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ΛRD = 3.4 TeV

 1) Angular observables in 

 2) Branching ratios

 4) LFU violation in          (2 bins)

 3) LFU violation in RK

RK⇤

⇠ 4� (?!)

& 3.5� (?!)

b ! sµµ (LHCb from 2013)

2.6�

2.3�, 2.6�

Physics highlights

Lepton Flavor Universality: R(D⇤)

ND⇤⌧⌫ = 1300 ± 85
K (D⇤) = (1.93 ± 0.13 ± 0.17)

B(B0 ! D⇤�⌧+⌫⌧ ) = (1.39 ± 0.09 ± 0.12 ± 0.06)%

• LHCb hadronic
R(D⇤) = 0.285 ± 0.019 ± 0.025 ± 0.013

• LHCb muonic
R(D⇤) = 0.336 ± 0.027 ± 0.030

• Preliminary LHCb average
R(D⇤) = 0.306 ± 0.027

• New world average
R(D⇤) = 0.304 ± 0.015 (3.4 � above SM)
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b ! c⌧⌫ Babar+Belle+LHCb from 2012
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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 A
8

and A

9

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/p

T

)µm, where p

T

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]

2

SM
SM

|CNP
µ | � |CNP

e | |CNP
⌧ | � |CNP

µ |, |CNP
e |



Theoretical input / bias

Experimental input

Simplified 
Models

Introducing explicitly New Physics,
in the simplest way as possible
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sL
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⇧

Outline of the talk

“Complete” 
Models

Address more questions/open 
problems: renormalizability, 
naturalness, origin of flavour,…

30

Colour octet vector at the LHC
pp→ jj @ 13 TeV, 37 fb-1

ATLAS Bckg fit
ATLAS observed

MG' = 1.9 TeV, ΓG' (25%)

MG' = 2.2 TeV, ΓG' (34%)
MG' = 2.5 TeV, ΓG' (43%)
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More phenomenology to come:  
[Di Luzio, Fuentes-Martin, AG, Nardecchia, Renner], 
work in progress

‘4321’: Phenomenology

Explicit models 
full of surprises!
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EFT at mZ
Correlation induced by SM gauge 
symmetry

EFT at mB New Physics in a model 
independent way
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ΛRD = 3.4 TeV
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⇤2
=

C
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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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• What do we expect? (Warning: a simplified cartoon!)
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Absence of New Physics 
at high energy

• What do we expect? (Worst case scenario)
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 Tree-Level Pertubative
Unitarity criterium

|AJ=0| < 1/2

(p
s
max

⌘ ⇤
U

= 9 TeV
p
s
max

⌘ ⇤
U

= 80 TeV b ! sµµ
b ! c⌧⌫

[Di Luzio, MN, 1706.01868]

An old lesson: VV scattering…                                 
⇤U = 2 TeV,mh = 125 GeV



• Fits to data suggest a sizeable (most likely dominant) contribution of the New Physics to 
left currents for both quarks and leptons

Vertical (gauge) structure
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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-

11

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�
µ
bL

tL�
µ
bL

=
Vcb

Vtb
⇡ Vcb ,

sL�
µ
bL

bL�
µ
bL

⇡ 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�

µ
b

t�

µ
b

= O(�2) ,

s�

µ
b

b�

µ
b

= 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 ⇠ ✏

Q
i ✏

u
j , (YD)ij ⇠ ✏

Q
i ✏

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�

µ
b

t�

µ
b

= O(�2) ,

s�

µ
b

b�

µ
b

= 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
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SM VS NP 

A link?

� = 0.23 (Cabibbo angle)

• Collider implications

- NP getting closer

- Better to look for resonant decays of the mediators into SM fermions of the third family

(
M . 3 TeV

M . 20 TeV

b ! c⌧⌫
b ! sµµ



Where to look at LHC?

Scattering ΛU SU(3)C × SU(2)L

(QL +QL)3 → (LL + LL)3
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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)

 3) Non-resonant searches

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

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

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

- More complicated linear combinations can be thought

- Z’ to muons 

- Leptoquark in final states with muons 

- High-pT dilepton tails  [See Greljo, Marzocca 1704.09015]pp ! ⌧⌧, pp ! µµ
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= 1750 GeV) and background events in the ⌧
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channels after successively applying each selection criterion. The statistical uncertainty
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channels. The estimated contributions from SM processes are stacked and appear in the same order
as in the legend. The expected contributions from three Z

0
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signals with masses of 750, 1250
and 1750 GeV are shown, stacked on the total SM expectation. The events observed in data are
overlaid. The hatched area indicates the uncertainty on the total estimated background. The bins
have a constant width of (left) 0.153 and (right) 0.184 in log(mtot
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). The last bin includes overflow
events. The inset shows the ratio of the observed events over the total expected SM contribution.
The statistical uncertainty from the observed events and the expected SM contribution are shown
on the points and by the yellow band, respectively. The red band depicts the total systematic and
statistical uncertainties on the SM contribution added in quadrature.

uncertainties on the expected number of events are incorporated into the likelihood via

nuisance parameters constrained by Gaussian distributions. Correlations between signal

and background and across channels are taken into account. A signal-strength parameter
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Figure 4: Fit to semi-leptonic and radiatively-generated purely leptonic observables in Table 1, for the
vector leptoquark Uµ, imposing |�sµ,s⌧ | < 5|Vcb| and CU > 0. In green, yellow, and gray, we show the
��2  2.3 (1�), 6.0 (2�), and 11.6 (3�) regions, respectively. The dashed and solid blue lines represent
the 1 and 2� limits in the case where radiative constraints are removed from the fit.

purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ
1

⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents
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Here �(0)

i↵ = �
3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour

structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2

U ) > 0. Note that in this case the singlet and triplet operators have
the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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Figure 17: Feynman diagrams relevant for a pair production of scalar LQs at hadron colliders.
Representative diagram for a gluon-gluon fusion (quark-antiquark annihilation) process is
shown in the upper left (right) panel. The diagram in the lower panel represents a t-channel
production mechanism. Here, yij , i, j = 1, 2, 3, represents appropriate Yukawa coupling of a
quark (qi) and a lepton (lj) with an LQ.
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purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U
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⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents
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Here �(0)

i↵ = �
3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour

structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2

U ) > 0. Note that in this case the singlet and triplet operators have
the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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5

B(U ! t⌫) = B(U ! b⌧) = 0.5. Revisiting the AT-
LAS search [32] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [20], excludes
MU < 770 GeV. For large �ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t�channel [33].

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

Le↵

U = � 1

M2

U

Jµ†
U Jµ

U . (10)

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

Le↵
U = �

�il�
†
kj

2M2
U

[(Q̄i�µ�
aQj)(L̄k�

µ�aLl) + (Q̄i�µQj)(L̄k�
µLl)] ,

(11)

which finally leads to

Le↵

U � � |gU |2
M2

U

⇥
Vcb(c̄L�

µbL)(⌧̄L�µ⌫L) + (b̄L�
µbL)(⌧̄L�µ⌧L)

⇤
.

(12)
The fit to R(D(⇤)) anomaly requires |gU |2/M2

U ⌘
2|cQQLL| ' (4.3 ± 1.0) TeV�2. As a consequence, size-

able b b̄ ! ⌧+⌧� signal at LHC is induced via t-channel
vector LQ exchange. A recast of existing ⌧+⌧� searches
in this model is presented in the Section IVB 4.

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [34], in which the SM is supplemented by a scalar
leptoquark weak doublet, � ⌘ (3,2, 1/6) and a fermionic
SM singlet (⌫R),4 with the following Yukawa interactions,

L
�

� Y ij
L d̄i(i�2

�⇤)†Lj + Y i⌫
R Q̄i�⌫R + h.c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonic B
decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ⌫R in the
final state. Following Ref. [34], the R(D(⇤)) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquark µR ⇠ 0.5 � 1 TeV)
take values respecting

✓
Y b⌫
R Y b⌧⇤

L

g2w

◆✓
MW

M
�

◆
2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [34]) where gw ' 0.65 and MW ' 80 GeV
are the SM weak gauge coupling and W boson mass,
respectively. Considering an exhaustive set of flavor con-
straints, Ref. [34] finds that Y s⌧

L , Y sµ
L and Y s⌫

R are in

4 The case of several ⌫R is a trivial generalization which does not
a↵ect our main results.

general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The �(2/3) component decays dominantly to b⌧ and
t⌫, while �(1/3) decays to the b⌫ final state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M

�

. In particular, ATLAS [32] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bb̄⌫⌫̄ for M

�

< 625 GeV and tt̄⌫⌫̄ for
M

�

< 640 GeV, respectively. In addition, CMS [35] ex-
cludes at 95% CL M

�

< 900 GeV scalar leptoquarks
decaying exclusively to ⌧ leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate the R(D(⇤)) anomaly. For example,
M

�

= 650 GeV, implies |Y b⌫
R Y b⌧

L | = 34 ± 9. Imposing a
(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M�

. 1, leads to |Y ij
L,R| . 7.1.

In this model the R(D(⇤)) resolution involves a light
⌫R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizable bb̄ ! ⌧⌧ production at LHC
is generated via t-channel � exchange, and can e↵ectively
constrain |Y b⌧

L | (see Section IV B 4). A restrictive enough
bound in conjunction with Eq. (14) can in turn drive the
Y b⌫
R coupling into the non-perturbative regime.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the ⌧+ ⌧� signature at the
LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧�⌧+ final state at 8 TeV pp collisions with
19.5 � 20.3 fb�1 of data [36]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross-section for
the Sequential SM (SSM) as reported in Fig. 8 of [36].
The rescaling factors are the signal event yields reported
in Table 4 of [36] divided by the predicted cross-section in
SSM from Fig. 8 of [36]. In particular, for the final selec-
tion bins defined with mtot

T > 400, 500, 600, 750 and 850
GeV, the excluded number of signal events at 95% CL
are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. Here the
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purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U

µ
1

⌘ (3,1, 2/3), coupled to the left-handed quark and
lepton currents
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Here �(0)

i↵ = �
3i�3↵ up to U(2)q ⇥ U(2)` breaking terms, as shown in Eq. (28), and the flavour

structure used in the general fit is recovered by means of the relations (30). After integrating
out the leptoquark field, the tree-level matching condition for the EFT is
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where CU = v2|gU |2/(2M2

U ) > 0. Note that in this case the singlet and triplet operators have
the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

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

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

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

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

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

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to
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As already pointed out in Section 2.3, the value of C(U)

0

should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)

0

= (4⇡↵/s2W )S
0

(xt) ⇡ 1.0, see Ap-
pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs does not increase
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production mechanism. Here, yij , i, j = 1, 2, 3, represents appropriate Yukawa coupling of a
quark (qi) and a lepton (lj) with an LQ.
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purposes, in the following subsections we consider two representative cases with more than one
mediator at work: two colour-less vectors, SU(2)L triplet and singlet, and two coloured scalars,
also electroweak triplet and singlet.

3.1 Scenario I: Vector Leptoquark

As anticipated, the simplest UV realisation of the scenario emerging from the EFT fit is that
of an SU(2)L-singlet vector leptoquark, U
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U ) > 0. Note that in this case the singlet and triplet operators have
the same flavour structure and, importantly, the relation CS = CT is automatically fulfilled at
the tree-level. Furthermore, as already stressed, the flavour-blind contraction involving light
fermions (flavour doublets) is automatically forbidden by the U(2)q⇥U(2)` symmetry. Last but
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B(U ! t⌫) = B(U ! b⌧) = 0.5. Revisiting the AT-
LAS search [32] for QCD pair-produced third generation
scalar leptoquark in the tt̄⌫⌫̄ channel, Ref. [20], excludes
MU < 770 GeV. For large �ij , limits from leptoquark pair
production are even more stringent due to extra contribu-
tions from diagrams with leptons in the t�channel [33].

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

Le↵

U = � 1

M2

U

Jµ†
U Jµ

U . (10)

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

Le↵
U = �

�il�
†
kj

2M2
U

[(Q̄i�µ�
aQj)(L̄k�

µ�aLl) + (Q̄i�µQj)(L̄k�
µLl)] ,

(11)

which finally leads to

Le↵

U � � |gU |2
M2

U

⇥
Vcb(c̄L�

µbL)(⌧̄L�µ⌫L) + (b̄L�
µbL)(⌧̄L�µ⌧L)

⇤
.

(12)
The fit to R(D(⇤)) anomaly requires |gU |2/M2

U ⌘
2|cQQLL| ' (4.3 ± 1.0) TeV�2. As a consequence, size-

able b b̄ ! ⌧+⌧� signal at LHC is induced via t-channel
vector LQ exchange. A recast of existing ⌧+⌧� searches
in this model is presented in the Section IVB 4.

D. Scalar Leptoquark

Finally, we analyze a model recently proposed in
Ref. [34], in which the SM is supplemented by a scalar
leptoquark weak doublet, � ⌘ (3,2, 1/6) and a fermionic
SM singlet (⌫R),4 with the following Yukawa interactions,

L
�

� Y ij
L d̄i(i�2

�⇤)†Lj + Y i⌫
R Q̄i�⌫R + h.c. . (13)

The mass of the fermionic singlet is assumed to be be-
low the experimental resolution of the semi-tauonic B
decay measurements, such that the excess of events is ex-
plained via the LQ mediated contribution with ⌫R in the
final state. Following Ref. [34], the R(D(⇤)) anomaly can
be accommodated provided the model parameters (eval-
uated at mass scale of the leptoquark µR ⇠ 0.5 � 1 TeV)
take values respecting

✓
Y b⌫
R Y b⌧⇤

L

g2w

◆✓
MW

M
�

◆
2

= 1.2 ± 0.3, (14)

(see Fig. [1] in [34]) where gw ' 0.65 and MW ' 80 GeV
are the SM weak gauge coupling and W boson mass,
respectively. Considering an exhaustive set of flavor con-
straints, Ref. [34] finds that Y s⌧

L , Y sµ
L and Y s⌫

R are in

4 The case of several ⌫R is a trivial generalization which does not
a↵ect our main results.

general constrained to be small, and we therefore do not
consider them in our subsequent analysis.

The �(2/3) component decays dominantly to b⌧ and
t⌫, while �(1/3) decays to the b⌫ final state. As in the
vector leptoquark case, QCD pair production can again
be used to obtain constraints on the leptoquark mass
M

�

. In particular, ATLAS [32] excludes at 95% CL
pair-produced third-generation scalar leptoquarks decay-
ing exclusively to bb̄⌫⌫̄ for M

�

< 625 GeV and tt̄⌫⌫̄ for
M

�

< 640 GeV, respectively. In addition, CMS [35] ex-
cludes at 95% CL M

�

< 900 GeV scalar leptoquarks
decaying exclusively to ⌧ leptons and b quarks. Con-
sequently, relatively large couplings are required in or-
der to accommodate the R(D(⇤)) anomaly. For example,
M

�

= 650 GeV, implies |Y b⌫
R Y b⌧

L | = 34 ± 9. Imposing a
(conservative) perturbativity condition on all partial de-
cay widths �(� ! qi`j)/M�

. 1, leads to |Y ij
L,R| . 7.1.

In this model the R(D(⇤)) resolution involves a light
⌫R and thus cannot be matched onto the SM EFT in
Eq. (3). Nonetheless, sizable bb̄ ! ⌧⌧ production at LHC
is generated via t-channel � exchange, and can e↵ectively
constrain |Y b⌧

L | (see Section IV B 4). A restrictive enough
bound in conjunction with Eq. (14) can in turn drive the
Y b⌫
R coupling into the non-perturbative regime.

IV. SENSITIVITY OF EXISTING LHC
SEARCHES

In the following, we perform a recast of several exper-
imental searches employing the ⌧+ ⌧� signature at the
LHC, to set limits on the EFT operators introduced in
Eq. (3) as well as on the corresponding simplified models
described in the previous section as possible UV comple-
tions beyond the EFT. These constraints are compared to
the preferred regions of parameter space accommodating
the R(D(⇤)) anomalies.

A. Recast of ⌧⌧ resonance searches

ATLAS (8 TeV, 19.5 fb�1): The ATLAS collabo-
ration has performed a search for narrow resonances de-
caying to the ⌧�⌧+ final state at 8 TeV pp collisions with
19.5 � 20.3 fb�1 of data [36]. The details of the analysis
and our recast methods are described in the Appendix.
We rely on the o�cial statistical analysis performed by
the ATLAS collaboration. In particular, the observed
95% CL upper limits on the allowed signal yields in the
final selection bins are obtained by rescaling the observed
95% CL upper limits on the production cross-section for
the Sequential SM (SSM) as reported in Fig. 8 of [36].
The rescaling factors are the signal event yields reported
in Table 4 of [36] divided by the predicted cross-section in
SSM from Fig. 8 of [36]. In particular, for the final selec-
tion bins defined with mtot

T > 400, 500, 600, 750 and 850
GeV, the excluded number of signal events at 95% CL
are N

evs

> 21, 11, 5.3, 3.3 and 3.4, respectively. Here the
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Minimal coupling scenario
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We need HL- or 
even HE- LHC!

  [Buttazzo, AG, Isidori, Marzocca], 
JHEP 1711 (2017) 044
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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]

• 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 ]

[Since August:
1708.06350
1709.00692
1801.07256
1802.04274
+ in progress..]



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)

• A problem: bounds from indirect searches 

March 20, 2012 1:18 WSPC/INSTRUCTION FILE
KuznMikhSerg˙IJMPA˙corr
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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

16

6

g*

Fig. 5 Limits on the Z

0 MFV model from pp ! µ+µ�. See text for
details.

3.2 Model examples

Let us briefly speculate about the UV scenarios capable of
explaining the observed pattern of deviations in the rare B

meson decays. For our EFT approach to be valid, we focus
on models with new resonances beyond the kinematical
reach for threshold production at the LHC. In such models,
the effective operators in Eq. (1) are presumably generated
at the tree level.3 We focus here on the single mediator
models in which the required effect is obtained by inte-
grating out a single resonance. These include either an ex-
tra Z

0 bosons [28,32,37,38,39,40,41,42,43,44,45,46,47,
48,49] or a leptoquark [50,51,52,53,54,55,27,56,57,58]
(for a recent review on leptoquarks see [59]).

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

Q

i j

L

kl

) or singlet

(c(1)
Q

i j

L

kl

) operators, consists of: color-singlet vectors Z

0
µ ⇠

(1,1,0) and W

0
µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),

and vectors U

µ
1 ⇠ (3,1,2/3), U

µ
3 ⇠ (3,3,2/3), in the no-

tation of Ref. [59]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z

0 and W

0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if M

Z

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

V

and

c

(3)
Q

i j

L

kl

=�g

(3),i j

Q

g

(3),kl

L

, c

(1)
Q

i j

L

kl

=�g

(1),i j

Q

g

(1),kl

L

, (17)

3Note that including a loop suppression factor of ⇠ 1
16p2 , the fit of

the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
�0.3 TeV

(see for example models proposed in Refs. [34,35,36]).

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

0
µ Jµ +W

0a
µ J

a

µ , where

Jµ = g

(1),i j

Q

(Q̄
i

gµ Q

j

)+g

(1),kl

L

(L̄
k

gµ
L

l

) ,

J

a

µ = g

(3),i j

Q

(Q̄
i

gµ sa

Q

j

)+g

(3),kl

L

(L̄
k

gµ sa

L

l

) .
(18)

A quark flavour-violating g

(x),23
Q

coupling and g

(x),22
L

are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a singlet Z

0 with g

1,i j

Q

= g

1,i j

L

=

d i j

g⇤ and MFV structure (g(1),23
Q

=V

ts

g⇤) we derive limits
on g⇤ as a function of the mass M

Z

0 , both fitting the data
directly in the full model,4 and in the EFT approach. The
results are shown in Fig. 5. The limits in the full model are
shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass M

Z

0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.5

On top of this, we show with green lines the best fit and 2s
interval which reproduce the b ! sµµ flavour anomalies,
showing how LHC dimuon searches already exclude such
a scenario independently of the Z

0 mass. Red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z

0)⇥B(Z0 ! µ+µ�) from Fig. 6 of Ref. [11].
Related to the above analysis, let us comment on the

model recently proposed in Ref. [49]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h

) having MFV-like couplings in the quark
sector. Fig. 1 of Ref. [49] shows the preferred region from
DC

µ
9 in the mass versus coupling plane, as well as the con-

straint from the Z

0 resonance search (from the same exper-
imental analysis used here [11]). While the limits from the
resonance search are effective up to ⇠ 4 TeV, we note that
the limits from the tails go even beyond and already probe
the interesting parameter region as shown in our Fig. 4.
Note that this statement is independent of the Z

0 mass (as
long as the EFT is valid).

Leptoquark models: A color-triplet resonance in the
t-channel gives rise to pp ! `+`� at the LHC [60,61].
The relevant interaction Lagrangian for explaining B de-
cay anomalies is,

L � y

LL

3i j

Q̄

c,i
L

is2sa

L

j

L

S

a

3 + x

LL

3i j

Q̄

i

L

gµ sa

L

j

L

U

a

3,µ

+ x

LL

1i j

Q̄

i

L

gµ
L

j

L

U1,µ +h.c. ,
(19)

4The Z

0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. G

Z

0/M

Z

0 = 5g

2
⇤/(6p).

5See Ref. [9] for a more detailed discussion on the EFT validity in
high-p

T

dilepton tails.

Correct limit 
(from the tail)
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predicted from U(2) symmetry, l
bs

⇠V

ts

, 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 l

bs

is necessary in order to pass the bounds from
B� B̄ mixing.

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

bs

when only one
flavour-diagonal coefficient C

qµ is non-vanishing, while fit-
ting at the same time DC

µ
9 in Eq. (10). The expected 2s

limits with 36.1 fb�1 (3000 fb�1) are:

l u

bs

> 0.072 (0.77), l u

bs

<�0.097 (�0.76) ,

l d

bs

> 0.049 (0.36), l d

bs

<�0.032 (�0.34) ,
l s

bs

> 0.007 (0.04), l s

bs

<�0.004 (�0.03) ,
l c

bs

> 0.003 (0.02), l c

bs

<�0.004 (�0.02) ,

l b

bs

> 0.002 (0.01), l b

bs

<�0.002 (�0.006) .

(16)

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 Z

0 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)
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) operators, consists of: color-singlet vectors Z

0
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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.

Z

0 and W

0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if M

Z

0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
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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 Z

0 with g
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g⇤) we derive limits
on g⇤ as a function of the mass M

Z

0 , 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 M

Z

0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.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 Z

0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z

0)⇥B(Z0 ! µ+µ�) from Fig. 6 of Ref. [11].
Related to the above analysis, let us comment on the

model recently proposed in Ref. [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 Z

0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. G
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nosity an interesting region will be probed. For example,
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is necessary in order to pass the bounds from
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when only one
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meson decays. For our EFT approach to be valid, we focus
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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 Z

0 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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shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass M
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0 & 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 Z

0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
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0)⇥B(Z0 ! µ+µ�) from Fig. 6 of Ref. [11].
Related to the above analysis, let us comment on the
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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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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 l
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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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when only one
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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 Z

0 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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3 ⇠ (3,3,2/3), in the no-

tation of Ref. [63]. The quantum numbers in brackets indi-
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0 and W

0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
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(see for example models proposed in Refs. [35,36,37]).
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A quark flavour-violating g

(x),23
Q

coupling and g

(x),22
L

are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a Z

0 with g

(1),ii
Q
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(1),ii
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= g⇤

and MFV structure (g(1),23
Q

= V

ts

g⇤) we derive limits on
g⇤ as a function of the mass M

Z

0 , both fitting the data 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 M

Z

0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.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 Z

0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z

0)⇥B(Z0 ! µ+µ�) from Fig. 6 of Ref. [11].
Related to the above analysis, let us comment on the

model recently proposed in Ref. [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 Z

0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. G

Z

0/M

Z

0 = 5g

2
⇤/(6p).

6See Ref. [9] for a more detailed discussion on the EFT validity in
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On top of this, we show with green lines the best fit and 2s
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a scenario independently of the Z
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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 Z

0 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)

Q

i j

L

kl

) or singlet

(c(1)
Q

i j

L

kl

) operators, consists of: color-singlet vectors Z

0
µ ⇠

(1,1,0) and W

0
µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),

and vectors U

µ
1 ⇠ (3,1,2/3), U

µ
3 ⇠ (3,3,2/3), in the no-

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

Z

0 and W

0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if M

Z

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

V

and

c

(3)
Q

i j

L

kl

=�g

(3),i j

Q

g

(3),kl

L

, c

(1)
Q

i j

L

kl

=�g

(1),i j

Q

g

(1),kl

L

, (17)

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 Z

0 MFV model from pp ! µ+µ�. See text for
details.

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

0
µ Jµ +W

0a
µ J

a

µ , where

Jµ = g

(1),i j

Q

(Q̄
i

gµ Q

j

)+g

(1),kl

L

(L̄
k

gµ
L

l

) ,

J

a

µ = g

(3),i j

Q

(Q̄
i

gµ sa

Q

j

)+g

(3),kl

L

(L̄
k

gµ sa

L

l

) .
(18)

A quark flavour-violating g

(x),23
Q

coupling and g

(x),22
L

are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a Z

0 with g

(1),ii
Q

= g

(1),ii
L

= g⇤

and MFV structure (g(1),23
Q

= V

ts

g⇤) we derive limits on
g⇤ as a function of the mass M

Z

0 , both fitting the data 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 M

Z

0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.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 Z

0 mass. The red solid line
indicates the naive bound obtained when interpreting the
limits on the narrow-width resonance production s(pp !
Z

0)⇥B(Z0 ! µ+µ�) from Fig. 6 of Ref. [11].
Related to the above analysis, let us comment on the

model recently proposed in Ref. [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 Z

0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. G

Z

0/M

Z

0 = 5g

2
⇤/(6p).

6See Ref. [9] for a more detailed discussion on the EFT validity in
high-p

T

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 ⇤
tbVti)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 V
ts

1

1

A , C

Dµ

ij

=

0

@
C

dµ

0 0
0 C

sµ

C⇤
bsµ

0 C
bsµ

C
bµ

1

A . (29)

c
(1)
QL

⇠ g2⇤ (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…..



The 4321 model
• 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, g
4

, g
3

, g
2

, g
1

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
G

SM

⌘ 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

3

T 15 + Y 0,

with T 15 = 1

2

p
6

diag(1, 1, 1,�3).

The spontaneous breaking G ! G
SM

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

⌦
3

UT
3

0 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⌦
3

i =

0

BBB@

v3p
2

0 0

0 v3p
2

0

0 0 v3p
2

0 0 0

1

CCCA
, h⌦

1

i =

0

BB@

0
0
0
v1p
2

1

CCA , (1)

ensuring the proper G ! G
SM

breaking. Un-
der G

SM

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 G

SM

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/G

SM

coset and
transforming as U = (3, 1, 2/3), g0 = (8, 1, 0) and
Z 0 = (1, 1, 0) under G

SM

. From the scalar kinetic
terms one obtains [52, 53]

MU = 1

2

g
4

q
v2
1

+ v2
3

, (2)

Mg0 = 1p
2

q
g2
4

+ g2
3

v
3

, (3)

MZ0 = 1

2

q
3

2

q
g2
4

+ 2

3

g2
1

q
v2
1

+ 1

3

v2
3

. (4)

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

U1,2,3
µ =

1p
2

�
H9,11,13

µ � iH10,12,14
µ

�
, (5)

g0aµ =
g
4

Ha
µ � g

3

G0a
µp

g2
4

+ g2
3

, Z 0
µ =

g
4

H15

µ �
q

2

3

g
1

B0
µ

q
g2
4

+ 2

3

g2
1

,

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

SM

prior to electroweak symmetry breaking

gaµ =
g
3

Ha
µ + g

4

G0a
µp

g2
4

+ g2
3

, Bµ =

q
2

3

g
1

H15

µ + g
4

B0
µ

q
g2
4

+ 2

3

g2
1

.

The matching with the SM gauge couplings reads

gs =
g
4

g
3p

g2
4

+ g2
3

, gY =
g
4

g
1q

g2
4

+ 2

3

g2
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 g

3,4 > gs and g
4,1 > gY , one has

g
4,3 � g

1

. A typical benchmark is g
4

= 3, g
3

= 1.08
and g

1

= 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),
u0
R = (1, 3, 1, 2/3), d0R = (1, 3, 1,�1/3), `0L =

(1, 1, 2,�1/2), and e0R = (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 Q0 and L0 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

q0iL 1 3 2 1/6 1/3 0
u0i
R 1 3 1 2/3 1/3 0

d0iR 1 3 1 �1/3 1/3 0
`0iL 1 1 2 �1/2 0 1
e0iR 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 = B0+ 1p
6

T 15 and L = L0�
q

3

2

T 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 � g
4p
2
Q

0
L�

µL0
L Uµ + h.c.

+
g
4

gs
g
3

✓
Q

0
L�

µT aQ0
L � g2

3

g2
4

q0L�
µT aq0L

◆
g0aµ

+
1

6

p
3 g

4

gYp
2 g

1

✓
Q

0
L�

µQ0
L � 2g2

1

3g2
4

q0L�
µq0L

◆
Z 0
µ

� 1

2

p
3 g

4

gYp
2 g

1

✓
L
0
L�

µL0
L � 2g2

1

3g2
4

`
0
L�

µ`0L

◆
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 � �q0L Yd Hd0R � q0L Yu H̃u0
R � `

0
L Ye He0R (9)

� q0L �q ⌦
T
3

 R � `
0
L �` ⌦

T
1

 R � L M  R + h.c. ,

where H̃ = i�
2

H⇤. 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 = Mdiag ⌘
diag (M

1

, ...,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 = UeLMdiag

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
�sq 0
0 �bq

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 g0 and Z 0 exchange,

}would-be SM states

} vector-like states 
(Q+L)

} 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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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



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, we invite the 
experimental collaborations to consider larger values as 
benchmarks

30

Colour octet vector at the LHC
pp→ jj @ 13 TeV, 37 fb-1

ATLAS Bckg fit
ATLAS observed

MG' = 1.9 TeV, ΓG' (25%)

MG' = 2.2 TeV, ΓG' (34%)
MG' = 2.5 TeV, ΓG' (43%)
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More phenomenology to come:  
[Di Luzio, Fuentes-Martin, AG, Nardecchia, Renner], 
work in progress

‘4321’: Phenomenology

Explicit models 
full of surprises!

1 Use Typeset/TeX and DVI

τ−

τ+

b

b̄

b

b̄

τ−

τ+

G’ j

j
q

q
• We are looking for 

PRELIMINARYPRELIMINARY

• We have interference 
with the background!

[Greljo,Di Luzio, Fuentes-Martin, MN, Renner, 
in preparation]



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]



Conclusions
• Flavour anomalies are surviving in a coherent way in both charged current (2012) and 

neutral current (2013).

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

• There is a physics program ongoing from LHCb: we are waiting  for run 2 results, as well 
as new measurements �P 0

5, R(�), R(⇤), R(Ds), R(⇤c), R(⇤⇤
c),+ . . .

• The NP scale inferred from the charged current anomalies is within the reach of present or 
near future colliders. 

• In UV “complete” models with vector leptoquarks main signal in direct searches could arise 
from neutral states decaying into SM fermions of the third family. Typically we expect large 
decay widths. 

• Leptoquarks stands out as preferred mediators to be searched at colliders.

• If charged current anomalies disappears, NP could be at much higher energy.


