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Abstract: Motivated by the recent LHCb announcement of a 3.1σ violation of lepton-
flavor universality in the ratio RK = Γ(B → Kµ+µ−)/Γ(B → Ke+e−), we present an
updated, comprehensive analysis of the flavor anomalies seen in both neutral-current (b→
s`+`−) and charged-current (b → cτ ν̄) decays of B mesons. Our study starts from a
model-independent effective field-theory approach and then considers both a simplified
model and a UV-complete extension of the Standard Model featuring a vector leptoquark
U1 as the main mediator of the anomalies. We show that the new LHCb data corroborate
the emerging pattern of a new, predominantly left-handed, semileptonic current-current
interaction with a flavor structure respecting a (minimally) broken U(2)5 flavor symmetry.
New aspects of our analysis include a combined analysis of the semileptonic operators
involving tau leptons, including in particular the important constraint from Bs-B̄s mixing,
a systematic study of the effects of right-handed leptoquark couplings and of deviations
from minimal flavor-symmetry breaking, a detailed analysis of various rare B-decay modes
which would provide smoking-gun signatures of this non-standard framework (LFV decays,
di-tau modes, and B → K(∗)νν̄), and finally an updated analysis of collider bounds on the
leptoquark mass and couplings.
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1 Introduction

Since 2012, several deviations from the predictions of the Standard Model (SM) have been
observed in a series of semileptonic decays of B mesons, providing strong evidence of a new
short-distance interaction violating Lepton Flavor Universality (LFU). The recent result
by the LHCb collaboration on the ratio RK = B(B+ → K+µ+µ−)/B(B+ → K+e+e−) [1]
marks an important milestone in the study of these phenomena, which in the literature
are often referred to as the “B anomalies”. The evidence collected so far can naturally
be grouped into two categories, according to the underlying partonic process: i) devia-
tions from µ/e universality in b → s`+`− neutral-current transitions [2–4] together with
deviations from the SM predictions in observables involving µ+µ− pairs only [5–7], and
ii) deviations from τ/µ (and τ/e) universality in b → c`ν̄ charged-current transitions [8–
14]. With the recent result reported in [1], for the first time a single observable affected
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by negligible theoretical uncertainties exhibits a deviation from the SM exceeding the 3σ
level. Equally striking is the overall coherence of the picture that emerges, especially in
b → s`+`− transitions. As we shall show in this paper, combining all the b → s`+`− ob-
servables in a very conservative way, the significance of the New Physics (NP) hypothesis
formulated in 2014–2015 of a purely left-handed LFU-violating contact interaction has now
reached a significance of 4.6σ.

Attempts to explain one or both sets of anomalies have stimulated an intense theo-
retical activity, which ranges from pure Effective Field Theory (EFT) approaches to the
formulation of motivated ultraviolet (UV) completions of the SM. In the latter category,
models containing a TeV-scale vector leptoquark, U1 ∼ (3,1, 2/3), as the main mediator
are particularly appealing. Besides addressing both sets of anomalies, such models can
connect them to an underlying theory of flavor. The purpose of this paper is to reanalyze
this class of models, taking into account the new data and, importantly, distinguishing the
robust predictions of the models from those sensitive to the details of the UV completion,
which are still largely unknown. The goal is to identify a set of observables which could
allow us to validate or disprove these models in the future, possibly answering the questions
that are still open.

Before introducing the class of models we are interested in, it is worth recalling the key
steps that led to their formulation. The first important observation was the identification
of a purely left-handed contact interaction involving muons as the most natural candidate
to explain the b→ s`+`− data available in 2014 [15]. The link between RK , originally pro-
posed in [16] as a clean NP probe, and the various anomalies in b→ sµ+µ− observables, and
in particular the non-standard behavior of the angular distribution in B → K∗µ+µ− [18–
20], was then established more firmly by a series of global analyses (see e.g. [21–26]). A
second important step was the hypothesis that such a weak contact interaction could be
the result of a stronger interaction, which violates lepton flavor and involves mainly the
third-generation fermions [27]. Soon after, it was realized that the two sets of anomalies
(in b → s and b → c transitions) can be linked in an EFT approach involving mainly
left-handed fields [28–31]. Meanwhile, models involving leptoquarks started to emerge as
the most promising candidates for a UV completion of these EFTs, both in the case of
b→ s`+`− transitions [15, 32] — for which the possibility of a leptoquark-induced effect in
motivated NP models was proposed even prior to the existence of the anomalies [33] — and
especially in the case of combined explanations [29, 31, 34–38], which necessarily require a
lower NP scale. The reason is simple: leptoquarks can contribute at the tree-level to the
semileptonic transitions exhibiting anomalies, while they contribute only at the loop level
to four-quark or four-lepton contact interactions, which so far do not exhibit significant
deviations from the SM. It also emerged more clearly that the flavor structure of the new
interaction is quite constrained in the case of combined explanations, and naturally fol-
lows the hypothesis of a minimally broken U(2)5 flavor symmetry [30, 36] — a hypothesis
formulated well before the anomalies appeared [39], which links them to the origin of the
hierarchies observed in the SM Yukawa couplings. The simplified model proposed in [36]
at the end of 2015 already contained the two key ingredients of the UV models we are
interested in, since it was based on a TeV-scale U1 mediator and exhibited a U(2)5 flavor
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symmetry. At that time other options, such as colorless mediators, were still open, but it
was soon realized that electroweak precision observables and LFU tests in τ decays [40, 41],
collider bounds [42, 43], and other flavor observables [31, 44] imply very strong constraints.
The detailed EFT analysis presented in [44] has shown that the U1 case is the simplest
option at the level of simplified models.

A massive vector field necessarily requires a UV completion and, as pointed out in [36],
the U1 field naturally points toward the SU(4) group unifying quarks and leptons, which
was proposed by Pati and Salam in 1974 [45]. The SU(4) group could either be realized
as a global symmetry of some new strongly-interacting sector [46, 47] or be part of a local
symmetry broken above the electroweak scale to the SM gauge group. The original Pati-
Salam model offers a very elegant possibility, but it does not match the flavor structure
required to explain the anomalies, because the massive U1 (and associated Z ′) arising from
the spontaneous symmetry breaking PS → SM is flavor blind. An interesting proposal to
overcome this problem has been put forward in [48, 49], following the idea laid out in [50]
that color could appear as a diagonal subgroup of a larger SU(3+N)×SU(3) local symmetry
valid at high energies. In the model of [48], a suitable mixing between the SM fermions
and new heavy fermions allows one to adjust the effective U1 couplings so as to obtain
the desired flavor structure. Alternative UV models based on variations of the original
Pati-Salam model have been proposed in [51, 52]. A more structural way of addressing
the flavor structure of the model is the idea of implementing Pati-Salam unification in a
flavor non-universal manner, originally proposed in [53] and further developed in [54–56].
This proposal is quite appealing, since third-family quark-lepton unification close to the
electroweak scale is phenomenologically allowed, and the setup naturally accommodates
an accidental U(2)5 global flavor symmetry at the TeV scale [53]. Remarkably, this setup
can also provide a coherent description of neutrino masses [56]. Moreover, its rich field
content and the three-scale structure behind the origin of the flavor hierarchies finds a
simple interpretation in terms of a compact extra dimension of spacetime, with the flavor
index of the four-dimensional fields being in one-to-one correspondence with the location
of four-dimensional branes along the fifth dimension.

There are different ways of implementing Pati-Salam unification in a flavor non-
universal manner. However, the low-energy dynamics of this class of models is charac-
terized by a flavor non-universal SU(4)×SU(3)×SU(2)×U(1) gauge symmetry (the “4321
group”), where third-generation fermions are charged under SU(4), the light SM fermions
are charged under SU(3), and the U1 field acquires mass from the symmetry breaking
SU(4) × SU(3) × SU(2) × U(1) → SM occurring near the TeV scale. This is the class of
UV completions we are most interested in. However, as we shall discuss, many of the
phenomenological conclusions we can derive from the present data are valid for the wider
class of models where the U1 is the main mediator of the anomalies, including in particular
the well motivated case of models of compositeness. The gauge-theory extension offers the
advantage of allowing for a systematic estimate of quantum corrections [57–59]. We will
thus refer specifically to this option when discussing UV-sensitive observables.

Following the bottom-up approach that led to the formulation of these models, the
analysis presented in this paper is structured as follows. In section 2 we present a model-
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independent EFT analysis of the B anomalies. The U1 hypothesis enters only indirectly, via
the selection of the relevant set of semileptonic operators at the TeV scale. In section 3 we
first present an analysis of the effective U1 couplings to SM fermions, taking into account
all relevant low-energy constraints (including also loop-induced observables). We then
confront the results of the fit to low-energy data with the collider constraints on the U1
leptoquark. In section 4 we present predictions for a series of low-energy observables, which
in the future could allow us to resolve those model-building aspects that are currently still
open. To do so, we go beyond the simplified model, analyzing the effects of vector-like
fermions. We further analyze high-pT constraints on the heavy TeV-scale color-octet boson
G′, which necessarily accompanies the U1 leptoquark in 4321 models. The results presented
in this work represent a substantial step forward in the study of a combined solution of the
B-meson flavor anomalies on all the three fronts: the model-independent EFT analysis, the
analysis within a simplified model for a U1 leptoquark, and the phenomenology of the 4321
framework. In addition to important updates of the experimental inputs on the low-energy
side, the main innovative points of the present analysis with respect to previous studies
can be summarized as follows:

• In section 2, we present for the first time a combined analysis of the semileptonic
operators involving tau leptons, at the pure EFT level, taking into account both sets
of flavor anomalies, collider constraints and ∆F = 2 bounds.

• In section 3, we analyze and compare two benchmark scenarios for the right-handed
couplings of the U1 leptoquark to the third-generation fermions. We also relax and
validate the hypothesis of minimal breaking of the U(2)5 flavor symmetry for the
subleading mixing terms involving first-generation quarks. Most importantly, we
update the analysis of the high-energy constraints on the U1 leptoquark by taking
into account ATLAS and CMS results with full Run-II statistics.

• The analysis in section 4 takes into account, for the first time, complete NLO cor-
rections in the leptoquark coupling α4, which were computed in [57–59] within the
non-universal 4321 model. The latter play a key role in the predictions we obtain
for B-meson mixing and the rare decay B → Kνν̄. The O(α4) corrections are also
implemented for the first time in the analysis of the G′ constraints from pp → dijet
and pp→ tt̄, which turn out to be the most relevant constraints on the overall mass
scale of the model, once recent ATLAS and CMS results are taken into account.

2 EFT analysis of the B anomalies

2.1 Operator basis and general flavor structure

The goal of this section is to provide a general analysis of the flavor anomalies in terms
of semileptonic four-fermion operators. We start by analyzing the two sets of anomalies
separately and then discuss the consequences of a combined analysis within the EFT.

Rather than considering all possible dimension-6 operators that can describe a single
set of measurements, we focus on the operators which have been identified in previous
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studies as the relevant set necessary for a combined explanation of both anomalies, once
all constraints (including high-pT data, electroweak precision tests and other flavor ob-
servables) are taken into account [44]. In practice, this set coincides with the operators
generated at the tree-level by the exchange of a spin-1 SU(2)L-singlet leptoquark U1, i.e.
(a contraction of color and SU(2)L indices between fermions inside parenthesis is implied)

OijαβLL = (q̄ iLγµ`αL)(¯̀β
Lγ

µq jL) = 1
2
[
Q

(1)
lq +Q

(3)
lq

]βαij
,

OijαβLR = (q̄ iLγµ`αL)(ēβRγ
µd jR) = −2

[
Q†ledq

]βαij
,

OijαβRR = (d̄ iRγµeαR)(ēβRγ
µd jR) =

[
Qed

]βαij
,

(2.1)

where Q(1,3)
lq , Qledq and Qed are defined as in the so-called Warsaw basis [60] of dimension-6

SMEFT operators built out of SM fields. We normalize the effective Lagrangian describing
the NP contributions as

LNP
EFT = − 2

v2

[
CijαβLL O

ijαβ
LL + CijαβRR O

ijαβ
RR +

(
CijαβLR O

ijαβ
LR + h.c.

)]
, (2.2)

where v = (
√

2GF )−1/2 ≈ 246GeV, and the Wilson coefficients are inversely proportional
to the square of the NP scale Λ. The coefficients of the hermitian operators OLL and ORR
satisfy the relations

CjiβαLL =
(
CijαβLL

)∗
, CjiβαRR =

(
CijαβRR

)∗
. (2.3)

We assume that these coefficients respect an approximate U(2)5 flavor symmetry, with
non-negligible breaking terms only in the left-handed quark and lepton sectors (see ap-
pendix A). This assumption implies that the leading couplings in LNP

EFT are those with
third-generation indices, while all other couplings are suppressed. More specifically, we
make the following two assumptions:

• Wilson coefficients of operators containing first- or second-generation right-handed
fields are negligibly small, i.e. CijαβRR ≈ 0 unless i = j = 3 and α = β = τ , and
CijαβLR ≈ 0 unless j = 3 and β = τ .

• Wilson coefficients associated with second-generation left-handed particles are sup-
pressed (relative to those for third-generation particles) by factors of εq, ε` ∼ 10−1 for
each second-generation quark or lepton, e.g. C23ττ

LL ∼ εq C33ττ
LL , C23µµ

LL ∼ εq ε2` C33ττ
LL etc.,

and a further suppression arises in the case of operators involving first-generation
fields.

As explicitly indicated by the labels, the flavor basis of the lepton fields is taken to be
the charged-lepton mass basis. The flavor basis of the quark fields is identified with the
mass basis of the down-type quarks. However, we use numerical indices to stress that this
choice is a model-dependent assumption (the implications of a possible small misalignment
are briefly discussed in section 4). Note that a change of basis from down-type to up-type
quarks would not invalidate the scaling discussed above, and would suggest that — at least
in the quark sector — first-generation indices bring an additional εq suppression compared
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to second-generation indices. The flavor structure specified by the two assumptions stated
above is the rationale behind the combined explanation of the two sets of anomalies and
their possible connection to the dynamics underlying the structure of the SM Yukawa
matrices. As we shall show, these scaling rules are clearly supported by the present data.

As pointed out in [61], one can obtain the same set of relevant operators and flavor
structure by starting from the full set of SMEFT operators and imposing the assumption
of a minimally-broken U(2)5 flavor symmetry, without any hypothesis about the mediator.
The only relevant difference under this more general hypothesis is that the operators Q(1)

lq

and Q
(3)
lq can appear in a different linear combination than in (2.1). An EFT analysis

leaving their coefficients as free parameters has been performed in [44], where it was shown
that the combination orthogonal to OLL is tightly constrained by data on b→ sν̄ν transi-
tions and electroweak precision tests (at least for the leading flavor structures). Since this
combination is not generated by U1 tree-level exchange, and ignoring it does not lead to
a qualitative change in the description of the two sets of anomalies, we shall not consider
it further in this section. We will, however, come back to this term in section 4, when
discussing the effects generated by the exchange of the U1 leptoquark beyond tree level.

2.2 The b→ s`+`− anomalies

In b → s`+`− transitions (` = e, µ), the NP effects induced by LNP
EFT in (2.2) amount to

a modification of the Wilson coefficients already present in the SM below the electroweak
scale. The latter are usually normalized as [62]

Lb→s`+`− = 4GF√
2
V ∗tsVtb

∑
i

C`i O`i , (2.4)

where Vij denote the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix and the
relevant semileptonic operators are defined as

O`9 = α

4π (s̄LγµbL)(¯̀γµ`) , O`10 = α

4π (s̄LγµbL)(¯̀γµγ5`) . (2.5)

The Wilson coefficients of operators involving a right-handed quark current are, by as-
sumption, negligibly small in our approach. A key prediction of the SM is that the Wilson
coefficients of these operators are lepton-flavor universal. In order to analyze in general
terms NP effects that violate this prediction but preserve the SM operator basis, it is conve-
nient to distinguish LFU-breaking contributions from universal NP corrections. We choose
to define the latter using the Wilson coefficients of the electron modes as reference, i.e.

∆CUi ≡ Cei − CSM
i , (2.6)

such that the LFU-breaking terms can be defined as

∆Cµi ≡ C
µ
i − C

e
i = Cµi − (CSM

i + ∆CUi ) . (2.7)

In general terms, this amounts to introducing four complex NP parameters for i = 9, 10.
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From a tree-level matching with LNP
EFT in (2.2), it is straightforward to derive the

expressions for the LFU-breaking contributions in our setup. We find

∆Cµ9 = −∆Cµ10 ≡ ∆CµL , (2.8)

where
∆CµL = − 2π

αV ∗tsVtb

[
C23µµ
LL − C23ee

LL

]
≈ − 2π

αV ∗tsVtb
C23µµ
LL . (2.9)

The last relation follows from the assumption that |C23ee
LL | � |C

23µµ
LL |, which is a key hypoth-

esis of our framework. The multiplicative correction of C23µµ
LL due to renormalization-group

(RG) evolution from the NP scale Λ to the electroweak scale is at the percent level and can
be safely neglected. As a result, the LFU-violating corrections ∆Cµ9,10 are scale independent
to good accuracy. On the other hand, since |C23ττ

LL | � |C
23µµ
LL |, the mixing of O23ττ

LL into
operators containing light leptons is an important RG effect. These loop-induced contri-
butions are responsible for the flavor-universal corrections ∆CUi , which are sizable in the
case of C9 only. One finds [63]

∆CU9 (mb) = 1
V ∗tsVtb

2
3
∑

`=e,µ,τ
C23``
LL (Λ) ln Λ2

m2
b

≈ 1
V ∗tsVtb

2
3 C

23ττ
LL (Λ) ln Λ2

m2
b

,

∆CU10(mb) ≈ 0 .
(2.10)

The smallness of ∆CU10 is a dynamical feature of the setup we are considering. Since
flavor-violating effects at the high scale are encoded in semileptonic operators only, the
loop-induced flavor-violating couplings of the Z boson are suppressed by the square of the
tau-lepton Yukawa coupling. The result for ∆CU9 reported above is obtained in the leading
logarithmic approximation. The resummed RG contribution, which is included in our
numerical analysis, leads to a relative decrease of the effect by about 10% for Λ = 2 TeV.

Within our framework, the final expressions of C`9,10 including the effects described by
LNP

EFT can thus be written in terms of two independent parameters (∆CµL and ∆CU9 ) rather
than four, which we further assume to be real after factoring out the CKM matrix elements,
as in the SM case:1

Ce9 = C9,SM + ∆CU9 , Ce10 = C10,SM ,

Cµ9 = C9,SM + ∆CU9 + ∆CµL , C
µ
10 = C10,SM −∆CµL .

(2.11)

It is worth mentioning that the relation (2.8) among the LFU-breaking terms as well as the
absence of operators with right-handed quark currents in the effective Lagrangian (2.2) are
direct consequences of the assumption of a minimally-broken U(2)5 flavor symmetry [39,
61]. On the other hand, as mentioned earlier, the relations (2.11) and, in particular, the
absence of a universal correction to C10, are consequences of the dynamical assumptions we
are making. An additional specific feature of the dynamical model we are considering is
the smallness of the coefficient of the scalar operator (s̄LbR) (µ̄RµL); the minimally-broken
U(2)5 flavor symmetry alone, while implying a strong suppression for this operator, would
not forbid a relevant contribution to the helicity-suppressed Bs → µ+µ− rate [61, 64].

1A justification of this assumption is given in section 4.2 in terms of the UV completion of the model.
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Observable Experiment SM
R

[0.045,1.1]
K∗ 0.66+0.11

−0.07 ± 0.03 [3] 0.906± 0.028 [65]

R
[1.1,6.0]
K∗ 0.69+0.11

−0.07 ± 0.05 [3] 1.00± 0.01 [65]

R
[1.1,6.0]
K 0.846+0.042+0.013

−0.039−0.012 [1] 1.00± 0.01 [65]

B(Bs → µ+µ−) (2.85+0.32
−0.31)× 10−9 [66–68] (3.66± 0.14)× 10−9 [69]

Table 1. Experimental results and SM predictions for the clean observables in b→ s`+`− decays.

Data analysis. In order to extract the values of the NP Wilson coefficients from data,
we distinguish two sets of observables:

• Clean observables. This set contains the observables with high sensitivity to short-
distance dynamics and small, controllable theoretical uncertainties. Among the quan-
tities measured so far, we include in this category only the LFU-testing ratios mea-
sured by LHCb, RK [1] and RK∗ [3] (defined in (B.11)) in all q2 bins, and the branch-
ing ratio B(Bs → µ+µ−), where we perform our own combination of ATLAS [66],
CMS [67] and the recent LHCb [68] measurements.2 Within the SM, the theory un-
certainty on RK and RK∗ is only due to QED effects and does not exceed 1% in RK
and in the high-q2 bin of RK∗ [65, 72]. The theory uncertainty on B(Bs → µ+µ−),
which is due to a combination of parametric uncertainties (the leading contribution)
and QCD corrections that are difficult to estimate, amounts to about 4% [69]. In
both cases, these uncertainties are well below the current experimental precision, as
shown in table 1.

• Other b → sµ+µ− observables. This set includes all the other relevant observables,
namely the differential branching ratios and angular distributions of the semileptonic
decays B → K(∗)µ+µ− [73–80], Bs → φµ+µ− [71, 73, 81] and Λb → Λµ+µ− [82, 83],
including the recent LHCb experimental updates. These observables retain some
sensitivity to short-distance dynamics, but are afflicted by sizable theoretical uncer-
tainties, in particular due to the possibility of cc̄ re-scattering effects in the final state,
which are difficult to quantify reliably.

The clean observables are sensitive to ∆Cµ9 and ∆Cµ10 via RK and RK∗ (in the limit
where we neglect small threshold effects in the low-q2 bin of RK∗), and to ∆CU10 via the Bs →
µ+µ− branching ratio. Explicit phenomenological expressions of the observables in terms
of the Wilson coefficients are collected in appendix B. According to (2.11), in our setup
these observables are described by the single NP parameter ∆CµL. Importantly, however,
the data allow us to check the consistency of this hypothesis. In the left panel of figure 1,

2More precisely, each of the two-dimensional profile likelihoods provided by the experimental collabo-
rations is fitted to a two-dimensional variable-width Gaussian [70], which are then summed and fitted to
a new variable-width Gaussian. We note, however, that CMS and ATLAS measurements do not include
the recent LHCb update of the ratio of B0

s and B0 fragmentation fractions fs/fd [71], which is expected to
modify the reported measurements slightly.
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Figure 1. EFT constraints from the b → s`+`− anomalies. Left: results of the two-dimensional
fit ∆Cµ9 vs. ∆Cµ10 using clean observables only (1σ, 2σ and 3σ intervals). Also shown are the 1σ
and 2σ intervals from RK(∗) and B(Bs → µ+µ−), the latter under the hypothesis ∆CU10 = 0. Right:
results of the two-dimensional fit ∆Cµ9 = −∆Cµ10 vs. ∆CU9 using all b → s`+`− observables. The
vertical band shows the result using clean observables only (1σ interval), while the ellipse denote
the contribution of all the other observables, estimated using Flavio (1σ interval). The upper and
right axes show the corresponding constraint on the high-scale EFT coefficients (see main text).

we show the result of a fit to the clean observables (blue contour lines) performed under
the assumption that ∆CU10 = 0. We also show separately the parameter regions preferred
by RK and RK∗ (purple regions) and B(Bs → µ+µ−) (orange bands), as well as the line
where ∆Cµ9 = −∆Cµ10. The inclusion of a non-vanishing ∆CU10 parameter would amount to
a translation of the B(Bs → µ+µ−) bands in the vertical direction. The plot shows that
the two fit regions overlap in a region compatible with ∆Cµ10 = −∆Cµ9 , without the need for
an extra shift due to a non-zero ∆CU10 (or a non-vanishing Wilson coefficient for the scalar
operator). This observation provides a strong consistency check that all NP effects in the
clean observables can be described by a single parameter. More quantitatively, the p-value
of the fit to the clean observables only, assuming ∆Cµ10 = −∆Cµ9 (single-parameter fit) is
12%. The significance of the NP hypothesis we are considering with respect to the SM
(again based on a single-parameter fit) is 4.6σ. It should be stressed that this estimate of
the significance is a conservative one, because it does not include the contributions of the
other b → s`+`− observables. Including them would further reinforce the NP hypothesis,
but at the expense of introducing larger hadronic uncertainties.

Besides the clean observables, whose contribution is considered separately in the fit
described above, the effect of the other b→ s`+`− observables is taken into account using
the public code Flavio [84]. For these observables, we follow the same prescription as
in [85], including only q2-bins below the J/ψ resonance (extending up to 6 GeV2) and bins
above the ψ(2S) resonance that are at least 4 GeV2 wide. In the right panel of figure 1,
we show the result of a combined fit of all observables in terms of ∆Cµ9 (which equals
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Observable Experiment SM

{RD, RD∗}
{0.337(30), 0.298(14)}

ρ = −0.42
[87] {0.299(3), 0.258(5)} [88]

B(B− → τ ν̄) 1.09(24)× 10−4 [89] 0.812(54)× 10−4 [90]

Table 2. Experimental results and SM predictions for b → c(u)τ ν̄ decays. In the first entry, we
provide the present combined experimental average, with ρ denoting the correlation among the two
observables.

−∆Cµ10 in our framework) and ∆CU9 . As can be seen from this figure, once the strong
constraint on ∆Cµ9 arising from the clean observables is implemented (orange band), the
other b→ s`+`− observables (purple region) can be used to constrain CU9 , which is found to
differ from zero by more than 2σ (see also [86]). In the same plot, we also show the results
interpreted as constraints on the high-scale Wilson coefficients C23µµ

LL and C23ττ
LL ,which follow

from (2.9) and (2.10). In the latter case, the contribution from RG evolution is estimated
setting Λ = 2TeV. As can be seen, the hierarchy of these Wilson coefficients is perfectly
compatible with the scaling rule C23µµ

LL ∼ ε2` C23ττ
LL discussed in section 2.1.

2.3 The b→ cτ ν̄ anomalies

In b→ cτ ν̄ and b→ uτ ν̄ charged-current transitions, the NP effects induced by the effective
Lagrangian LNP

EFT in (2.2) not only amount to a simple rescaling of the SM contribution but
also introduce new (scalar-current) operators not present in the SM. More precisely, we find
that in our approach the low-energy effective Lagrangian for these transitions takes the form

Lb→uiτ ν̄ = −4GF√
2

∑
i=1,2

[(
Vib +

3∑
k=1

Vik Ck3ττ
LL

)
(ūiLγµbL)(τ̄LγµνL)

− 2
3∑

k=1
Vik Ck3ττ

LR (ūiLbR)(τ̄R νL)
]
.

(2.12)

We recall that the flavor basis for the NP operators is the down-quark and charged-
lepton mass basis, i.e.

qiL =

V ∗ji ujL
diL

 , `iL =

νiL
eiL

 . (2.13)

This implies that different Wilson coefficients contribute to a given b→ ui transition. This
is conveniently taken into account defining new coefficients (for i = 1, 2)

CuiLL ≡ C
33ττ
LL

[
1 + C

23ττ
LL

C33ττ
LL

Vis
Vib

(
1 + C

13ττ
LL

C23ττ
LL

Vud
Vis

)]
, (2.14)

and similarly for CuiLR with LL → LR everywhere, such that CuiLL and CuiLR are the only
two effective combinations appearing in b → ui transitions. With these definitions, the
low-energy effective Lagrangian reads

Lb→uiτν = −4GF√
2

∑
i=1,2

Vib

[(
1 + CuiLL

)
(ūiLγµbL)(τ̄LγµνL)− 2 CuiLR (ūiLbR)(τ̄R νL)

]
. (2.15)

– 10 –



J
H
E
P
0
8
(
2
0
2
1
)
0
5
0

Figure 2. EFT constraints from the b → cτ ν̄ anomalies. The solid blue ellipses denote the 1σ,
2σ and 3σ intervals of the two-dimensional fit to RD and RD∗ in the CcLL- CcLR plane (coefficients
evaluated at Λ = 2 TeV). The dashed contours denote the fit results taking also the constraint from
B(B− → τ ν̄) into account, under the hypothesis of minimal U(2)5 breaking (i.e. for CuLL = CcLL,
CuLR = CcLR). The bands correspond to 1σ regions. The red lines show the benchmark scenarios we
consider in our analysis.

Under the generic assumption |C13ττ
LL,LR| � |C23ττ

LL,LR| stated in section 2.1, the hierarchy
of the relevant CKM matrix elements implies that the coefficients C13ττ

LL,LR play a negligible
role in b → cτ ν̄ transitions, while they might be relevant in b → uτ ν̄ decays. Hence, in
this generic case the NP effects in the two processes are not strictly correlated. Under the
stronger assumption of a minimal breaking of the U(2)5 flavor symmetry see appendix A)
we however expect that

C13ττ
LL

C23ττ
LL

= C
13ττ
LR

C23ττ
LR

= V ∗td
V ∗ts

. (2.16)

This implies a complete correlation of the NP effects in b→ cτ ν̄ and b→ uτ ν̄ transitions,
i.e.

C23ττ
LL

C33ττ
LL

Vis
Vib

(
1 + C

13ττ
LL

C23ττ
LL

Vid
Vis

)
= −C

23ττ
LL

C33ττ
LL

V ∗tb
V ∗ts

, (2.17)

and similarly for the LR coefficients. This in turn implies that

CuLL = CcLL , CuLR = CcLR . (2.18)

Data analysis. At present, the observables constraining NP effects in b→ cτ ν̄ transitions
are the LFU ratios RD and RD∗ (defined in (B.4)), which can be used to probe the NP
coefficients CcLL and CcLR. In the situation where we correlate b → cτ ν̄ and b → uτ ν̄

transitions via the flavor-symmetry assumption in (2.18), also the branching ratio for the
decay B− → τ ν̄ plays an important role. The data used for the fit are reported in table 2,
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while the explicit expressions of the various observables in terms of the Wilson coefficients
are collected in appendix B.

In figure 2, we show the allowed regions for the coefficients CcLL and CcLR obtained from
the measurements of RD, RD∗ and B(B− → τ ν̄) (colored bands), where in the latter case
we assume the validity of the relations (2.18). The solid contour lines show the result of a fit
to RD and RD∗ only, while the dashed lines refer to a fit including also B(B− → τ ν̄) under
the hypothesis of minimal U(2)5 breaking. In the first case, which is more conservative, the
significance of the NP hypothesis compared to the SM case (two-parameter fit) is 3.2σ. In
the figure, we report the results in terms of the effective coefficients CcLL,LR evaluated at the
high scale Λ = 2TeV. While RG evolution effects are negligible for CcLL, the mixed-chirality
coefficients CcLR exhibits a sizable scale variation due to QCD corrections.

In figure 2, we also show as red lines the relations CcLR = 0 and CcLR = −CcLL. The latter
is consistent with the expectation |Ci3ττLR | = |Ci3ττLL | that, in turn, is a natural benchmark for
models in which these two coefficients are generated by the tree-level exchange of a Pati-
Salam-like massive leptoquark (see section 3 for a detailed discussion). From the figure we
draw the following conclusions:

• Without the inclusion of B(B− → τ ν̄), the present data are compatible with both
CcLR = 0 and CcLR = −CcLL, and likewise with any intermediate case.

• The inclusion of B(B− → τ ν̄) under the hypothesis of minimal U(2)5 breaking is
perfectly consistent with the other constraints. However, it slightly disfavors (by less
than 2σ) a scenario where |CcLR| ≈ |CcLL|.

In our analysis below we study the cases Ci3ττLR = 0 and Ci3ττLR = −Ci3ττLL as two representative
benchmark scenarios. To keep the discussion general, we allow in both cases for non-
minimal, subleading U(2)5-breaking terms, which modify the relation (2.16), and provide
an a posteriori validation of it.

2.4 Combined analysis of the semileptonic couplings involving τ leptons

We will now study the overall consistency of the EFT description of the two sets of anoma-
lies by focusing on the couplings C33ττ

LL and C23ττ
LL involving tau leptons. In the approxima-

tion where the very small contribution to CcLL proportional to C13ττ
LL in (2.14) is neglected,

the observables RD and RD∗ are sensitive to NP effects described by both C33ττ
LL and C23ττ

LL .
The blue band in figure 3 shows the allowed 1σ and 2σ regions in the C33ττ

LL - C23ττ
LL plane

in the two benchmark scenarios defined above, in which the corresponding mixed-chirality
coefficients C33ττ

LR and C23ττ
LR are fixed. The b→ sµ+µ− observables, on the other hand, are

sensitive to NP effects parameterized by C23ττ
LL alone, after we marginalize over C33µµ

LL (see
the right panel of figure 1). The corresponding allowed region (at 1σ and 2σ) is shown by
the horizontal orange bands.

The EFT approach considered so far does not allow us to take into account in a precise
way all constraints on the couplings C33ττ

LL and C23ττ
LL derived from other observables not

directly related to the flavor anomalies. These will be analyzed in a more systematic way
in the next section. However, we show in figure 3 in a semi-quantitative way the three most
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Figure 3. Combined analysis of the coefficients C33ττ
LL and C23ττ

LL in the two benchmark scenarios
defined by Ci3ττLR = 0 (left panel) and Ci3ττLR = −Ci3ττLL (right panel). The blue bands denote the 1σ
and 2σ regions preferred by b→ cτ ν̄ data, while the gray bands show the exclusion regions derived
from σ(pp → τ+τ− + X). The preferred values of C23ττ

LL derived from b → sµ+µ− data (at 1σ
and 2σ) are indicated by the horizontal orange bands. The dashed red lines provide a qualitative
indication of the bound from Bs-B̄s mixing (see text for more details). The gray lines indicate
reference values of the ratio C23ττ

LL /C33ττ
LL ∼ εq.

relevant constraints. They arise from high-energy measurements of the τ+τ− production
cross section at the LHC, which can be affected in the presence of the four-fermion contact
interactions in (2.2), from LFU tests in τ decays, and from precision studies of the Bs-B̄s
mixing amplitude.

The bound from modifications of the high-pT tails in pp→ τ+τ−+X processes, whose
detailed derivation is postponed to section 3, is only weakly sensitive to the details of the
UV completion of the EFT. At the energies accessible at the LHC, the effect of the heavy
(multi-TeV scale) mediators is expected to be well described by the contact interactions.
We include in our estimates the contributions from bb̄-, bs̄- and sb̄-initiated scattering
processes. In the benchmark scenario with Ci3ττLR = 0 (left panel) we also set Ci3ττRR = 0,
while in the scenario with Ci3ττLR = −Ci3ττLL (right panel) we take C33ττ

RR = −C33ττ
LR = C33ττ

LL , as
expected from a UV completion with a Pati-Salam-like U1 leptoquark.

The EFT treatment of Bs-B̄s mixing is more model dependent. In general, we de-
fine the short-distance contributions to the effective Lagrangian for the ∆F = 2 mixing
amplitudes as

L∆F=2 = −Cbs
(
b̄LγµsL

)2
− Cbd

(
b̄LγµdL

)2
− Cuc (ūLγµcL)2 + h.c. , (2.19)

where for later convenience we also write the four-quark operators needed for the description
of the Bd-B̄d andD-D̄ mixing amplitudes. The SM contribution to Bs-B̄s mixing is given by

CSM
bs = G2

Fm
2
W

4π2
(
V ∗tbVts

)2
S0(xt) , (2.20)
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Figure 4. Different NP contributions to Bs-B̄s mixing in the EFT. The red vertices denote the
insertion of O32ττ

LL from (2.2), while the blue vertex indicates generic short-distance contributions
probing, in general, all heavy degrees of freedom present in the UV completion of the EFT. The
first diagram contributes at dimension-8 order in SMEFT power counting, but the fact that it is
quadratically divergent indicates that the blue vertex must contain a corresponding contribution
with the same coupling structure.

with xt = m2
t /m

2
W and S0(xt) ≈ 2.37 [62]. Without reference to a concrete UV comple-

tion, there is no model-independent relation between the Wilson coefficient Cbs and the
Wilson coefficients entering the ∆F = 1 effective Lagrangian in (2.2). Note, in partic-
ular, that loop diagrams such as the first graph in figure 4, containing two insertions of
dimension-6 SMEFT operators, contribute only at dimension-8 in the SMEFT power count-
ing. However, naive dimensional analysis shows that these loop graphs are quadratically
UV-divergent, and therefore there must unavoidably exist a corresponding short-distance
contribution to the Wilson coefficient of the dimension-6 operator (b̄LγµsL)2 with the same
coupling structure, as shown by the second graph in figure 4. We thus expect that (with
i = s, d)

CNP
bi

CSM
bi

= Λ2
bi

2m2
W S0(xt)

[(
Ci3ττLL

)∗
V ∗tbVti

]2

+ . . . , CNP
uc = G2

FΛ2
uc

8π2

3∑
i,j=1

(
VuiV

∗
cj C

ijττ
LL

)2 + . . . ,

(2.21)
where Λij are combinations of mass parameters associated with new heavy particles in
the UV theory, and the dots represent possible other UV contributions associated with
different coupling parameters. Depending on the details of the model, the scale Λbs can
be lighter than the mass of the mediator responsible for the ∆F = 1 contact interactions
shown in (2.2).

For instance, in the class of models analyzed in [59, 91], in which the U1 leptoquark is
a massive gauge boson, the scale Λbs relevant to Bs-B̄s mixing is related to the mass ML of
the vector-like leptons, which are responsible for the 2-3 flavor mixing in the U1 couplings.
More precisely, for ML �MU one finds that Λbs ≈ ML [59]. The fact that in these models
Λbs is associated with the mass of a colorless particle (a vector-like lepton) is a highly
non-trivial feature, which allows for a relatively low value Λbs . 1TeV without conflicting
with current bounds from direct searches at the LHC (see section 4 for more details).

In the case of Bs-B̄s and Bd-B̄d mixing, there exist stringent constraints on both the
magnitude and the phase of the mixing amplitudes. It is then convenient to define (with
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i = s, d)

δ(∆mBi) =
∆mBi −∆mSM

Bi

∆mSM
Bi

=
∣∣∣∣∣1 + C

NP
bi

CSM
bi

∣∣∣∣∣− 1 , δ(φBi) = arg
(

1 + C
NP
bi

CSM
bi

)
. (2.22)

The horizontal red line in figure 3 corresponds to δ(∆mBs) = 0.1, i.e. to a 10% correction
to the magnitude of ∆mBs , under the assumption that Λbs = 1TeV. Without entering into
model-dependent considerations, we note that the absence of direct signals of new physics
at the energy frontier implies that is very hard to conceive explicit models with Λbs much
below 1TeV. This is why the region above the red line should be considered as disfavored
by Bs-B̄s mixing, barring cancellations between the contribution shown explicitly in (2.21)
and additional contributions related to different coupling parameters.

Discussion. From the two plots in figure 3 we draw the following conclusions:

• Overall there is a good consistency between the values of Ci3ττLL,LR necessary to fit
b→ cτ ν̄ data, the value of C23ττ

LL indicated by b→ s`+`− data, and the flavor scaling
assumed in section 2.1 (gray lines in figure 3).

• The bound from pp → τ+τ− prevents a solution of the b → cτ ν̄ anomalies with
vanishing C23ττ

LL,LR, while Bs-B̄s mixing tends to favor the smallest possible value of
|C23ττ
LL |.

• While the benchmark scenario with Ci3ττLR = 0 appears to be favored by the b→ cτ ν̄

data alone (see figure 2), the Bs-B̄s mixing bound is more stringent in this case.
Hence, with present data it is still useful to consider both benchmark scenarios.

3 The simplified U1 model

In this section we analyze the case where the effective operators in (2.2) are generated by
the tree-level exchange of a Uµ1 ∼ (3,1)2/3 leptoquark. At the expense of introducing some
model dependence, this assumption allows to consider a wider class of observables in terms
of a reduced number of free parameters (the effective leptoquark couplings), and it simplifies
the interpretation of available data in the class of UV completions we are interested in.
Note that introducing a new heavy vector boson necessarily requires an additional new-
physics sector, which gives mass to this particle. Here we consider a simplified model,
focusing only on the U1 as the dominant source of new flavor-changing interactions. In
section 4, we will then explore a concrete example of a consistent UV completion.

The most general Lagrangian for a U1 vector leptoquark coupling to SM particles is
given by

LU = −1
2 U

†
µν U

µν +M2
U U

†
µ U

µ − igs (1− κc)U †µ T aUν Gµν,a

− 2i
3 gY (1− κY )U †µ Uν Bµν + gU√

2
(UµJUµ + h.c.) ,

(3.1)

where Uµν = DµUν −DνUµ , with Dµ = ∂µ − igsGaµT a − i 2
3gYBµ. Here Gaµ (a = 1, . . . , 8)

and Bµ denote the SU(3)c and U(1)Y gauge bosons, gs and gY are the corresponding gauge
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couplings, and T a are the generators of SU(3)c. In models in which the vector leptoquark
has a gauge origin, κc = κY = 0, while this is not necessarily the case in models in which
the U1 arises as a bound state from a strongly-coupled sector. The interaction of the U1
with the SM fermions involves the currents

JUµ = βiαL (q̄ iLγµ`αL) + βiαR (d̄ iRγµeαR) , (3.2)

where the couplings βL and βR are complex 3× 3 matrices in flavor space. Following our
hypothesis on the flavor structure of the theory, we can write

βL =


0 0 βdτL

0 βsµL βsτL

0 βbµL 1

 , βR =


0 0 0

0 0 0

0 0 βbτR

 , (3.3)

with |βdτ,sµL | � |βsτ,bµL | � 1 and βbτR = O(1). The normalization of gU is chosen such
that βbτL = 1. The null entries in (3.3) should be understood as small terms which have a
negligible impact on the observables we analyze. It is worth stressing that this structure is a
direct consequence of the hypothesis of a U(2)5 flavor symmetry with sizable breaking only
along the U(2)q direction.3 Under the stronger assumption of a single spurion transforming
as doublet of U(2)q ∈ U(2)5, we further expect βdτL /βsτL = V ∗td/V

∗
ts (see appendix A).

By integrating out the vector leptoquark at tree level, we obtain the following matching
conditions for the effective operators introduced in section 2.1:

CijαβLL = CUβ
iα
L (βjβL )∗ , CijαβLR = CUβ

iα
L (βjβR )∗ , CijαβRR = CUβ

iα
R (βjβR )∗ , (3.4)

where CU ≡ g2
Uv

2/(4M2
U ).

3.1 Low-energy fit in the simplified model

In this section, we perform a fit to the U1 model parameters described above with the
value of βbτR fixed to one of the two reference values βbτR = 0 and βbτR = −1, corresponding
to the two benchmark scenarios discussed in section 2.4. We recall that in models with
third-family Pati-Salam unification, and in absence of a mixing of the SM fermions with
exotic fermions, one expects |βbτR | = 1 (see section 4). A value |βbτR | � 1 can be obtained,
for instance, in models where the U1 is a composite state. The condition |βbτR | = 1 does
not fix the phase of βbτR . In the large-βbτR scenario we set βbτR = −1 in order to maximize
the constructive interference of left-handed and right-handed contributions in the charged-
current anomalies [53]. For similar reasons, we assume βsτL to be real (in the down-quark
mass basis). In the absence of observables providing stringent constraints on the corre-
sponding phases, we also assume βbµL and βsµL to be real. Note, however, that we treat βdτL
as a complex parameter, because its phase plays an important role in Bd-B̄d mixing. The

3As far as right-handed mixing is concerned, this symmetry hypothesis alone implies that the natural
size of the largest off-diagonal entries is βsτR ∼ (ms/mb)βsτL and βbµR ∼ (mµ/mτ )βsτL , well below the
corresponding left-handed entries.
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Observable Experiment/constraint SM prediction Theory expr.
(gτ/ge,µ)`,π,K 1.0012±0.0012 [92] 1 (B.18)
B(Bs→ τ+τ−) (−0.8±3.5)×10−3 [93] (7.73±0.49)×10−7 [94] (B.13)
B(B+→K+τ+τ−) (1.35±0.70)×10−3 [95] (1.4±0.2)×10−7 [96] (B.14)
B(Bs→ τ±µ∓) < 4.2×10−5 (95%CL) [97] 0 (B.16)
B(B+→K+τ+µ−) < 3.3×10−5 (95%CL) [98] 0 (B.15)
B(τ→µγ) < 5.2×10−8 (95%CL) [92] 0 (B.23)
B(τ→µφ) < 1.0×10−7 (95%CL) [99] 0 (B.24)
δ(∆mBs

) 0.0±0.1 [*] 0
δ(∆mBd

) 0.0±0.1 [*] 0
δ(φd) [o] −1.0±0.9 [90, 100] 0 (2.21)–(2.22)

Im(CNP
uc ) [GeV−2] (−0.03±0.46)×10−14 [100, 101] 0

Re(CNP
uc ) [GeV−2] (0.3±1.4)×10−13 [100, 101] 0

Table 3. Low-energy observables included in the fit of the U1 couplings (in addition to the ob-
servables in tables 1 and 2). The entries marked with a [*] denote our constraint imposed on the
magnitude of the ∆F = 2 amplitudes (see text for further explanation).

observables entering the fit (in addition to those discussed in section 2 and collected in
tables 1 and 2), together with their SM predictions and experimental values, are reported
in table 3. These include LFU tests in τ decays, encoded in the ratios (gτ/ge,µ)`,π,K defined
in (B.17), B decays based on the b → sτ+τ− and b → sτ±µ∓ transitions, the LFV tau
decays τ → µγ and τ → µφ, and ∆F = 2 amplitudes. The choice of these observables is
motivated by their potential in constraining the fit parameters.

The fit results are shown in figure 5 and summarized in table 4. Such results represent
a refined version of the analysis presented in [96], with updated inputs and a series of
relevant differences, as listed below.

• Contrary to [96], we analyze two scenarios with βbτR = 0 or βbτR = −1. Moreover,
in both cases we analyze the impact of relaxing the minimally-broken U(2)5 relation
βdτL /β

sτ
L = V ∗td/V

∗
ts on the subleading coupling βdτL .

• We impose a smooth cutoff on large values of |βsτL | and |β
bµ
L | via a Gaussian suppres-

sion factor with σ = 0.05 for |βsτ,bµL | > 0.2.

• We include constraints from the ∆F = 2 mixing amplitudes as reported in table 5.
Since these amplitudes depend on the UV completion of the model, we implement
the corresponding constraints in a “mild” way in order to minimize the model-
dependence. In practice, we use the estimates derived in (2.21) and evaluate them
setting Λbs = Λbd = Λuc = 1 TeV. Moreover, in order to avoid a possible bias from
UV-sensitive observables, we require the contributions to |δ(∆mBs,d)| thus estimated
not to exceed 10% (at 1σ), which is in line with the present error on |δ(∆mBs,d)|
from global CKM fits [100].
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Figure 5. Two-dimensional constraints on the U1 couplings obtained by including the low-energy
inputs in tables 1, 2 and 3. The two colors correspond to the benchmarks βbτR = 0 (orange) and
βbτR = −1 (purple), with βdτL unconstrained. For each benchmark, the darker and lighter regions
denote ∆χ2 ≤ 2.30 (1σ) and ∆χ2 ≤ 6.18 (2σ), respectively. In the CU -βsτL plot (upper left), we also
show dashed contour lines corresponding to δ(∆mBs

) = 0.1 for different values of Λbs in (2.21). In
the βsτL -βdτL plot (lower left) the red solid line corresponds to the U(2)5 relation βdτL /βsτL = V ∗td/V

∗
ts.

• We implement the one-loop contribution to τ → µγ according to the complete result
presented in [59]. As explained in [96], this observable remains largely insensitive to
the UV completion of the model (see the discussion in section 4).

Discussion. From table 4 and the plots in figure 5 we draw the following conclusions:

• All four scenarios provide a very good fit to the data. Taking into account that the
NP fits have 4 or 6 parameters, depending on whether we leave βdτL free to vary in
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Scenario ∆χ2 Parameter best fit 1σ

no RH currents
(βbτR = 0)

min. U(2)5 breaking
(βdτL =V ∗td/V

∗
tsβ

sτ
L ) 58.6

CU 0.010 [0.007,0.017]
βbµL −0.15 [−0.26,−0.02]
βsτL 0.19 [0.10,0.25]
βsµL 0.014 [0.004,0.14]

βdτL free 59.5

CU 0.011 [0.007,0.018]
βbµL −0.14 [−0.25,−0.02]
βsτL 0.19 [0.11,0.24]
βsµL 0.013 [0.005,0.125]∣∣V ∗ts/V ∗tdβdτL ∣∣ 0.11 [0.04,0.24]

arg
(
V ∗ts/V

∗
tdβ

dτ
L

)
0.4π [0.0,0.5]π

max. RH currents
(βbτR =−1)

min. U(2)5 breaking
(βdτL =V ∗td/V

∗
tsβ

sτ
L ) 54.0

CU 0.004 [0.002,0.006]
βbµL −0.21 [−0.26,−0.16]
βsτL 0.21 [0.12,0.26]
βsµL 0.03 [0.01,0.04]

βdτL free 56.7

CU 0.005 [0.004,0.007]
βbµL −0.21 [−0.25,−0.14]
βsτL 0.21 [0.15,0.26]
βsµL 0.02 [0.01,0.07]∣∣V ∗ts/V ∗tdβdτL ∣∣ 0.24 [0.13,0.34]

arg
(
V ∗ts/V

∗
tdβ

dτ
L

)
−0.6π [−0.7,−0.5]π

Table 4. Fit results for βbτR = 0 and βbτR = −1, with and without the additional assumption of
minimal U(2)5 breaking. For each scenario we report the ∆χ2 = χ2 − χ2

SM, the best-fit values and
the 1σ confidence intervals (marginalizing over the other parameters) for all fit parameters.

magnitude and phase, the ∆χ2 values reported in table 4 indicate a strong significance
of the NP hypothesis (well above the 5σ level) compared to the SM in all four cases.

• A different way to illustrate the previous statement is offered by figure 6, where we
show the 1σ and 2σ preferred regions for the LFU-violating observables

δRK(∗) =
RK(∗) −RSM

K(∗)

RSM
K(∗)

, δRD(∗) =
RD(∗) −RSM

D(∗)

RSM
D(∗)

, (3.5)

obtained for the two reference options βbτR = 0 with minimal U(2)5 breaking, and
βbτR = −1 with generic βdτL , corresponding to the two benchmark scenarios analyzed
in section 2. As can be seen, the overall agreement with data is very good in both
cases. The βbτR = −1 case is slightly disfavored (as indicated by the lower ∆χ2 values
in table 4), because of the lower prediction of RD∗ compared to data.
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Figure 6. Preferred 1σ and 2σ regions for the ratios δRD(∗) and δR[1.1,6]
K resulting from the low-

energy fit for βbτR = 0 (orange) and βbτR = −1 (purple). Note that in both cases δR∗K ≈ δRK to a very
good approximation. The colored error bars show the current experimental measurements at 1σ.

• As found in previous studies [44, 96], there is a strong correlation between CU and
βsτL (upper left plot in figure 5). This is a consequence of δRD(∗) , which fixes the
product of CU and βsτL .

• The value of δRK(∗) fixes the size and the sign of the product of βbµL and βsµL . The
individual signs of the two couplings are not determined, and we choose βbµL < 0 and
βsµL > 0 when displaying the fit results. The magnitudes of the βi`L parameters are
consistent with the expected scaling rules |βsτL | ∼ εq ∼ 0.1, |βbµL | ∼ ε` ∼ 0.1 and
|βsµL | ∼ εq ε` ∼ 10−2.

• As already found in the EFT analysis, the ∆F = 2 constraint is particularly relevant,
especially in the scenario with only left-handed couplings. Depending on the value of
the effective mass parameter Λbs in (2.21), it cuts out a significant region parameter
space above the dashed contour lines shown in the upper left plot in figure 5. For
the relatively low value Λbs = 1TeV adopted in our analysis, the effect of imposing
this cut is still relatively mild, but larger values would give rise to much tighter cuts.
As mentioned earlier, the value of 1TeV is motivated by the fact that in the specific
UV completion we have in mind the parameter Λbs is associated with the mass of a
heavy vector-like lepton (see section 4 for more details).

• The minimal U(2)5-breaking relation βdτL /β
sτ
L = V ∗td/V

∗
ts is well supported by data.

This becomes evident when one compares the ∆χ2 values in table 4 obtained with and
without imposing this hypothesis. However, as shown by the lower plots in figure 5,
O(1) deviations in both magnitude and phase are still allowed (and slightly favored
in the βbτR = −1 case).
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Figure 7. LHC constraints for the U1 vector leptoquark for the benchmark scenarios with βbτR = 0
(left) and βbτR = −1 (right). The 1σ and 2σ regions obtained from the fit to low-energy data are
also shown.

3.2 Constraints from high-pT observables

Having discussed the most relevant low-energy constraints, we now turn our attention to
the bounds from collider (“high-pT ”) physics. We focus here on the constraints on the
U1 leptoquark that can be derived within the simplified model defined by the Lagrangian
in (3.1), and postpone the discussion of effects of possible additional TeV-scale states to
section 4.3. As we did for the low-energy fit, we consider the two reference benchmark
scenarios βbτR = 0 and βbτR = −1, and we assume the same U(2)-inspired scaling rules for the
βiαL couplings discussed at the beginning of this section and supported by the low-energy fit.

Leptoquark pair-production cross sections at the LHC are dominated by QCD dynam-
ics [49, 102–104] (figure 8 a) and thus are largely independent of the leptoquark couplings
to fermions. Nevertheless, a certain model dependence is still retained in the form of non-
minimal couplings to gluons, parameterized in the Lagrangian in (3.1) by the quantity
κc. In models where the vector leptoquark has a gauge origin, this non-minimal coupling
is absent (κc = 0), allowing for robust theory predictions for the pair-production cross
section. As a consequence, the largest model dependence for this type of searches arises
through the leptoquark branching fractions to its different decay channels [105]. The flavor
structure emerging from our analysis of the B-meson anomalies suggests that the dominant
decay channels are those involving pairs of third-generation fermions, namely U1 → bτ+

and U1 → tν̄, with branching fractions that depend on the value of βbτR . For the benchmark
scenarios considered here, the largest cross section is obtained for pp→ U∗1U1 → bτtν. The
CMS collaboration has performed a dedicated search for this channel using 137 fb−1 of
13 TeV data [106]. The corresponding exclusion regions (obtained for κc = 0) are shown in
figure 7 for both benchmark scenarios, together with the 1σ and 2σ regions obtained from
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Figure 8. Representative Feynman diagrams for vector leptoquark pair production (a), single-
leptoquark production (b), and t-channel Drell-Yan production (c).

the low-energy fit. We also show the projected limits for the high-luminosity phase of the
LHC (HL-LHC with 3 ab−1 of integrated luminosity) under the assumption that no NP
signal is detected and that statistical and systematic uncertainties scale with the square
root of the luminosity. As can be seen, these searches offer only a relatively small cover-
age of the parameter space favored by the low-energy fit. Other direct searches, such as
single-leptoquark production from quark-gluon scattering [103, 107–109] (see figure 8 b) or
resonant production via lepton-quark fusion [110–112] (exploiting the recently determined
lepton PDFs from photon splitting [113]) will play a crucial role in the event of a discovery,
but are currently not competitive with other high-pT searches.

Another interesting collider constraint is obtained by searching for modifications of
the high-pT tail in the dilepton invariant mass distribution in the Drell-Yan process pp→
τ+τ− + X induced by t-channel U1 exchange [42, 104, 114, 115] (see figure 8 c).4 The
dominant production mechanism for this channel is via a bb̄ initial state, while contributions
from bs̄- and ss̄-initiated processes are subdominant due to the underlying flavor structure
of the leptoquark couplings. Stringent limits from pp → τ+τ− + X data can be obtained
by recasting the ATLAS analysis in [118] with 139 fb−1 of 13TeV data, following the same
recasting procedure described in [104]. As shown in figure 7, high-pT lepton tails provide
important constraints on the parameter space preferred by the low-energy fit, especially
for βbτR = −1, where the limit is about two times stronger than in the βbτR = 0 scenario.
However, for both benchmark scenarios a large region of the parameter space still remains
viable. Together with the present bounds, we also show the projected limits for the HL-
LHC, again assuming a naive luminosity scaling of the uncertainties. Interestingly, we
find that the preferred 1σ and 2σ regions for both benchmarks are completely within the
reach of the HL-LHC. We stress that this sensitivity projections do not consider possible
improvements in these searches, e.g. due to a finer and more extended binning of the
transverse mass, which will be available when more events are collected, or by searching
for b-tagged jets in the final state (see e.g. [119, 120]).

4Analogous limits from pp → µτ [104, 116] and pp → µ+µ− [43] do not provide competitive bounds
because of the flavor suppression of the light-lepton couplings, though they might play a relevant role in
the future in the event of discovery. Similarly, limits derived from pp → τ ν̄ [117] are found to be weaker
due to the smallness of V ∗cs βsτL and V ∗cb compared to the dominant third-generation couplings.
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4 UV completion and further predictions

Any UV completion for a TeV-scale U1 field coupled to SM fermions via the simplified
Lagrangian in (3.1) requires additional TeV-scale heavy vectors and vector-like fermions.
New scalar degrees of freedom (radial modes associated to the symmetry breaking sector)
are also expected to arise, but their masses can be pushed in the O(10 TeV) domain,
yielding negligible impact on collider phenomenology and low-energy observables. In all
models based on the 4321 gauge group [48],

G4321 ≡ SU(4)× SU(3)′ × SU(2)L ×U(1)X , (4.1)

the additional heavy vectors feature a color octet, G′ ∼ (8,1, 0), and a SM-singlet, Z ′ ∼
(1,1, 0). As discussed in [104], this choice is unavoidable in any UV completion (including
composite models) by the closure of the SU(4) algebra hosting the U1 generators and by the
requirement of flavor non-universality. The vector-like fermions, transforming as doublets of
SU(2)L, are a key ingredient to generate a non-trivial flavor structure for the U1 couplings
to left-handed fermions, yielding flavor off-diagonal couplings such as βsτL and βbµL . As
shown in [91], the vector-like fermion mixing can be realized in such a way that sizable
off-diagonal entries are generated in the U1 couplings while preserving a flavor-diagonal
structure in the G′ and Z ′ (tree-level) couplings. The underlying mechanism resembles the
up-down (or SU(2)L) CKM flavor misalignment but now in quark-lepton (or SU(4)) space.

The flavor non-universal but flavor-diagonal nature of G′ and Z ′ couplings holds in a
specific SU(2)L basis for quarks and leptons. The strong constraints from down-type ∆F =
2 observables and LFV charged lepton decays, which would receive tree-level contributions
if off-diagonal couplings of the G′ and Z ′ were present, are the main reason why we adopt
the down-quark and charged-lepton mass eigenstate basis in (2.13) as interaction basis,
i.e the basis defining the different 4321 charges of the SM fermions. In such basis, all
fields couple with the same strength, up to group factors, to third-generation fermions.
The U1 has sizable off-diagonal couplings to the light families controlled by the mixing
with vector-like fermions, while G′ and Z ′ couple (almost) universally to light fermions via
small couplings suppressed by g2

s/g
2
U and g2

Y /g
2
U compared to the third-generation case [96].

In this section, we analyze the predictions of this set up for a series of low- and high-
energy observables. We can group them in three categories: i) low-energy observables insen-
sitive to the details of the UV dynamics; ii) UV-sensitive low-energy observables; iii) high-
pT observables related to the additional heavy states predicted by the UV completion.

4.1 UV-insensitive low-energy observables

Several low-energy observables can be predicted directly using the results of the U1 sim-
plified model fit. The most interesting ones are the Lepton Flavor Violating (LFV) decays
B+ → K+τ+µ−, Bs → τ−µ+, τ → µγ and τ → µφ (figure 9), and the rare B(s) de-
cays into di-tau final states B(s) → τ+τ− and B → Kτ+τ− (see figure 10). With the
exception of τ → µγ, all these observables are dominated by the tree-level contribution
from the U1 exchange. The radiative decay τ → µγ is generated at the loop level, but for
βbτR = −1 it is completely dominated by the contribution due to b-quark running inside
the loop (see section 4.2), and is therefore insensitive to the UV completion of the model.
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Figure 9. Preferred 1σ and 2σ regions for LFV processes resulting from the low-energy fit in the
U1 simplified model for βbτR = 0 (orange) and βbτR = −1 (purple). The gray bands show the 95% CL
experimental exclusion limits. Future projections (rescaled to 95% CL) are denoted by dashed lines.
In the x−axis of the left plot only the more stringent exclusion band from Bs → τ−µ+ is shown.

The explicit expressions of the amplitudes in terms of the U1 couplings are reported in the
appendix B. It is worth recalling that we used the present bounds on all these observables
but B → τ+τ− (which does not yield significant constraints on the parameter space) to
determine the best fit points. As a consequence, figure 9 and figure 10 do not show unbi-
ased predictions, but rather expected ranges for the observables, taking into account all the
available information on the allowed parameter space of the model. As can be seen from
these plots, the case with large |βbτR | leads to predictions for Bs → τ+τ−, B → Kτ+τ−,
Bs → τ−µ+, and τ → µγ close to present bounds. In the dilepton modes, this is because
of the chiral-enhancement of the corresponding hadronic matrix element while for τ → µγ,
this occurs because of the large loop-induced amplitude. This observable is not shown for
βbτR = 0 since in this case it is well below present bounds and sensitive to the details of the
UV completion, see section 4.2.

We recall that the two benchmarks we have chosen for βbτR are representative of two
extreme options. In gauge models, the naïve expectation is |βbτR | = 1, but with a suitable
mixing with right-handed vector-like fermions it is possible to achieve smaller values. A
possible detection of Bs → τ−µ+ would therefore represent a key ingredient to determine
the size of |βbτR |. An important role is also played by τ → µφ, which is a very promising LFV
observable for the LHC and Belle II experiments, and which does not lie far from present
bounds in the pure left-handed case [121, 122]. In the right panel of figure 10 we show the
predictions of B(B → τ+τ−) vs. B(Bs → τ+τ−). The ratio of these two rates is controlled
by βdτL /β

sτ
L , and would therefore be an ideal probe to test the assumption of minimal

breaking of the U(2)5 flavor symmetry in the 1–3 sector, in the scenario with sizable right-
handed couplings. In the pure left-handed case, subleading U(2)5 breaking terms could
be tested via the LFU ratio Rπ = B(B+ → π+µ+µ−)/B(B+ → π+e+e−) [61, 123], which
would allow us to probe βdµL /βsµL .
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the U1 simplified model for βbτR = 0 (orange) and βbτR = −1 (purple). The gray bands show the
95% CL experimental exclusion limits. Future projections (rescaled to 95% CL) are denoted by
dashed lines. The red line in the lower plot shows the expected relation between B(Bs → τ+τ−)
and B(B → τ+τ−) for βdτL /βsτL = V ∗td/V

∗
ts (minimally broken U(2)5).

Significant improvements in the experimental searches for all the processes shown in
figure 9 and figure 10 are expected from future Belle II and LHCb data [124, 125]. In
particular, with 5 ab−1 Belle II expects to set the bounds B(B+ → K+τ+τ−) < 6.5× 10−5

(90% CL) and B(Bs → τ+τ−) < 8.1× 10−4 (90% CL) in the absence of any signals,5 while
LHCb should reach B(Bs → τ+τ−) < 5 × 10−4 (95% CL) by the end of the Upgrade II,
thus probing the preferred parameter space for the |βbτR | = 1 case almost entirely. For the
LFV processes, Belle II is expected to reach a sensitivity of 1−2×10−9 (90% CL) for both
B(τ → µγ) and B(τ → µφ) with 50 ab−1, and LHCb should achieve B(Bs → τµ) < 3×10−6

(90% CL) at the end of Upgrade II.

5Access to Bs at Belle II requires dedicated runs at the Υ(5S) resonance. The limit we report assumes
an integrated luminosity of 5 ab−1 [124].
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4.2 UV-sensitive low-energy observables

We denote as “UV-sensitive” the observables receiving contribution from dimension-six
operators other than those introduced in section 2.1. In order to correlate them to the ob-
servables discussed so far (i.e. semileptonic processes involving charged leptons) we need a
complete model. Within this category, we concentrate here on three classes of rare processes
which are particularly interesting given the strong suppression within the SM and the strin-
gent experimental constraints: meson-antimeson mixing, B(B → K(∗)νν̄), and τ → µγ.

In all these observables we can identify a U1-induced loop contribution, which is un-
avoidable in our setup, and additional contributions due to the other mediators. The latter
are controlled by additional parameters, unrelated to those introduced so far, such as the
mixing angles controlling the misalignment of the interaction basis from the down-quark
and charged-lepton mass eigenstate basis in (2.13). As discussed in refs. [56, 96], such
misalignment is strongly constrained, especially in the quark sector. In the following, we
concentrate mainly on the U1 loop-induced amplitudes, which can be considered the irre-
ducible contributions to these rare processes barring fine-tuned cancellations with tree-level
mediated G′ and/or Z ′ amplitudes. We will discuss in more detail this point in the case of
∆F = 2 observables.

A systematic analysis of the loop-induced amplitudes in the non-universal 4321 model
has been presented in [59]. A key role in evaluating the U1 loop-induced contributions
is provided by the additional vector-like fermions. To take their effect into account, we
modify the JUµ current in (3.2) as follows

JUµ → JUµ + βQαL (Q̄γµ`αL) + βiLL (q̄iLγµL) , (4.2)

where Q (L) denote vector-like fermions with left-handed quark (lepton) quantum numbers
that mix with the third and second generation left-handed chiral quarks (leptons). For the
sake of simplicity, and given we focus mainly on 3→ 2 transitions in the quark sector, we
assume a single family of vector-like fermions. In order to take advantage of the calculations
presented in [59], we match the notation for the U1 couplings to fermions used therein to
the one adopted in the present paper via

βbτL = W11 , βsτL = −sQW21 , βbµL = −sLW12 , βsµL = sQsLW22 ,

βQτL = cQW21 , βbLL = cLW12 , βQµL = −cQsLW22 , βsLL = −sQcLW22 .
(4.3)

Here sL(Q) and cL(Q) denote sine and cosine of the mixing angles of the vector-like fermions
with the light (second-generation) chiral fermions, whereas Wij are the elements of the
complex 2× 2 unitary matrix describing the mixing among vector-like fermions and third-
generation chiral fermions. The natural expectation is |sL(Q)| � 1, |cL(Q)| ≈ 1, and
Wij = O(1).6 The mixing matrix Wij is real in the limit where the mass matrix of the
vector-like fermions and the mixing between chiral and vector-like fermions are aligned in
phase. We work under this hypothesis, which justifies having treated the βi`L corresponding
to 3↔ 2 mixing as real couplings.

6Note that in (4.3) we have not redefined the value of gU to absorb the difference of βbτL from unity.
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Figure 11. Upper left: 1σ and 2σ regions in the (δRD∗ , δ(∆mBs
)) plane preferred by the low-

energy fit, with Λbs = 1 TeV. Upper right: δ(∆mBs
) as a function of δRD∗ in the UV complete

model for different values of ML, fixing MU = 4TeV and βsτL = 0.15. Lower plots: preferred 1σ
and 2σ regions for δ(∆mBs) as a function of the vector-like lepton mass for MU = 4 TeV. As in the
other plots, orange and purple correspond to the benchmarks βbτR = 0 and βbτR = −1.

In the following we discuss the three classes of UV sensitive low-energy observables
using the results obtained in [59]. While these results have been obtained in the non-
universal 4321 model, they can easily be extended to the other realizations of 4321 models
(i.e. 4321 models with different charge assignments for the SM fermions [48]) provided the
only relevant flavor mixing terms are those defined in (4.2).

∆F = 2. We start the discussion of the ∆F = 2 amplitudes by addressing the possible
tree-level contributions from the additional massive gauge bosons. In the limit where the
small and flavor-universal couplings to light families are neglected, the tree-level exchange
of G′ and Z ′ fields in non-universal 4321 models leads to four-quark contact interactions
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among third-generation fermions. The relevant Lagrangian for these interactions reads

L(4q)
eff = − 2

v2

[
CG′

(
q̄3
Lγ

µ T aq3
L + q̄3

Rγµ T
aq3
R

)2
+ CZ′

24
(
q̄3
Lγ

µq3
L + q̄3

Rγµq
3
R

)2
]
, (4.4)

where we have defined q3
R ≡ (u3

R d3
R)ᵀ and CG′,Z′ = g2

4 v
2/(4M2

G′,Z′) + O(g2
s,Y /g

2
4), with

g4 = gU denoting the SU(4) coupling. Note that the right-handed currents could have a
different overall weight (or even be absent) in other 4321 models.

In the limit where we assume perfect alignment of the right-handed quarks to their
mass basis and of the left-handed quarks to the down-quark mass basis, there are no
contributions to down-type flavor-changing amplitudes. However, contributions to D-D̄
mixing are still present. Using the notation introduced in (2.19) we get

CNP−tree
uc = 2

v2

(
CG′

3 + CZ′

24

)
(V ∗ubVcb)

2 ≈ 1.2× 10−15 GeV−2 ×
(
CU
0.01

)(
V ∗ubVcb

1.0× 10−4

)2
,

(4.5)
where, in the second equality, we have taken the limit of degenerate heavy-vector masses
MG′ = MZ′ = MU , for which CG′ ≈ CZ′ ≈ CU up to terms of O(g2

s,Y /g
2
U ). Given the limits

reported in tables 3, this contribution falls below the current experimental sensitivity on
D-D̄ mixing for both the real and the imaginary part of the amplitude.

On the other hand, if we allow for a misalignment from the right-handed-quark or
down-quark mass bases, a potentially sizable contribution appears in B(s)-B̄(s) mixing.
Considering a misalignment only in the left-handed sector, and denoting by Ld the unitary
matrix connecting the 4321 interaction basis to the down-quark mass basis (qiL = (Ld)idi q

di
L ,

see appendix A), in the case of Bs mixing we get

CNP−tree
bs

CSM
bs

= 16π2v2

m2
W S0(xt)

(
CG′

3 + CZ′

24

)[(Ld)∗3b (Ld)3s
V ∗tbVts

]2

≈ 2.3×
(
CU
0.01

)[(Ld)∗3b (Ld)3s
V ∗tbVts

]2

,

(4.6)
where, once more, we took the limit of degenerate heavy-vector masses in the second
equality. For this contribution to give δ(mBs) < 0.1, the left-handed down-quark rotation
needs to satisfy |(Ld)3s| . 0.2|Vts|. This does not require a strong tuning, since the natural
size of the possible misalignment is O(|Vts|). In models with minimal breaking of the U(2)5

flavor symmetry, the term between square brackets in (4.6) is real [61] and yields a positive
contribution to Bs mixing. Contributions of arbitrary sign can be obtained only by relaxing
the assumption of minimal U(2)5 breaking (either in the left-handed sector or in the right-
handed sector). However, conceiving models where this tree-level contribution cancels
significantly against the U1-induced loop-induced contribution (which is also positive, as
we show below) requires a tuning of magnitude and phase of the mixing terms for both the
Bs and the Bd amplitudes, which is rather unnatural. This is why we prefer to adopt the
assumption of small misalignment from the down-type basis, i.e. |(Ld)3s| � |Vts|, which is
a more motivated choice from the model-building point of view.

Having analyzed the tree-level contribution to ∆F = 2 amplitudes, we now discuss the
U1 loop-induced amplitudes. For simplicity, we focus on Bs − B̄s mixing. Following the
analysis of [59], the (finite) loop contribution to Cbs, taking into account both light and
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heavy leptons, is

CNP−loop
bs = 2CU

v2
g2

4
16π2

[(
βsLL

)∗
βbLL

]2
F∆F=2(xL) , (4.7)

where xL = M2
L/M

2
U , with ML being the vector-like lepton mass, and the expression for

the loop function reads [59]

F∆F=2(x) = x (x+ 4)(x+ 1)
8(x− 1)2

(1
2 + x ln x

1− x2

)
. (4.8)

For the sake of completeness we kept a complex notation for βi`L although, as anticipated,
they are real in the limit where we introduce a single family of vector-like leptons.

Normalizing to the SM contribution, and taking into account the relations among the
different βi`L in the limit |sL(Q)| � 1, we can write

CNP−tree
bs

CSM
bs

≈ 4M2
U

m2
W S0(xt)

C2
U

[
(βsτL )∗

V ∗tbVts

]2

F∆F=2(xL) . (4.9)

Using the expansion F∆F=2(x) = x/4 + O(x2), the effective mass combination Λbs intro-
duced in (2.21) can be identified with Λbs =

√
2ML in the small xL limit. We stress that,

rather than the value of ML, what controls the overall size of the ∆F = 2 amplitude is the
component of the vector-like mass that breaks the SU(4) custodial symmetry and is re-
sponsible for the flavor mixing of the SU(4)-charged fermions, namely ∆ML ∝W12ML [59].
In other words, the ∆F = 2 amplitude is finite in the limit of heavy vector-like masses.
However, for ML →∞ the effective mixing βsτL vanishes.

In figure 11, we show the expected value of δ(∆mBs) as a function of δRD∗ and of
the vector-like mass using the results of the low-energy fit. In both cases, we observe
an approximate quadratic dependence, which can be easily understood from (4.9). The
quadratic dependence from δRD∗ is closely connected to the quadratic dependence from
|βsτL | that, to a large extent, controls the size of δRD∗ . The quadratic dependence from ML

is due to the behavior of F∆F=2(x) at small x. From these plots it is clear that, in absence
of tuned scenarios allowing a partial cancellation between tree and loop amplitudes, the
∆F = 2 bounds require a vector-like lepton with mass not far from 1TeV.

B → K(∗)νν̄. We now analyze b→ sνν̄ transitions. As already mentioned in section 2,
the U1 leptoquark does not contribute to these transitions at the tree-level. These are
however generated once we include loop corrections. Moreover, in the complete UV model,
we also have contributions from tree-level exchange of the Z ′, making b→ sνν̄ transitions
a clear example of UV-sensitive low-energy observable.
We define the relevant Lagrangian as

Lb→sνν̄ = −4GF√
2
V ∗tsVtb Cαβν (s̄LγµbL)(ν̄αLγµν

β
L) . (4.10)

Neglecting effects suppressed by light quark masses, the lepton-flavor-conserving and -
universal SM contribution reads

Cν, SM = αW
2π Xt , (4.11)
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where Xt = 1.48 ± 0.01 [126], and αW = g2
L/(4π) with gL being the SU(2)L coupling.

Due to the underlying U(2)5 flavor structure, NP effects are dominant in the Wilson co-
efficient involving the third family, while the other flavor combinations receive negligible
contributions. Namely, we have (`, `′ = e, µ)

Cττν = Cν, SM + Cττν,NP , C``ν ≈ Cν, SM , Cτ`ν ≈ C`τν ≈ C``
′

ν ≈ 0 . (4.12)

With these definitions, the NP correction to the B → K(∗)νν̄ branching ratio reads

B(B → K(∗)νν̄)
B(B → K(∗)νν̄)SM

≈ 2
3 + 1

3

∣∣∣∣∣C
ττ
ν,NP + Cν,SM

Cν,SM

∣∣∣∣∣
2

. (4.13)

We further split the NP effects into Z ′-mediated and U1 loop-induced contributions as
follows:

Cττν,NP = Cττν, Z′ + Cττν, U . (4.14)

At NLO accuracy, we have [57, 59]

Cττν, U ≈ CRGE
ν, U + α4

4π CU
[
−2 (Ld)∗3s (Ld)3b

V ∗tsVtb
− βsLL βbL ∗L

V ∗tsVtb
F∆Q=1(xL)

]
,

Cττν, Z′ ≈ −
CU

4xZ′

[
(Ld)∗3s (Ld)3b

V ∗tsVtb

(
1 + 3

8
α4
4π

)
− α4

4π
βsLL βbL ∗L

V ∗tsVtb
G∆Q=1(xL, xZ′ , xR)

]
,

(4.15)

where the loop functions are given by,7

F∆Q=1(x) ≈ 2x
1− x + 2x ln x

(x− 1)2 , G∆Q=1(x1, x2, x3) ≈ 5
4 x1 + x1

2

(
x2 −

3
2

)(
ln x3 −

5
2

)
,

(4.16)

and we defined xZ′ ≡M2
Z′/M

2
U , xL ≡M2

L/M
2
U and xR ≡M2

R/M
2
U , with MR being a scale

associated to new scalar degrees of freedom. The coefficient CRGE
ν, U encodes the RGE-induced

contribution from the tree-level leptoquark-mediated operator O23ττ
LL . Using DsixTools [127]

and setting Λ = 2 TeV, we find

CRGE
ν, U = −0.047 C

23ττ
LL (Λ)
V ∗tsVtb

= −0.047CU
βsτ
V ∗tsVtb

. (4.17)

Out of the different contributions, those proportional to (Ld)∗3s are tightly constrained by
Bs-mixing (see discussion above) and can therefore induce at most a ±3% correction to
B(B → K(∗)νν̄). The other contributions, on the other hand, can be sizable, yielding up to
O(1) corrections to the SM value. Moreover, the sign of this correction is unambiguously
connected to the NP effect in B(B → K(∗)νν̄). More precisely, noting that βsLL βbL ∗L ≈ −βsτL ,
an enhancement in the RD(∗) ratio unavoidably yields an enhancement also in B(B →
K(∗)νν̄). Note that this enhancement does not depend directly on βbτR ; however, the value
of βbτR indirectly influences the effect via the extraction of CU from the fit of RD(∗) (see
figure 5). This is why the NP impact in B(B → K(∗)νν̄) shown in figure 12 is smaller for
βbτR = −1.

7For concreteness we choose the model I scenario in [59] when writing G∆Q=1. As shown in this reference,
similar predictions are obtained in the model II scenario.

– 30 –



J
H
E
P
0
8
(
2
0
2
1
)
0
5
0

Figure 12. Model predictions (best 1σ and 2σ fit regions) for the B → K(∗)νν̄ branching ratio as
a function of ML, setting (Ld)∗3s = 0, MU = 4TeV and g4 = 3, and varying the scale of the scalar
degrees of freedom and the Z ′ mass in the MR = [1, 2π]MU and MZ′ = [0.5, 1]MU ranges. As in
the other plots, orange and purple correspond to the benchmarks βbτR = 0 and βbτR = −1.

In figure 12, we show the model predictions for B(B → K(∗)νν̄) as function ofML for a
fixed value of g4 = 3 and MU = 4TeV. Current experimental limits B(B → Kνν̄)/B(B →
Kνν̄)SM = 2.4± 0.9 [128–131] and B(B → K∗νν̄)/B(B → K∗νν̄)SM < 3.2 (95% CL) [129]
are still far from our model expectations. However, the Belle II Collaboration will measure
B(B → K(∗)νν̄) to an accuracy of 10% of its SM value [124], thus probing the entire
relevant parameter space of the model.

τ → µγ. The matching contribution to the dipole operator is given by

Cµτeγ (Λ) = − CU
16π2

[
yτ (Λ)

2 βQτL βQµ∗L

(
G1(xQ)− 2G2(xQ)

)
+ 3 yb(Λ)

2 βbτR β
bµ∗
L

]
,

Cτµ∗eγ (Λ) = − CU
16π2

yτ (Λ)
2 βQµ∗L βQτL

(
G1(xQ)− 2G2(xQ)

)
,

(4.18)

where xQ = M2
Q/M

2
U and the functions G1,2(x) are given by [59]

G1(x) =x

[
2−5x

2(x−1)4 lnx− 4−13x+3x2

4(x−1)3

]
, G2(x) =x

[
4x−1

2(x−1)4 x lnx+ 2−5x−3x2

4(x−1)3

]
.

(4.19)
Using these results, and given the size of the various βi`L couplings, it is easy to verify
that the leading contribution is the one proportional to yb, which is independent from the
mass of the vector-like fermions. An even larger contribution to the decay rate is the one
generated by the RGE contribution of O33µτ

LR (mτ ) in (B.20). This is why we considered
B(τ → µγ) among the UV-insensitive observables in section 4.1, at least in the case of
large βbτR (which is the only case where it can reach values close to present bounds).
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Figure 13. Collider constraints from resonant G′ production with dijet (green) and tt̄ (blue) final
states for the benchmark couplings κiiq = −gs(M ′G)2/g2

G′ (solid) and κiiq = 0 (dashed), and κR = 1
in both cases (see text for details). We mark in gray those values of the width which are below the
sum of tt̄ and dijet partial widths for gG′ = 3.

4.3 Collider signatures from the additional TeV-scale states

Coloron searches. The most general Lagrangian for a coloron coupling to SM particles
is given by

LG′ = −1
4 G

′ a
µν G

′ aµν + 1
2 M

2
G′ G

′ a
µ G′ aµ + 1

2 κG
′ G′ aµν G

aµν + gs κ̃G′fabcG
′ a
µ G′ bν G

c µν

+ gG′ G
′ aµ (κijq q̄iL T a γµ q

j
L + κiju ū

i
R T

a γµ u
j
R + κijd d̄

i
R T

a γµ d
j
R) . (4.20)

In models where the coloron has a gauge origin, such as the ones discussed here, we have
κG = κ̃G = 0. This is an important feature, since it implies that coloron couplings to two
gluons are absent at the tree-level, thus effectively reducing the coloron production cross-
section at the LHC. Concerning the coloron couplings to fermions, as already discussed
in section 4.2, off-diagonal couplings are strongly constrained by meson-antimeson mixing
and thus do not play a relevant role at high-pT . Furthermore, in all UV completions aimed
at the explanation of the B-anomalies, the following relations are satisfied

gG′ ≈ KNLO gU , κ33
q = 1 , κ33

u,d = κR , κiiq = s2
Q −

g2
s

g2
G′
, κiiu,d = − g2

s

g2
G′
, (4.21)

with i = 1, 2 and gs evaluated at the coloron mass scale (gs(MG′) ≈ 1). In this expression,
sQ parametrizes possible contributions from vector-like fermion mixing, assuming the latter
enter in an U(2)-invariant way, namely that they are the same (up to small corrections)
for first and second families. This condition is necessary to avoid the strong constraints
from D-D̄ mixing [91]. Since sQ is connected to the value of βsτL (cf. (4.3)), the constraint
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from the low-energy fit naturally leads to a significant suppression of the κiiq couplings. To
illustrate this effect, we consider two benchmark values for these couplings in our analysis:
κiiq = 0 and κiiq = −g2

s/g
2
U . The value of κR can vary depending on the UV completion.

For concreteness, here we take κR = 1, which is common to all models with third-family
quark-lepton unification. Finally, in UV models where U1 and G′ have a common origin,
we have gG′ ≈ gU . In order to account for NLO corrections to coloron on-shell production,
in (4.21) we modified this relation by adding the K-factor [57, 58]

KNLO ≈
(

1 + 2.65 α4
4π + 8.92 αs4π

)−1/2
, (4.22)

which amounts to an O(10%) reduction of gG′ for gU = 3.
Given the coupling structure in (4.21), the most effective coloron searches consist in

resonant production with tt̄ and bb̄ final states. Since the coloron couples to two gluons only
at the loop level, the dominant production channel is via quark fusion, i.e. qq̄ → G′ (see
figure 14). Even though the couplings to light quarks are suppressed by g2

s/g
2
G′ , the PDF

enhancement of valence quarks relative to third generation quarks ensures that production
via valence quarks is nevertheless dominant. As a result, for fixed coloron width, the cross
section for pp→ G′ → tt̄/bb̄ has only a mild dependence on gG′ , except for extreme values of
this coupling, where the bb̄ initiated process starts to dominate. For concreteness, in what
follows we fix gG′ = 3, noting that the limits we derive will not be significantly affected for
lower values of gG′ (up to a trivial rescaling of the width). The partial width of the coloron
to SM particles for gG′ = 3 is ΓG′→qq̄/MG′ ≈ 0.24. In realistic UV models, the total width
could be larger if the decay channel to vector-like quarks becomes kinematically available.
Therefore, we leave the total width of the coloron as a free parameter in our analysis.

For the inclusive dijet final state, we use the recent CMS analysis in [132] with
137 fb−1 of 13TeV data. This analysis targets both narrow and broad resonances with
widths up to 55% of the resonance mass, which makes it particularly suitable for the
model discussed here. We calculate the model predictions for the dijet process with
Madgraph5_aMC@NLO [133] using the default NNPDF23LO PDF set and the coloron UFO
model presented in [104], publicly available in the Feynrules [134] model database
(https://feynrules.irmp.ucl.ac.be/wiki/LeptoQuark). In order to set limits, we compute
for different values of the total width the σ(pp → G′ → jj) cross-section subject to the
same rapidity cuts |η(j1)|, |η(j2)| < 2.5 and |∆η(j1, j2)| < 1.1 used in the experimental
analysis. The resulting cross-sections are then confronted directly with the 95% CL limits
for a qq̄-initiated spin-1 resonance provided by CMS in ref. [132], figure 10.

The extracted limits are shown in figure 13 (green region). As can be seen, despite
the large-width coverage of the search, the limits significantly weaken for larger values of
the coloron width. Taking as a reference ΓG′/MG′ ≈ 0.24, an exclusion limit is found at
MG′ ≈ 3.3TeV for κiiq = −g2

s/g
2
U and MG′ ≈ 2.7TeV for κiiq = 0. Since our dijet signal is

made almost entirely of bb̄ pairs, improved limits could be obtained if at least one of the
final-state jets is b-tagged. In this work we have not extracted limits from b-tagged dijet
searches, because these usually focus on narrow resonances and the improvement on the
limits over the inclusive dijet searches is not substantial [91]. Moreover, the traditional b-
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L

L̄

Z ′

(c)

Figure 14. Feynman diagrams describing the main processes for G′, Z ′, and vector-like lepton
production at the LHC.

taggers used to identify very heavy resonances decaying to b-jets suffer from a fast decline
in the b-tagging efficiency with increasing jet transverse momentum. Recently, new b-
taggers based on deep neural networks, like DL1r [135], DeepCSV [136] and DeepJet [137],
have shown very promising results in identifying boosted heavy flavor jets. These novel
techniques may be useful in the near future to improve searches for broad colorons in the
b-tagged dijet invariant mass spectrum.

Much stronger coloron limits are found in the pp → G′ → tt̄ channel. The precise
measurements of the differential cross-sections for boosted top-quarks from tt̄ production
are powerful probes for heavy resonances, the invariant mass distribution mtt̄ in particu-
lar. Following the same procedure as in [91, 104], we use the unfolded parton-level data
of the normalized mtt̄ distribution provided by the experimental collaborations to set lim-
its on the coloron mass and width. A novelty with respect to these previous studies is
that in addition to the ATLAS search with 36.1 fb−1 [138], a new search by CMS with
35.9 fb−1 [139] has recently been released. Below we present results combining the two
searches for a total luminosity of 72 fb−1, under the assumption that the measurements
from each experiment (and the invariant mass bins within) are completely uncorrelated.
While both experimental searches are very similar, one key difference between the two un-
folded data sets is their energy reach: the data provided by ATLAS extends up to 3TeV in
the invariant mass distribution, while the data provided by CMS reaches 4TeV. The latter
is therefore more relevant to set limits on the coloron. As discussed in [104], in order to ob-
tain good agreement between the SM leading-order predictions from MC event generators
and the experimental data, it is necessary to exclude the lower invariant mass bins from
our analysis. We find very good agreement with the MC predictions by CMS (ATLAS) for
bins above mtt̄ > 1250GeV (mtt̄ > 1200GeV). After computing the normalized mtt̄ distri-
butions subject to partonic cuts8 for a range of coloron masses and widths, we performed
a combined fit to the ATLAS and CMS data sets. Excluded regions in the mass-width
plane are shown in figure 13 (light blue region) together with the dijet bounds discussed
above. As shown there, in spite of the lower statistics, tt̄ provides much stronger limits
in the entire relevant region in parameter space, making this a key channel to test the U1

8mtt̄ > 800GeV, pT (t) > 400GeV, |η(t)| < 2.4 for CMS, and pT (t1) > 500GeV, pT (t2) > 350GeV for
ATLAS.
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solution of the anomalies. The largest energy reach of the CMS search compared to the one
of ATLAS gives rise to limits that are stronger than those presented in [91, 104] by about
500GeV. As a result, we find coloron exclusion limits of MG′ ≈ 4.0TeV for κiiq = −g2

s/g
2
U

and MG′ ≈ 3.5TeV for κiiq = 0, for a nominal width of ΓG′/MG′ ≈ 0.24.

Z′ searches. The dominant search channel for the Z ′ at hadron colliders is via the Drell-
Yan process pp→ Z ′ → τ+τ−, see figure 14 b.9 Contributions to the production of the Z ′
from initial light quarks are suppressed by the coupling ratio (gY /g4)2 and can therefore
be neglected in a first approximation. On the other hand, due to the underlying gauge
structure of the model, the contributions from the bb̄-initiated process are about 4 times
smaller than those from the U1 leptoquark when the masses of both mediators are equal and
outside the region of resonant Z ′ production. As a result and as shown in [104], limits on
the 4321 model from Z ′ searches are less competitive than those obtained from the U1 and
G′ gauge bosons. We checked this explicitly by matching the Z ′ to the effective operators
in (2.1) for which limits on the Wilson coefficients from pp → τ+τ− are extracted. For
example, if we assume equal left-handed and right-handed couplings, a 100% branching
ratio into di-taus and a coupling satisfying gZ′ ≈ gU ≥ 3, the limits from the effective
operators translate to an exclusion limit for the mass around MZ′ & 3TeV. Note that
using the EFT limits is already a good approximation as long as the Z ′ mass ranges
around ∼ 3TeV. The resulting bounds for the Z ′ are generically weaker than the U1 limits
displayed in figure. 7. Hence, the presence of the Z ′ is not expected to modify the exclusion
limits discussed there.

Searches for vector-like fermions. The phenomenological consequences of heavy
vector-like quarks and leptons are of fundamental importance in characterizing the UV
completion. Besides their indirect effects at low-energies, these heavy states lead to a rich
array of signatures at hadron colliders [91]. Of particular importance are the vector-like
leptons L. In order to comply with the stringent limits from ∆F = 2 transitions at low
energies, the mass of L must be relatively light, around ML ∼ 1TeV, well within the en-
ergy reach of the LHC. The main production mechanisms at the LHC are the resonant
and electroweak pair production modes qq̄ → γ/Z∗/Z ′ → LL̄ and the associated single
production mode qig → LiU1. The resonant production of LL̄ from the decay of an on-
shell Z ′ (figure 14 c) is a promising search channel for the vector-like lepton, provided such
channel is kinematically available. The heavy leptons can decay either into a Higgs boson
via the 2-body process Li → h`i, or via the 3-body process Li → qi`j q̄k induced by the
vector leptoquark mediator, depending on the UV completion. In either case, one expects
high-multiplicity final states composed of τ -leptons, b-jets, top-quarks and missing energy
from neutrinos. In a similar way, vector-like quarks Q can be searched at the LHC. These
states are pair produced purely from QCD interactions via gluon fusion, or through the
decay of the coloron pp → G′ → QQ̄ (if kinematically allowed). Once produced, these
heavy fermions decay via Qi → hqi, Qi → `iqj ¯̀k, Qi → `iqjL̄k, leading to a large amount

9Because of the coupling structure of the Z′, decay channels into dijets and tt̄ pairs are suppressed by
about a factor of 3 compared to pp→ Z′ → τ+τ− and are therefore less competitive [104].
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of third-generation SM fermions in the final state. The vector-like quarks, however, are
in principle allowed to have larger masses than the vector-like leptons, and can lie beyond
the current reach of heavy fermion searches at the LHC. To this date, no dedicated search
by the LHC experimental collaborations for vector-like quarks or leptons with the char-
acteristics described above is available. ATLAS and CMS have recently released searches
for ‘excited’ leptons `? [140, 141] in the 3-body decay channel `? → `qq̄ through a con-
tact interaction. Unfortunately, these typically target first and second generation decay
products, and the excited leptons are singly produced pp → `? ¯̀ (single vector-like lepton
production pp → L¯̀ in the 4321 models is suppressed by small mixing angles). Existing
searches for SUSY by ATLAS [142–144] and CMS [145, 146], in particular stop searches,
can be reinterpreted to set limits on the heavy vector-like leptons and quarks. A naive
comparison of σ(pp→ LL̄) with the limits on the signal cross-sections from [142] indicates
that search strategies with multi-lepton and multi-jet final states are starting to become
sensitive to vector-like leptons with masses around ML ≈ 0.8TeV [91]. These experimental
analyses are however not completely optimized for our vector-like lepton signatures and
are challenging to recast. We therefore leave for future work a dedicated collider analysis
of vector-like fermions in the 4321 model.

5 Conclusions

The recent LHCb result on RK [1] marks an important milestone in the study of the B
anomalies, putting on a firmer statistical basis the evidence of LFU violation in b→ s`+`−

decays. As we have shown, a conservative combination of b→ s`+`− observables leads to
a 4.6σ significance for the motivated NP hypothesis of a purely left-handed LFU-violating
contact interaction.

The evidence of LFU in b→ s`+`− observables, taken alone, does not provide a clear
indication of the scale of NP. As shown in [147], this could be well above the TeV scale and,
in practice, not accessible via direct searches. The situation is different if we combine the ev-
idence of LFU violation in b→ s`+`− transitions with the less significant, but still tantaliz-
ing hints of LFU violation in b→ cτ ν̄ decays. This is the path we have followed in this work.

Besides the phenomenological interest of dealing with a TeV-scale model of NP, the
attempt of combining the two anomalies has two strong theoretical motivations: a possible
connection to the flavor problem, for instance along the lines proposed in [53, 56, 148], and
to the Higgs hierarchy problem, as discussed in [46, 47, 55, 148].

In this work we have presented a detailed phenomenological analysis of a combined
solution of the B anomalies based on the hypothesis of a TeV-scale vector leptoquark U1
as leading mediator, which previous studies have singled out as the most viable option.
We have analyzed the problem on three levels: i) a pure EFT approach, where the U1
hypothesis enters only in the selection of the relevant set of semileptonic operators; ii) a
simplified model, which has allowed us to analyze in general terms the leading signatures of
the U1 boson at high energies; iii) a complete UV scenario based on the non-universal 4321
gauge group, which has allowed us to address some important UV-sensitive observables at
both low and high energies.
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The main conclusions of our analysis can be summarized as follows:

• A combined explanation of both b → s`+`− and b → cτ ν̄ anomalies in terms of a
massive U1 is perfectly consistent with all available data. Interestingly, the low-energy
data imply a preferred parameter region for mass and coupling of the U1 that can be
probed entirely within the high-luminosity phase of the LHC, as shown in figure 7.

• The above conclusion is driven by the b → cτ ν̄ anomalies and holds irrespective
of various unknown parameters, such as the strength of right-handed leptoquark
couplings or the size of subleading U(2)5-breaking terms. As we have pointed out, the
latter could be determined by a series of measurements of low-energy observables. As
already found in previous studies, a general expectation is a large enhancement over
the SM of the B-meson decay rates into di-tau final states. Moreover, lepton flavor-
violating B decays into τ±µ∓ final states are expected to be within the experimental
reach. However, contrary to previous studies, we have shown that the predictions
for both these classes of rare processes are subject to large uncertainties due to
model parameters which are still poorly constrained. The predictions presented in
section 4.1 could allow one to determine these parameters using future data.

• Bs-B̄s mixing poses a severe constraint on the UV completion of the simplified
model. In the 4321 framework, this constraint can be satisfied in a natural way only
if the vector-like leptons, which are a necessary ingredient of the model, have masses
below 1.5–2TeV (depending on the other model parameters).

• In the 4321 framework, the B → K(∗)νν̄ decay rates are expected to be significantly
enhanced over their SM values, as shown in figure 12.

• As shown in figure 13, in the 4321 framework the most severe constraint on the
overall scale of the model is represented by the bound on the coloron mass from
pp→ tt̄. Present data indicate MG′ & 4TeV, close to the bounds of the perturbative
regime. We therefore await with great interest the improvement of the experimental
analyses of pp→ tt̄ with the full LHC run-II data set.

In conclusion, following the path of a combined explanation of the two sets of flavor
anomalies in neutral-current and charged-current decays of B mesons, besides being a
very interesting possibility from the theoretical point of view, has the virtue of defining a
concrete NP framework, which can be confirmed or excluded in the next few years thanks
to a series of well-defined signatures both at low and high energies.

Note added. While this project was under completion, a few papers containing updated
EFT analyses of the b → s`+`− anomalies [149–151] and of the simplified U1 model [115,
152] appeared. Our results in section 2.2 are compatible with those obtained by these
authors.
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A The U(2)5 symmetry

The largest global flavor symmetry commuting with the gauge symmetry of the SM La-
grangian is U(3)5 [153]. The U(2)5 flavor symmetry is the subgroup of the U(3)5 global
symmetry that, by construction, distinguishes the first two generations of fermions from
the third one [39, 154, 155]. For each set of SM fermions with the same gauge quan-
tum numbers, the first two generations form a doublet of a given U(2) subgroup, whereas
the third one transforms as a singlet. The five independent flavor doublets are denoted
Q,L,U,D,E and the flavor symmetry decomposes as

U(2)5 = U(2)Q ⊗U(2)L ⊗U(2)U ⊗U(2)D ⊗U(2)E . (A.1)

In the limit of unbroken U(2)5, only third-generation fermions can have non-vanishing
Yukawa couplings, which is an excellent first-order approximation for the SM Lagrangian.

A set of symmetry-breaking terms sufficient to reproduce the complete structure of
the SM Yukawa couplings is

Vq ∼ (2,1,1,1,1) , V` ∼ (1,2,1,1,1) ,

∆u(d) ∼
(
2,1, 2̄(1),1(2̄),1

)
, ∆e ∼

(
1,2,1,1, 2̄

)
.

(A.2)

In the quark sector, this is the minimal set of terms with different U(2)5 transformation
properties necessary to describe all quark masses and the off-diagonal entries of the CKM
matrix [39]. In the lepton sector, the absence of mixing (for vanishing neutrino masses) does
not allow us to conclude that V` is strictly necessary; however, it is natural to introduce
such a breaking term to maintain a quark-lepton symmetric structure [155]. Given that
the U(2)5 symmetric limit is a good approximation to the SM Lagrangian, all the U(2)5-
breaking terms can be chosen to be small in size.

By construction, Vq,` are complex two-vectors and ∆e,u,d are complex 2 × 2 matrices.
In terms of these spurions, we can express the Yukawa couplings as

Ye = yτ

∆e xτV`

0 1

 , Yu = yt

∆u xtVq

0 1

 , Yd = yb

∆d xbVq

0 1

 , (A.3)
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where yτ,t,b and xτ,t,b are free complex parameters expected to be of order O(1). The
observed mass hierarchies and the smallness of the CKM mixing angles are attributed to
the size (and structure) of the U(2)5-breaking spurions. The latter cannot be determined
completely, but are constrained requiring no tuning in the O(1) parameters. In particular,
from the 2–3 mixing in the CKM matrix we deduce |Vq| = O(|Vcb|), while light quark
and lepton masses imply |∆u,d,e|ij � |Vq|. The assumption that Vq is the only leading
U(2)5-breaking term in the quark sector ensures a suppression of flavor-violating terms in
higher-dimensional operators as effective as the one implied by the hypothesis of Minimal
Flavor Violation [153, 156].

An EFT constructed in terms of SM fields and arbitrary powers of the spurions in (A.2),
formally invariant under U(2)5, is what we denote as the minimally-broken U(2)5 hypoth-
esis. The flavor scaling discussed in section 2.1 for the leading semileptonic operators
addressing the anomalies is obtained for

|Vq|, |V`| = O(10−1) . (A.4)

This is perfectly consistent with the estimate |Vq| = O(|Vcb|) from the quark Yukawa sector
and is compatible with a possible common origin for the two leading U(2)5-breaking terms.

Flavor bases and diagonalization of the Yukawa couplings. We define as inter-
action basis the flavor basis in U(2)5 space where Vq,` = |Vq,`| × ~n, with ~n = (0, 1)ᵀ, and
∆†u,d,e∆u,d,e is diagonal. Without loss of generality, the Yukawa matrices can be brought
to this basis via appropriate field redefinitions, yielding

Yu = |yt|

U †qOᵀ
u ∆̂u |Vq| |xt| eiφq ~n
0 1

 , Yd = |yb|

 U †q ∆̂d |Vq| |xb| eiφq ~n
0 1

 ,

Ye = |yτ |

 Oᵀ
e ∆̂e |V`| |xτ |~n

0 1

 , (A.5)

where ∆̂u,d,e are 2× 2 diagonal positive matrices, Ou,e are 2× 2 orthogonal matrices, and
Uq is of the form

Uq =

 cd sd e
iαd

−sd e−iαd cd

 , sd ≡ sin θd , cd ≡ cos θd . (A.6)

The unitary matrices that diagonalize the Yukawa matrices above, defined as L†fYfRf =
diag(Yf ) for f = u, d, e, assume the form [61]

Ld≈


cd −sd eiαd 0

sd e
−iαd cd sb

−sd sb e−i(αd+φq) −cd sb e−iφq e−iφq

 , Le≈


ce −se 0
se ce sτ

−sesτ −cesτ 1

 , (A.7)

Rd≈


1 0 0
0 1 ms

mb
sb

0 −ms
mb
sb e
−iφq e−iφq

 , Ru≈


1 0 0
0 1 mc

mt
st

0 −mc
mt
st e
−iφq e−iφq

 , Re≈


1 0 0
0 1 mµ

mτ
sτ

0 −mµ
mτ

sτ 1

 ,
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with Lu = Ld V
†

CKM and st = sb − Vcb. The parameters sd and αd are not free and can be
expressed in terms of CKM parameters:

sd/cd = |Vtd/Vts| , αd = arg(V ∗td/V ∗ts) . (A.8)

The fact that the 2× 2 upper block of Ld is entirely determined in terms of CKM elements
is the origin of the relation in (2.16) and the condition βdτL /β

sτ
L = V ∗td/V

∗
ts among the U1

couplings.
The flavor-mixing parameters (spurion structures) which are left unconstrained

(i.e. cannot be determined in terms of SM parameters) are:

• quark sector: 2–3 mixing angle sb/cb = |xb| |Vq| and CP-violating phase φq;

• lepton sector: 2–3 mixing angle sτ/cτ = |xτ | |V`| and 1–2 mixing angle se (encoded
in Oe).

The approximate down-alignment in the 2–3 sector, necessary to satisfy the tight bounds
from Bs mixing when addressing the B anomalies, is achieved for |xb| � 1. In the exact
down-alignment limit |xb| → 0 (or equivalently sb → 0), the phase φq becomes unphysical.

B Theoretical expressions for flavor observables

Here we collect the expressions for the relevant flavor observables used in our analysis in
terms of Wilson coefficients and quark masses defined at the low scale µb = mb.

B.1 b→ c(u)τ ν̄ transitions

The low-energy effective Lagrangian describing b→ uiτ ν̄ transitions (with i = 1, 2) can be
written as

Lb→uiτ ν̄ = −4GF√
2
Vib
[(

1 + CiVL
)
OiVL + CiVR O

i
VR

+ CiSL O
i
SL

+ CiSR O
i
SR

+ CiT OiT
]
, (B.1)

with operators

OiVL = (τ̄LγµνL)(ūiLγµbL) , OiVR = (τ̄LγµνL)(ūiRγµbR) ,
OiSL = (τ̄R νL)(ūiR bL) , OiSR = (τ̄R νL)(ūiL bR) ,
OiT = (τ̄RσµννL)(ūiRσµνbL) .

(B.2)

In our case, we only generate NP contributions to the operators OVL and OSR , with coef-
ficients given by

CiVL ≈ C
ui
LL , CiSR ≈ −2 ηS CuiLR , (B.3)

where the coefficients CuiLL and CuiLR have been defined in (2.14), and the evolution factor
for the scalar current evaluates to ηS ≈ 1.7 for Λ = 2TeV.

The relevant observables in this category are the LFU ratios RD and RD∗ , defined as

RD(∗) =
B
(
B̄ → D(∗)τ ν̄

)
B
(
B̄ → D(∗)`ν̄

) , ` = e, µ , (B.4)
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and the leptonic decays B− → τ ν̄ and B−c → τ ν̄. The expressions for these observables in
terms of the Wilson coefficients in (B.1) read

RD = RSM
D

[∣∣∣1 + CcVL

∣∣∣2 + 1.5 Re
{(

1 + CcVL

)
Cc∗SR

}
+ 1.03 |CcS |2

]
,

RD∗ = RSM
D∗

[∣∣∣1 + CcVL

∣∣∣2 + 0.12 Re
{(

1 + CcVL

)
Cc∗SR

}
+ 0.04

∣∣∣CcSR ∣∣∣2] ,
(B.5)

and

B(B−i → τ ν̄) = B(B−i → τ ν̄)SM

∣∣∣∣∣1 + CiVL + CiSR
m2
Bi

mτ (mb +mi)

∣∣∣∣∣
2

, (B.6)

where B− ≡ B−u is understood.

B.2 b→ s(d)`−`+ transitions

The low-energy effective Lagrangian describing b → di`
−
α `

+
β transitions (with i = 1, 2) is

given by

Lb→di`−α `+β ⊃
4GF√

2
V ∗tiVtb

∑
k

Ciαβk Oiαβk , (B.7)

with operators

Oiαβ9 = α

4π
(
d̄iLγµbL

) (
¯̀
αγ

µ`β
)
, OiαβS = α

4π (d̄iLbR)(¯̀
α`β) ,

Oiαβ10 = α

4π
(
d̄iLγµbL

) (
¯̀
αγ

µγ5 `β
)
, OiαβP = α

4π (d̄iLbR)(¯̀
αγ5 `β) .

(B.8)

Unless specified, the Wilson coefficients Ciαβk include both the SM and the NP contributions,
i.e.

Ciαβk = Ciαβk,SM + Ciαβk,NP . (B.9)

At tree level, the NP contributions can be matched to the Lagrangian in (2.2) via the
relations

Ciαβ9,NP = −Ciαβ10,NP = − 2π
αV ∗tsVtb

Ci3βαLL ,

CiαβS = −CiαβP = 4π
αV ∗tsVtb

Ci3βαLR .
(B.10)

Whenever possible, we simplify the notation by omitting the superscript i for b→ s transi-
tions. Also, for lepton-flavor conserving operators we use the superscript `α instead of `α`α.

RK and RK∗. The LFU ratios RK and RK∗ are defined as

R
[q2

min,q2
max]

K(∗) =

∫ q2
max

q2
min

dq2 dB
dq2 (B → K(∗)µ+µ−)∫ q2

max
q2
min

dq2 dB
dq2 (B → K(∗)e+e−)

. (B.11)
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Their expressions in terms of the Wilson coefficients Cµ9,NP and Ce10,NP read

R
[1.1,6]
K =R

[1.1,6]
K,SM

1+0.24Re(Cµ9,NP)−0.26Re(Cµ10,NP)+0.03
(
|Cµ9,NP|2+|Cµ10,NP|2

)
1+0.24Re(Ce9,NP)−0.26Re(Ce10,NP)+0.03

(
|Ce9,NP|2+|Ce10,NP|2

) ,
R

[1.1,6]
K∗ =R

[1.1,6]
K∗,SM

1+0.18Re(Cµ9,NP)−0.29Re(Cµ10,NP)+0.03
(
|Cµ9,NP|2+|Cµ10,NP|2

)
1+0.18Re(Ce9,NP)−0.29Re(Ce10,NP)+0.03

(
|Ce9,NP|2+|Ce10,NP|2

) , (B.12)

R
[0.045,1.1]
K∗ =R

[0.045,1.1]
K∗,SM

1+0.040Re(Cµ9,NP)−0.080Re(Cµ10,NP)+0.010
(
|Cµ9,NP|2+|Cµ10,NP|2

)
1+0.037Re(Ce9,NP)−0.075Re(Ce10,NP)+0.009

(
|Ce9,NP|2+|Ce10,NP|2

) ,
where the superscripts refer to the bins in q2 [GeV2]. As can be seen from these expres-
sions, R[1.1,6]

K and R[1.1,6]
K∗ are insensitive to possible lepton-universal NP contributions. A

subleading sensitivity to universal corrections is present in the low-q2 bin of RK∗ , due to
m`-dependent kinematical effects close to threshold (recall that R[0.045,1.1]

K∗ 6= 1 already in
the SM). To accurately describe this effect, the expansion coefficients are given to higher
accuracy. The latter are estimated taking into account also the non-universal QED correc-
tions estimated in [65].

Leptonic and semileptonic B decays. The theoretical expressions for the branching
fractions of the relevant leptonic and semileptonic B decays are

B(Bi → `+`−) = B(Bi → `+`−)SM


∣∣∣∣∣1 +

Ci`10,NP
C10,SM

+ Ci`P
C10,SM

m2
Bi

2m`(mb +mi)

∣∣∣∣∣
2

(B.13)

+
(

1− 4m2
`

m2
Bi

) ∣∣∣∣∣ Ci`SC10,SM

m2
Bi

2m`(mb +mi)

∣∣∣∣∣
2
 ,

B(B → Kτ+τ−) = 10−9
(
2.2 |Cτ9 |2 + 6.0 |Cτ10|

2 + 8.3 |CτS |2 + 8.9 |CτP |2 (B.14)

+4.8 Re {CτS Cτ∗9 }+ 5.9 Re {CτP Cτ∗10}) ,

B(B+ → K+τ+µ−) = 10−9
(
9.6 |Cτµ9 |

2 + 10 |Cτµ10 |
2 + 13.58 |CτµS |

2 + 14.54 |CτµP |
2 (B.15)

+12.41 Re
{
CτµS C

τµ∗
9
}

+ 15.20 Re
{
CτµP C

τµ∗
10
})
,

B(Bs → τ−µ+) =
τBsG

2
F f

2
Bs

16π m2
τ mBs

(
1− m2

τ

m2
Bs

)2
α2

4π2 |VtbV
∗
ts|

2 (B.16)

×


∣∣∣∣∣Cτµ10 +

m2
Bs

2mτ (mb +ms)
CτµP

∣∣∣∣∣
2

+
∣∣∣∣∣Cτµ9 +

m2
Bs

2mτ (mb +ms)
CτµS

∣∣∣∣∣
2
 .

The hadronic coefficients in (B.14) and (B.15) have been computed using inputs from
lattice QCD as compiled in [157].
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B.3 τ decays

Universality tests in τ decays. τ leptonic decay rates provide a powerful test of
lepton-flavor universality via the ratios(

gτ
gµ(e)

)
`

=
[B(τ → e(µ)νν̄)/B(τ → e(µ)νν̄)SM
B(µ→ eνν̄)/B(µ→ eνν̄)SM

] 1
2
,

(
gτ
gµ

)
π

=
[B(τ → πν)/B(τ → πν)SM
B(π → µν̄)/B(π → µν̄)SM

] 1
2
,

(
gτ
gµ

)
K

=
[B(τ → Kν)/B(τ → Kν)SM
B(K → µν̄)/B(K → µν̄)SM

] 1
2
.

(B.17)

In terms of the high-energy Wilson coefficients, they are given by(
gτ
gµ

)
`,π,K

≈
(
gτ
ge

)
`

≈ 1− 0.079C33ττ
LL (Λ) , (B.18)

where the running is computed assuming Λ = 2 TeV.

LFV τ decays. In our setup, the radiative decay τ → µγ is conveniently described via
the effective Lagrangian

Lτ→µγ = − 2
v2

[
Cµτeγ Oµτeγ + C33τµ

LR O
33τµ
LR + h.c.

]
, (B.19)

where O33τµ
LR has been defined in (2.1), and Oβαeγ = e (¯̀β

Lσ
µνeαR)HFµν . The running of the

Wilson coefficients from Λ = 2 TeV to mτ is given by

C33τµ
LR (mτ ) ≈ ηS C33τµ

LR (Λ) ,
Cαβeγ (mτ ) ≈ 0.92 Cµτeγ (Λ) ,

(B.20)

and the Wilson coefficients at the high scale in the U1 model are defined in (3.4) and (4.18),
respectively. Starting from (B.19), we find the decay amplitude (with q = p− p′)

iA(τ → µγ) = −4e
v2 ū(p′)σανqν

(
ARPR +ALPL

)
u(p) ε∗α(q) , (B.21)

with
AR = v√

2
Cµτeγ (mτ ) + mb

16π2 C
33τµ
LR (mτ ) ,

AL = v√
2
Cτµ∗eγ (mτ ) .

(B.22)

Neglecting the muon mass, the branching ratio is given by

B(τ → µγ) = 8G2
F αm

3
τ

Γτ

(
|AR|2 + |AL|2

)
. (B.23)

For the decay τ → µφ, we find

B(τ → µφ) = 1
Γτ

G2
F f

2
φ

16π m3
τ

(
1−

m2
φ

m2
τ

)2(
1 + 2

m2
φ

m2
τ

) ∣∣C22τµ
LL

∣∣2 , (B.24)

where fφ ≈ 225 MeV.
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