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1.  Combined explanations of B anomalies 

- EFT

- Simplified models

- UV completions                  gauge leptoquark [‘4321’ model]



“B-anomalies”
• A seemingly coherent pattern of SM deviations building up since ~ 2012 
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The ratio of the measured B̄ ! D(⇤)`⌫̄ decay rates for ` = ⌧ vs. e, µ deviate from the Standard
Model (SM) by about 4�. We show that the data are in tension with the SM, independent of
form factor calculations, and we update the SM prediction for B(B ! Xc⌧ ⌫̄)/B(B ! Xc`⌫̄). We
classify the operators that can accommodate the measured central values, as well as their UV
completions. We identify models with leptoquark mediators that are minimally flavor violating in
the quark sector, and are minimally flavor violating or ⌧ -aligned in the lepton sector. We explore
experimental signatures of these scenarios, which are observable in the future at ATLAS/CMS,
LHCb, or Belle II.

I. INTRODUCTION

Measurements of the B̄ ! D⌧ ⌫̄ and B̄ ! D

⇤
⌧ ⌫̄ decay

rates are now available from BaBar [1, 2] and Belle [3]
with their full datasets. The B̄ ! D

⇤
⌧ ⌫̄ decay mode

was also observed recently by LHCb [4]. These measure-
ments are consistent with each other and with earlier
results [5, 6], and together show a significant deviation
from Standard Model (SM) predictions for the combina-
tion of the ratios

R(X) =
B(B̄ ! X⌧ ⌫̄)

B(B̄ ! Xl⌫̄)
, (1)

where l = e, µ. The measurements are consistent with
e/µ universality [7, 8]. The R(D(⇤)) data, their aver-
ages [9], and the SM expectations [10–12] are summarized
in Table I. (If the likelihood of the measurements is Gaus-
sian, then the deviation from the SM is more than 4�.)
Kinematic distributions, namely the dilepton invariant
mass q

2, are also available from BaBar and Belle [2, 3],
and must be accommodated by any model that modifies
the rates. In the future, Belle II is expected to reduce
the measured uncertainties of R(D(⇤)) by factors of ⇠ 5
or more [13], thereby driving experimental and theory
precision to comparable levels.

In the type-II two-Higgs-doublet model (2HDM), the
B̄ ! D

(⇤)
⌧ ⌫̄ rate (as well as B� ! ⌧ ⌫̄) receives contribu-

tions linear and quadratic inmb m⌧ tan2 �/m2
H± [14–16],

R(D) R(D⇤) Corr.

BaBar 0.440 ± 0.058 ± 0.042 0.332 ± 0.024 ± 0.018 �0.45

Belle 0.375+0.064
�0.063 ± 0.026 0.293+0.039

�0.037 ± 0.015 �0.32

LHCb 0.336 ± 0.027 ± 0.030

Exp. average 0.388 ± 0.047 0.321 ± 0.021 �0.29

SM expectation 0.300 ± 0.010 0.252 ± 0.005

Belle II, 50 ab�1 ±0.010 ±0.005

TABLE I. Measurements of R(D(⇤)) [1, 3, 4], their aver-
ages [9], the SM predictions [10–12], and future sensitiv-
ity [13]. The first (second) experimental errors are systematic
(statistical).

which can be substantial if tan� is large. However, the
R(D(⇤)) data are inconsistent with this scenario [1].

Discovering new physics (NP) in transitions between
the third and second generation fermion fields has long
been considered plausible, since the flavor constraints are
weaker on four-fermion operators mediating such transi-
tions. (Prior studies of B ! Xs⌫⌫̄ [17] and B(s) !
⌧

+
⌧

�(X) [18, 19] decays were motivated by this con-
sideration.) However, B̄ ! D

(⇤)
⌧ ⌫̄ is mediated by the

tree-level b ! c transition. It is suppressed in the SM
neither by CKM angles (compared to other B decays)
nor by loop factors, with only a modest phase space sup-
pression due to the ⌧ mass. This goes against the usual
lore that the first manifestations of new physics at low
energies are most likely to occur in processes suppressed
in the SM.

The goal of this paper is to explore flavor structures
for NP capable of accommodating the central values of
the R(D(⇤)) data summarized in Table I. To do so, a
sizable NP contribution to semileptonic b ! c decays
must be present, and the NP mass scale must be near
the weak scale. This requires nontrivial consistency with
other constraints, such as direct searches at the LHC and
precision electroweak data from LEP. When NP cou-
plings to other generations are present, constraints from
flavor physics, such as meson mixing and rare decays,
also play a role. For example, any flavor model predicts
some relation between the b̄c ⌫̄⌧ and b̄u ⌫̄⌧ operators, so
models explaining R(D(⇤)) must accommodate the ob-
served B

� ! ⌧ ⌫̄ branching ratio, which agrees with the
SM [20, 21]. We show below that despite strong con-
straints some scenarios remain viable and predict signals
in upcoming experiments.

We begin by presenting new inclusive calculations that
demonstrate that the measured central values of R(D(⇤))
are in tension with the SM, independent of form factor
computations. Then, in Sec. II, we perform a general
operator analysis to identify which four-fermion opera-
tors simultaneously fit R(D) and R(D⇤). In Sec. III we
discuss possible mediators that can generate the viable
operators. We identify working models with leptoquark
mediators that are minimally flavor violating in the quark
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X = D,D⇤

l = µ, e

• SM predictions are quite robust
• Seen in 3 different experiments in a consistent way, combined significance 4.1σ
• Measurements are consistent with e/mu universality
• In the SM the flavour transition is unsurpassed by loop factor (tree-level charged current)
• Assuming central values, NP has to be large, fits prefer SM structure (left current)
• Data could be fitted by new interactions with mediator at the EW scale
• Various constraints on model building, EWPT, other flavour observables, direct searches

Heff =
GFp

2
V ⇤

bc (bL�↵cL)(⌧L�↵⌫⌧ )

GFp
2

V ⇤
bc =

1
(1.7 TeV)2

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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• Best fit: purely left operator SM(1+30%) 

                       AfterRK⇤
[1704.05340, 1704.05435,
1704.05438, 1705444,
17054446, 1705447]

• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. To this end, we define RK⇤ in a given range of q2, in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

)� 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [26] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by

7

[1704.05438 ]

• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re CBSM

bR(µ�e)L

CSM

bLµL

, (15)

where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of

6
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for RK is

RK =
|CbL+RµL�R |2 + |CbL+RµL+R |2
|CbL+ReL�R |2 + |CbL+ReL+R |2 . (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re CBSM

bL+R(µ�e)L

CSM

bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter CBSM

bX lY
/CSM

bX lY
, a

number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
(1 � p)(|CbL+RµL�R |2 + |CbL+RµL+R |2) + p

�|CbL�RµL�R |2 + |CbL�RµL+R |2�

(1 � p)(|CbL+ReL�R |2 + |CbL+ReL+R |2) + p
�|CbL�ReL�R |2 + |CbL�ReL+R |2� (14)

where G
F

is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f
+,T (q2) we have

FA(q
2) = (C

10

+ C 0
10

) f
+

(q2) , (10)

FV (q
2) = (C

9

+ C 0
9

)f
+

(q2) +
2mb

MB + MK
(C

7

+ C 0
7

) fT (q
2)

| {z }
SMelectromagnetic dipole contribution

+ hK(q2)| {z }
non�factorizable term

. (11)

Notice that for simplicity we wrote the Wilson coe�cient C
9

omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7

), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.
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“B-anomalies”
Anomalies in semi-leptonic B-decays
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• SU(2)L triplet operator (combined explanation in SMEFT)

[Bhattacharya et al 1412.7164 
Alonso, Grinstein, Camalich 1505.05164, 
Greljo, Isidori, Marzocca 1506.01705, 
Calibbi, Crivellin, Ota 1506.02661, … ] 

1 Introduction
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j
L)(L

k
L�
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• SU(2)L triplet operator (combined explanation in SMEFT)

• Flavour structure:   
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 1. large couplings in taus (SM tree level)

 2. sizable couplings in muons (SM one loop)

 3. negligible couplings in electrons (well tested, not much room)

            link to SM Yukawa pattern ?
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• SU(2)L triplet operator (combined explanation in SMEFT)

• Tree-level mediators:   
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Simplified models
• Finite list of tree-level mediators
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Figure 3: The lines show the correlations among triplet and singlet operators in single-mediator models.
Colour-less vectors are shown in green, coloured scalar in blue, while coloured vectors in red. Electroweak
singlet mediators are shown with the solid lines while triplets with dashed.

compensate for the radiative constraints (see Figure 1 bottom-right). In other words, in the
small �q

sb scenario the tuning problem is moved from the �F = 2 sector to that of electroweak
observables. We will present an explicit realisation of the small �q

sb scenario in Section 3.3.

3 Simplified models

In this section we analyse how the general results discussed in the previous section can be
implemented, and eventually modified adding extra ingredients, in three specific (simplified)
UV scenarios with explicit mediators.

The complete set of single-mediator models with tree-level matching to the vector triplet
and/or singlet V � A operators consists of: colour-singlet vectors B0

µ ⇠ (1,1, 0) and W 0
µ ⇠

(1,3, 0), colour-triplet scalars S
1

⇠ (3̄,3, 1/3) and S
3

⇠ (3̄,3, 1/3), and coloured vectors Uµ
1

⇠
(3,1, 2/3) and Uµ

3

⇠ (3,3, 2/3) [46]. The quantum numbers in brackets indicate colour, weak,
and hypercharge representations, respectively. In Figure 3 we show the correlation between
triplet and singlet operators predicted in all single-mediator models, compared to the regions
favoured by the EFT fit.

The plot in Figure 3 clearly singles out the case of a vector LQ, Uµ
1

, which we closely
examine in the next subsection, as the best single-mediator case. However, it must be stressed
that there is no fundamental reason to expect the low-energy anomalies to be saturated by the
contribution of a single tree-level mediator. In fact, in many UV completions incorporating one of
these mediators (for example in composite Higgs models, see Section 4), these states often arise
with partners of similar mass but di↵erent electroweak representation, and it is thus natural
to consider two or more of them at the same time. For this reason, and also for illustrative
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A clear winner: U1                 CT = CS  (at threshold)

Linear combinations also possible                some tuning required 

1 Introduction
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Table 2: Scale of unitarity violation ⇤U as a function of the coe�cients ⇤O of the semi-leptonic
SMEFT basis of Eq. (26). 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 coe�cients ⇤QL(3) and ⇤QL(1) in
Eq. (26). In all the cases that we are going to consider the phenomenologically disfavoured
right-handed and scalar/tensor operator of Eq. (26) 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 CS/CT RD(⇤) RK(⇤) No di ! dj⌫⌫

Z 0 1 (1, 1, 0) 1 ⇥ X ⇥
V 0 1 (1, 3, 0) 0 X X ⇥
S
1

0 (3, 1, 1/3) �1 X ⇥ ⇥
S
3

0 (3, 3, 1/3) 3 X X ⇥
U
1

1 (3, 1, 2/3) 1 X X X
U
3

1 (3, 3, 2/3) �3 X X ⇥

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 coe�-
cients c

1

/c
3

(obtained by integrating out a given mediator) the dangerous di ! dj⌫⌫ operators
are not generated (U

1

case).

From the SU(2)L decomposition (neglecting flavour indices and reinserting the Wilson co-
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UV completion: U1 ~ (3,1,2/3)

composite resonance of 
a new strong dynamics 

🙂 conceptual link with the naturalness issue of EW scale

🙁 intrinsically non-calculable (e.g. divergent loop observables)

🙁 light LQ lowers the whole resonances’ spectrum: issue with direct searches + EWPTs

[Barbieri, Isidori, Pattori, Senia 1502.01560
Barbieri, Murphy, Senia 1611.0493
Buttazzo et al, 1706.07808
Barbieri, Tesi 1712.06844] 

G

H
=

SU(4)× SO(5)× U(1)X
SU(4)× SO(4)× U(1)X

• Ambitious program: pNGB Higgs + U1 as composite state of G

• Massive vectors point to UV dynamics at the TeV scale
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UV completion: U1 ~ (3,1,2/3)

gauge boson of an 
extended gauge sector 
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🙂 hinted by SM chiral structure + everything’s calculable

🙁        from                         decays (L x R couplings) 
[Kutznetsov et al 1203.0196 
+ update from A. D. Smirnov 
1801.02895]
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(unitary matrices)

• An interesting option: minimal Pati-Salam (PS)
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UV completion: U1 ~ (3,1,2/3)

gauge boson of an 
extended gauge sector 
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🙂 hinted by SM chiral structure + everything’s calculable

🙁 Z’ direct searches (                         + O(gs) Z’ couplings to valence quarks)

Minimal PS cannot explain B-anomalies
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Beyond minimal PS

🙁 Z’ direct searches
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🙁 neutrino masses 

1): non-minimal matter content (mixing with heavy fermions)  

• We look for something like 
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🙁 neutrino masses 

🙂 flavour hierarchies

[Greljo, Stefanek 1802.04274] 
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1): non-minimal matter content (mixing with heavy fermions)  

2): non-universal gauge interactions

[☞ see Javier’s talk] 

• We look for something like 
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[Bordone, Cornella, Fuentes-Martin, Isidori 1712.01368] 2): non-universal gauge interactions

Beyond minimal PS
• We look for something like 

[LDL, Greljo, Nardecchia 1708.08450, 
See also Diaz, Schmaltz, Zhong 1706.05033, 
Georgi, Nakai 1606.05865 for similar constructions] 

3): non-minimal matter and gauge content (4321 model)
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The ‘4321’ model
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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↵
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µ ,W i

µ, B
0
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gauge fields, g
4

, g
3

, g
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, 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
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⌘ SU(3)c ⇥ SU(2)L ⇥U(1)Y are embedded in
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The spontaneous breaking G ! G
SM

happens via
the scalar representations ⌦
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=
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4, 3, 1, 1/6
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and
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, which can be represented re-
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forming as ⌦
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0 and ⌦
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⌦
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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]
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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]
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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 G
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prior to electroweak symmetry breaking
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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 g

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

g
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1

. A typical benchmark is g
4

= 3, g
3

= 1.08
and g
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= 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
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T =
(4, 1, 2, 0), where Q0 and L0 are decompositions un-
der SU(3)
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⇢ SU(4). In order to address
the B-physics anomalies, at least two copies of these
representations are required. When fermion mixing
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The ‘4321’ model

Matter 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 ⌦
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for SM particles correspond respectively to ordinary
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Flavour structure. The Yukawa Lagrangian is
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These are 3+n
 

dimensional square matrices which
can be diagonalised by unitary rotations U(3+n
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For example, Me = UeLMdiag
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eR , where the mass
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L, ..., E
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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)
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with
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��. 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,
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1 Introduction

LY =� q0L Yd Hd0R � q0L Yu H̃u0
R � `

0
L Ye He0R

� q0L �q ⌦
T
3

 R � `
0
L �`⌦

T
1

 R � L M  R (1)

Mg0 '
p
2MU (2)

MZ0 '
q

3

2

MU (3)

MU ' 1

2

g
4

v
3

(4)

Mg0 ' 1

2

p
2g

4

v
3

(5)

MZ0 ' 1

2

q
3

2

g
4

v
3

(6)

3M2

U ' M2

g0 + 2M2

Z0 (7)

h⌦
1,3i (8)

' g
3

(9)

' g
1

(10)

2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively 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 ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: 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). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦

1,3i = 1p
2

v
1,3, 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

3

Yukawa sector:

1 Introduction

G = SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0 (1)

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y (2)

SU(3)C = (SU(3)
4

⇥ SU(3)0)diag (3)

U(1)Y = (U(1)
4

⇥ U(1)0)diag (4)

Q
i
�q
ijQ

j =
⇣
ukVki d

i
⌘
�q
ij

✓
V †
jlu

l

dj

◆
� c (Vcb�

q
bb + Vcs�

q
sb + . . .) b (5)

MU1 ⇠ MZ0 ⇠ TeV (6)

MU1 & 100 TeV (7)

GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R (8)

GPS/GSM � U
1

+ Z 0 (9)

B(B ! K⇤⌫⌫) / (CT � CS) (10)

⇤ ⇠ 1 TeV (11)

⇤ ⇠ 700 GeV (12)

�q
bs > O(Vcb) (13)

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)
B(B ! D(⇤)`⌫)

(14)

` = e, µ

R(K(⇤)) =
B(B ! K(⇤)µµ)
B(B ! K(⇤)ee)

(15)

3

1 Introduction

G = SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0 (1)

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y (2)

SU(3)C = (SU(3)
4

⇥ SU(3)0)diag (3)

U(1)Y = (U(1)
4

⇥ U(1)0)diag (4)

Q
i
�q
ijQ

j =
⇣
ukVki d

i
⌘
�q
ij

✓
V †
jlu

l

dj

◆
� c (Vcb�

q
bb + Vcs�

q
sb + . . .) b (5)

MU1 ⇠ MZ0 ⇠ TeV (6)

MU1 & 100 TeV (7)

GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R (8)

GPS/GSM � U
1

+ Z 0 (9)

B(B ! K⇤⌫⌫) / (CT � CS) (10)

⇤ ⇠ 1 TeV (11)

⇤ ⇠ 700 GeV (12)

�q
bs > O(Vcb) (13)

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)
B(B ! D(⇤)`⌫)

(14)

` = e, µ

R(K(⇤)) =
B(B ! K(⇤)µµ)
B(B ! K(⇤)ee)

(15)

3

1 Introduction

h⌦
1,3i (1)

2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively 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 ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: 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). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦

1,3i = 1p
2

v
1,3, 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 Goldstone bosons, the massive scalar spectrum (detailed in App. B.1) features a
real color octet O, two real and one pseudo-real SM singlets S, a complex scalar T trans-
forming as (3, 1, 2/3). The final breaking of G

SM

is obtained via the Higgs doublet field
residing into H = (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 massive vector states belonging to G/G
SM

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 (cf. App. B.2)

MU =
1

2
g
4

q
v2
1

+ v2
3

, (2)

Mg0 =
1p
2

g
4

cos ✓g0
v
3

, (3)

MZ0 =
1

2

r
3

2

g
4

cos ✓Z0

q
v2
1

+ 1

3

v2
3

, (4)

where we have introduced the angles tan ✓g0 = g
3

/g
4

and tan ✓Z0 =
q

2

3

g
1

/g
4

. In the phe-

nomenologically motivated limit v
3

� v
1

(in order to keep the coloron as heavy as possible)
and ✓g0 ' ✓Z0 ' 0 (to be discussed below), one has Mg0 '

p
2MU and MZ0 ' 1p

2

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

3

 L. Di Luzio (IPPP, Durham) - Gauge leptoquark and B-anomalies                               07/10                    



Key phenomenological features
1. LQ couples dominantly to 3rd generation LH fields (can satisfy Zürich’s EFT criteria)

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�
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+
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6

p
3 g

4

gYp
2 g

1

✓
Q
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µQ0
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1
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4
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µ
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2
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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
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g0aµ

+
1

6

p
3 g4gYp
2 g1

✓
Q

0
R�µQ0

R �
4g21
3g24

⇣
2u0

R�µu0
R � d

0
R�µd0R
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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,
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2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively 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 ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: 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). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦

1,3i = 1p
2

v
1,3, 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
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Key phenomenological features

1 Introduction
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2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively 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 ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: SU(3)c = (SU(3)
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⇥ SU(3)0)
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and U(1)Y =
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⇢ SU(4). In particular, Y =
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diag(1, 1, 1,�3). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G
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happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

for details) it is possible to achieve a vacuum expectation value (vev) configuration, de-
noted schematically by h⌦

1,3i = 1p
2

v
1,3, ensuring the proper G ! G
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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

3

2. Down-alignment to avoid tree-level FCNC in the down sector

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 ⌦
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global symmetries, leaving unbroken two new global
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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
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Flavour structure. The Yukawa Lagrangian is
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H⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3
flavour matrices, �q and �` are 3 ⇥ n

 

, while M is
n
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matrix where n
 

is the number of  fields.
In absence of the Yukawa Lagrangian the global
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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.
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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 =
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@
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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,

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),
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
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 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
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 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 = 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 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`0HH/⇤, 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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We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
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the gauge couplings and T ↵, T a, T i, Y 0

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

2

�↵�. The
color and hypercharge factors of the SM gauge group G
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High-pT searches
• LQ pair production via QCD

(
U ! b⌧+, BR =50 %

U ! t⌫, BR =50 %

[CMS search for spin-0, 1703.03995
recast for spin-1 1706.01868 (see also 1706.05033) + Moriond EW update] 

LQ mass sets the overall scale:

- 3rd generation final states (fixed by anomaly and SU(2)L invariance)
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High-pT searches
• LQ pair production via QCD
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2 TeV coloron naively excluded

[ATLAS, 1703.09127]
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High-pT searches

• However, bump-searches loose in sensitivity for large width/mass

�

m
. 15% (exp. analysis) (unavoidable in our scenario: 

large g4 + extra channel in VLF)

[LDL, Fuentes-Martin, Greljo, Nardecchia, Renner (work in progress)] 
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Conclusions 

3.  In the meantime, lesson from UV complete models

unexpected experimental signatures (coloron, D-mixing, …)
+ playground to compute correlations

who ordered that ?

1.  We will know much more by ~ 2020 (LHCb + Belle II)

2.  Early speculations point to TeV-scale vector leptoquark (R(D)+R(K) explanation)

[More pheno to come: LDL, Fuentes-Martin, Greljo, Nardecchia, Renner (work in progress)] 
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Down-alignment (flavour symmetry)
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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.
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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).
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Flavour structure. The Yukawa Lagrangian is
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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,

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),
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
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 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
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 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 = 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 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`0HH/⇤, 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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IV. FLAVOUR STRUCTURE

The Yukawa Lagrangian is
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0
L Ye He0R (9)
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T
3

 R � `
0
L �` ⌦

T
1

 R � L M  R + h.c. ,
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H⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3
flavour matrices, �q and �` are 3 ⇥ n
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0
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structure of the vector leptoquark couplings for B-
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2 The 4321 model

We consider the gauge group G ⌘ SU(4) ⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0, and denote respec-
tively 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 ↵ = 1, . . . , 15, a = 1, . . . , 8, i = 1, 2, 3. The normalization
of the generators in the fundamental representation is fixed by TrT ↵T � = 1

2

�↵�. The
color and hypercharge factors of the SM gauge group G

SM

⌘ SU(3)c ⇥ SU(2)L ⇥ U(1)Y
are embedded as diagonal subgroups of G: 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). For a complete list of SU(4) generators see App. A.
The spontaneous breaking G ! G

SM

happens via the scalar representations ⌦
3

=�
4, 3, 1, 1/6

�
and ⌦

1

=
�
4, 1, 1,�1/2

�
. By means of a suitable scalar potential (see App. B.1

3

• Down-alignment to avoid tree-level FCNC in the down sector

-                  as triplets of the flavour group 

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 . Using the flavour group, one can

without loss of generality 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 symmetry breaking, the fermion mass matrices in this (interaction) basis are

Md =
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Y diag

d
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2
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These are 3 + n
 

dimensional square matrices which can be diagonalized by unitary ro-
tations U(3 + n

 

). For example, Me = UeLMdiag

e U †
eR
, where the mass eigenstate,  eL ⌘

(eL, µL, ⌧L, E1

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. (11)–(12). Our goal is to get the right structure of the vector
leptoquark couplings for B-physics anomalies as in Ref. [1], while suppressing at the same
time tree-level FCNC in the quark sector mediated by the g0 and Z 0 exchange. In order to do
this both in up- and down-quarks, one can impose the complete flavour alignment condition
�ijq / M ij. However, this setup predicts large couplings to valence quarks and is challenged
by direct searches at the LHC.

In this work, we minimally introduce two extra vector-like fermion representations  
(n
 

= 2). The pattern of flavour matrices �q and �` is such that no mixing with the first,
small mixing with the second, 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. (14)

�q =

0

@
0 0
�sq 0
0 �bq

1

A , (15)

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, and ii) suppressed couplings to
the valence quarks relaxing the high-pT constraints. While potentially large contributions to
D–D oscillation phenomena are possible via CKM mixing, we show in the next section that
the present constraints can be satisfied. Therefore, we pursue the second scenario in the rest
of this paper.

From a flavour model building perspective, one can identify d0R,  L,  R as triplets of the
same flavour group U(3)d0 ⌘ U(3)

 L ⌘ U(3)
 R . The matrix M is then proportional to the

identity, while �q and Yd are proportional to the same spurion (3, 3) of U(3)q ⇥ U(3)d0 , and
hence simultaneously diagonalizable. The phenomenology of this assumption is not far from
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Figure 5: ATLAS (13 TeV, 3.2 fb�1) ⌧⌧ search [37] exclusion
limits on bb̄ ! H0 ! ⌧⌧ resonances. The preferred value from
the fit to the R(D(⇤)) anomaly is YbY

⇤
⌧ ⇥v2/M2

H+ = (2.9±0.8).

optimized as we are forced to use a certain fixed number
of bins and their sizes and cannot leverage the full control
of experimental systematics.

3. 2HDM exclusion limits

The cross-sections for A,H0 production from bb̄ an-
nihilation can be estimated at NNLO in QCD using the
Higgs cross-section WG results [45]. While the results are
directly applicable for the CP even state H0, we expect
them to hold as a good approximation also for a heavy
CP-odd A0 due to the restoration of chiral symmetry
when mb/mH0 ⌧ 1 . We have checked explicitly that
di↵erences between scalar and pseudoscalar production
are negligible up to NLO [46] for the interesting mass
region mA0,H0 & 200 GeV. In setting bounds, we there-
fore rescale the LO simulation results to the Higgs cross-
section WG production cross-sections [45] taken at the
lower factorization, renormalization and 68% CL PDF
uncertainty ranges.

Conservatively considering only a single neutral scalar

ATLAS ττ: 13 TeV, 3.2 fb-1

ATLAS ττ: 8 TeV, 19.5 fb-1

13TeV, 300 fb-1

RD@1σ
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0

1

2

3

4

5

MU (TeV)

|g
U
|

Vector LQ exclusion

Scalar LQ exclusion

Figure 6: (Upper plot) 8 TeV [36] (13 TeV [37]) ATLAS
⌧+⌧� search exclusion limits are shown in red (black) and
R(D(⇤)) preferred region in green for the vector leptoquark
model. Projected 13 TeV limits for 300 fb�1 are shown in
grey. (Lower plot) the same search exclusion limits for the
scalar leptoquark model.

resonance contribution (denoted by H 0 meaning either
A0 or H0), we show the resulting 95% CL upper lim-
its on the |YbY⌧ | ⇥ v2/M2

H0 (evaluated at the b-quark
mass scale µR ' 4.3 GeV) after recasting the ATLAS
13 TeV [37] ⌧+⌧� search in Fig. 5. We observe that
even after accounting for the possible O(100 GeV) mass
splitting between the charged and the lightest neutral
state within the scalar H 0 doublet, the R(D(⇤)) preferred
value YbY

⇤
⌧ ⇥ v2/M2

H+ = (2.9± 0.8) cannot be reconciled
with existing ⌧+⌧� resonance searches at the LHC in the
mA,H0 & 200 GeV region.6

6 In case of H0 = H0 (with A0 decoupled), small departures from
the 2HDM alignment limit (i.e. non-zero h � H0 mixing), con-
sistent with existing experimental constraints, in particular on
h ! ⌧+⌧�, bb̄ [47] (see e.g. [48]), can further mildly alleviate
the bound due to somewhat reduced e↵ective Yb,⌧ couplings of

[Faroughy, Greljo, Kamenik 1609.07138] 
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EFT [problems]

1. High-pT constraints 

2. Radiative constraints

EFT-type considerations [The main problems]

II. radiative constraints
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Figure 5: Impact of one-loop-triggered constraints when addressing the B anomalies through left-
handed currents, for two di↵erent C

1

vs. C
3

configurations (left : C
1

= 0, right : C
1

= C
3

). For

C
1

= C
3

, simultaneously imposing all bounds is actually equivalent to impose R⌧/`
⌧ alone. In the

scan the parameters varied in the following ranges: C
1,3/⇤2 2 {�4, 4} TeV�2, ⇤ 2 {1, 10} TeV,

|�d,e
23

| 2 {0, 0.5}. All bounds refer to 2� uncertainties.

Figure 6: Left (right): Correlation Br(⌧ ! 3µ) vs. Br(B ! K⌧µ) (Br(⌧ ! 3µ) vs. Br(⌧ !
µ⇢)) within our model, while satisfying all other bounds but R⌧/`

D(⇤) , for two di↵erent C
1

vs. C
3

configurations. In the scan the parameters varied in the following ranges: C
1,3/⇤2 2 {�4, 4} TeV�2,

⇤ 2 {1, 10} TeV, |�e
23

| 2 {0, 0.5}, �d
23

2 {�0.2,�0.01}. All bounds refer to 2� uncertainties.
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[Feruglio, Paradisi, Pattori 1606.00524, 1705.00929] 

• Three main problems mainly driven by R(D)
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EFT-type considerations [The main problems]

II. radiative constraints
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(absent at tree-level with LQ) (consequence of SU(2)L invariance)

• Three main problems mainly driven by R(D)
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EFT [solutions]

1. Triplet + Singlet operator (more freedom in SU(2)L structure)

2. Deviation from ‘pure-mixing’ scenario

• Tension gets drastically alleviated if [Zürich’s guide for combined explanations, 1706.07808] 

with their functional dependence on the fit parameters, is discussed in length in Appendix B. In
particular, we take into account the LFU tests in the charged-current semi-leptonic observables
R⌧`

D(⇤) and Rµe
b!c, global fits of b ! sµµ processes (including the LFU ratios Rµe

K(⇤) and the angular

observables) along the direction �Cµ
9

= ��Cµ
10

[36–42], and limits on B(B ! K⇤⌫⌫̄) [43].
We also include a set of observables sensitive to the purely-leptonic and electroweak operators
generated by the renormalisation-group running of the semi-leptonic operators from the scale
⇤ down to the electroweak scale. The most notable e↵ects are the corrections to the Z ! ⌧ ⌧̄
e↵ective couplings, to the invisible Z decay width, and to the LFU (R⌧`

⌧ ) and LFV (⌧ ! 3µ)
tests in ⌧ decays [34,35]. The matching scale is set to ⇤ = 2 TeV in the fit. The results change
only slightly using ⇤ = 1 TeV instead, relaxing the impact of the loop-induced constraints. The
observables considered in the fit are summarised in Table 1, together with their approximate
dependence on the EFT parameters. In order to fulfil the condition in Eq. (3) we impose
|�q

sb| < 5|Vcb|.
We minimise the total �2 function to find the best-fit point and the corresponding confidence

level intervals. The result are presented as 2D plots after marginalising over the other two
parameters (see Figure 1). The main observations can be summarised as follows.

1. Because of radiative constraints, the fit favours sizeable values of �q
sb/V

⇤
ts ⇡ ��q

sb/Vcb,
which allow to lower the value of CT,S (i.e. to increase the scale of NP) keeping fixed the
contribution to R⌧`

D(⇤) (see the bottom-right panel of Figure 1). This can be understood

from the approximated expression for R⌧`
D(⇤) (see Appendix B for the exact formula used

in the numerical fit),

R⌧`
D(⇤) ⇡ 1 + 2CT

✓

1� �q
sb

V ⇤
tb

V ⇤
ts

◆

= 1.237± 0.053 , (4)

where a smaller value for CT can be compensated by a larger one for �q
sb. The preferred

values of �q
sb are still consistent with the general expectation in Eq. (3). As we discuss

below, the substantial increase in the e↵ective NP scale is also beneficial in improving the
agreement with the high-pT searches pointed out in [33].

2. The upper bound on B(B ! K⇤⌫⌫̄), as well as radiative constraints, strongly favour equal
magnitudes of triplet and singlet operators (CT ⇠ CS). Nevertheless, at the 1� level this
relation has to be satisfied only at the 30% level, and therefore requires no fine tuning.

3. The flavour symmetry plays a non-trivial role in avoiding significant constraints on the
value of �q

sb from b ! u transitions, in particular from B(B ! ⌧⌫), enforcing the relation
R⌧`

b!u = R⌧`
D(⇤) (see Appendix B).

4. The measured value of �Cµ
9

= ��Cµ
10

, together with the size of �q
sb and CT,S from points

1 and 2, requires a value of �`
µµ ⇡ O(10�2), perfectly consistent with the hypothesis of a

small breaking of the U(2)` flavour symmetry. The measured values of Rµe

K(⇤) fix also the

relative sign of �`
µµ and �`

⌧⌧ which must be opposite, strongly disfavouring the pure mixing
hypothesis.

5. We do not include �`
⌧µ in the fit, but we point out that values of |�`

⌧µ| ⇠ |�`
µµ|1/2 ⇠ 0.1 are

perfectly compatible with the limits from LFV in ⌧ decays, even after taking into account

7

allows for larger NP scale

1 Introduction

Q
i
�q
ijQ

j =
⇣
ukVki d

i
⌘
�q
ij

✓
V †
jlu

l

dj

◆
� c (Vcb�

q
bb + Vcs�

q
sb + . . .) b (1)

MU1 ⇠ MZ0 ⇠ TeV (2)

MU1 & 100 TeV (3)

GPS = SU(4)PS ⇥ SU(2)L ⇥ SU(2)R (4)

GPS/GSM � U
1

+ Z 0 (5)

B(B ! K⇤⌫⌫) / (CT � CS) (6)

⇤ ⇠ 1 TeV (7)

⇤ ⇠ 700 GeV (8)

�q
bs > O(Vcb) (9)

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)
B(B ! D(⇤)`⌫)

(10)

` = e, µ

R(K(⇤)) =
B(B ! K(⇤)µµ)
B(B ! K(⇤)ee)

(11)

3

the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

L
e↵

= L
SM

� 1

v2
�q
ij�

`
↵�

h

CT (Q̄i
L�µ�

aQj
L)(L̄

↵
L�

µ�aL�
L) + CS (Q̄i

L�µQ
j
L)(L̄

↵
L�

µL�
L)
i

, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q
ij , �

`
↵� and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td, V
⇤
ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤
⌧µ) with |V⌧µ| ⌧ 1. We adopt as

reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi
L =

✓

V ⇤
jiu

j
L

diL

◆

, L↵
L =

✓

⌫↵L
`↵L

◆

. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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1/⇤2 = g2/M2 (7)
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vanishing Wilson coe�cients;
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3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
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We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
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where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q
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↵� and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td, V
⇤
ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤
⌧µ) with |V⌧µ| ⌧ 1. We adopt as

reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
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A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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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
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EFT [details fit]
λq
bb = λℓ

ττ = 1CS , CT ,λ
q
bs,λ

ℓ
µµ- 4 parameters fit:                       (                )
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Figure 1: Fit to the semi-leptonic and purely leptonic (radiatively generated) observables in Table 1,
in the framework of the triplet and singlet V � A operators (see Eq. (1)), imposing |�q

sb| < 5|Vcb|. In
green, yellow, and gray, we show the ��2  2.3 (1�), 6.2 (2�), and 11.8 (3�) regions, respectively, after
marginalising over all other parameters. In the bottom-right plot we fix CT = CS and perform a fit with
and without the radiatively induced observables.
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EFT [details fit]

Observable Experimental bound Linearised expression

R⌧`
D(⇤) 1.237± 0.053 1 + 2CT (1� �q

sbV
⇤
tb/V

⇤
ts)(1� �`

µµ/2)

�Cµ
9

= ��Cµ
10

�0.61± 0.12 [36] � ⇡
↵emVtbV

⇤
ts
�`
µµ�

q
sb(CT + CS)

Rµe
b!c � 1 0.00± 0.02 2CT (1� �q

sbV
⇤
tb/V

⇤
ts)�

`
µµ

BK(⇤)⌫⌫̄
0.0± 2.6 1 + 2

3

⇡
↵emVtbV

⇤
tsC

SM
⌫

(CT � CS)�
q
sb(1 + �`

µµ)

�gZ⌧L
�0.0002± 0.0006 0.033CT � 0.043CS

�gZ⌫⌧ �0.0040± 0.0021 �0.033CT � 0.043CS

|gW⌧ /gW` | 1.00097± 0.00098 1� 0.084CT

B(⌧ ! 3µ) (0.0± 0.6)⇥ 10�8 2.5⇥ 10�4(CS � CT )2(�`
⌧µ)

2

Table 1: Observables entering in the fit, together with the associated experimental bounds
(assuming the uncertainties follow the Gaussian distribution) and their linearised expressions in
terms of the EFT parameters. The full expressions used in the fit can be found in Appendix B.

1. The factorised flavour structure in Eq. (1) is not the most general one; however, it is general
enough given that the available data are sensitive only to the flavour-breaking couplings
�q
sb and �`

µµ (and, to a minor extent, also to �`
⌧µ). By construction, �q

bb = �`
⌧⌧ = 1.

2. The choice of basis in Eq. (2) to define the U(2)q ⇥U(2)` singlets (i.e. to define the “third
generation” dominantly coupled to NP) is arbitrary. This ambiguity reflects itself in the
values of �q

sb, �
`
µµ, and �`

⌧µ, that, in absence of a specific basis alignment, are expected to
be

�q
sb = O(|Vcb|) , �`

⌧µ = O(|V⌧µ|) , �`
µµ = O(|V⌧µ|2) . (3)

3. A particularly restrictive scenario, that can be implemented both in the case of LQ or
colour-less mediators, is the so-called pure-mixing scenario, i.e. the hypothesis that there
exists a flavour basis where the NP interaction is completely aligned along the flavour
singlets. For both mediators, in this specific limit one arrives to the prediction �`

µµ > 0.

In order to reduce the number of free parameters, in Eq. (1) we assume the same flavour
structure for the two operators. This condition is realised in specific simplified models, but it
does not hold in general. The consequences of relaxing this assumption are discussed in Section 3
in the context of specific examples. Finally, motivated by the absence of deviations from the SM
in CP-violating observables, we assume all the complex phases, except the CKM phase contained
in the Vq spurion, to vanish (as shown in Appendix A, this implies �q

bs = �q
sb and �`

⌧µ = �`
µ⌧ ).

2.2 Fit of the semi-leptonic operators

To quantify how well the proposed framework can accommodate the observed anomalies, we
perform a fit to low-energy data with four free parameters: CT , CS , �

q
sb, and �`

µµ, while for

simplicity we set �`
⌧µ = 0.1 The set of experimental measurements entering the fit, together

1We explicitly verified that a nonzero �⌧µ has no impact on the fit results.
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the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

L
e↵

= L
SM

� 1

v2
�q
ij�

`
↵�

h

CT (Q̄i
L�µ�

aQj
L)(L̄

↵
L�

µ�aL�
L) + CS (Q̄i

L�µQ
j
L)(L̄

↵
L�

µL�
L)
i

, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q
ij , �

`
↵� and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td, V
⇤
ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa

(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤
⌧µ) with |V⌧µ| ⌧ 1. We adopt as

reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi
L =

✓

V ⇤
jiu

j
L

diL

◆

, L↵
L =

✓

⌫↵L
`↵L

◆

. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:

5

λq
bb = λℓ

ττ = 1CS , CT ,λ
q
bs,λ

ℓ
µµ- 4 parameters fit:                       (                )

LH Z-τ-τ coupling 
LH Z-ν-ν coupling 
LFUV in τ decays
LFV in τ decays

EFT-type considerations [The main problems]

II. radiative constraints

τ

ν ν

μ

I. high-pT constraints

Three main problems identified in the recent literature (driven mainly by RD...):   

 

b

b

τ

τ

b

b

τ

τ

III. flavor bounds

b

s

b b

s

b
b

s

ν

ν

Bs

_

Bs

B

K

Greljo, GI, Marzocca '15
Calibbi, Crivellin, Ota, '15
(+many others...)
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LQ
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