauge interactions are proportional to e2 and to the e.m. current.

Paride Paradisi (University of Padova) On the Importance of EW Corrections for B Anomalies Instant work. on B meson anomalies 10 / 15

Q3 Q3

⌧ ⌫⌧

µ ⌫µ

(QL�
µQL)(LL�µLL) ! (LL�

µLL)(LL�µLL)

δgZτL , δg
Z
ντ
, δgWτ ,B(τ → 3µ)

3) FCNC with neutrinos.

B(B → K(∗)νν) ≈ B(B → K(∗)ντντ ) ≫ B(B → K(∗)νν)SM

B(B → K(∗)νν)

B(B → K(∗)νν)SM
! 4

Problems Beyond the naive mediator(s)



The Vector Leptoquark

Simplified dynamical models

Three main options:
(barring terms with RH currents that,

so far, seems to be disfavored by data)

       SU(2)L

    singlet    triplet

Vector LQ: U1 U3

Scalar LQ: S1 S3

Colorless vector: B' W'

G. Isidori –  On the breaking of LFU in B decays                                                CERN, July 2017 

While the EFT is useful to derive relation among low-energy observables, 
simplified dynamical models with explicit mediators are particularly useful to 

reduce the number of free parameters (not always...)
check the consistency with high-energy data (that is quite relevant...)
identify possible UV completions   

• Remarkably there is a unique solution, if we consider a 
single mediator

Scattering ΛU SU(3)C × SU(2)L

(QL +QL)3 → (LL + LL)3
√

4π√
3

∣

∣ΛQL(3)

∣

∣

√
3× 2

(QL +QL)1 → (LL + LL)1
√

4π√
3

∣

∣ΛQL(1)

∣

∣

√
3× 2

uR + uR → eR + eR
√

8π√
3
|Λue|

√
3

dR + dR → eR + eR
√

8π√
3
|Λde|

√
3

uR + uR → LL + LL

√

8π√
6
|ΛuL|

√
3×

√
2

dR + dR → LL + LL

√

8π√
6
|ΛdL|

√
3×

√
2

QL +QL → eR + eR
√

8π√
6
|ΛQe|

√
3×

√
2

dR +QL → LL + eR
√

8π√
3
|ΛdQLe|

√
3

QL + uR → LL + eR
√

8π√
3
|ΛQuLe|

√
3

Table 2: Scale of unitarity violation ΛU as a function of the coefficients ΛO of the semi-leptonic
SMEFT basis of Eq. (20). For the case of QLQL → LLLL scattering the SU(2)L triplet and
singlet channels are labelled explicitly. The third column denotes the enhancement factors on
the partial wave due to the gauge group structure in SU(3)C × SU(2)L space.

for the new mediators is that after integrating them out they are able to generate triplet and
singlet left-handed operator, namely those associated with the coefficients ΛQL(3) and ΛQL(1) in
Eq. (20). In all the cases that we are going to consider the phenomenologically disfavoured
right-handed and scalar/tensor operator of Eq. (20) can be set to zero by a proper choice of
the mediator’s coupling. Given these conditions, the full set of simplified models is displayed
in Table 3.

Simplified Model Spin SM irrep c1/c3 RD(∗) RK(∗) No di → djνν

Z ′ 1 (1, 1, 0) ∞ × ! ×
V ′ 1 (1, 3, 0) 0 ! ! ×
S1 0 (3, 1, 1/3) −1 ! × ×
S3 0 (3, 3, 1/3) 3 ! ! ×
U1 1 (3, 1, 2/3) 1 ! ! !
U3 1 (3, 3, 2/3) −3 ! ! ×

Table 3: Overview of simplified models which can possibly contribute to RD(∗) or RK(∗) via a
singlet/triplet left-handed operator. Only for specific values of the ratio of the Wilson coeffi-
cients c1/c3 (obtained by integrating out a given mediator) the dangerous di → djνν operators
are not generated (U1 case).

From the SU(2)L decomposition (neglecting flavour indices and reinserting the Wilson co-

11

A clear winner! Uµ = (3, 1, 2/3)

[Buttazzo, Greljo, Isidori Marzocca
1706.07808]
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A clear winner! Uµ = (3, 1, 2/3)

[Buttazzo, Greljo, Isidori Marzocca
1706.07808]

• A spin 1 state calls for a UV completion. This is 
not an academic question, collider searches are 
dominated by the phenomenology of the extra 
states that emerge with the leptoquark.

Spin one particle

Composite dynamics

Gauge bosons

[Barbieri, Tesi,1712.06844 +
…]

[L. Di Luzio, A. Greljo, MN, 1708.08450
Bordone, Cornella, Fuentes-Martin, Isidori,
1712.01368+… ]



SU(4) Pati-Salam
• Quantum numbers of the leptoquark known, easiest option: Pati-Salam

GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R

GPS ! GSM (15 = 8 + 3 + 3 + 1)

Z 0Uµg

gsp
2
Uµ �ij Q

i
�µLj

 PRD (1975)
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• A problem: bounds from indirect searches 
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s̄

d

µ+

e−

X

d̄

s

µ+

e−

X

Fig. 3. Feynman diagrams for the K0
L(ds̄+ sd̄) → e−µ+ decay forbidden in the standard model,

via the leptoquark exchange.

4.2. Rare K0
L
-Meson Decays

The amplitude of the process K0
L → e−µ+ forbidden in the standard model, is

calculated in the similar way as the amplitude (13), see Fig. 3. The result is

MX
Keµ =

√
2παS (MX) fKm2

KQ

M2
X (ms +md)

(

DedD∗
µs +DesD∗

µd

)

(ēγ5µ) , (19)

where fK ≃ 160 MeV is the constant of the Klν decay. We find that the use of the
available experimental data40 in our scheme leads to the constraint

MX > (2100 TeV)
∣

∣DedD∗
µs +DesD∗

µd

∣

∣

1/2
. (20)

Experimental values38 of Br
(

K0
L → µ+µ−

)

closely approach the unitary
limit Brabs = 6.8 × 10−9. Therefore, the effective leptoquark contribution to
Br

(

K0
L → µ+µ−

)

is unlikely to exceed 1 × 10−10. The amplitude of the process
is obtained from (19) by making the substitution e → µ. We finally obtain

MX > (1100 TeV)
∣

∣Re
(

DµdD∗
µs

)∣

∣

1/2
. (21)

The amplitude of one more rare K0
L decay, into an electron and a positron

through an intermediate leptoquark, can also be obtained from (19) by means of
the substitution µ → e. Experimental values41 of Br

(

K0
L → e+e−

)

closely approach
the unitary limit Brabs = 9×10−12. Therefore, the effective leptoquark contribution
to Br

(

K0
L → e+e−

)

is unlikely to exceed 5 × 10−12. In this case, the constraint on
the leptoquark mass is

MX > (2400 TeV) |Re (DedD∗
es)|

1/2 . (22)

4.3. Rare K+ Decays

Among rare K+ decays, that can occur at the tree level in the model under study,
K+ → π+µ+e− 36 and K+ → π+µ−e+ 37 yield the most stringent constraints.
The amplitude of the decay K+ → π+µ+e− can be represented in the form

MX
Kπµe = −

2παS (MX)

M2
X

f0
+

(

q2
) (

m2
K −m2

π

)

+ f0
−

(

q2
)

q2

ms −md
QDedD∗

µs (ēµ) , (23)

MU & 100 TeV MU . 2 TeV
(from the anomalies)

• Another problem: bounds from direct searches of the Z’, abundantly 
produced by Drell-Yan processes
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ATLAS 13 TeV, 36.1 fb-1

R(K(*)) @ 2σ
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95% CL limits on MFV Z' from p p→μ+ μ-

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.

Correct limit 
(from the tail)

6

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
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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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the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
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(see for example models proposed in Refs. [35,36,37]).
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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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L (L̄kgµ Ll) ,
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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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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-
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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
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6See Ref. [9] for a more detailed discussion on the EFT validity in
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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.
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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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and vectors U µ
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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
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(see for example models proposed in Refs. [35,36,37]).
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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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L (L̄kgµ Ll) ,
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Q (Q̄igµ saQ j)+g(3),kl
L (L̄kgµ saLl) .
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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 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.
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(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]).

Fig. 5 Limits on the Z0 MFV model from pp ! µ+µ�. See text for
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.

Z’ model

MFV in the quark sector

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

10

(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 . (29)

c
(1)
QL ⇠ g

2
⇤ (30)

pp ! µ
+
µ
�

(31)

5

1 Introduction

One of the most interesting phenomena reported by particle physics experiments in the last few
years are the numerous hints of Lepton Flavour Universality (LFU) violations observed in semi-
leptonic B decays. The very recent LHCb results on the LFU ratios Rµe

K(⇤) [1] and R⌧`

D(⇤) [2] are
the last two pieces of a seemingly coherent set of anomalies which involves di↵erent observables
and experiments. So far, not a single LFU ratio measurement exhibits a deviation with respect
to the Standard Model (SM) above the 3� level. However, the overall set of observables is very
consistent and, once combined, the probability of a mere statistical fluctuation is very low.

The evidences collected so far can naturally be grouped into two categories, according to the
underlying quark-level transition:

• deviations from ⌧/µ (and ⌧/e) universality in b ! c`⌫̄ charged currents [2–5];

• deviations from µ/e universality in b ! s`` neutral currents [1, 6].

In both cases the combination of the results leads to an evidence around the 4� level for LFU
violating contributions of non-SM origin, whose size is O(10%) compared to the corresponding
charged- or neutral-current SM amplitudes. Furthermore, a strong evidence for a deviation from
the SM prediction has been observed by LHCb in the angular distribution of the B0

! K⇤0µ+µ�

decay [7,8], which is consistent with the deviations from LFU in neutral-current B decays [9,10].
These deviations from the SM have triggered a series of theoretical speculations about pos-

sible New Physics (NP) interpretations. Attempts to provide a combined/coherent explanation
for both charged- and neutral-current anomalies have been presented in Refs. [11–29]. A com-
mon origin of the two set of anomalies is not obvious, but is very appealing since: i) in both
types of semi-leptonic B-meson decays (charged and neutral) we are dealing with a violation of
LFU; ii) in both cases data favours left-handed e↵ective interactions that, due to the SM gauge
symmetry, naturally suggest a connection between charged and neutral currents.

One of the puzzling aspects of the present anomalies is that they have been observed only
in semi-leptonic B decays and are quite large compared to the corresponding SM amplitudes.
On the contrary, no evidence of deviation from the SM has been seen so far in the precise
(per-mil) tests of LFU in semi-leptonic K and ⇡ decays, purely leptonic ⌧ decays, and in the
electroweak precision observables. The most natural assumption to address this apparent para-
dox is the hypothesis that the NP responsible for the breaking of LFU is coupled mainly to
the third generation of quarks and leptons, with a small (but non-negligible) mixing with the
light generations [13, 25, 30]. This hypothesis also provides a natural first-order explanation for
the di↵erent size of the two e↵ects, which compete with a tree-level SM amplitude in charged
currents, and with a suppressed loop-induced SM amplitude in neutral currents, respectively.
Within this paradigm, a class of particularly motivated models includes those which are based
on a U(2)q⇥U(2)` flavour symmetry acting on the light generations of SM fermions [31,32], and
new massive bosonic mediators around the TeV scale: colour-less vector SU(2)L-triplets (W 0,
B0) [13], vector SU(2)L-singlet or -triplet leptoquarks (LQ) [17], or scalar SU(2)L-singlet and
-triplet leptoquarks. Besides providing a good description of low-energy data, these mediators
could find a consistent UV completion in the context of strongly-interacting theories with new
degrees of freedom at the TeV scale [23, 24].

3

• After all Pati-Salam was introduced in the context of GUTs…..
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• We need two ingredients: an enlarged gauge structure and extra matter fields

G = SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y

h⌦3i, h⌦1i
1)  A leptoquark 

2)  A color octet

3)  A SM singlet

New states from the breaking:

2

(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
a light Z

0 from SU(4)PS ! SU(3)c breaking with
unsuppressed O(gs) couplings to SM fermions [47].
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [48] in the con-
text of a “partial unification” model in which the
color and hypercharge factors of the SM are em-
bedded into a SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group.
The latter resembles the embedding of color as the
diagonal subgroup of two SU(3) factors, as origi-
nally proposed in [49–51]. For N = 1 one can
basically obtain a massive leptoquark Uµ which
does not couple to SM fermions, if the latter are
SU(3+N) singlets. A coupling of Uµ to left-handed
SM fermions can still be generated via the mixing
with a vector-like fermion transforming non-trivially
under SU(4)0⇥SU(2)L, as recently suggested in Ap-
pendix C of Ref. [52]. The latter model example,
formulated in the context of leptoquark LHC phe-
nomenology, is the starting point of our construc-
tion. We go a step beyond and implement the nec-
essary flavour structure to fit the B-anomalies, while
keeping the model phenomenologically viable.

Gauge leptoquark model. Let us consider the
gauge group G ⌘ SU(4)⇥SU(3)0⇥SU(2)L⇥U(1)0,
and denote respectively by H

↵
µ , G

0a
µ ,W

i
µ, B

0
µ the

gauge fields, g4, g3, g2, g1 the gauge couplings and
T

↵
, T

a
, T

i
, Y

0 the generators, with indices running
over ↵ = 1, . . . , 15, a = 1, . . . , 8 and i = 1, 2, 3. The
normalization of the generators in the fundamental
representation is fixed by TrT↵

T
� = 1

2�
↵� , etc. The

color and hypercharge factors of the SM gauge group
GSM ⌘ SU(3)c ⇥ SU(2)L ⇥U(1)Y are embedded in
the following way: SU(3)c = (SU(3)4 ⇥ SU(3)0)diag
and U(1)Y = (U(1)4 ⇥ U(1)0)diag, where SU(3)4 ⇥

U(1)4 ⇢ SU(4). In particular, Y =
q

2
3T

15 + Y
0,

with T
15 = 1

2
p
6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
�
4, 1, 1,�1/2

�
, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-
forming as ⌦3 ! U

⇤
4⌦3U

T
30 and ⌦1 ! U

⇤
4⌦1 under

SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [53]

h⌦3i =

0

BBB@

v3p
2

0 0

0 v3p
2

0

0 0 v3p
2

0 0 0

1

CCCA
, h⌦1i =

0

BB@

0
0
0
v1p
2

1

CCA , (1)

ensuring the proper G ! GSM breaking. Un-
der GSM the scalar representations decompose as
⌦3 = (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and ⌦1 =
(3, 1,�2/3) � (1, 1, 0). After removing the linear
combinations corresponding to the would-be Gold-
stone bosons, the scalar spectrum features a real

color octet, two real and one pseudo-real SM sin-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (1, 1, 2, 1/2) of G and
acquiring a vev hHi = 1p

2
v, with v = 246 GeV.

The gauge boson spectrum comprises three mas-
sive vector states belonging to the G/GSM coset and
transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and
Z

0 = (1, 1, 0) under GSM. From the scalar kinetic
terms one obtains [52, 53]

MU = 1
2g4

q
v
2
1 + v

2
3 , (2)

Mg0 = 1p
2

q
g
2
4 + g

2
3v3 , (3)

MZ0 = 1
2

q
3
2

q
g
2
4 +

2
3g

2
1

q
v
2
1 +

1
3v

2
3 . (4)

Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read

U
1,2,3
µ =

1
p
2

�
H

9,11,13
µ � iH

10,12,14
µ

�
, (5)

g
0a
µ =

g4H
a
µ � g3G

0a
µp

g
2
4 + g

2
3

, Z
0
µ =

g4H
15
µ �

q
2
3g1B

0
µ

q
g
2
4 +

2
3g

2
1

,

while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking

g
a
µ =

g3H
a
µ + g4G

0a
µp

g
2
4 + g

2
3

, Bµ =

q
2
3g1H

15
µ + g4B

0
µ

q
g
2
4 +

2
3g

2
1

.

The matching with the SM gauge couplings reads

gs =
g4g3p
g
2
4 + g

2
3

, gY =
g4g1q
g
2
4 +

2
3g

2
1

, (6)

where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
SU(3)0⇥SU(2)L⇥U(1)0 subgroup, but are singlets
of SU(4). Let us denote them as: q0L = (1, 3, 2, 1/6),
u
0
R = (1, 3, 1, 2/3), d

0
R = (1, 3, 1,�1/3), `

0
L =

(1, 1, 2,�1/2), and e
0
R = (1, 1, 1,�1). These rep-

resentations come in three copies of flavour. Being
singlets of SU(4), they do not couple with the vector
leptoquark field directly. To induce the required in-
teraction, we add vector-like heavy fermions trans-
forming non-trivially only under SU(4) ⇥ SU(2)L
subgroup. In particular,  L,R = (Q0

L,R, L
0
L,R)

T =
(4, 1, 2, 0), where Q

0 and L
0 are decompositions un-

der SU(3)4 ⇥ U(1)4 ⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing

[L. Di Luzio, A. Greljo, MN 
1708.08450]
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(e.g. if dR ⇢ 6 of SU(4)PS). This, however, would
still not be enough for RD(⇤) , due to the presence of
a light Z

0 from SU(4)PS ! SU(3)c breaking with
unsuppressed O(gs) couplings to SM fermions [47].
A crucial ingredient to circumvent the previous

issues was recently proposed in Ref. [48] in the con-
text of a “partial unification” model in which the
color and hypercharge factors of the SM are em-
bedded into a SU(3 + N) ⇥ SU(3)0 ⇥ U(1)0 group.
The latter resembles the embedding of color as the
diagonal subgroup of two SU(3) factors, as origi-
nally proposed in [49–51]. For N = 1 one can
basically obtain a massive leptoquark Uµ which
does not couple to SM fermions, if the latter are
SU(3+N) singlets. A coupling of Uµ to left-handed
SM fermions can still be generated via the mixing
with a vector-like fermion transforming non-trivially
under SU(4)0⇥SU(2)L, as recently suggested in Ap-
pendix C of Ref. [52]. The latter model example,
formulated in the context of leptoquark LHC phe-
nomenology, is the starting point of our construc-
tion. We go a step beyond and implement the nec-
essary flavour structure to fit the B-anomalies, while
keeping the model phenomenologically viable.

Gauge leptoquark model. Let us consider the
gauge group G ⌘ SU(4)⇥SU(3)0⇥SU(2)L⇥U(1)0,
and denote respectively by H

↵
µ , G

0a
µ ,W

i
µ, B

0
µ the

gauge fields, g4, g3, g2, g1 the gauge couplings and
T

↵
, T

a
, T

i
, Y

0 the generators, with indices running
over ↵ = 1, . . . , 15, a = 1, . . . , 8 and i = 1, 2, 3. The
normalization of the generators in the fundamental
representation is fixed by TrT↵

T
� = 1

2�
↵� , etc. The

color and hypercharge factors of the SM gauge group
GSM ⌘ SU(3)c ⇥ SU(2)L ⇥U(1)Y are embedded in
the following way: SU(3)c = (SU(3)4 ⇥ SU(3)0)diag
and U(1)Y = (U(1)4 ⇥ U(1)0)diag, where SU(3)4 ⇥

U(1)4 ⇢ SU(4). In particular, Y =
q

2
3T

15 + Y
0,

with T
15 = 1

2
p
6
diag(1, 1, 1,�3).

The spontaneous breaking G ! GSM happens via
the scalar representations ⌦3 =

�
4, 3, 1, 1/6

�
and

⌦1 =
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4, 1, 1,�1/2
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, which can be represented re-

spectively as a 4 ⇥ 3 matrix and a 4-vector trans-
forming as ⌦3 ! U
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4⌦3U
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SU(4) ⇥ SU(3)0. By means of a suitable scalar po-
tential it is possible to achieve the following vacuum
expectation value (vev) configurations [53]
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ensuring the proper G ! GSM breaking. Un-
der GSM the scalar representations decompose as
⌦3 = (8, 1, 0) � (1, 1, 0) � (3, 1, 2/3) and ⌦1 =
(3, 1,�2/3) � (1, 1, 0). After removing the linear
combinations corresponding to the would-be Gold-
stone bosons, the scalar spectrum features a real

color octet, two real and one pseudo-real SM sin-
glets, a complex scalar transforming as (3, 1, 2/3).
The final breaking of GSM is obtained via the Higgs
doublet field residing intoH = (1, 1, 2, 1/2) of G and
acquiring a vev hHi = 1p

2
v, with v = 246 GeV.

The gauge boson spectrum comprises three mas-
sive vector states belonging to the G/GSM coset and
transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and
Z

0 = (1, 1, 0) under GSM. From the scalar kinetic
terms one obtains [52, 53]
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Expressed in terms of the original gauge fields of the
group G, the massive gauge bosons read
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while the orthogonal combinations correspond to the
massless SU(3)c⇥U(1)Y degrees of freedom of GSM

prior to electroweak symmetry breaking
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The matching with the SM gauge couplings reads
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where gs = 1.02 and gY = 0.363 are the values
evolved within the SM up to the matching scale
µ = 2 TeV. Since g3,4 > gs and g4,1 > gY , one has
g4,3 � g1. A typical benchmark is g4 = 3, g3 = 1.08
and g1 = 0.365.

The would-be SM fermion fields (when neglecting
the mixing discussed below), are charged under the
SU(3)0⇥SU(2)L⇥U(1)0 subgroup, but are singlets
of SU(4). Let us denote them as: q0L = (1, 3, 2, 1/6),
u
0
R = (1, 3, 1, 2/3), d

0
R = (1, 3, 1,�1/3), `

0
L =

(1, 1, 2,�1/2), and e
0
R = (1, 1, 1,�1). These rep-

resentations come in three copies of flavour. Being
singlets of SU(4), they do not couple with the vector
leptoquark field directly. To induce the required in-
teraction, we add vector-like heavy fermions trans-
forming non-trivially only under SU(4) ⇥ SU(2)L
subgroup. In particular,  L,R = (Q0

L,R, L
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L,R)

T =
(4, 1, 2, 0), where Q

0 and L
0 are decompositions un-

der SU(3)4 ⇥ U(1)4 ⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing

• Field content

3

is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
whose action on the matter fields is displayed in
the last two columns of Table I. The vevs of ⌦3

and ⌦1 break spontaneously both the gauge and the
global symmetries, leaving unbroken two new global

U(1)’s: B = B
0+ 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .

The fermions’ kinetic term leads to the following
left-handed interactions

LL �
g4
p
2
Q

0
L�

µ
L
0
L Uµ + h.c.

+
g4gs

g3

✓
Q

0
L�

µ
T

a
Q

0
L �

g
2
3

g
2
4

q
0
L�

µ
T

a
q
0
L

◆
g
0a
µ

+
1

6

p
3 g4gY
p
2 g1

✓
Q

0
L�

µ
Q

0
L �

2g21
3g24

q
0
L�

µ
q
0
L

◆
Z

0
µ

�
1

2

p
3 g4gY
p
2 g1

✓
L
0
L�

µ
L
0
L �

2g21
3g24

`
0
L�

µ
`
0
L

◆
Z

0
µ , (7)

and right-handed interactions

LR �
g4p
2
Q

0
R�µL0

R Uµ + h.c.

+
g4gs
g3

✓
Q

0
R�µTaQ0

R �
g23
g24

⇣
u0
R�µTau0

R + d
0
R�µTad0R

⌘◆
g0aµ

+
1

6

p
3 g4gYp
2 g1

✓
Q

0
R�µQ0

R �
4g21
3g24

⇣
2u0

R�µu0
R � d

0
R�µd0R

⌘◆
Z0
µ

�
1

2

p
3 g4gYp
2 g1

✓
L
0
R�µL0

R �
4g21
3g24

e0R�µe0R

◆
Z0
µ . (8)

Flavour structure. The Yukawa Lagrangian is

LY � �q
0
L Yd Hd

0
R � q

0
L Yu H̃u

0
R � `

0
L Ye He

0
R (9)

� q
0
L �q ⌦

T
3 R � `

0
L �` ⌦

T
1 R � L M  R + h.c. ,

where H̃ = i�2H
⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3

flavour matrices, �q and �` are 3 ⇥ n , while M is
n ⇥n matrix where n is the number of  fields.

In absence of the Yukawa Lagrangian the global
flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥

U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n ) L ⇥U(n ) R . Us-
ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = M

diag
⌘

diag (M1, ...,Mn ), Yd = Y
diag
d , and Ye = Y

diag
e

are diagonal matrices with non-negative real entries,
while Yu = V

†
Y

diag
u , where V is a unitary matrix.

After spontaneous symmetry breaking, the
fermion mass matrices in this (interaction) basis are

Md =

 
vp
2
Y diag
d

v3p
2
�q

0 Mdiag

!
, Me =

 
vp
2
Y diag
e

v1p
2
�`

0 Mdiag

!
,

Mu =

 
vp
2
V †Y diag

u
v3p
2
�q

0 Mdiag

!
, M⌫ =

 
0 v1p

2
�`

0 Mdiag

!
.

(10)

These are 3+n dimensional square matrices which
can be diagonalised by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E

n 
L )T , are

given by  eL = U
†
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z

0 exchange. In this respect,
we identify two interesting scenarios:

• (n = 3): In order to avoid tree-level g0 and Z
0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M

ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n = 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment

of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)

�q =

0

@
0 0
�
s
q 0
0 �

b
q

1

A , (11)

with
���sq

�� ⌧
���bq

��. The main implications of this
setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g

0 and Z
0 exchange,
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} symmetry breaking
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• Color octet and Z’ are the most important states

[L. Di Luzio, A. Greljo, MN 
1708.08450]

• Extra gauge bosons don’t decouple, for example in some limit:
3M2

U = M2
g0 + 2M2

Z0

UV completions: vector leptoquark

Non-universal couplings to fermions needed! 

• Elementary vectors: color can’t be completely embedded in SU(4) 
 
 
 
only the 3rd generation is charged under SU(4)


• Composite vectors: resonances of a strongly interacting sector 
with global


the couplings to fermions can be different (e.g. partial compositeness)

Di Luzio et al. 2017

Isidori et al. 2017SU(4)⇥ SU(3) ! SU(3)c

SU(4)⇥ SU(2)⇥ SU(2)

Barbieri, Tesi 2017

In all cases, additional heavy vector 
resonances (color octet and Z’) are present

Searches at LHC! ➡ see M. Nardecchia’s talk
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Colour octet vector at the LHC

• Background fitted to data 
• Exclusion limit are reported with benchmark up to 

�

m
. 15%

• In models aiming at explaining charged current 
anomalies,large widths are expected
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Colour octet vector at the LHC
pp→ jj @ 13 TeV, 37 fb-1

ATLAS Bckg fit
ATLAS observed

MG' = 1.9 TeV, ΓG' (25%)
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MG' = 2.5 TeV, ΓG' (43%)
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• Very strong bounds

[Greljo,Di Luzio, Fuentes-Martin, MN, Renner, 
1808.00942]



Other channels of interest
• Depending on the value of the parameters/models, it is important to consider also:

8
>>>>>><

>>>>>>:

g0 ! tt̄

g0 ! bb̄

Z 0 ! tt̄

Z 0 ! bb̄

Z 0 ! ⌧⌧

Final states containing quarks and leptons of the third family: a 
correlation with the flavour structure hinted by the anomalies. 

Top is present because of SU(2) gauge structure.



Other channels of interest
• Depending on the value of the parameters/models, it is important to consider also:

8
>>>>>><

>>>>>>:

g0 ! tt̄

g0 ! bb̄

Z 0 ! tt̄

Z 0 ! bb̄

Z 0 ! ⌧⌧

Final states containing quarks and leptons of the third family: a 
correlation with the flavour structure hinted by the anomalies. 

Top is present because of SU(2) gauge structure.

• This holds also in strongly coupled models. As before states don’t decouple and large 
widths are expected. MU = Mg0 = MZ0

• Fair to say that all the models are under pressure by various simultaneous constraints (EW 
and FCNC observables, direct searches)

[Barbieri, Tesi,1712.06844]



NEUTRAL CURRENT (ONLY)



Why Neutral Current only?
• A couple of (personal) prejudices…

1) The very low NP scale hinted by the anomalies in charged currents is problematic
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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.

III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [22]. 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 [15]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15].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 [25]. 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(%) [26],

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 [27] 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 [15], 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)

and after expanding SU(2)L indices,

Le↵
W 0 � �

�
q

ij
�
`

kl

M
2
W 0

(Q̄i�µ�
a
Qj)(L̄k�

µ
�
a
Ll)

� �
gbg⌧

M
2
W 0

�
2Vcbc̄L�

µ
bL⌧̄L�µ⌫L + b̄L�

µ
bL⌧̄L�µ⌧L

�
. (6)

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

2
Also, Ref. [24] 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.

[Faroughy,Greljo,Kamenik,
1609.07138]

Radiative contraints 

[Feruglio, Paradisi, Pattori,
1606.00524,1705.00929]

Purely leptonic effective Lagrangian

• Quantum effects generate a purely leptonic effective Lagrangian:

LNC
eff =� 4GFp

2
�e

ij


(eLi�µeLj)

X
 
 �µ 

�
2gZ

 ce
t � Q ce

�

�
+ h.c.

�

LCC
eff =� 4GFp
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48⇡2
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
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µ2 + ...

�

Figure: Diagram generating
a four-lepton process.

• Top-quark yukawa interactions affect both neutral and charged currents.
• Gauge interactions are proportional to e2 and to the e.m. current.

Paride Paradisi (University of Padova) On the Importance of EW Corrections for B Anomalies Instant work. on B meson anomalies 10 / 15

Q3 Q3

⌧ ⌫⌧

µ ⌫µ

Other indirect probes
8
><

>:

B ! K(⇤)⌫⌫

Bs,K,D mixing

. . .
<latexit sha1_base64="8quipk5HTkRDvcqGH/YPPbTKHjw="></latexit><latexit sha1_base64="8quipk5HTkRDvcqGH/YPPbTKHjw="></latexit><latexit sha1_base64="8quipk5HTkRDvcqGH/YPPbTKHjw="></latexit><latexit sha1_base64="8quipk5HTkRDvcqGH/YPPbTKHjw="></latexit>

• However, models can be constructed… separately, bounds can be satisfied. The interplay of 
various constraints is very important (some models, seems naively ok but…)

• Even if allowed,  large couplings are required (calculability is lost?)
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III. MODELS

The di↵erent chiral structures being probed by R(D(⇤))
single out a handful of simplified single mediator mod-
els [22]. 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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0 can be coupled to the SM fermions via
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b(⌧)�i3�j3, consistent with an

U(2) flavor symmetry [15]. Departures from this limit
in the quark sector are constrained by low energy flavor
data, including meson mixing, rare B decays, LFU and
LFV in ⌧ decays and neutrino physics, a detail analysis of
which has been performed in Ref. [15].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 [25]. 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(%) [26],

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 [27] 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 [15], and thus irrelevant for the phenomeno-
logical discussions at LHC.
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0a at tree level, generates the

four-fermion operator,
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tributions to the purely leptonic observables.
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2
�e

ij


(eLi�µeLj)

X
 
 �µ 

�
2gZ

 ce
t � Q ce

�

�
+ h.c.

�

LCC
eff =� 4GFp

2
�e

ij


ccc

t (eLi�µ⌫Lj)(⌫Lk�
µeLk + uLk�

µVkldLl) + h.c.
�

 = {⌫Lk , eLk,Rk , uL,R , dL,R , sL,R} gZ
 = T3( )� Q sin2 ✓W

ce
t = y2

t
3

32⇡2
v2

⇤2 (C1�C3)�
u
33 log ⇤2

m2
t

ccc
t = y2

t
3

16⇡2
v2

⇤2 C3 �
u
33 log ⇤2

m2
t

ce
�=

e2

48⇡2
v2

⇤2


(3C3�C1) log ⇤2

µ2 + ...

�

Figure: Diagram generating
a four-lepton process.

• Top-quark yukawa interactions affect both neutral and charged currents.
• Gauge interactions are proportional to e2 and to the e.m. current.
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Q3 Q3

⌧ ⌫⌧

µ ⌫µ

Other indirect probes
8
><

>:

B ! K(⇤)⌫⌫

Bs,K,D mixing

. . .
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• However, models can be constructed… separately, bounds can be satisfied. The interplay of 
various constraints is very important (some models, seems naively ok but…)

• Even if allowed,  large couplings are required (calculability is lost?)

2) Models addressing the anomalies (in CC) do not fit well in frameworks that address the 
issue of the naturalness problem of the EW scale

Viable attempts in particular in the 
context of the composite Higgs 
framework (SUSY is more 
problematic)



Models for NC anomalies 
Models with Flavor Changing Z 0 Bosons

µ+

µ−

bL

sL

Z ′

Z
0 models:

(WA, Straub ’13/’14; Gauld, Goertz, Haisch ’13; Buras

et al. ’13/’14; WA, Gori, Pospelov, Yavin ’14; Glashow,

Guadagnoli, Lane ’14; Crivellin, D’Ambrosio, Heeck ’14/’15;

Niehoff, Stangl, Straub ’15; Aristizabal Sierra, Staub,

Vicente ’15; Boucenna, Valle, Vicente ’15; ...)

alternative option: lepto-quarks

(Hiller, Schmaltz ’14; Gripaios, Nardecchia, Renner ’14;

Buras et al. ’14; Becirevic, Fajfer, Kosnik ’15; ...)

bla

C
NP
9 =

�bs

L
�µµ

V

VtbV ⇤
ts

v2

M2
Z 0

4⇡2

e2 '
�bs

L
�µµ

V

VtbV ⇤
ts

(5 TeV)2

M2
Z 0
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bL `+L

sL

`�L

⇧

�bs�µµ

m2
Z0

⇡ 1
(30TeV)2

�bµ�sµ

m2
⇧

⇡ 1
(30 TeV)2

Figure 1: Diagram contributing to b ! sµµ

3.1.1 Semileptonic four-fermion operators

The process b ! s``, important for the LHCb B meson anomalies, is induced at loop

level by the diagram in Fig. 13. The SU(2)L structure of the NP-induced semileptonic

four-fermion interaction can be derived from the discussion in Appendix A, using the

lagrangian (Eqn. A.6) written explicitly in terms of SU(2)L components. The resulting

e↵ective NP lagrangian is

Leff � K(xq, x`)

M2
 

↵q⇤
i
↵q

j
↵`⇤
m↵`

n

64⇡2

⇣
Q

i

L�
µQj

L

⌘ �
L
m

L �µL
n

L

�
+

5

9

⇣
Q

i

L�
µ~⌧Qj

L

⌘
·
�
L
m

L �µ~⌧L
n

L

��
,

(3.1)

with xq ⌘
M

2
q

M
2
 
and x` ⌘

M
2
`

M
2
 
. The loop function K(xq, x`) can be obtained by the following

definitions;

K(x) ⌘ 1� x+ x2 log x

(x� 1)2
,

K(x, y) ⌘ K(x)�K(y)

x� y
.

The e↵ective hamiltonian relevant to b ! s`` transitions is

He↵ = �4GFp
2

(V ⇤
tsVtb)

X

i

C`

i (µ)O`

i (µ) , (3.2)

where O`

i
are a basis of SU(3)C⇥U(1)Q-invariant dimension-six operators giving rise to the

flavour-changing transition. The superscript ` denotes the lepton flavour in the final state

(` 2 {e, µ, ⌧}), and the important operators for our process, O`

i
, are given in a standard

basis by

O`(0)
9 =

↵em

4⇡

�
s̄�↵PL(R)b

�
(¯̀�↵`) , (3.3)

O`(0)
10 =

↵em

4⇡

�
s̄�↵PL(R)b

�
(¯̀�↵�5`).

3
There are also Z and photon penguin diagrams which contribute, with a NP loop connecting the quarks

and joining to the leptons via a Z/� propagator. These penguin diagrams are discussed in Appendix B and

are found to be very suppressed relative to both the SM contribution and the diagram in Fig. 1, and hence

are neglected here.
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2

that describes the b ! s`+`� transitions is given by

He↵ = �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

�
C`

iO
`
i + C 0

i
`O0`

i

�
+H.c.,

(3)
where e is the EM gauge coupling and the sum runs over
the dimension-five and dimension six-operators. Denot-
ing SM and NP contributions to the Wilson coe�cients
as C`

i = C`,SM
i +C`,NP

i , global analyses of all b ! s`+`�

indicate a nonvanishing Cµ,NP
9 , with some preference for

a NP solution with Cµ,NP
9 = �Cµ,NP

10 ' 0.60(15); see,
e.g., [15]. Here the relevant four-fermion operators are
O`

9 =
�
s̄�µPLb

��
¯̀�µ`

�
, and O`

10 =
�
s̄�µPLb

��
¯̀�µ�5`

�
.

The data thus imply the presence of NP contributions
with a V � A structure in the quark sector. How-
ever, additional contributions of comparable magnitude
but with a V + A structure from the NP operators
O0`

9 =
�
s̄�µPRb

��
¯̀�µ`

�
, O0`

10 =
�
s̄�µPRb

��
¯̀�µ�5`

�
are

still allowed by the current data.
In the class of models we are considering only the O`

9
and O`

10 are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
assume that NP predominantly a↵ects the b ! sµ+µ�

transition and not the b ! se+e�. This leads to LFU
violation when comparing b ! sµ+µ� with b ! se+e�.
It also modifies the total rates in various b ! sµ+µ�

decays, in accordance with indications of global fits [12–
15]. On the other hand Bs, Bd and K0 mixing via Z 0

exchange arises only at the two-loop level and is well
within present experimental and theoretical precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
ified to [52]1

B(K+ ! ⇡+⌫⌫̄(�)) = (8.4± 1.0)⇥ 10�11

⇥1

3

X

`

�����1 +
s2W (C`,NP

9 � C`,NP
10 )

XSM

�����

2

, (4)

where XSM = Xt + (Xc + �Xc,u)V 4
usVcsV ⇤

cd/VtsV ⇤
td '

2.10 + 0.24i with Xi defined, e.g., in [53], and have writ-
ten for the weak mixing angle sW ⌘ sin ✓W ' 0.48,
cW ⌘ cos ✓W . For values of Cµ,NP

9,10 that are preferred
by current b ! s`` data, the resulting e↵ect in K ! ⇡⌫⌫̄
is small compared to current experimental uncertainties,
but could be within reach of the ongoing NA62 experi-
ment [54]. Similar comments apply to the theoretically
very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

1 This is for leptons in an isospin singlet state, while for an isospin
triplet combination, the NP contribution flips its sign.

t

t
W

W

W

W
t

t

T T

T

TZ 0

Z 0

Z 0

Z 0

di

dj

di

dj

di

dj

di

dj

`

`
`

`

`

`
`

`

Figure 1: The NP contributions to the di ! dj`` processes
from the exchange of a Z0 that couples to the top quark and
a heavy top partner T .

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unobserv-
able. The same is true for the KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. We discuss next

the simplest realization of the above framework. We re-
strict ourselves to the case where on the leptonic side
only the muons are a↵ected by NP. The minimal model
has a new U(1)0 gauge symmetry that is spontaneously
broken through the vacuum expectation value (VEV) of
a scalar field, �, transforming as � ⇠ (1, 1, 0, q0) under
SU(3)C ⇥SU(2)L⇥U(1)Y ⇥U(1)0. The model contains,
in addition, a colored Dirac fermion T 0 ⇠ (3, 1, 2/3, q0).
The SM is thus supplemented by the Lagrangian

LU(1)0 =|(Dµ�)|2 �
m2

�

2ṽ2

⇣
�2 � ṽ2

2

⌘2

+ T̄ 0(i/D �MT )T
0 � 1

4
F 02
µ⌫ ,

(5)

where Dµ � ig̃q0Z 0
µ, the U(1)0 part of the covariant

derivative, F 0
µ⌫ = @µZ 0

⌫ � @⌫Z 0
µ the field strength for the

gauge boson Z 0, and � = (�+ ṽ)/
p
2. Here g̃ is the U(1)0

gauge coupling, ṽ is the VEV that breaks the U(1)0, while
� is the physical scalar boson that obtains mass m� after
spontaneous breaking of U(1)0.
All the SM fields are singlets under U(1)0. There are

only three renormalizable interactions between the SM
and the U(1)0 sector: the Higgs portal coupling � to
the SM Higgs, H; the U(1)0 kinetic mixing with the SM
hypercharge, Bµ⌫ ; and a Yukawa-type coupling of T and
� to the SM right-handed up-quarks ui

R,

Lmix = ��0|�|2|H|2�✏Bµ⌫F 0
µ⌫�(yiT T̄

0�ui
R+H.c.) . (6)

The summation over generation index i = 1, 2, 3, is im-
plied. While yiT can in general take any values, we assume
it is aligned with the right-handed up-quark Yukawa cou-
pling, i.e., that the two satisfy the basis independent

y4

16⇡2

1

m2
NP

⇡ 1

(30 TeV)2
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b ! sµµ
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µsL) (µ�µµL)

<latexit sha1_base64="9C1VBxMEjbCLtcuMIo9mHx58Lhw="></latexit><latexit sha1_base64="9C1VBxMEjbCLtcuMIo9mHx58Lhw="></latexit><latexit sha1_base64="9C1VBxMEjbCLtcuMIo9mHx58Lhw="></latexit><latexit sha1_base64="9C1VBxMEjbCLtcuMIo9mHx58Lhw="></latexit>

�Z0/MZ0 < 10%
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• Assumption 1: Left currents

• Assumption 2: Narrow Width (fair coverage of weakly coupled realisations)

• Assumption 3:  “Pessimism” (making few assumptions as possible)

We focus on the couplings generating our operator of interest, Oµ
LL. Integrating out the

LQs with mass M and coupling y gives the Wilson coe�cient [25]

c̄µLL = 
4⇡v2

↵EMVtbV ⇤
ts

|y|2

M2
, (2.7)

where  = 1,�1,�1 and y = y3, y1, y03 for S3, V1, V3, respectively.

For Z 0 vector bosons, the minimal Lagrangian containing the couplings responsible for

generating O
µ
LL at low energy is given by [28, 55].

L
min.
Z0 �

⇣
gsbL Z 0

⇢s̄�
⇢PLb+ h.c.

⌘
+ gµµL Z 0

⇢µ̄�
⇢PLµ , (2.8)

which contributes to the O
µ
LL coe�cient with

c̄µLL = �
4⇡v2

↵EMVtbV ⇤
ts

gsbL gµµL
M2

Z0
. (2.9)

Couplings to some other SM fermions are required by SU(2)L invariance and some

additional couplings to other flavours of quark are necessarily generated by CKM rotations

when going from the weak to the mass eigenbasis. However, given that these additional

interactions are more model-dependent than the ones we write above, we shall take the

Lagrangian of Eq. 2.8 as our minimal model (which we call the näıve Z 0 model). Although

strictly, the model is incomplete without the additional couplings, the näıve Z 0 model is

the most conservative possible case to study; additional couplings will only raise the Z 0

production cross-section, by including couplings to the first two quark generations, and

increase the total decay width which is in tension with other constraints. Hence, if a future

collider covers some portion of the viable parameter space of the näıve Z 0 model, then we

know that a more realistic and complete model will also be covered there (and then some).

To illustrate the size of such e↵ects in a more complete model we shall also consider

the case where the Z 0 couples only to third generation left-handed quarks and left-handed

muons and neutrinos in the weak basis. The couplings to the first two generations of

quarks then arise from CKM rotations, which we assume to be entirely in the down sector.

Additionally, if we assume that in the weak eigenbasis all left-handed lepton mixing resides

in the neutrino sector, we have a logically consistent model which contains only a coupling

to left-handed muons and some family mixture of neutrinos. The precise family mixture of

neutrinos is immaterial for collider experiments, since each neutrino is essentially massless

and leaves an identical missing momentum signature in detectors. The relevant interaction

terms in the Lagrangian for this ‘33µµ’ model are given by

L
33µµ
Z0 � gqLZ

0
⇢

⇥
t̄�⇢PLt+ |Vtb|

2b̄�⇢PLb+ |Vtd|
2d̄�⇢PLd+ |Vts|

2s̄�⇢PLs

+
�
V ⇤
tbVtsb̄�

⇢PLs+ V ⇤
tsVtdd̄�

⇢PLs+ h.c.
�
+ gµµL

 
µ̄�⇢PLµ+

X

i

⌫̄iUiµ�
⇢PLU

⇤
µi⌫i

!#
,

(2.10)

where U denotes the PMNS matrix involved in lepton mixing.
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L[33µµ] = Z 0
⇢

�
gqL Q3�

⇢Q3 + gµµL Lµ�
⇢Lµ

�
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• Assumption 1: Left currents

• Assumption 2: Narrow Width (fair coverage of weakly coupled realisations)

• Assumption 3:  “Pessimism” (making few assumptions as possible)

We focus on the couplings generating our operator of interest, Oµ
LL. Integrating out the

LQs with mass M and coupling y gives the Wilson coe�cient [25]

c̄µLL = 
4⇡v2

↵EMVtbV ⇤
ts

|y|2

M2
, (2.7)

where  = 1,�1,�1 and y = y3, y1, y03 for S3, V1, V3, respectively.

For Z 0 vector bosons, the minimal Lagrangian containing the couplings responsible for

generating O
µ
LL at low energy is given by [28, 55].

L
min.
Z0 �

⇣
gsbL Z 0

⇢s̄�
⇢PLb+ h.c.

⌘
+ gµµL Z 0

⇢µ̄�
⇢PLµ , (2.8)

which contributes to the O
µ
LL coe�cient with

c̄µLL = �
4⇡v2

↵EMVtbV ⇤
ts

gsbL gµµL
M2

Z0
. (2.9)

Couplings to some other SM fermions are required by SU(2)L invariance and some

additional couplings to other flavours of quark are necessarily generated by CKM rotations

when going from the weak to the mass eigenbasis. However, given that these additional

interactions are more model-dependent than the ones we write above, we shall take the

Lagrangian of Eq. 2.8 as our minimal model (which we call the näıve Z 0 model). Although

strictly, the model is incomplete without the additional couplings, the näıve Z 0 model is

the most conservative possible case to study; additional couplings will only raise the Z 0

production cross-section, by including couplings to the first two quark generations, and

increase the total decay width which is in tension with other constraints. Hence, if a future

collider covers some portion of the viable parameter space of the näıve Z 0 model, then we

know that a more realistic and complete model will also be covered there (and then some).

To illustrate the size of such e↵ects in a more complete model we shall also consider

the case where the Z 0 couples only to third generation left-handed quarks and left-handed

muons and neutrinos in the weak basis. The couplings to the first two generations of

quarks then arise from CKM rotations, which we assume to be entirely in the down sector.

Additionally, if we assume that in the weak eigenbasis all left-handed lepton mixing resides

in the neutrino sector, we have a logically consistent model which contains only a coupling

to left-handed muons and some family mixture of neutrinos. The precise family mixture of

neutrinos is immaterial for collider experiments, since each neutrino is essentially massless

and leaves an identical missing momentum signature in detectors. The relevant interaction

terms in the Lagrangian for this ‘33µµ’ model are given by

L
33µµ
Z0 � gqLZ

0
⇢

⇥
t̄�⇢PLt+ |Vtb|

2b̄�⇢PLb+ |Vtd|
2d̄�⇢PLd+ |Vts|

2s̄�⇢PLs

+
�
V ⇤
tbVtsb̄�

⇢PLs+ V ⇤
tsVtdd̄�

⇢PLs+ h.c.
�
+ gµµL

 
µ̄�⇢PLµ+

X

i

⌫̄iUiµ�
⇢PLU

⇤
µi⌫i

!#
,

(2.10)

where U denotes the PMNS matrix involved in lepton mixing.
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L[33µµ] = Z 0
⇢

�
gqL Q3�

⇢Q3 + gµµL Lµ�
⇢Lµ

�
<latexit sha1_base64="BlBoRWx0uBalB2o9nMJbWXVuTjE="></latexit><latexit sha1_base64="BlBoRWx0uBalB2o9nMJbWXVuTjE="></latexit><latexit sha1_base64="BlBoRWx0uBalB2o9nMJbWXVuTjE="></latexit><latexit sha1_base64="BlBoRWx0uBalB2o9nMJbWXVuTjE="></latexit>

• Extrapolate current 13 TeV 
di-muon searches

[ATLAS 1607.03669]

• Full coverage of the “motivated”  [33mumu] model!

• Room left after HL-HE for the naive model

• Remember that these are just 2 (useful) benchmarks.

b

s̄

µ�

µ+

LQ
Z 0

b

s̄

µ�
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Figure 1. Feynman diagrams of the two tree-level possibilities for mediating an e↵ective operator
that explains discrepancies in B ! K(⇤)µ+µ� decays as compared to SM predictions. The diagram
on the left hand side shows mediation by a scalar, whereas the right-hand side shows mediation by
a flavour dependent Z 0.

in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄µLL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄µLL in the EFT, as

we discuss next.

2.2 Z 0
and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z 0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K(⇤)µ+µ� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the O
µ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S3,

with quantum numbers (3̄, 3, 13) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form

y3QLS3 + yqQQS†
3 + h.c. . (2.5)

The term proportional to yq induces proton decay and is typically set to zero by imposing

baryon number conservation. For the vector case, the OLL operator may be generated by

integrating out a singlet V1 or a triplet V3 with quantum numbers (3̄, 1, 23) and (3, 3, 23),

respectively. The possible couplings are

y03V
µ
3 Q̄�µL+ y1V

µ
1 Q̄�µL+ y01V

µ
1 d̄�µl + h.c. . (2.6)

11
Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Leptoquarks for NC anomalies
[Allanach, Gripaios, You 1609.07138]
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Figure 6. Example Feynman diagrams of LQ production at a hadron collider followed by subse-
quent decay of each into µj.

3.3 LQ sensitivity

There are many dedicated experimental studies of LQs. For some recent examples, CMS

have searched for first and second generation LQs in pair production [65–67] and single

production [68] at 8 TeV centre of mass energy, while ATLAS set limits on the pair pro-

duction of third generation LQs using 7 TeV data [69] and first and second generation

LQs with 13 TeV [70]. A summary of LQ searches by ATLAS and CMS can be found in

Ref. [71]. LQs were recently reviewed in Refs. [72, 73].

As the basis for our extrapolation, we take the 95 % CL limits from the CMS 8 TeV

search for a pair of second generation scalar LQs with 19.6 fb�1 of integrated luminosity [65],

focusing on the µµjj channel in particular, as shown in Fig. 9. The current limits exclude

masses up to 1070 GeV, assuming a 100% branching fraction into a charged lepton and

quark. We note here that pair production proceeds through the strong interaction and so

limits coming from the experimental search may be phrased as only depending on the LQ

mass, once the assumption about its branching fraction is made.

Following the extrapolation procedure detailed in Section 3.1, we obtain the weighted

sum of parton pair luminosities for the dominant contributions to the background processes,

in this case Z/�⇤+jets and tt̄, then find the equivalent mass at a future collider that gives the

same number of background events. The results for the projected limits are shown in Fig. 7.

In the left hand plot, the exclusion curve in solid black is the current CMS 8 TeV exclusion

curve, while the dashed black line shows that the LHC reach can be extended for 14 TeV at

high luminosity (HL-LHC) with 3 ab�1. The cyan-coloured limits are for a potential high-

energy upgrade to the LHC (HE-LHC) that could reach up to 33 TeV centre of mass energy.

The solid and dashed lines represent 1 and 10 ab�1 of integrated luminosities, respectively.

It appears that at low masses, the CMS 8 TeV analysis is more sensitive (when phrased

in terms of � ⇥BR) than when the energy is upgraded to 14 TeV at the HL-LHC. This is

an artefact of the arbitrariness in the starting point of the extrapolated exclusion curve, as

explained in Section 3.1, where below this point lower luminosities can set limits at lower

masses, though this conservative procedure underestimates the actual limit. The regions

below the extrapolated starting point are shaded on top of their respective curves. On the

right-hand side of Fig. 7 we display the limits for a 100 TeV proton-proton future circular

collider, the FCC-hh, at 1 (10) ab�1 in solid (dashed) red.

The dotted lines superimposed on both plots are theoretical calculations at next-to-

leading order for the LQ pair production process, using the code of Ref. [74]. Up to O(1)

uncertainties, we see that HL-LHC can exclude LQ masses up to 2 TeV, while HE-LHC
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Take-Home Message
• Drell-Yan, 𝑝 𝑝 → 𝑍′ → 𝜇+𝜇−

• Pair production, 𝑝 𝑝 → 𝐿𝑄 𝐿𝑄 → 𝜇+𝜇−𝑗 𝑗

• Single production, 𝑝 𝑝 → 𝐿𝑄 → 𝜇+𝜇−𝑗
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• Extrapolation from 

• Same hypothesis as before

• Take home message:

[CMS-PAS-EXO-12-041]
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Figure 1. Feynman diagrams of the two tree-level possibilities for mediating an e↵ective operator
that explains discrepancies in B ! K(⇤)µ+µ� decays as compared to SM predictions. The diagram
on the left hand side shows mediation by a scalar, whereas the right-hand side shows mediation by
a flavour dependent Z 0.

in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄µLL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄µLL in the EFT, as

we discuss next.

2.2 Z 0
and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z 0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K(⇤)µ+µ� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the O
µ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S3,

with quantum numbers (3̄, 3, 13) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form

y3QLS3 + yqQQS†
3 + h.c. . (2.5)

The term proportional to yq induces proton decay and is typically set to zero by imposing

baryon number conservation. For the vector case, the OLL operator may be generated by

integrating out a singlet V1 or a triplet V3 with quantum numbers (3̄, 1, 23) and (3, 3, 23),

respectively. The possible couplings are

y03V
µ
3 Q̄�µL+ y1V

µ
1 Q̄�µL+ y01V

µ
1 d̄�µl + h.c. . (2.6)

11
Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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2

Lagrangian of the form3

Le↵ ⇠
X

X=L,R

CX

⇤2
(µ̄�↵

PXµ)(ū�↵PRu) , (1)

the parameters CX encode details of the ultraviolet dy-
namics and ⇤ sits around the mass of this state, which
represents the cut-o↵ of this e↵ective description. Such
operators would contribute at the quantum level to
b ! s`

+
`
� transitions via the diagram shown in Figure 1.

FIG. 1. One loop contribution in unitary gauge to b ! sµ+µ�

from a four-fermion operator involving up-type quarks and
muons.

The NP contribution to the e↵ective Hamiltonian for
b ! s`

+
`
� transitions generated in this way is approxi-

mately given by

H ⇠ g
2(VubV

⇤
us)

16⇡2

Cm
2
u

⇤2M2
W

log
⇣
µEW

⇤

⌘
[s̄�µPLb][µ̄�

µ(�5)µ] .

Here µEW represents a typical EW scale and C = CR±CL

for the vector (vector-axial) lepton current. The factor
of m2

u appears due to the required chirality flip in both
quark legs. Given the large value of the top-quark mass
and the structure of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix, the largest e↵ects in b ! s transitions
will be generated when the initial four-fermion operator
involves top-quarks. We therefore focus on this case. Note
that this implies a strong hierarchy for the size of the new
physics contributions to flavor transitions in the down-
quark sector, akin to the pattern present in the SM.

Explaining the b ! s`
+
`
� anomalies in this framework

requires the parameters CX in Eq. (1) to be of order
one, assuming ⇤ ⇠ TeV [11]. This implies that we are
interested in mediators that can give tree-level matching
contributions to these operators when integrated out.

In this context, the new findings of this work are:

• We find that the operators in Eq. (1) can accom-
modate the b ! s`

+
`
� data and the constraints

from LEP-I measurements when CL ⇠ CR. For
⇤ ⇠ 1 TeV, we find CL ⇠ CR ⇠ �1.7.

3 This Lagrangian is written in the electroweak broken phase and
the fermion fields represent Dirac spinors.

• We explore all the possible mediators that can gen-
erate the required NP pattern (CL ⇠ CR with
negative values). We find that, among the col-
orless mediators a minimal scenario consists of
having a vector boson in the irreducible repre-
sentation Z

0
µ ⇠ (1, 1, 0) of the SM gauge group

SU(3)C ⇥ SU(2)L ⇥ U(1)Y with vectorial coupling
to muons. For the mediators carrying color, we find
a viable scenario with a combination of two lepto-
quarks, the scalar R2 ⇠ (3, 2, 7/6) and the vector
eU1↵ ⇠ (3, 1, 5/3).

• By recasting di↵erent high-pT searches at the LHC
we find that the LHC is already probing the inter-
esting region of TeV masses for these mediators.

III. EFFECTIVE FIELD THEORY

A. Standard Model E↵ective Field Theory

When the NP particles are much heavier than the EW
scale we can parametrize their e↵ects at low energies via
the SMEFT [15].4 Integrating out the heavy particles
gives rise to a tower of e↵ective operators suppressed by
the mass of these particles, assumed here to be a com-
mon scale and denoted by ⇤. The dominant NP e↵ects
in the EFT power counting are encoded in operators of
canonical dimension six5

LSMEFT = LSM +
1

⇤2

X

i

CiOi + · · · (2)

We adopt the non-redundant basis for the dimension six
operators defined in [18], known as the Warsaw basis.
In the weak basis where the up-type quark and charged

lepton mass matrices are diagonal we consider the follow-
ing two operators involving right-handed top quarks and
muons (and its associated neutrino field)

[O`u]µµtt = (¯̀Lµ�
↵
`Lµ)(t̄R�↵tR) ,

[Oeu]µµtt = (µ̄R�
↵
µR)(t̄R�↵tR) . (3)

B. Weak e↵ective Theory

After electroweak symmetry breaking (EWSB), the op-
erators in (3) modify the Z boson couplings to the muons
at the quantum level, see Figure 2. This is due to the op-
erators O`u and Oeu mixing under renormalization group

4 In scenarios of strongly coupled dynamics behind electroweak
symmetry breaking, with the Higgs arising as a pseudo-Goldstone
boson, the nonlinear e↵ective theory provides a more suitable low
energy description [16, 17].

5 At dimension five there is only one operator, which provides neu-
trinos with a Majorana mass term after electroweak symmetry
breaking.

2

that describes the b ! s`+`� transitions is given by

He↵ = �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

�
C`

iO
`
i + C 0

i
`O0`

i

�
+H.c.,

(3)
where e is the EM gauge coupling and the sum runs over
the dimension-five and dimension six-operators. Denot-
ing SM and NP contributions to the Wilson coe�cients
as C`

i = C`,SM
i +C`,NP

i , global analyses of all b ! s`+`�

indicate a nonvanishing Cµ,NP
9 , with some preference for

a NP solution with Cµ,NP
9 = �Cµ,NP

10 ' 0.60(15); see,
e.g., [15]. Here the relevant four-fermion operators are
O`

9 =
�
s̄�µPLb

��
¯̀�µ`

�
, and O`

10 =
�
s̄�µPLb

��
¯̀�µ�5`

�
.

The data thus imply the presence of NP contributions
with a V � A structure in the quark sector. How-
ever, additional contributions of comparable magnitude
but with a V + A structure from the NP operators
O0`

9 =
�
s̄�µPRb

��
¯̀�µ`

�
, O0`

10 =
�
s̄�µPRb

��
¯̀�µ�5`

�
are

still allowed by the current data.
In the class of models we are considering only the O`

9
and O`

10 are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
assume that NP predominantly a↵ects the b ! sµ+µ�

transition and not the b ! se+e�. This leads to LFU
violation when comparing b ! sµ+µ� with b ! se+e�.
It also modifies the total rates in various b ! sµ+µ�

decays, in accordance with indications of global fits [12–
15]. On the other hand Bs, Bd and K0 mixing via Z 0

exchange arises only at the two-loop level and is well
within present experimental and theoretical precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
ified to [52]1

B(K+ ! ⇡+⌫⌫̄(�)) = (8.4± 1.0)⇥ 10�11

⇥1

3

X

`

�����1 +
s2W (C`,NP

9 � C`,NP
10 )

XSM

�����

2

, (4)

where XSM = Xt + (Xc + �Xc,u)V 4
usVcsV ⇤

cd/VtsV ⇤
td '

2.10 + 0.24i with Xi defined, e.g., in [53], and have writ-
ten for the weak mixing angle sW ⌘ sin ✓W ' 0.48,
cW ⌘ cos ✓W . For values of Cµ,NP

9,10 that are preferred
by current b ! s`` data, the resulting e↵ect in K ! ⇡⌫⌫̄
is small compared to current experimental uncertainties,
but could be within reach of the ongoing NA62 experi-
ment [54]. Similar comments apply to the theoretically
very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

1 This is for leptons in an isospin singlet state, while for an isospin
triplet combination, the NP contribution flips its sign.
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Figure 1: The NP contributions to the di ! dj`` processes
from the exchange of a Z0 that couples to the top quark and
a heavy top partner T .

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unobserv-
able. The same is true for the KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. We discuss next

the simplest realization of the above framework. We re-
strict ourselves to the case where on the leptonic side
only the muons are a↵ected by NP. The minimal model
has a new U(1)0 gauge symmetry that is spontaneously
broken through the vacuum expectation value (VEV) of
a scalar field, �, transforming as � ⇠ (1, 1, 0, q0) under
SU(3)C ⇥SU(2)L⇥U(1)Y ⇥U(1)0. The model contains,
in addition, a colored Dirac fermion T 0 ⇠ (3, 1, 2/3, q0).
The SM is thus supplemented by the Lagrangian

LU(1)0 =|(Dµ�)|2 �
m2

�

2ṽ2

⇣
�2 � ṽ2

2

⌘2

+ T̄ 0(i/D �MT )T
0 � 1

4
F 02
µ⌫ ,

(5)

where Dµ � ig̃q0Z 0
µ, the U(1)0 part of the covariant

derivative, F 0
µ⌫ = @µZ 0

⌫ � @⌫Z 0
µ the field strength for the

gauge boson Z 0, and � = (�+ ṽ)/
p
2. Here g̃ is the U(1)0

gauge coupling, ṽ is the VEV that breaks the U(1)0, while
� is the physical scalar boson that obtains mass m� after
spontaneous breaking of U(1)0.
All the SM fields are singlets under U(1)0. There are

only three renormalizable interactions between the SM
and the U(1)0 sector: the Higgs portal coupling � to
the SM Higgs, H; the U(1)0 kinetic mixing with the SM
hypercharge, Bµ⌫ ; and a Yukawa-type coupling of T and
� to the SM right-handed up-quarks ui

R,

Lmix = ��0|�|2|H|2�✏Bµ⌫F 0
µ⌫�(yiT T̄

0�ui
R+H.c.) . (6)

The summation over generation index i = 1, 2, 3, is im-
plied. While yiT can in general take any values, we assume
it is aligned with the right-handed up-quark Yukawa cou-
pling, i.e., that the two satisfy the basis independent
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The leptonic asymmetry parameter is defined by

Aµ =
�(Z ! µ

+
Lµ

�
L )� �(Z ! µ

+
Rµ

�
R)

�(Z ! µ+µ�)

=
B

A
+

c2✓W �gL + 2s2✓W �gR

A
�

B(c2✓W �gL � 2s2✓W �gR)

A2
,

(13)

with B = �1/2 + c2✓W and A defined below (11).
The semileptonic operators (7) can in principle accom-

modate the anomalies observed in b ! s transitions. To
analyze this, we reconstruct the likelihood for b ! sµ

+
µ
�

observables from the 1� and 2� contours in the C9 � C10
plane provided in [23], assuming a bivariate normal distri-
bution. We obtain (C9, C10) = (�1.11, 0.273) for the mean
values, �C9 = �C10 = 0.24 for the standard deviation, and
a correlation ⇢ = 0.20. We also include in our analysis the
ratios RK and RK⇤ , using the general formulas derived
in [11] and the experimental values reported in [1, 2].
Contributions to b ! s⌫⌫̄ are related in this framework
to those in b ! sµ

+
µ
� due to the SU(2)L gauge sym-

metry [24], the current bounds on B ! K
(⇤)

⌫⌫̄ do not
set any relevant constraint in our case. Due to the pre-
dictive flavour structure of the new physics contributions
in down-type quark flavour changing transitions within
this framework, deviations from the SM in s ! d⌫⌫̄ are
also related to those in b ! sµ

+
µ
�, see for instance [13].

Current experimental bounds on these rare kaon decays
however do not set any relevant constraint in our frame-
work.

A global �2 function is built with all these observables.
The results of the fit are summarized in Table I and in
Figure 3. Table I shows the contributions to �

2 from each
sector within the SM and at the minimum of the global
�
2 for three benchmark values of ⇤. Figure 3 shows the

isocontours of ��
2 ⌘ �

2��
2
min = {2.3, 5.99} in the plane

{C`u, Ceu} for the same benchmarks. The preferred region
by the global fit (shown in Figure 3 as a yellow ellipse)
lies is the third quadrant along the direction Ceu ⇠ C`u. In
this region, the NP contribution to the e↵ective Hamil-
tonian for b ! s`

+
`
� transitions enters mainly in the

Wilson coe�cient C9.
One important observation is that the NP e↵ects con-

sidered cancel accidentally for Ceu ⇠ C`u in the decay
width for Z ! µ

+
µ
�, see Eq. (11) (c2✓W ' 2s2✓W ).

The leptonic asymmetry parameter Aµ breaks this blind
direction of the LEP-I �

2 to some degree, but a very
strong correlation between these two variables remains.
We have compared the LEP-I bounds we obtain with
those derived using the results of [25] and found good
agreement. For this comparison we use the following val-
ues reported in Ref. [25]: �gL/2 = (0.1 ± 1.1) ⇥ 10�3,
�gR/2 = (0.0± 1.3)⇥ 10�3, with a correlation ⇢ = 0.90.
Another observation is that current data for b ! s`

+
`
�

and LEP-I show some slight tension within the frame-
work analyzed here, which is reflected in the contribution
of LEP observables to the �2 in Table I. The combined fit
would be better if the deviations from the SM observed

in b ! s`
+
`
� transitions decrease slightly with future

measurements.

TABLE I. Contribution to the �2 from each sector at the min-
imum of the global �2 and in the SM.

�2 b ! sµ+µ� RK(⇤) Z ! `+`�

SM 25.8 22.5 0.5

⇤ = 1 TeV 2.5 5 7.9

⇤ = 1.5 TeV 2.5 5 7.8

⇤ = 1.8 TeV 2.4 5 7.8

V. MEDIATORS

TABLE II. Possible mediators generating at tree-level the two
relevant operators. The last row shows those for which the
Wilson coe�cients are negative, as required by the low-energy
fit.

Z0 S1 R2
eU1

eV2

[O`u]µµtt 3 7 3 7 3

[Oeu]µµtt 3 3 7 3 7

C`u, Ceu < 0 3 7 3 3 7

Di↵erent mediators can in principle generate the op-
erators considered in Eq. (3). Taking into account the
di↵erent irreducible representations of the Lorentz and
SM gauge symmetry groups, one finds that there are only
five di↵erent states that can generate these operators at
tree-level [26], shown in Table II. The required size of the
Wilson coe�cients as well as their sign in Figure 3 pro-
vides important information about the possible models
that can accommodate the anomalies, ruling out two of
the possible mediators.

A. Z0 boson

One candidate mediator is a vector boson in the ir-
reducible representation Z

0
µ ⇠ (1, 1, 0) of the SM gauge

group SU(3)C ⇥ SU(2)L ⇥ U(1)Y . Such state can arise
in scenarios of strong dynamics behind EW symmetry
breaking or in weakly coupled extensions of the SM with
an extended gauge group [27]. The idea of a Z

0 boson
coupling predominantly to right-handed top-quarks and
to muons in order to explain the b ! s`

+
`
� anomalies

was presented in [13] and also analyzed in [14]. We are
interested in an interaction Lagrangian of the form

L = Z
0
↵

⇥
µ̄�

↵(✏µµL PL + ✏
µµ
R PR)µ+ ✏

tt
R t̄�

↵
PRt

⇤
. (14)

• Loop induced models: in general quite good discovery prospects at HL-HE LHC

y4

16⇡2

1

m2
NP

⇡ 1

(30 TeV)2
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(No) Conclusions
• We are waiting for the confirmation/disproval of the flavor anomalies. By the start of HL-
LHC the situation will be clarified.

• Charged current and neutral current anomalies point (naively) to different New Physics scale. 
No no-lose theorem at the LHC can be formulated using perturbative unitarity arguments

• Current anomalies in B decays have a simple, coherent and consistent interpretation at the 
effective field theory level.

• Charged Currents: leptoquarks seem to be preferred as mediators. Full models are needed, 
first signal at high pT could arise from other sectors 

• Neutral Currents @ tree level: more options are viable, simplified models under minimal 
assumptions can be constructed. Z’ and leptoquarks represents good physics cases for HL/HE.

• [Fair to say that models addressing the CC anomalies are under pressure by various 
simultaneous constraints (EW and FCNC observables, direct searches)]

• Neutral Currents @ 1-loop: an open possibility, New Physics has to be light and with large 
couplings to SM fermion. High pT aspects are more model dependent.
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3

is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
whose action on the matter fields is displayed in
the last two columns of Table I. The vevs of ⌦3

and ⌦1 break spontaneously both the gauge and the
global symmetries, leaving unbroken two new global

U(1)’s: B = B
0+ 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .

The fermions’ kinetic term leads to the following
left-handed interactions

LL �
g4
p
2
Q

0
L�

µ
L
0
L Uµ + h.c.

+
g4gs

g3

✓
Q

0
L�

µ
T

a
Q

0
L �

g
2
3

g
2
4

q
0
L�

µ
T

a
q
0
L

◆
g
0a
µ

+
1

6

p
3 g4gY
p
2 g1

✓
Q

0
L�

µ
Q

0
L �

2g21
3g24

q
0
L�

µ
q
0
L

◆
Z

0
µ

�
1

2

p
3 g4gY
p
2 g1

✓
L
0
L�

µ
L
0
L �

2g21
3g24

`
0
L�

µ
`
0
L

◆
Z

0
µ , (7)

and right-handed interactions

LR �
g4p
2
Q

0
R�µL0

R Uµ + h.c.

+
g4gs
g3

✓
Q

0
R�µTaQ0

R �
g23
g24

⇣
u0
R�µTau0

R + d
0
R�µTad0R

⌘◆
g0aµ

+
1

6

p
3 g4gYp
2 g1

✓
Q

0
R�µQ0

R �
4g21
3g24

⇣
2u0

R�µu0
R � d

0
R�µd0R

⌘◆
Z0
µ

�
1

2

p
3 g4gYp
2 g1

✓
L
0
R�µL0

R �
4g21
3g24

e0R�µe0R

◆
Z0
µ . (8)

Flavour structure. The Yukawa Lagrangian is

LY � �q
0
L Yd Hd

0
R � q

0
L Yu H̃u

0
R � `

0
L Ye He

0
R (9)

� q
0
L �q ⌦

T
3 R � `

0
L �` ⌦

T
1 R � L M  R + h.c. ,

where H̃ = i�2H
⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3

flavour matrices, �q and �` are 3 ⇥ n , while M is
n ⇥n matrix where n is the number of  fields.

In absence of the Yukawa Lagrangian the global
flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥

U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n ) L ⇥U(n ) R . Us-
ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = M

diag
⌘

diag (M1, ...,Mn ), Yd = Y
diag
d , and Ye = Y

diag
e

are diagonal matrices with non-negative real entries,
while Yu = V

†
Y

diag
u , where V is a unitary matrix.

After spontaneous symmetry breaking, the
fermion mass matrices in this (interaction) basis are

Md =

 
vp
2
Y diag
d

v3p
2
�q

0 Mdiag

!
, Me =

 
vp
2
Y diag
e

v1p
2
�`

0 Mdiag

!
,

Mu =

 
vp
2
V †Y diag

u
v3p
2
�q

0 Mdiag

!
, M⌫ =

 
0 v1p

2
�`

0 Mdiag

!
.

(10)

These are 3+n dimensional square matrices which
can be diagonalised by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E

n 
L )T , are

given by  eL = U
†
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z

0 exchange. In this respect,
we identify two interesting scenarios:

• (n = 3): In order to avoid tree-level g0 and Z
0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M

ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n = 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment

of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)

�q =

0

@
0 0
�
s
q 0
0 �

b
q

1

A , (11)

with
���sq

�� ⌧
���bq

��. The main implications of this
setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g

0 and Z
0 exchange,

3

SU(3)0⇥SU(2)L⇥U(1)0 subgroup, but are singlets
of SU(4). Let us denote them as: q0L = (1, 3, 2, 1/6),
u
0
R = (1, 3, 1, 2/3), d

0
R = (1, 3, 1,�1/3), `

0
L =

(1, 1, 2,�1/2), and e
0
R = (1, 1, 1,�1). These rep-

resentations come in three copies of flavour. Being
SU(4) singlets, they do not couple with the vector
leptoquark field directly. To induce the required in-
teraction, we add vector-like heavy fermions trans-
forming non-trivially only under SU(4) ⇥ SU(2)L
subgroup. In particular,  L,R = (Q0

L,R, L
0
L,R)

T =
(4, 1, 2, 0), where Q

0 and L
0 are decompositions un-

der SU(3)4 ⇥ U(1)4 ⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing
is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian3 is invariant under the acci-
dental global symmetries U(1)B0 and U(1)L0 , whose
action on the matter fields is displayed in the last
two columns of Table I. The vevs of ⌦3 and ⌦1 break
spontaneously both the gauge and the global sym-
metries, leaving unbroken two new global U(1)’s:

B = B
0 + 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability and make neutrinos massless.
Non-zero neutrino masses require an explicit break-
ing of U(1)L0 , e.g. via a d = 5 e↵ective operator
`
0
`
0
HH/⇤, where ⇤� v is some UV cuto↵.

The fermions’ kinetic term leads to the following

3 We also include a [⌦3⌦3⌦3⌦1]1 term in the scalar potential
which is required in order to avoid unwanted Goldstone
bosons [52].

left-handed interactions

LL �
g4
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µ
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✓
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L�

µ
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L

◆
Z

0
µ , (7)

and right-handed interactions

LR �
g4p
2
Q

0
R�µL0

R Uµ + h.c.

+
g4gs
g3

✓
Q

0
R�µTaQ0

R �
g23
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⇣
u0
R�µTau0

R + d
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⌘◆
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+
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✓
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3g24

⇣
2u0

R�µu0
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R�µd0R
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p
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✓
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0
R�µL0
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3g24

e0R�µe0R

◆
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µ . (8)

IV. FLAVOUR STRUCTURE

The Yukawa Lagrangian is

LY � �q
0
L Yd Hd

0
R � q

0
L Yu H̃u

0
R � `

0
L Ye He

0
R (9)

� q
0
L �q ⌦

T
3 R � `

0
L �` ⌦

T
1 R � L M  R + h.c. ,

where H̃ = i�2H
⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3

flavour matrices, �q and �` are 3 ⇥ n , while M is
n ⇥n matrix where n is the number of  fields.

In absence of the Yukawa Lagrangian the global
flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥

U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n ) L ⇥U(n ) R . Us-
ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = M

diag
⌘

diag (M1, ...,Mn ), Yd = Y
diag
d , and Ye = Y

diag
e

are diagonal matrices with non-negative real entries,
while Yu = V

†
Y

diag
u , where V is a unitary matrix.

After symmetry breaking, the fermion mass ma-
trices in this (interaction) basis are

Md =

 
vp
2
Y diag
d

v3p
2
�q

0 Mdiag

!
, Me =

 
vp
2
Y diag
e

v1p
2
�`

0 Mdiag

!
,

Mu =

 
vp
2
V †Y diag

u
v3p
2
�q

0 Mdiag

!
, M⌫ =

 
0 v1p

2
�`

0 Mdiag

!
.

(10)

These are 3+n dimensional square matrices which
can be diagonalized by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E

n 
L )T , are

given by  eL = U
†
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing

3

SU(3)0⇥SU(2)L⇥U(1)0 subgroup, but are singlets
of SU(4). Let us denote them as: q0L = (1, 3, 2, 1/6),
u
0
R = (1, 3, 1, 2/3), d

0
R = (1, 3, 1,�1/3), `

0
L =

(1, 1, 2,�1/2), and e
0
R = (1, 1, 1,�1). These rep-

resentations come in three copies of flavour. Being
SU(4) singlets, they do not couple with the vector
leptoquark field directly. To induce the required in-
teraction, we add vector-like heavy fermions trans-
forming non-trivially only under SU(4) ⇥ SU(2)L
subgroup. In particular,  L,R = (Q0

L,R, L
0
L,R)

T =
(4, 1, 2, 0), where Q

0 and L
0 are decompositions un-

der SU(3)4 ⇥ U(1)4 ⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing
is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian3 is invariant under the acci-
dental global symmetries U(1)B0 and U(1)L0 , whose
action on the matter fields is displayed in the last
two columns of Table I. The vevs of ⌦3 and ⌦1 break
spontaneously both the gauge and the global sym-
metries, leaving unbroken two new global U(1)’s:

B = B
0 + 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability and make neutrinos massless.
Non-zero neutrino masses require an explicit break-
ing of U(1)L0 , e.g. via a d = 5 e↵ective operator
`
0
`
0
HH/⇤, where ⇤� v is some UV cuto↵.

The fermions’ kinetic term leads to the following

3 We also include a [⌦3⌦3⌦3⌦1]1 term in the scalar potential
which is required in order to avoid unwanted Goldstone
bosons [52].
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and right-handed interactions
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IV. FLAVOUR STRUCTURE
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LY � �q
0
L Yd Hd

0
R � q

0
L Yu H̃u

0
R � `

0
L Ye He
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1 R � L M  R + h.c. ,

where H̃ = i�2H
⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3
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These are 3+n dimensional square matrices which
can be diagonalized by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E

n 
L )T , are

given by  eL = U
†
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0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing

[Di Luzio, AG, Nardecchia], 
1708.08450

• Would-be SM fermions 
in the absence of 
mixing with Ψ 

• Three copies

• Three (min. two) copies 
of vector-like fermions

Fe
rm
io
ns

Suppressed couplings to light 
generations in the limit g4 >> g1, g3

Sc
al
ar
s

In the interaction basis

For such construction but in different context: 
[Diaz, Schmaltz, Zhong], 1706.05033

Large left-handed mixing matrix 
[Explains the dominance of left-handed 
interactions at low energies]

‘4321’: Field content



Direct Searches (gauge sector)
E

1.9 TeV

1.7 TeV

1.5 TeV

1.3 TeV

740 GeV

mg0

mU

mZ0 mL⌧

mB/T

mC/S ,mLµ

• Leptoquark, pair production by QCD interactions, decay into 
third family fixed by the anomaly:

(
U ! b⌧+, BR =50 %

U ! t⌫, BR =50 %

(CMS search for spin-0 1703.03995)
(recast for spin-1 in 1706.01868)
(see also 1706.05033)

mU > 1.3 TeV leptoquark mass sets the overall scale

Minimal number of free parameters (3) → very good fit of both RK* 
and RD + all radiative constraints, without any tuning

   

I. Vector LQ [U1] 

G. Isidori –  On the breaking of LFU in B decays                                                CERN, July 2017 

Buttazzo, Greljo, GI, Marzocca, '17

Simplified dynamical models 

b

b

τ

τ

b

τ

b

τ

• Z’,  dangerous Drell-Yann processes suppressed because coupling 
to the first family is reduced due to small U(1)’ coupling. 

• g’,  coupling to the first family given by the SU(3)’ factor
resonant dijets search particularly sensitive (ATLAS 1703.09127)

⇠ gs/g4

• However bump searches loose in sensitivity when the width-to-mass ratio is too large, 
in our case the decay width is naturally large because of the decay into heavy quarks

�

m
. 15% from exp. analysis

�g0

mg0
= 28% our benchmark

⇠ gY /g4 Need large g4…
g4 & 3



Composite Higgs Framework

m⇢

mH

m⇧

10 TeV

E

1 TeV

125 GeV

Ô

g⇢, m⇢

⇧, H
Strong 
sector

Elementary 
sectorf ⇠ SM

• Being PGB, Higgs and Leptoquarks are lighter than the other 
resonances coming from the strong sector

• SM fermion masses are generated by the mechanism of 
partial compositeness

• BSM Flavour violation regulated by the same mechanism

• Naturalness (…)

|SMi = cos ✏|fi + sin ✏|Oi

✏Ôf

Based on 1412.5942, JHEP,
Ben Gripaios and Sophie Renner



Partial Compositeness in CH models
• Yukawa sector:

H

⇥L

⇥R

fL

fR

g�

⇥L

⇥R

fL

fR

g� fL

fR

g�

1/m2
�

⇥L

⇥R

Figure 3: The contribution from the exchange of heavy modes to the Yukawas and to the FCNC operators.

the estimates that follow). The way out is again MFV, i.e. the conditions Y u
1 ⇤ Y u

3 ⇤ . . . and similarly

for the downs. Interestingly, this can be automatically enforced in PNGB composite Higgs models where

selection rules of the global group G can imply, at lowest order in the proto-Yukawa couplings, a factorized

flavor structure [11]

q̄L
�
Y u
1 H̃Fu(H

†H/f2)
⇥
uR + q̄L

�
Y d
1 HFd(H

†H/f2)
⇥
dR + h.c. . (16)

This feature eliminates the leading contribution to Higgs-mediated FCNC.

Now, in the composite 2HDM the issues exemplified by eq. (14) and eq. (15) will both be present, but

at the same time one will be able to rely, as explained above, on both, discrete symmetries or ansätze

and on G selection rules. Let us discuss in more detail how these mechanisms work and protect from

Higgs-mediated flavor transitions. As previously explained, the SM fermions are coupled linearly to the

strong sector through fermionic composite operators OfL,fR . The latter describe couplings at microscopic

scales, where the breaking G ⇥ H can be neglected, and therefore correspond to some representations of

G that we denote, respectively, as rL and rR. For one generation, eq. (2) can be rewritten more explicitly

as

Lmix = (f̄L)�(yL
�)IfLOIfL

+ (f̄R)(yR)
IfROIfR

+ h.c. , (17)

where the IfL and IfR indices of yL,R are in the conjugate representation of rL,R while � denotes the

SM SU(2)L-doublet index. As the notation suggests, in eq. (17) we have uplifted the yL,R couplings to

representations (spurions) of the G� SU(2)W � U(1)Y . This will allow us to exploit fully the constraints

from G-invariance.

Adding flavor to eq. (17), amounts to adding an index i to fL, yL, yR, OIfL
, OIfR

. Notice that in general

there is no notion of orthogonality for the composite operators, meaning that the correlator ⌃Oi
IfL

Oj
IfL

⌥ is
in general non zero for any i, j pair (similarly for Oi

IfR
). E�ective Yukawa couplings, in principle of the

general form of eqs. (14) and (15), arise at low energy via the exchange of the heavy modes excited by

OfL,fR – see fig. 3. By applying power counting as depicted in the figure, we expect for the Y ij
1 , Y ij

2 and

13

Lelem = if�µDµf

Lcomp = Lcomp(g⇢, m⇢, H)

Lmix = ✏L fLOL + ✏L fROR + h.c.
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Figure 3: The contribution from the exchange of heavy modes to the Yukawas and to the FCNC operators.
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• Flavor violation beyond the CKM one is generated:

⇠
g2

⇢

m2
⇢

✏i
L✏i

R✏j
L✏j

R
FV related to the 

SM one but not in a 
Minimal FV way

Y ij = cij ✏i
L✏j

R g⇢



Flavour Violation & Leptoquarks
• Comment later about the flavour physics associated with  m⇢

 QuarksqL

�ij/(cijg
1/2
⇢ ✏q3) j = 1 j = 2 j = 3

i = 1 1.92⇥ 10�5 8.53⇥ 10�5 1.67⇥ 10�3

i = 2 2.80⇥ 10�4 1.24⇥ 10�3 2.43⇥ 10�2

i = 3 1.16⇥ 10�3 5.16⇥ 10�3 0.101

Figure 3. Values of leptoquark couplings, �ij , where i denotes the lepton generation label and j
the quark generation label.

e↵ective field theory (EFT) of the form

L =
m4
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g2⇢
L(0)

 
g⇢✏ai f
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m3/2
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,
Dµ

m⇢

,
g⇢H

m⇢

,
g⇢⇧

m⇢

!
. (3.6)

In the strongly-coupled, UV theory we expect the presence of an operator of the form

g⇢⇧OLOQ, where OQ (or OL) is a composite operator with the same quantum numbers as

a SM quark (or lepton). Below the scale m⇢, this operator generates a contribution to L
of the form ⇠ g⇢✏`i✏

q

j
⇧`iqj . At low energies, the renormalizable lagrangian of the model is

L = LSM + (Dµ⇧)†Dµ⇧�M2⇧†⇧+ �ij q
c

Lji⌧2⌧a`Li⇧+ h.c., (3.7)

with �ij = g⇢cij✏
q

i
✏`
j
, where we have omitted quartic terms involving H and ⇧ that are not

relevant to our discussion. Note that we have explicitly re-introduced the cij parameters

that are expected to be of O(1), but are otherwise unknown. We summarise the values of

the leptoquark couplings in Fig. 3.

3.2 Coset structure

Here we supply a coset space construction that gives rise to the required SM quantum

numbers for the Higgs and leptoquark fields. First we describe the pattern of spontaneous

breaking of the symmetry of the strong sector G/H, and the embedding of the SM gauge

group SU(3)C ⇥ SU(2)L ⇥U(1)Y therein. We then discuss additional symmetry structure

required to avoid constraints from nucleon decay and neutron-antineutron oscillations.

To build a coset, we start from the minimal composite Higgs model [10], in which

a single SM Higgs doublet arises from the spontaneous breaking of SO(5) to SU(2)H ⇥
SU(2)R, with H transforming as a (2,2) of the unbroken subgroup. We must now enlarge

the coset space somehow to include the leptoquark ⇧ and its conjugate ⇧†. To see how

this may be achieved, consider first a model with just the leptoquark and no Higgs boson.

This can be achieved using SO(9) broken to SU(4) ⇥ SU(2)⇧. The 6 Goldstone bosons,

(⇧,⇧†), transform as (6,3).

Now form the direct product of SO(5) and SO(9) and consider the coset space

SO(9)⇥ SO(5)

SU(4)⇥ SU(2)⇧ ⇥ SU(2)H ⇥ SU(2)R
. (3.8)

This has, of course, the same Goldstone boson content as the two models above. The trick

is to somehow embed the SM gauge group in H so as to get the right charges for H and ⇧.

– 8 –

• Relevant Lagrangian 
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• c are O(1) parameters

• Only 3 fundamental parameters reduced to a single 
combination in all the flavour observable!

(g⇢, ✏
q
3, M)! pg⇢✏

q
3/M



MSSM (ask me)
•  LFU in the MSSM without R-Parity Violation: loop level 

�F = 1 �F = 2 Collider-flavour interplay in SUSY

Trying to explain RK < 1 in the MSSM

Only hope to generate an appreciable effect: Wino box
[Altmannshofer and Straub 1308.1501]

bL sLb̃L s̃L

W̃ W̃

˜̀µ µ

(e)

I Implies CNP
9 = �CNP

10

I Best-fit value CNP
9 ⇡ �0.7

Need:

I Extremely light W̃

I Extremely light µ̃L

I Heavy ẽL

I Large b̃L-s̃L mixing

I Not too heavy b̃L, s̃L (̃tL, c̃L)

David Straub (Universe Cluster) 14

• Lepton universality is broken by slepton masses

• Box diagrams are numerically small, very light particles in 
the loop

mẽ � mµ̃

• Direct searches (LHC+LEP) give strong constraints, 
probably no holes left (but a careful analysis is required)

The LHCb results with large effect in muons suggest an 
extensions of the MSSM 

Altmannshofer, Straub, 1411.3161
D’Amico et al, 1704.05438 

•  MSSM wit R-Parity Violation: basically SM + some specific leptoquark

• No free parameter on the Feynman vertices: EW couplings


