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ABSTRACT: Motivated by the recent LHCb announcement of a 3.1¢ violation of lepton-
flavor universality in the ratio Rx = I'(B — Kutu™)/T(B — Kete™), we present an
updated, comprehensive analysis of the flavor anomalies seen in both neutral-current (b —
s¢T¢7) and charged-current (b — c7v7) 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
U; 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)® 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 B,-B, 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 (*)VD), 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 Rx = B(B™ — K u™u~)/B(BT — KTeTe™) [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 /e universality in b — s¢T¢~ neutral-current transitions [2-4] together with
deviations from the SM predictions in observables involving u*u~ pairs only [5-7], and
i1) deviations from 7/u (and 7/e) universality in b — ¢l charged-current transitions [8—
14]. With the recent result reported in [1], for the first time a single observable affected



by negligible theoretical uncertainties exhibits a deviation from the SM exceeding the 3o
level. Equally striking is the overall coherence of the picture that emerges, especially in
b — s¢T¢~ transitions. As we shall show in this paper, combining all the b — s¢T¢~ 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 4.60.

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, U; ~ (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¢T¢~ data available in 2014 [15]. The link between Rp, originally pro-
posed in [16] as a clean NP probe, and the various anomalies in b — su™ ™ observables, and
in particular the non-standard behavior of the angular distribution in B — K*u*pu~ [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¢t{~ 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)® 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 U; mediator and exhibited a U(2) flavor



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 7 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 U; 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 Uy 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 U; (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(34 ) xSU(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 U; 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)% 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) x SU(3) x SU(2) x 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 U; field acquires mass from the symmetry breaking
SU(4) x SU(3) x SU(2) x 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 U; 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-



independent EFT analysis of the B anomalies. The Uy 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 U; 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 Uj
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-pr constraints on the heavy TeV-scale color-octet boson
G’, which necessarily accompanies the Uy 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 U; 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:

e 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 AF = 2 bounds.

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

e The analysis in section 4 takes into account, for the first time, complete NLO cor-
rections in the leptoquark coupling a4, 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 — Kvv. The O(a4) corrections are also
implemented for the first time in the analysis of the G’ constraints from pp — dijet
and pp — tt, 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



studies as the relevant set necessary for a combined explanation of both anomalies, once
all constraints (including high-pr 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)-singlet leptoquark Uy, i.e.
(a contraction of color and SU(2)r, indices between fermions inside parenthesis is implied)
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where Ql(;’g), Qiedq and Qg 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

J [6”“5 OFpP + il O + (¢ O + e (2.2)

where v = (vV2Gp)~'/? ~ 246 GeV, and the Wilson coefficients are inversely proportional
to the square of the NP scale A. The coefficients of the hermitian operators O, and Ogrp

satisfy the relations
Civr = (€0, ot =(CE). (2.3)

We assume that these coefficients respect an approximate U(2)® 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 EEFT are those with
third-generation indices, while all other couplings are suppressed. More specifically, we
make the following two assumptions:

e Wilson coeflicients of operators containing first- or second-generation right-handed

135

fields are negligibly small, i.e. Cpp” ~ 0 unless ¢ = j = 3 and a« = 8 = 7, and

Czjgﬂ ~ 0 unless j = 3 and 3 = 7.

o Wilson coefficients associated with second-generation left-handed particles are sup-
pressed (relative to those for third-generation particles) by factors of €, €y ~ 10~ for
each second-generation quark or lepton, e.g. C23TT ~ €q C%?LTT, C23” ege C33TT 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 €, suppression compared



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)® flavor symmetry, without any hypothesis about the mediator.
The only relevant difference under this more general hypothesis is that the operators Ql(;)

and Ql(s’) 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 Oy is tightly constrained by data on b — svv transi-
tions and electroweak precision tests (at least for the leading flavor structures). Since this
combination is not generated by Uj 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 Uy leptoquark beyond tree level.

2.2 The b — sfT¢~ anomalies

In b — sT¢~ transitions (¢ = e, u), the NP effects induced by L£XEr 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]

G
Ly sspre- = Nl ViV Y clor, (2.4)

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

a - o =
0§ = 1= Grubo) (D), Ol = o (Guyube) ((1"750) (25)

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
coeflicients 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.

AcY =cf - M, (2.6)
such that the LFU-breaking terms can be defined as
Act=ct —cf=ct — (M +AcY). (2.7)

In general terms, this amounts to introducing four complex NP parameters for ¢ = 9, 10.



From a tree-level matching with LREr in (2.2), it is straightforward to derive the
expressions for the LEU-breaking contributions in our setup. We find

ACH = —ACl = ACt (2.8)

where 5 5
d 23 23ee m 23
ACH = ————— [C7 ™ — Cif°°) ~ ————C; /" 2.9
L a‘/{gv}b [ LL ] O“/t?;v;fb LL ( )
The last relation follows from the assumption that |C75%¢| < |023“ |, which is a key hypoth-
esis of our framework. The multiplicative correction of C; 3“ " due to renormalization-group
(RG) evolution from the NP scale A to the electroweak scale is at the percent level and can
be safely neglected. As a result, the LFU-violating corrections ACéL 10 are scale independent
to good accuracy. On the other hand, since [CZ377| > |C7*|, the mixing of O into
operators containing light leptons is an important RG effect. These loop-induced contri-
butions are responsible for the flavor-universal corrections ACY, which are sizable in the
case of Cy only. One finds [63]
A? 1 93 A?
Ny C 77 (A) In —
my,

AC§ (m CTr (A — :
Yo =5 3 Vave s i W)

l=e,pu,T

The smallness of ACY) 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 AC9U 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 A = 2TeV.
Within our framework, the final expressions of ng including the effects described by
L3E . can thus be written in terms of two independent parameters (ACY and ACY) rather
than four, which we further assume to be real after factoring out the CKM matrix elements,

as in the SM case:!

C§ = Cosm + ACY Clo = Ciosm,

u U u L u (2.11)
Cg = CQ,SM + ACQ + ACL , ClO = ClO,SM — ACL .

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)° 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 Cyg, 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 (spbr) (fritr); the minimally-broken
U(2)® flavor symmetry alone, while implying a strong suppression for this operator, would
not forbid a relevant contribution to the helicity-suppressed Bs — p*u~ rate [61, 64].

LA justification of this assumption is given in section 4.2 in terms of the UV completion of the model.



SM

Observable Experiment
R045:1.1] 0667011 +0.03 [3]
RILLEO) 0.6970LL £ 0.05 [3]
RS osastgees
B(Bs — ptp~)  (2.857032) x 1079 [66-68]

0.906 + 0.028 [65]
1.00 £ 0.01 [65]

1.00 £ 0.01 [65)]
(3.66 £ 0.14) x 1072 [69]

Table 1. Experimental results and SM predictions for the clean observables in b — s¢T/~ decays.

Data analysis.
we distinguish two sets of observables:

In order to extract the values of the NP Wilson coefficients from data,

e 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, Ry [1] and R+ [3] (defined in (B.11)) in all ¢* bins, and the branch-
ing ratio B(Bs — pu" ™), where we perform our own combination of ATLAS [66],
CMS [67] and the recent LHCb [68] measurements.? Within the SM, the theory un-
certainty on Rx and Ry~ is only due to QED effects and does not exceed 1% in Rg
and in the high-¢? bin of R+ [65, 72]. The theory uncertainty on B(Bs — utu™),
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 — s~ observables. This set includes all the other relevant observables,
namely the differential branching ratios and angular distributions of the semileptonic
decays B — K™ ptp~ [73-80], By — ¢utp~ [71, 73, 81] and Ay, — Aptp~ [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 cc re-scattering effects in the final state,

which are difficult to quantify reliably.

The clean observables are sensitive to ACH and ACY, via Rk and R+ (in the limit

where we neglect small threshold effects in the low-¢? bin of Rx+), and to ACYj, via the By —

ptp~ 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 ACY'. 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 B? and B fragmentation fractions fs/fa [71], which is expected to

modify the reported measurements slightly.
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Figure 1. EFT constraints from the b — s¢T¢~ anomalies. Left: results of the two-dimensional
fit ACE vs. ACY, using clean observables only (1o, 20 and 30 intervals). Also shown are the lo
and 20 intervals from Ry (., and B(Bs — ptp™), the latter under the hypothesis ACY, = 0. Right:
results of the two-dimensional fit ACY = —AC}, vs. ACY using all b — s¢+¢~ observables. The
vertical band shows the result using clean observables only (1o interval), while the ellipse denote
the contribution of all the other observables, estimated using Flavio (1o 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 ACY, = 0. We also show separately the parameter regions preferred
by Ri and Rk~ (purple regions) and B(Bs — u*u~) (orange bands), as well as the line
where ACH = —AC},. The inclusion of a non-vanishing ACY), parameter would amount to
a translation of the B(Bs — u™p~) bands in the vertical direction. The plot shows that
the two fit regions overlap in a region compatible with ACj, = —ACY, without the need for
an extra shift due to a non-zero AC{ (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 ACj, = —ACl (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 4.60. 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¢T¢~ 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 ¢2-bins below the .J/¢) resonance (extending up to 6 GeV?) and bins
above the 1 (25) resonance that are at least 4 GeV? wide. In the right panel of figure 1,
we show the result of a combined fit of all observables in terms of AC (which equals



Observable Experiment SM

{0.337(30),0.298(14) }
p=—0.42

B(B~ — 1v) 1.09(24) x 10~* [89] 0.812(54) x 10~ [90]

{Rp, Rp+} [87]  {0.299(3),0.258(5)} [88]

Table 2. Experimental results and SM predictions for b — ¢(u)7v decays. In the first entry, we
provide the present combined experimental average, with p denoting the correlation among the two
observables.

—AC}, in our framework) and AC§. As can be seen from this figure, once the strong
constraint on ACY arising from the clean observables is implemented (orange band), the
other b — s¢*¢~ observables (purple region) can be used to constrain C§', which is found to
differ from zero by more than 20 (see also [86]). In the same plot, we also show the results
interpreted as constraints on the high-scale Wilson coefficients C?L and C?377 which follow
from (2.9) and (2.10). In the latter case, the contribution from RG evolution is estimated
setting A = 2TeV. As can be seen, the hierarchy of these Wilson coefficients is perfectly
compatible with the scaling rule C%?j’:“ H~ 2 CHTT discussed in section 2.1.

2.3 The b — eTv anomalies

In b — crv and b — urv charged-current transitions, the NP effects induced by the effective
Lagrangian £XEr 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

) K i+ Z chk?)TT) (@ yubr) (TLy" Vi)

i=1,2 k=1

4G

Eb—)uile = _W
(2.12)

-2 Z Vzk CkSTT uLbR)(TR I/L):|

We recall that the flavor basis for the NP operators is the down-quark and charged-

. Vil ‘ Vi
qu — ( ]1i L) ’ ZL = (ef) . (2.13)
L L

This implies that different Wilson coeflicients contribute to a given b — u’ transition. This

lepton mass basis, i.e.

is conveniently taken into account defining new coefficients (for i = 1,2)

23T Y/ 137’7‘
14 o Vs <1+C VW)], (2.14)

Cu C33TT
LL CSSTT V;‘b 02377- Vi

and similarly for C;’, with LL — LR everywhere, such that C;% and Cj% are the only
two effective combinations appearing in b — wu; transitions. With these definitions, the

low-energy effective Lagrangian reads
4G F

Eb—)uiﬂ/ = Z V;b |:(1 + C?L) (ﬂ‘iLfY,LLbL)(’FL’YMVL) - 26;3{ (alLbR) (%R VL):| . (215)
1=1,2
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Figure 2. EFT constraints from the b — c7v anomalies. The solid blue ellipses denote the 1o,
20 and 30 intervals of the two-dimensional fit to Rp and Rp-~ in the C¢,-C§  plane (coefficients
evaluated at A = 2 TeV). The dashed contours denote the fit results taking also the constraint from
B(B~ — 1) into account, under the hypothesis of minimal U(2)° breaking (i.e. for C¥, = C¢;,
Ci¢r =Cigr). The bands correspond to 1o regions. The red lines show the benchmark scenarios we
consider in our analysis.

Under the generic assumption |CE’LTE rl < |C%3LTE | stated in section 2.1, the hierarchy
of the relevant CKM matrix elements implies that the coefficients CE’LT 7r Play a negligible
role in b — c7v transitions, while they might be relevant in b — urv 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)® flavor symmetry see appendix A)

we however expect that
C13TT C13TT

_ Vi
C23T’T C23T7— - ‘/t* . (2.16)
s

This implies a complete correlation of the NP effects in b — ¢7v and b — u7rv transitions,

ie.
Cizﬂ' V;s C].37'T @ _ 02377 7{}«;7 (217)
C TT Vib 6237-7- V:is CSSTT V;;
and similarly for the LR coefficients. This in turn implies that
Cir=Cir, Cir=Cig- (2.18)

Data analysis. At present, the observables constraining NP effects in b — ¢7v transitions
are the LFU ratios Rp and Rp~ (defined in (B.4)), which can be used to probe the NP
coefficients C7; and Cfp. In the situation where we correlate b — crv and b — urv
transitions via the flavor-symmetry assumption in (2.18), also the branching ratio for the
decay B~ — 7v plays an important role. The data used for the fit are reported in table 2

- 11 -



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 C§; and Cf j obtained from
the measurements of Rp, Rp+ and B(B~ — 7v) (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 Rp and Rp+ only, while the dashed lines refer to a fit including also B(B~ — 7v) under
the hypothesis of minimal U(2)° breaking. In the first case, which is more conservative, the
significance of the NP hypothesis compared to the SM case (two-parameter fit) is 3.20. In
the figure, we report the results in terms of the effective coefficients C7 | p evaluated at the
high scale A = 2TeV. While RG evolution effects are negligible for Cf ; , the mixed-chirality
coefficients C§ j, exhibits a sizable scale variation due to QCD corrections.

In figure 2, we also show as red lines the relations Cf p = 0 and Cf p = —C§ ;. The latter
is consistent with the expectation [C?F"| = |Ci77| 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:

o Without the inclusion of B(B~ — 7v), the present data are compatible with both
Cir = 0and Cfp = —C§ [, and likewise with any intermediate case.

o The inclusion of B(B~ — 7¥) under the hypothesis of minimal U(2)® breaking is
perfectly consistent with the other constraints. However, it slightly disfavors (by less
than 20) a scenario where |C{ | =~ |C§ |-

In our analysis below we study the cases C’?’TT =0 and Cl?’” = C“TT 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 7 leptons

We will now study the overall consistency of the EFT description of the two sets of anoma-

T C?377 involving tau leptons. In the approxima-

lies by focusing on the couplings and
tion where the very small contribution to C§; proportional to 013” in (2.14) is neglected,
the observables Rp and Rp~ are sensitive to NP effects described by both C33TT and C%3LTT.
The blue band in figure 3 shows the allowed 1o and 20 regions in the C3377-C#7™ plane
in the two benchmark scenarios defined above, in which the corresponding mixed-chirality
coefficients C33” and C23TT are fixed. The b — sy~ observables, on the other hand, are
sensitive to NP effects parameterized by C23” alone, after we marginalize over C%SL“ " (see
the right panel of figure 1). The corresponding allowed region (at 1o and 20) 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 C3377 and C?¥" 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 C337™ and C#57" in the two benchmark scenarios
defined by C¥;™ = 0 (left panel) and C#3%™ = —C%37™ (right panel). The blue bands denote the 1o

and 20 regions preferred by b — c7v data, while the gray bands show the exclusion regions derived

from o(pp — 777~ + X). The preferred values of C23™" derived from b — sutp~ data (at lo

and 20) are indicated by the horizontal orange bands. The dashed red lines provide a qualitative
indication of the bound from B,-B, mixing (see text for more details). The gray lines indicate
reference values of the ratio C357 /C337T ~ .

relevant constraints. They arise from high-energy measurements of the 777~ 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 7 decays, and from precision studies of the B,-B,
mixing amplitude.

The bound from modifications of the high-pr tails in pp — 777~ + 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 bb-, b5- and sb-initiated scattering
processes. In the benchmark scenario with Ci3%7 = 0 (left panel) we also set CEE™ = 0,
while in the scenario with Ci35™ = —C#I™ (right panel) we take Cip” = —C3n™ = C3377, as
expected from a UV completion with a Pati-Salam-like U; leptoquark.

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

- . 2 _ 2 }
[AF=2 _ o (wasL> — Cuy (bL’YudL> — Cue (ryucr)? + hec., (2.19)

where for later convenience we also write the four-quark operators needed for the description

of the By-By and D-D mixing amplitudes. The SM contribution to B B, mixing is given by
2.2

Grmiy

CSM _
bs 47T2

(VisVis)® Solxe)., (2.20)
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Figure 4. Different NP contributions to B,-B, mixing in the EFT. The red vertices denote the
insertion of O™ 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 @, = m?/m%, and Sp(x;) ~ 2.37 [62]. Without reference to a concrete UV comple-
tion, there is no model-independent relation between the Wilson coefficient Cps and the
Wilson coefficients entering the AF = 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 (b LYusL)? with the same
coupling structure, as shown by the second graph in figure 4. We thus expect that (with
i=s,d)

Czlﬁp Al%' (CZL?’ZT) NP G%AQ Z G TT 2
N 7 + ... , Cuc — _fFuc Vuz’V;CUTT + ... ’
CEZM 2m%,V So(ze) | VipVii 872 i ( J-LL )

(2.21)
where A;; 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 Aps can
be lighter than the mass of the mediator responsible for the AF = 1 contact interactions
shown in (2.2).

For instance, in the class of models analyzed in [59, 91|, in which the U; leptoquark is
a massive gauge boson, the scale Ay relevant to B,-Bs mixing is related to the mass My, of
the vector-like leptons, which are responsible for the 2-3 flavor mixing in the U; couplings.
More precisely, for M, < My one finds that Ays & My, [59]. The fact that in these models
Aps 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 Aps < 1TeV without conflicting
with current bounds from direct searches at the LHC (see section 4 for more details).

In the case of Bs-Bs and By-By 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)

Amp, — Am3M CNP CNP
5(Ampg.) = : R I i | S(dg) = 1+ ki), 2.22

The horizontal red line in figure 3 corresponds to 6(Amp,) = 0.1, i.e. to a 10% correction
to the magnitude of Amp,, under the assumption that Ays = 1 TeV. 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 Ay, much
below 1TeV. This is why the region above the red line should be considered as disfavored
by B,-B, 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:

e Overall there is a good consistency between the values of Ci?’LT’TL R hecessary to fit

b — criv data, the value of C3377 indicated by b — s¢1¢~ data, and the flavor scaling

assumed in section 2.1 (gray lines in figure 3).

e The bound from pp — 777 prevents a solution of the b — c7¥ anomalies with
vanishing C%?’LTE r» While By-B; mixing tends to favor the smallest possible value of
(it

e While the benchmark scenario with Cf’ﬁT = 0 appears to be favored by the b — cTv
data alone (see figure 2), the B,-B, mixing bound is more stringent in this case.
Hence, with present data it is still useful to consider both benchmark scenarios.

3 The simplified U; model

In this section we analyze the case where the effective operators in (2.2) are generated by
the tree-level exchange of a Ul' ~ (3,1), /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 U; 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 U; vector leptoquark coupling to SM particles is
given by
Ly = —% UL, U™ + Mg UL U* —igs (1 — ke) U} T*U, GH°
2 A= w) UL T, B 4 I (Y 4 hc)
3 w 14 \/5 M Y
where Uy, = D, U, — DU, , with D), = 9, —igs G} T — i %gyBu. Here G, (a =1,...,8)
and B,, denote the SU(3). and U(1)y gauge bosons, g, and gy are the corresponding gauge

(3.1)
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couplings, and T are the generators of SU(3).. In models in which the vector leptoquark
has a gauge origin, k. = ky = 0, while this is not necessarily the case in models in which
the U; arises as a bound state from a strongly-coupled sector. The interaction of the Uj
with the SM fermions involves the currents

I = B (@ils) + BE (dpvueh) (3.2)

where the couplings 51, and Sr are complex 3 x 3 matrices in flavor space. Following our
hypothesis on the flavor structure of the theory, we can write

0 0 B 00 0
BL =10 BS“ ET ) ﬁR =100 0 ) (33)
0% 1 00 B

with |ﬂdT o< | | « 1 and BY = O(1). The normalization of g is chosen such
that 8% = 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)® flavor symmetry with sizable breaking only
along the U(2), direction.® Under the stronger assumptlon of a single spurion transforming
as doublet of U(2), € U(2)5, we further expect 847 /357 = V5, / V% (see appendix A).

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

CoP = CuB(B) . ClR=CuBR(BR),  CHY =CuBgBE) . (34)
where Cyy = gZv?/(4ME).

3.1 Low-energy fit in the simplified model

In this section, we perform a fit to the U; model parameters described above with the
value of ﬁ?{ fixed to one of the two reference values Blb{ =0 and B?_{ = —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 |3% | =1 (see section 4). A value |3%| < 1 can be obtained,
for instance, in models where the U is a composite state. The condition | B | = 1 does
not fix the phase of % % - In the large-3% % scenario we set Bor % = —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 (77 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 52" and 87" to be real. Note, however, that we treat 3¢
as a complex parameter, because its phase plays an important role in Bg-By 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 8 ~ (ms/ms) S7 and B%“ ~ (my/m:) B, well below the
corresponding left-handed entries.
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Observable Experiment/constraint SM prediction Theory expr.
(9r/Ge,p)e.m K 1.0012£0.0012 [92] 1 (B.18)
B(Bs—7t77) (—0.843.5) x 1073 [93] (7.7340.49) x 1077 [94] (B.13)
B(Bt — K*trtr7) (1.35+0.70) x 1073 [95] (1.440.2) x 1077 [96] (B.14)
B(Bs — 1% uT) <4.2x107° (95% CL) [97] 0 (B.16)
BBt —=KTrtu™) <3.3x107° (95%CL) [98] 0 (B.15)
B(T — ) <5.2x1078 (95%CL) [92] 0 (B.23)
B(T — po) <1.0x 1077 (95%CL) [99] 0 (B.24)
6(Amp,) 0.0£0.1 [*] 0
6(Amp,) 0.0£0.1 [*¥] 0
0(da)[°] —1.0£0.9 [90, 100] 0 (2.21)-(2.22)
Im(CNF) [GeV*Q] (—0.03+0.46) x 1014 [100, 101] 0
Re(CNP) [GeV 2] (0.34+1.4) x10~13 [100, 101] 0

Table 3. Low-energy observables included in the fit of the U; 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 AF = 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 7 decays, encoded in the ratios (gr/ge,.), . j defined
in (B.17), B decays based on the b — s7t7~ and b — s7TuT transitions, the LFV tau
decays 7 — py and 7 — ¢, and AF = 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.

o Contrary to [96], we analyze two scenarios with ﬁ?{ =0 or 65’_{ = —1. Moreover,
in both cases we analyze the impact of relaxing the minimally-broken U(2)? relation
B4T /357 = V% /V;: on the subleading coupling 597

o We impose a smooth cutoff on large values of |377| and | ,6’2“ | via a Gaussian suppres-
sion factor with o = 0.05 for |ﬁf’b”| > 0.2.

e We include constraints from the AF = 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 Aps = Apg = Aye = 1 TeV. Moreover, in order to avoid a possible bias from
UV-sensitive observables, we require the contributions to [§(Amp, )| thus estimated
not to exceed 10% (at 1), which is in line with the present error on [§(Amp, )|
from global CKM fits [100].
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Figure 5. Two-dimensional constraints on the U; couplings obtained by including the low-energy

inputs in tables 1, 2 and 3. The two colors correspond to the benchmarks ,83’{ = 0 (orange) and

5’{ = —1 (purple), with ﬁ?f unconstrained. For each benchmark, the darker and lighter regions

denote Ax? < 2.30 (1o) and Ax? < 6.18 (20), respectively. In the C-347 plot (upper left), we also
show dashed contour lines corresponding to §(Amp,) = 0.1 for different values of Aps in (2.21). In
the B57-B¢" plot (lower left) the red solid line corresponds to the U(2)® relation 47 /857 = V5 / Vi

o We implement the one-loop contribution to 7 — pvy 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:

o 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 B%T free to vary in
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Scenario Ax? Parameter best fit 1o
Cy 0.010  [0.007,0.017]
min. U(2)® breaking o —0.15  [—0.26,—0.02]
dr * * QST 58.6
(BT =Va/VisBLT) ST 0.19  [0.10,0.25]
25 0.014  [0.004,0.14]
no RH currents Cy 0.011  [0.007,0.018]
(B =0) bu ~0.14  [~0.25,-0.02]
5T 0.19 0.11,0.24
97 free 59.5 L | )
o 0.013  [0.005,0.125]
|Vis/ Vi BET 0.11 [0.04,0.24]
arg (Vis/V5BET)  0.4x [0.0,0.5] 7
Cy 0.004  [0.002,0.006]
min. U(2)® breaking o —0.21 [-0.26,—0.16]
dr * * QST 54.0
(BT =Va/VisBL) 5T 0.21  [0.12,0.26]
ia 0.03  [0.01,0.04]
max. RH currents Cy 0.005  [0.004,0.007]
(B =—1) b —0.21 [-0.25,—0.14]
5T 0.21 0.15,0.26
97 free 56.7 L [ )
o 0.02  [0.01,0.07)
Via/VaBirl 024 [0.13,0.34]
arg (Vis/V5BET) =067 [-0.7,—0.5]7

Table 4. Fit results for 3% = 0 and 8% = —1, with and without the additional assumption of
minimal U(2)° breaking. For each scenario we report the Ax? = x? — x2,;, the best-fit values and
the 1o confidence intervals (marginalizing over the other parameters) for all fit parameters.

magnitude and phase, the Ax? values reported in table 4 indicate a strong significance
of the NP hypothesis (well above the 50 level) compared to the SM in all four cases.

o A different way to illustrate the previous statement is offered by figure 6, where we
show the 1o and 20 preferred regions for the LFU-violating observables

SM SM
RSM ) D) — RSM ’
K () D)

obtained for the two reference options 4% = 0 with minimal U(2)® breaking, and
55’{ = —1 with generic ,BgT, 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 B?{ = —1 case is slightly disfavored (as indicated by the lower Ax? values
in table 4), because of the lower prediction of Rp- compared to data.
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Figure 6. Preferred 1o and 20 regions for the ratios 6 Ry and 5R[11('1’6} resulting from the low-
energy fit for 3% = 0 (orange) and 8% = —1 (purple). Note that in both cases SR}, ~ R to a very
good approximation. The colored error bars show the current experimental measurements at 1o.

o As found in previous studies [44, 96], there is a strong correlation between Cp and
ST

77 (upper left plot in figure 5). This is a consequence of R+, which fixes the
product of Cyy and B77.

o The value of dRy (. fixes the size and the sign of the product of BZ“ and (7. The
individual signs of the two couplings are not determined, and we choose ,82“ < 0 and
7 > 0 when displaying the fit results. The magnitudes of the 5% parameters are
consistent with the expected scaling rules |377| ~ €, ~ 0.1, |BZ“ | ~ € ~ 0.1 and
|B7| ~ €qer ~ 1072

o As already found in the EFT analysis, the AF = 2 constraint is particularly relevant,
especially in the scenario with only left-handed couplings. Depending on the value of
the effective mass parameter Ay, 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 Ap; = 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 1 TeV is motivated by the fact that in the specific
UV completion we have in mind the parameter Ay, is associated with the mass of a
heavy vector-like lepton (see section 4 for more details).

o The minimal U(2)%-breaking relation 8¢7/35" = Vi / Vi is well supported by data.
This becomes evident when one compares the Ax? 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 8% = —1 case).
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Figure 7. LHC constraints for the U; vector leptoquark for the benchmark scenarios with ﬁ;’{ =0
(left) and 8% = —1 (right). The 1o and 20 regions obtained from the fit to low-energy data are
also shown.

3.2 Constraints from high-pr observables

Having discussed the most relevant low-energy constraints, we now turn our attention to
the bounds from collider (“high-pr”) physics. We focus here on the constraints on the
U; 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 55’{ =0and B?{

—1, and we assume the same U(2)-inspired scaling rules for the
ﬁi‘”‘ 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
ke- In models where the vector leptoquark has a gauge origin, this non-minimal coupling
is absent (k. = 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 U; — br™
and Uy — tv, with branching fractions that depend on the value of Bﬁ’{. For the benchmark
scenarios considered here, the largest cross section is obtained for pp — U{U; — brtv. The
CMS collaboration has performed a dedicated search for this channel using 137 fb~! of
13 TeV data [106]. The corresponding exclusion regions (obtained for k. = 0) are shown in
figure 7 for both benchmark scenarios, together with the 1o and 20 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 3ab™! 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-pr searches.

Another interesting collider constraint is obtained by searching for modifications of
the high-pr tail in the dilepton invariant mass distribution in the Drell-Yan process pp —
7777 + X induced by t-channel U; exchange [42, 104, 114, 115] (see figure 8 c).* The
dominant production mechanism for this channel is via a bb initial state, while contributions
from bs- and ss-initiated processes are subdominant due to the underlying flavor structure
of the leptoquark couplings. Stringent limits from pp — 777~ + X data can be obtained
by recasting the ATLAS analysis in [118] with 139 fb~! of 13 TeV data, following the same
recasting procedure described in [104]. As shown in figure 7, high-py lepton tails provide
important constraints on the parameter space preferred by the low-energy fit, especially
for B?{ = —1, where the limit is about two times stronger than in the B?{ = 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 1o and 20 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]).

4 Analogous limits from pp — pr [104, 116] and pp — p*p~ [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 — 70 [117] are found to be weaker
due to the smallness of Vi, 377 and V} compared to the dominant third-generation couplings.
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4 UV completion and further predictions

Any UV completion for a TeV-scale Uy 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],

G321 = SU(4) x SU(3) x SU(2), x 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 U; generators and by the
requirement of flavor non-universality. The vector-like fermions, transforming as doublets of
SU(2)r, are a key ingredient to generate a non-trivial flavor structure for the U; couplings
to left-handed fermions, yielding flavor off-diagonal couplings such as 87" and B?f‘ . 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 U; 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)) 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), basis for quarks and leptons. The strong constraints from down-type AF =
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 U; 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 /g% and g% /g? 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-
pr 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 U; sim-
plified model fit. The most interesting ones are the Lepton Flavor Violating (LFV) decays
BY — Ktrtu~, By — 7 pt, 7 = py and 7 — p¢ (figure 9), and the rare B, de-
cays into di-tau final states B,y — 777~ and B — K77~ (see figure 10). With the
exception of 7 — py, all these observables are dominated by the tree-level contribution
from the U; exchange. The radiative decay ™ — p7 is generated at the loop level, but for
ﬁ?{ = —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 1o and 20 regions for LFV processes resulting from the low-energy fit in the
U simplified model for 3% = 0 (orange) and 8% = —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 By — 7~ u™ is shown.

The explicit expressions of the amplitudes in terms of the U; couplings are reported in the
appendix B. It is worth recalling that we used the present bounds on all these observables
but B — 777~ (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 |B§’{| leads to predictions for By — 7777, B — K777,
Bs — 7~ pt, and 7 — uy close to present bounds. In the dilepton modes, this is because
of the chiral-enhancement of the corresponding hadronic matrix element while for 7 — u~,
this occurs because of the large loop-induced amplitude. This observable is not shown for
ﬁ?{ = 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 Bé’{ are representative of two
extreme options. In gauge models, the naive expectation is | ,Bf’ﬂ = 1, but with a suitable
mixing with right-handed vector-like fermions it is possible to achieve smaller values. A
possible detection of By — 7~ ™ would therefore represent a key ingredient to determine
the size of |6?{ . An important role is also played by 7 — u¢, which is a very promising LFV
observable for the LHC and Belle IT 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 — 777) vs. B(Bs — 7t77). The ratio of these two rates is controlled
by 5%7 /57", and would therefore be an ideal probe to test the assumption of minimal
breaking of the U(2)° flavor symmetry in the 1-3 sector, in the scenario with sizable right-
handed couplings. In the pure left-handed case, subleading U(2)® breaking terms could
be tested via the LFU ratio R, = B(BT — 7ntutp~)/B(BT — ntete™) [61, 123], which
would allow us to probe ﬁg“ /B
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Figure 10. Preferred 1o and 20 regions for di-tau final states resulting from the low-energy fit in
the U simplified model for 8% = 0 (orange) and 8% = —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 — 7777)
and B(B — 7+77) for B¢7/B57 = V%,/Vi (minimally broken U(2)%).

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 5ab~! Belle IT expects to set the bounds B(BT — K+rt77) < 6.5 x 107°
(90% CL) and B(Bs — 7777) < 8.1 x 107* (90% CL) in the absence of any signals,” while
LHCb should reach B(Bs — 7777) < 5 x 107* (95% CL) by the end of the Upgrade II,
thus probing the preferred parameter space for the | ﬁ?ﬂ = 1 case almost entirely. For the
LFV processes, Belle II is expected to reach a sensitivity of 1 —2 x 1072 (90% CL) for both
B(t — ) and B(t — p¢) with 50ab~!, and LHCb should achieve B(Bs — 7p) < 3x 1076
(90% CL) at the end of Upgrade II.

®Access to B at Belle IT requires dedicated runs at the Y(55) resonance. The limit we report assumes

an integrated luminosity of 5ab~! [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®vw), and 7 — .

In all these observables we can identify a Uj-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 U; 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
AF = 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 U; loop-induced contributions
is provided by the additional vector-like fermions. To take their effect into account, we
modify the J g current in (3.2) as follows

JU = I+ BEY Q) + B (ThvuL) (4.2)

where @) (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 U; couplings to fermions used therein to
the one adopted in the present paper via

b= Wiy, By = —sqWai, [ = —s.Wia, B = sqosLWaa, (4.3)
BT = cqWar, B =c Wiz, = —cos W, BiF = —sqcWas.

Here sp,g) and crg) denote sine and cosine of the mixing angles of the vector-like fermions
with the light (second-generation) chiral fermions, whereas Wj; are the elements of the
complex 2 X 2 unitary matrix describing the mixing among vector-like fermions and third-
generation chiral fermions. The natural expectation is [spg)| < 1, |ef)l = 1, and
W;; = O(1).5 The mixing matrix W;; 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 B% corresponding
to 3 <» 2 mixing as real couplings.

®Note that in (4.3) we have not redefined the value of gy to absorb the difference of 85 from unity.
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Figure 11. Upper left: 1o and 20 regions in the (0Rp+, 6(Amp,)) plane preferred by the low-
energy fit, with Aps = 1TeV. Upper right: 6(Amp,) as a function of 0Rp~ in the UV complete
model for different values of My, fixing My = 4TeV and 377 = 0.15. Lower plots: preferred lo
and 2o regions for §(Amp,) as a function of the vector-like lepton mass for My = 4TeV. As in the
other plots, orange and purple correspond to the benchmarks 65’{ =0 and ﬁ?{ =—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).

AF = 2. We start the discussion of the AF = 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

4, 2 _ _ 2 Cz/ . . 2
L == [CGf (@ Tq} + @ Toak) + 5o (@277 ad + k) } (49

where we have defined ¢3, = (u%, d%,)7 and Cgr 7z = g3v?/(4 Mg;/,z/) + O(giy/gi), 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-D
mixing are still present. Using the notation introduced in (2.19) we get

2 (Cor  Cyp C VEV, 2

NP—tree G Z * 2 —15 —2 U ub ¥ cb

e IS Vip)? ~ 1.2 x 1071° GeV ,

Cuc v2 ( 3 T >< uVer) % e (0.01) <1.0>< 10—4>
(4.5)

where, in the second equality, we have taken the limit of degenerate heavy-vector masses
Mg = My = My, for which Cgr = Cz ~ Cy up to terms of (’)(gg’y/g%). Given the limits
reported in tables 3, this contribution falls below the current experimental sensitivity on

D-D 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)—B(s) mixing.
Considering a misalignment only in the left-handed sector, and denoting by Ly the unitary
matrix connecting the 4321 interaction basis to the down-quark mass basis (qz = (Lq)id, q%',
see appendix A), in the case of B mixing we get

Cpe " 16m%07 (CG/ L+ CZ’) [(Ld)z;b (Ld)3s‘| ’ ~ 93 x ( Cu > [(Ld)gb (Ld)ssr
cpM m2, So(ze) \ 3 24 ViVis ' 0.01 ViiVis ’
(4.6)
where, once more, we took the limit of degenerate heavy-vector masses in the second
equality. For this contribution to give d(mp,) < 0.1, the left-handed down-quark rotation
needs to satisfy |(Lqg)ss| S 0.2|Vis|. This does not require a strong tuning, since the natural
size of the possible misalignment is O(|V;s|). In models with minimal breaking of the U(2)®
flavor symmetry, the term between square brackets in (4.6) is real [61] and yields a positive
contribution to Bg mixing. Contributions of arbitrary sign can be obtained only by relaxing
the assumption of minimal U(2)® 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 Uj-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
B and the By amplitudes, which is rather unnatural. This is why we prefer to adopt the
assumption of small misalignment from the down-type basis, i.e. |(Lq)ss| < |Vis|, which is
a more motivated choice from the model-building point of view.
Having analyzed the tree-level contribution to AF = 2 amplitudes, we now discuss the
U, loop-induced amplitudes. For simplicity, we focus on By — B, mixing. Following the
analysis of [59], the (finite) loop contribution to Cps, taking into account both light and
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heavy leptons, is

NP—loo 2(JU 92 sL\* 2
G =" e ((BE) BE| Parslan). (17)

where xy = Mj% /MZQJ, with My, being the vector-like lepton mass, and the expression for
the loop function reads [59]

Fap—a(x) =

(4.8)

m(a;+4)(a:—|—1)<1 xlnx) .

8(z —1)2 PR

For the sake of completeness we kept a complex notation for ﬁ’Lé 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 5% in the limit |s L@ < 1, we can write

Cll)\LIqutree _ 4M5' 5 [( zq—)*

2
~ Fap— . 4.9
M T my So(w) U ;,;Vts] ar=a(re) 9

Using the expansion Fap—s(z) = x/4 + O(z?), the effective mass combination A, intro-
duced in (2.21) can be identified with Ay, = /2 My in the small 2, limit. We stress that,
rather than the value of My, what controls the overall size of the AF = 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 AM|, o« Wi M, [59].
In other words, the AF = 2 amplitude is finite in the limit of heavy vector-like masses.
However, for My, — oo the effective mixing 37" vanishes.

In figure 11, we show the expected value of 6(Amp,) as a function of §Rp- 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 JRp-+ is closely connected to the quadratic dependence from
|5{7| that, to a large extent, controls the size of §Rp-. The quadratic dependence from M7,
is due to the behavior of Fap—_o(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
AF = 2 bounds require a vector-like lepton with mass not far from 1TeV.

B — K™y, We now analyze b — sv transitions. As already mentioned in section 2,
the Uy 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 — svv transitions
a clear example of UV-sensitive low-energy observable.

We define the relevant Lagrangian as

4G * afB (= —a
Lyysp = —— Vi Vi COF (SL'YubL)(VL'VHVﬂ)- (4.10)

V2

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

aw
C =—X 4.11
v, SM 2 ts ( )
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where X; = 1.48 4 0.01 [126], and aw = g2 /(4m) with g;, being the SU(2); coupling.
Due to the underlying U(2)® 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, p)

o7 = Cusm + Co'xp CY ~Cosu s Cif~C ~Cf 0. (4.12)

With these definitions, the NP correction to the B — K ® v branching ratio reads

B(B—KWwr) 2 1 2

2 Conp +Cusm
B(B— K®uvi)gy 3 3

CV,SM

(4.13)

We further split the NP effects into Z’-mediated and U; loop-induced contributions as

follows:
oNe =Cl +C (4.14)
At NLO accuracy, we have [57, 59]
L) (L sL QbL %
T A CIP/{GUE + Qg Cy | -2 ( d)3s( d)3b _ BL PL FAQ:l(wL) :
’ ’ Am VisVio VisVio (4.15)
TR — Cu_ | (La)ss (La)as (1 30[4) - LZLB%L* Gag=1(zr, 27/, TR)
v 2 Aoy | ViV 84r) Am ViV, ~oeshlnab ’

where the loop functions are given by,”

1—2 4 2 2 2
(4.16)

2x 2xInx 9 T 3 9
FAQ:l(x) =~ + (.7} — 1)2 s GAQ:1($1,$2,$3) ~-x1+ 71 (:pg — > <lnx3 — ) s

and we defined 25 = M%,/M?J, T = M%/Mlzj and g = ]\/.1'12%/]\/1'[2]7 with Mg being a scale
associated to new scalar degrees of freedom. The coefficient CE:GUE encodes the RGE-induced
contribution from the tree-level leptoquark-mediated operator O%77. Using DsixTools [127]
and setting A = 2 TeV, we find

CLIT (M)
VisVio

CHGF = —0.047 Bor_
v ViV

v,

= —0.047Cy

(4.17)

Out of the different contributions, those proportional to (Lg)3, are tightly constrained by
Bs-mixing (see discussion above) and can therefore induce at most a +3% correction to
B(B — K (*)1/17). 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(*)yﬂ). More precisely, noting that BEL 2L* ~ —p7,
an enhancement in the R, ratio unavoidably yields an enhancement also in B(B —
K (*)Vﬁ). Note that this enhancement does not depend directly on [3?{; however, the value
of ﬁ?{ indirectly influences the effect via the extraction of Cpy from the fit of R (see
figure 5). This is why the NP impact in B(B — K®)vw) shown in figure 12 is smaller for
BbT - 1.

"For concreteness we choose the model I scenario in [59] when writing Gag=1. As shown in this reference,
similar predictions are obtained in the model II scenario.
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Figure 12. Model predictions (best 1o and 20 fit regions) for the B — K®pp branching ratio as
a function of My, setting (Lq)5, = 0, My = 4TeV and g4 = 3, and varying the scale of the scalar
degrees of freedom and the Z’' mass in the Mg = [1,27] My and Mz = [0.5,1] My ranges. As in
the other plots, orange and purple correspond to the benchmarks [35’{ =0 and ﬂé’{ =1

In figure 12, we show the model predictions for B(B — K *)up) as function of My, for a
fixed value of g4 = 3 and My = 4 TeV. Current experimental limits B(B — Kvv)/B(B —
Kvv)gy = 2.4+0.9 [128-131) and B(B — K*vv)/B(B — K*vv)gm < 3.2 (95% CL) [129]
are still far from our model expectations. However, the Belle II Collaboration will measure
B(B — K™up) to an accuracy of 10% of its SM value [124], thus probing the entire
relevant parameter space of the model.

T — py. The matching contribution to the dipole operator is given by

Cor [9-(A) 0r Ous 3ub(A) Ly b
Cey (A) = _ﬁ {y é )BL (G (zg) — 2Ga(zg)) + %;)ﬂ% By

ol } O (418)
C™(A) = — o5 T2 B2 BT (Ga(aq) — 2Ca(xq)) -

where zg = Mé/MIQJ and the functions G 2(x) are given by [59]

2—5x 4—13z+ 322 4o —1 2— 5z — 322
Gl(x)—mlwlnx—w N Gg(m)—flwxlnx—‘—wl
(4:19)

Using these results, and given the size of the various B% couplings, it is easy to verify
that the leading contribution is the one proportional to ¥, 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 O%%T(mT) in (B.20). This is why we considered
B(t — p7y) among the UV-insensitive observables in section 4.1, at least in the case of
large Bﬁ’{ (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 #t (blue) final
states for the benchmark couplings x} = —gs(M{)?/g¢, (solid) and ! = 0 (dashed), and kg = 1
in both cases (see text for details). We mark in gray those values of the width which are below the
sum of #t 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
1 la o apy 1 2 ~aap 1 la o py -~ ra b e py
L'sz—sz,G +§MG’GM G —i—iﬁ;GIGwG +93/£G1fachu G,/ G
+ger G (KD @ Ty, ), + K Wl Ty why + K dig Ty, d) - (4.20)

In models where the coloron has a gauge origin, such as the ones discussed here, we have
kg = kg = 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-pr. Furthermore, in all UV completions aimed
at the explanation of the B-anomalies, the following relations are satisfied

2 2
~ 33 33 ji 2 9s ji 9s

gor = Knvogu, kP =1, Kyja=KR, Ky =80— "5, HKyq=—"9, (421)
9o 9o

with ¢ = 1,2 and g5 evaluated at the coloron mass scale (gs(M¢g/) =~ 1). In this expression,
s 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-D mixing [91]. Since sq is connected to the value of 337 (cf. (4.3)), the constraint
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from the low-energy fit naturally leads to a significant suppression of the /ﬁf'j couplings. To

illustrate this effect, we consider two benchmark values for these couplings in our analysis:
g =
For concreteness, here we take kg = 1, which is common to all models with third-family

K 0 and /ﬁ;ff = —g2/ g?J. The value of ki can vary depending on the UV completion.
quark-lepton unification. Finally, in UV models where U; and G’ have a common origin,
we have ggr =~ gy. 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]

~1/2
Knio ~ (1 +2.65 Z‘—; +8.92 ;) : (4.22)

which amounts to an O(10%) reduction of ggr for gy = 3.

Given the coupling structure in (4.21), the most effective coloron searches consist in
resonant production with ¢t and bb final states. Since the coloron couples to two gluons only
at the loop level, the dominant production channel is via quark fusion, i.e. ¢q¢ — G’ (see
figure 14). Even though the couplings to light quarks are suppressed by g2/g2,, 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’ — tt/bb has only a mild dependence on g¢, except for extreme values of
this coupling, where the bb initiated process starts to dominate. For concreteness, in what
follows we fix go = 3, noting that the limits we derive will not be significantly affected for
lower values of ggr (up to a trivial rescaling of the width). The partial width of the coloron
to SM particles for ggr = 3 is 'qr—qq/Ma ~ 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~! of 13 TeV 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_aMCONLO [133] using the default NNPDF23L0 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 o(pp — G’ — jj) cross-section subject to the
same rapidity cuts |n(j1)|, [n(j2)| < 2.5 and |An(j1,72)] < 1.1 used in the experimental
analysis. The resulting cross-sections are then confronted directly with the 95% CL limits
for a gg-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 I'r /Mg = 0.24, an exclusion limit is found at
Mg ~ 3.3 TeV for K?f]i = —g2/g% and Mg ~ 2.7 TeV for nfj = 0. Since our dijet signal is
made almost entirely of bb 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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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’ — tt channel. The precise
measurements of the differential cross-sections for boosted top-quarks from ¢t production
are powerful probes for heavy resonances, the invariant mass distribution m,; in particu-
lar. Following the same procedure as in [91, 104], we use the unfolded parton-level data
of the normalized m,; 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~! [138], a new search by CMS with
35.9 fb~! [139] has recently been released. Below we present results combining the two
searches for a total luminosity of 72fb~!, 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 3 TeV in
the invariant mass distribution, while the data provided by CMS reaches 4 TeV. 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 m,; > 1250 GeV (m,; > 1200 GeV). After computing the normalized m,; distri-
butions subject to partonic cuts® 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, ¢ provides much stronger limits
in the entire relevant region in parameter space, making this a key channel to test the U;

8mz > 800 GeV, pr(t) > 400GeV, |n(t)| < 2.4 for CMS, and pr(t:1) > 500 GeV, pr(ts) > 350 GeV 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
500 GeV. As a result, we find coloron exclusion limits of Mg ~ 4.0 TeV for /séi = —g2/9%
and Mg ~ 3.5 TeV for ki’ = 0, for a nominal width of I'c/ /Mg =~ 0.24.

Z' searches. The dominant search channel for the Z’ at hadron colliders is via the Drell-
Yan process pp — Z' — 7777, see figure 14 b.? Contributions to the production of the Z’
from initial light quarks are suppressed by the coupling ratio (gy/g4)? 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 bb-initiated process are about 4 times
smaller than those from the U; 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 U; and
G’ gauge bosons. We checked this explicitly by matching the Z’ to the effective operators
n (2.1) for which limits on the Wilson coefficients from pp — 77~ 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 =~ gy > 3, the limits from the effective
operators translate to an exclusion limit for the mass around My 2 3TeV. Note that
using the EFT limits is already a good approximation as long as the Z’' mass ranges
around ~ 3 TeV. The resulting bounds for the Z’ are generically weaker than the U7 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 AF = 2 transitions at low
energies, the mass of L must be relatively light, around My, ~ 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 g7 — v/Z*/Z' — LL and the associated single
production mode ¢'g — L'U;. The resonant production of LL from the decay of an on-
shell Z’ (figure 14 ¢) 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 L* — hl’, or via the 3-body process L' — ¢*¢7g* induced by the
vector leptoquark mediator, depending on the UV completion. In either case, one expects
high-multiplicity final states composed of 7-leptons, b-jets, top-quarks and missing energy
from neutrinos. In a similar way, vector-like quarks @ 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’ — QQ (if kinematically allowed). Once produced, these
heavy fermions decay via Q° — hq', QF — (i¢/l*, Q' — (¢’ L*, leading to a large amount

9Because of the coupling structure of the Z’, decay channels into dijets and t¢ pairs are suppressed by

+

about a factor of 3 compared to pp — Z' — 717~ 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 ¢* — ¢qq 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 o(pp — LL) 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 My, ~ 0.8 TeV [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 Ry [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¢T¢~ observables leads to
a 4.60 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 LF'U violation in b — ¢7v 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 Uj
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 U;
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 Uy 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:

e A combined explanation of both b — s¢/T¢~ and b — ¢ anomalies in terms of a
massive Uj is perfectly consistent with all available data. Interestingly, the low-energy
data imply a preferred parameter region for mass and coupling of the U; that can be
probed entirely within the high-luminosity phase of the LHC, as shown in figure 7.

e The above conclusion is driven by the b — crv anomalies and holds irrespective
of various unknown parameters, such as the strength of right-handed leptoquark
couplings or the size of subleading U(2)°-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 7F 4T 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.

e B,-B, 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).

o In the 4321 framework, the B — K® v decay rates are expected to be significantly
enhanced over their SM values, as shown in figure 12.

e 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 — tt. Present data indicate Mg > 4 TeV, close to the bounds of the perturbative
regime. We therefore await with great interest the improvement of the experimental
analyses of pp — tt 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¢T¢~ anomalies [149-151] and of the simplified U; 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)% symmetry

The largest global flavor symmetry commuting with the gauge symmetry of the SM La-
grangian is U(3)® [153]. The U(2)° flavor symmetry is the subgroup of the U(3)% 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

U2 =U(2)o2U2)2U2)roUQ2)p2UQ2)g . (A1)

In the limit of unbroken U(2)®, 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

Vg~ (2,1,1,1,1), Ve~ (1,2,1,1,1)

_ _ _ (A.2)
Ay~ (2,1,2(1),1(2),1), Ao~ (1,2,1,1,2) .
In the quark sector, this is the minimal set of terms with different U(2)> 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)> symmetric limit is a good approximation to the SM Lagrangian, all the U(2)%-
breaking terms can be chosen to be small in size.

By construction, V, , are complex two-vectors and A, , 4 are complex 2 x 2 matrices.
In terms of these spurions, we can express the Yukawa couplings as

Ae 2.V, A, iV, A V.
Yo =y, e , Y=y tha ; Yo=u d T ; (A.3)
0 1 0 1 0 1
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where y,;p and x4 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)-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 |V,| = O(|Vy|), while light quark
and lepton masses imply |Ayqclij < [Vy|. The assumption that V; 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)®, is what we denote as the minimally-broken U(2)® hypoth-
esis. The flavor scaling discussed in section 2.1 for the leading semileptonic operators
addressing the anomalies is obtained for

Vgl Vel = 0(107") . (A.4)

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

Flavor bases and diagonalization of the Yukawa couplings. We define as inter-
action basis the flavor basis in U(2)% space where V,, = |V, /| x 7, with 7 = (0,1)T, and
AL,d,eAU7d7€ is diagonal. Without loss of generality, the Yukawa matrices can be brought
to this basis via appropriate field redefinitions, yielding

UIOT Ay |V,| x| %4 i UlAg |V, | || €%
Y=y ¢ 01 , Yq = |yl I ! ;
0 1 0 1
OIA. |Vi||zr| 7
Ye=|yT|( e il ) (A5)

where Amd,e are 2 x 2 diagonal positive matrices, O, are 2 x 2 orthogonal matrices, and
U, is of the form

(1o %}
U, =< V. ) ’ sq¢=sinbg, cq=cosfy. (A.6)

—sq€e " ¢y

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

Cd —5q €' 0 Ce —s. 0
Ly~ sge i cd sp | s Le=| s Ce  Sr | (A7)
—sgspe atd) _c, g o100 g~ida —8¢8; —CeSr 1
1 0 0 1 0 0 1 0 0
~ s ~ c ~ m
Ry~ 10 1 :Zb sp |, Ru=1]0 1 zt s |, Re= |0 1 mi;:ST ,
0 =8 e~ %1 ei%q 0 —The st e~ % e~i%q 0 —% sp 1
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with L, = Ly VéKM and s; = s — V. The parameters sg and 4 are not free and can be
expressed in terms of CKM parameters:

sa/ca = Via/Vis| , ag = arg(Vig/Vis) - (A.8)

The fact that the 2 x 2 upper block of L, is entirely determined in terms of CKM elements
is the origin of the relation in (2.16) and the condition B¢7/B37 = V}/V}% among the Uy
couplings.

The flavor-mixing parameters (spurion structures) which are left unconstrained
(i.e. cannot be determined in terms of SM parameters) are:

o quark sector: 2-3 mixing angle sp/c, = |xp| |V;;| and CP-violating phase ¢q;

o lepton sector: 2-3 mixing angle s;/c; = |z.||V;| and 1-2 mixing angle s. (encoded
in Og).

The approximate down-alignment in the 2-3 sector, necessary to satisfy the tight bounds
from B; mixing when addressing the B anomalies, is achieved for |z;| < 1. In the exact
down-alignment limit |xp| — 0 (or equivalently s, — 0), the phase ¢, 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 p, = my,.

B.1 b — c(u)TP transitions

The low-energy effective Lagrangian describing b — u;7v transitions (with ¢ = 1,2) can be
written as

4Gy i\ i i iy i i i i
Ly—su;ro = A Vib [(1+OVL) v, + Cv, Oy, +Cs, Og, +Cg, SR_‘_CTOT}’ (B.1)

with operators

0%, = (Truvr) (@py'or), 0%, = (FLyuve) (Ugy"br)
OgL = (Tr VL)(U;{ br), Ong = (Trvr)(u} br), (B.2)

oL = (fRUMVVL)(’L_L%O"U'VbL).

In our case, we only generate NP contributions to the operators Oy, and Og,, with coef-

ficients given by
Cy, = Cry, Cs,. = —2n5Crhy, (B.3)

where the coefficients C}% and C}% have been defined in (2.14), and the evolution factor
for the scalar current evaluates to ng ~ 1.7 for A = 2TeV.
The relevant observables in this category are the LFU ratios Rp and Rp-, defined as

B (B = D(*)Tﬂ)
B (B N D(*wa) ’

RD(*) = g =6&u, <B4)
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and the leptonic decays B~ — 7v and B, — 7v. The expressions for these observables in
terms of the Wilson coefficients in (B.1) read

Rp = RSM “1+C§L i {(1+c,) C§§}+1~03|C§|2]’

(B.5)
Rp- = R [’1+C§L ’ {(1+c5,) 0} +oosos, 2},
and )
B(B;y — 1) = B(B; — mi)sm |1+ CY, + Ch, m , (B.6)
where B~ = B, is understood.

B.2 b — s(d)£~£* transitions

The low-energy effective Lagrangian describing b — dﬂ;ﬂg transitions (with ¢ = 1,2) is

given by
4GF a3 wzﬁ
Lb%dif_[‘— O —F= ‘/tz V;fb Z C O (B?)
with operators
io o [ — io - B
Oy = = I (debL> (&ﬁ“fﬁ), O - 47T( PoR)(Cals)
a [ _ - (B.8)

Unless specified, the Wilson coefficients C,iaﬂ include both the SM and the NP contributions,

i.e.

B _ piaB o3
Cm = Cpsm + Crnp - (B.9)
At tree level, the NP contributions can be matched to the Lagrangian in (2.2) via the
relations

chﬁ _ Czaﬁ 2T 13Ba

9,NP 10,NP — a‘/t:‘/%b LL >
A (B.10)

Czaﬁ _ _Cz’aB _ ™ 3B )

aViVe HF

Whenever possible, we simplify the notation by omitting the superscript ¢ for b — s transi-
tions. Also, for lepton-flavor conserving operators we use the superscript £, instead of £, 4.

Ry and Rg«. The LFU ratios R and Rg~+ are defined as

@2 o ] fqmax dq2 dB (B N K ) + —)
RKr(rim7 max 9min . (Bll)
fqmax dq2 dB (B N K( )6+67)

Inln
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. . . . . /J/ e
Their expressions in terms of the Wilson coefficients ngNP and Clo,NP read

RLLE %’é’ﬂ 140.24Re(Ch xp) —0.26Re(Cl, xp) +0.03 (ICG np | +ICTo np|?)

' 1+0.24R6(C57NP)—0.26Re(CfO7NP)+0.O3(|C Np‘2+|610 NP‘ )
R[;(l 6 _ [11{*15%\/[ 14+0.18Re(Cy np) —0.29Re(Cly np) +0.03(|C NP’2+|010 xpl?)
1+0.18Re(C§ yp) —0.29Re(CFy xp) +0.03(|CS xp > +1CT0 xp | )’
R[Ig.345,1.1] R[Ig*og\/[l 1 1+0. 040Re(Cy np) — O-OSORG(C{LO,NP)‘*‘O-ON(’C&NP\QHC%,NP‘Z) 7
1+0.037R6(C§7NP) 0'075Re(cf0,NP)+0'009(|C§,NP|2+|C‘TO,NP|2)

(B.12)

where the superscrlpts refer to the bins in ¢? [GeV?]. As can be seen from these expres-
sions, R%’LG] nd R[ L6l are insensitive to possible lepton-universal NP contributions. A
subleading sensitivity to universal corrections is present in the low-¢? bin of Rx~, due to
me-dependent kinematical effects close to threshold (recall that R[O 045,11} # 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(B; — (107) = B(B; — (70 )sm { |1 + Cioe LGk ", (B.13)
‘ ’ Ciosm  Crosm 2my(mp +m;)

Cif m%
Cio,sm 2my(mp + m;)

2
+<1 4m§> }
mf

B(B — Kr*r7) =107 (22[C][* + 6.0 |C[* + 8.3 |C5[* + 8.9 |Ch[* (B.14)

+4.8Re {CLCI*} +5.9Re {CHCTLY) ,

BBY - Ktrtpu~)=10"° (9 6 |Co"” + 10 |CTE]° 4+ 13.58 [CZ"|” + 14.54 [CH|* (B.15)

+12.41Re {CZ"* C5""} +15.20Re {CH' CT)™}) ,
2 £2 2\2 2
— v B.GrfB, o ma - *|2
B(Bs =1 u") = TWT mpBs (1 - mQBS> ) Vo Vs | (B.16)
2

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

2 2

m
CT/L Bs CT/L
10+ 2Tn‘r(rnl) + ms) r

2
m
Cru Bs Cru
o F 277{57'(77117 + ms) o
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B.3 7 decays

Universality tests in 7 decays. 7 leptonic decay rates provide a powerful test of
lepton-flavor universality via the ratios

< g ) B 'B<T—>e( _)/B(Tﬁe(u)vﬂ)SM}é
) )

Gu(e) B(p — evwv)/B(u — evv)gum

9\ _ [B(t — 7v)/B(T — 7v)sm 3

(%) - LB(m = ) /B(m — MD)SM} ’ (B.17)
(%) B(r — Kv)/B(r — KV)SMF

I LB(K = pw)/B(K — pv)sm

In terms of the high-energy Wilson coeflicients, they are given by

<97> ~ <QT> ~1—0.079CHET(A), (B.18)
Iu L, K Ye
where the running is computed assuming A = 2TeV.

LFV 1 decays. In our setup, the radiative decay 7 — py is conveniently described via
the effective Lagrangian

Loy = [cur@m LBy h.c.} 7 (B.19)

where (9%?};:“ has been defined in (2.1), and 053 =e (E’gau”e%)HFm,. The running of the
Wilson coefficients from A = 2 TeV to m. is given by
33 33
Crr' (mr) = nsCrp"(A), (B.20)
Co(mr) ~ 0.92CL (M), '

and the Wilson coefficients at the high scale in the U; model are defined in (3.4) and (4.18),
respectively. Starting from (B.19), we find the decay amplitude (with ¢ = p — p’)

. 4 ~ av *
LA(T = ) = = a(p') o™ q, (ArPr + ALPL) u(p) €i(a) (B.21)
with v My s
Ar = 75 CL(me) + 165 CLg" (m-)
\? 1om (B.22)
AL = ﬁ Ce,’l; (mT) .

Neglecting the muon mass, the branching ratio is given by

8GZ am?
B(r — uy) = == (JARl + L) - (B.23)
For the decay 7 — u¢, we find
LGRS MY i 2ry

where fy ~ 225 MeV.

43 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1]

2]

[9]

[10]

[11]

LHCDb collaboration, Test of lepton universality in beauty-quark decays, arXiv:2103.11769
[INSPIRE].

LHCD collaboration, Test of lepton universality using BT — K4t~ decays, Phys. Rev.
Lett. 113 (2014) 151601 [arXiv:1406.6482] [INSPIRE].

LHCb collaboration, Test of lepton universality with B® — K*°¢T¢~ decays, JHEP 08
(2017) 055 [arXiv:1705.05802] [INSPIRE].

LHCD collaboration, Search for lepton-universality violation in BT — K+{T{~ decays,
Phys. Rev. Lett. 122 (2019) 191801 [arXiv:1903.09252] [INSPIRE].

LHCDb collaboration, Measurement of form-factor-independent observables in the decay
B® — K*%u* =, Phys. Rev. Lett. 111 (2013) 191801 [arXiv:1308.1707] [INSPIRE].

LHCb collaboration, Angular analysis of the B® — K*Ou* = decay using 3 fb~! of
integrated luminosity, JHEP 02 (2016) 104 [arXiv:1512.04442] [INnSPIRE].

CMS and LHCb collaborations, Observation of the rare B® — u*u~ decay from the
combined analysis of CMS and LHCb data, Nature 522 (2015) 68 [arXiv:1411.4413]
[INSPIRE].

BABAR collaboration, Evidence for an excess of B — D)1~ decays, Phys. Rev. Lett.
109 (2012) 101802 [arXiv:1205.5442] [INSPIRE].

BABAR collaboration, Measurement of an excess of B — D™t~ decays and implications
for charged Higgs bosons, Phys. Rev. D 88 (2013) 072012 [arXiv:1303.0571] [INSPIRE].

BELLE collaboration, Measurement of the branching ratio of B — D™=, relative to
B — D™{~ 1y, decays with hadronic tagging at Belle, Phys. Rev. D 92 (2015) 072014
[arXiv:1507.03233] [INSPIRE].

LHCb collaboration, Measurement of the ratio of branching fractions
B(B® — D**7=1,)/B(B° — D**1u~,), Phys. Rev. Lett. 115 (2015) 111803 [Erratum ibid.
115 (2015) 159901] [arXiv:1506.08614] [INSPIRE].

BELLE collaboration, Measurement of the T lepton polarization and R(D*) in the decay
B — D*7~ i, Phys. Rev. Lett. 118 (2017) 211801 [arXiv:1612.00529] [INSPIRE].

LHCb collaboration, Test of lepton flavor universality by the measurement of the
B — D*~7%u, branching fraction using three-prong T decays, Phys. Rev. D 97 (2018)
072013 [arXiv:1711.02505] [INSPIRE].

LHCD collaboration, Measurement of the ratio of the B® — D*~ 7% v, and B® — D*~pu'ty,
branching fractions using three-prong 7-lepton decays, Phys. Rev. Lett. 120 (2018) 171802
[arXiv:1708.08856] [INSPIRE].

G. Hiller and M. Schmaltz, Rx and future b — sll physics beyond the Standard Model
opportunities, Phys. Rev. D 90 (2014) 054014 [arXiv:1408.1627] INSPIRE].

C. Bobeth, G. Hiller and G. Piranishvili, Angular distributions of B — K{T ¢~ decays,
JHEP 12 (2007) 040 [arXiv:0709.4174] [INSPIRE].

— 44 —


https://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/2103.11769
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.11769
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://arxiv.org/abs/1406.6482
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.6482
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://arxiv.org/abs/1705.05802
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.05802
https://doi.org/10.1103/PhysRevLett.122.191801
https://arxiv.org/abs/1903.09252
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09252
https://doi.org/10.1103/PhysRevLett.111.191801
https://arxiv.org/abs/1308.1707
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.1707
https://doi.org/10.1007/JHEP02(2016)104
https://arxiv.org/abs/1512.04442
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.04442
https://doi.org/10.1038/nature14474
https://arxiv.org/abs/1411.4413
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.4413
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://arxiv.org/abs/1205.5442
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1205.5442
https://doi.org/10.1103/PhysRevD.88.072012
https://arxiv.org/abs/1303.0571
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.0571
https://doi.org/10.1103/PhysRevD.92.072014
https://arxiv.org/abs/1507.03233
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.03233
https://doi.org/10.1103/PhysRevLett.115.111803
https://arxiv.org/abs/1506.08614
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.08614
https://doi.org/10.1103/PhysRevLett.118.211801
https://arxiv.org/abs/1612.00529
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1612.00529
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1103/PhysRevD.97.072013
https://arxiv.org/abs/1711.02505
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.02505
https://doi.org/10.1103/PhysRevLett.120.171802
https://arxiv.org/abs/1708.08856
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1708.08856
https://doi.org/10.1103/PhysRevD.90.054014
https://arxiv.org/abs/1408.1627
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.1627
https://doi.org/10.1088/1126-6708/2007/12/040
https://arxiv.org/abs/0709.4174
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0709.4174

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

G. Hiller and F. Kriiger, More model-independent analysis of b — s processes, Phys. Rev. D
69 (2004) 074020 [hep-ph/0310219] [INSPIRE].

S. Descotes-Genon, J. Matias and J. Virto, Understanding the B — K*u*u~ anomaly,
Phys. Rev. D 88 (2013) 074002 [arXiv:1307.5683] [INSPIRE].

W. Altmannshofer and D.M. Straub, New physics in B — K*uu?, Eur. Phys. J. C 73
(2013) 2646 [arXiv:1308.1501] [INSPIRE].

T. Hurth and F. Mahmoudi, On the LHCb anomaly in B — K*¢T¢~, JHEP 04 (2014) 097
[arXiv:1312.5267] [INSPIRE].

T. Hurth, F. Mahmoudi and S. Neshatpour, Global fits to b — sl data and signs for lepton
non-universality, JHEP 12 (2014) 053 [arXiv:1410.4545] [INSPIRE].

W. Altmannshofer and D.M. Straub, New physics in b — s transitions after LHC run 1,
Eur. Phys. J. C 75 (2015) 382 [arXiv:1411.3161] [INSPIRE].

S. Descotes-Genon, L. Hofer, J. Matias and J. Virto, Global analysis of b — séf anomalies,
JHEP 06 (2016) 092 [arXiv:1510.04239] [INSPIRE].

M. Ciuchini et al., On flavourful easter eggs for new physics hunger and lepton flavour
universality violation, Eur. Phys. J. C 77 (2017) 688 [arXiv:1704.05447] [INSPIRE].

M. Alguer6 et al., Emerging patterns of new physics with and without lepton flavour
universal contributions, Eur. Phys. J. C 79 (2019) 714 [Addendum ibid. 80 (2020) 511]
[arXiv:1903.09578] [INSPIRE].

M. Ciuchini, M. Fedele, E. Franco, A. Paul, L. Silvestrini and M. Valli, Lessons from the
Bt — K*OF = angular analyses, Phys. Rev. D 103 (2021) 015030
[arXiv:2011.01212] [nSPIRE].

S.L. Glashow, D. Guadagnoli and K. Lane, Lepton flavor violation in B decays?, Phys. Rewv.
Lett. 114 (2015) 091801 [arXiv:1411.0565] [INSPIRE].

B. Bhattacharya, A. Datta, D. London and S. Shivashankara, Simultaneous explanation of
the Ry and R(D™) puzzles, Phys. Lett. B 742 (2015) 370 [arXiv:1412.7164] [INSPIRE].

R. Alonso, B. Grinstein and J. Martin Camalich, Lepton universality violation and lepton
flavor conservation in B-meson decays, JHEP 10 (2015) 184 [arXiv:1505.05164]
[INSPIRE].

A. Greljo, G. Isidori and D. Marzocca, On the breaking of lepton flavor universality in B
decays, JHEP 07 (2015) 142 [arXiv:1506.01705] [INSPIRE].

L. Calibbi, A. Crivellin and T. Ota, Effective field theory approach to b — 500D,
B — K®vw and B — D™ rv with third generation couplings, Phys. Rev. Lett. 115 (2015)
181801 [arXiv:1506.02661] [iNSPIRE].

B. Gripaios, M. Nardecchia and S.A. Renner, Composite leptoquarks and anomalies in
B-meson decays, JHEP 05 (2015) 006 [arXiv:1412.1791] [INSPIRE].

B. Gripaios, Composite leptoquarks at the LHC, JHEP 02 (2010) 045 [arXiv:0910.1789]
[INSPIRE].

S. Fajfer and N. Kosnik, Vector leptoquark resolution of Ry and Ry puzzles, Phys. Lett.
B 755 (2016) 270 [arXiv:1511.06024] [INSPIRE].

M. Bauer and M. Neubert, Minimal leptoquark explanation for the Ry, Ry, and (g —2),
anomalies, Phys. Rev. Lett. 116 (2016) 141802 [arXiv:1511.01900] [INSPIRE].

45 —


https://doi.org/10.1103/PhysRevD.69.074020
https://doi.org/10.1103/PhysRevD.69.074020
https://arxiv.org/abs/hep-ph/0310219
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0310219
https://doi.org/10.1103/PhysRevD.88.074002
https://arxiv.org/abs/1307.5683
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1307.5683
https://doi.org/10.1140/epjc/s10052-013-2646-9
https://doi.org/10.1140/epjc/s10052-013-2646-9
https://arxiv.org/abs/1308.1501
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.1501
https://doi.org/10.1007/JHEP04(2014)097
https://arxiv.org/abs/1312.5267
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1312.5267
https://doi.org/10.1007/JHEP12(2014)053
https://arxiv.org/abs/1410.4545
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.4545
https://doi.org/10.1140/epjc/s10052-015-3602-7
https://arxiv.org/abs/1411.3161
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.3161
https://doi.org/10.1007/JHEP06(2016)092
https://arxiv.org/abs/1510.04239
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1510.04239
https://doi.org/10.1140/epjc/s10052-017-5270-2
https://arxiv.org/abs/1704.05447
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.05447
https://doi.org/10.1140/epjc/s10052-019-7216-3
https://arxiv.org/abs/1903.09578
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.09578
https://doi.org/10.1103/PhysRevD.103.015030
https://arxiv.org/abs/2011.01212
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2011.01212
https://doi.org/10.1103/PhysRevLett.114.091801
https://doi.org/10.1103/PhysRevLett.114.091801
https://arxiv.org/abs/1411.0565
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1411.0565
https://doi.org/10.1016/j.physletb.2015.02.011
https://arxiv.org/abs/1412.7164
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.7164
https://doi.org/10.1007/JHEP10(2015)184
https://arxiv.org/abs/1505.05164
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.05164
https://doi.org/10.1007/JHEP07(2015)142
https://arxiv.org/abs/1506.01705
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.01705
https://doi.org/10.1103/PhysRevLett.115.181801
https://doi.org/10.1103/PhysRevLett.115.181801
https://arxiv.org/abs/1506.02661
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.02661
https://doi.org/10.1007/JHEP05(2015)006
https://arxiv.org/abs/1412.1791
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1412.1791
https://doi.org/10.1007/JHEP02(2010)045
https://arxiv.org/abs/0910.1789
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0910.1789
https://doi.org/10.1016/j.physletb.2016.02.018
https://doi.org/10.1016/j.physletb.2016.02.018
https://arxiv.org/abs/1511.06024
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.06024
https://doi.org/10.1103/PhysRevLett.116.141802
https://arxiv.org/abs/1511.01900
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1511.01900

[36] R. Barbieri, G. Isidori, A. Pattori and F. Senia, Anomalies in B-decays and U(2) flavour
symmetry, Bur. Phys. J. C' 76 (2016) 67 [arXiv:1512.01560] [INSPIRE].

[37] D. Bedirevié, S. Fajfer, N. Kosnik and O. Sumensari, Leptoquark model to explain the
B-physics anomalies, Ry and Rp, Phys. Rev. D 94 (2016) 115021 [arXiv:1608.08501]
[INSPIRE].

[38] D. Bedirevié, I. Dorsner, S. Fajfer, N. Kosnik, D.A. Faroughy and O. Sumensari, Scalar
leptoquarks from grand unified theories to accommodate the B-physics anomalies, Phys.
Rev. D 98 (2018) 055003 [arXiv:1806.05689] [INSPIRE].

[39] R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone and D.M. Straub, U(2) and minimal
flavour violation in supersymmetry, Eur. Phys. J. C 71 (2011) 1725 [arXiv:1105.2296]
[INSPIRE].

[40] F. Feruglio, P. Paradisi and A. Pattori, Revisiting lepton flavor universality in B decays,
Phys. Rev. Lett. 118 (2017) 011801 [arXiv:1606.00524] NSPIRE].

[41] F. Feruglio, P. Paradisi and A. Pattori, On the importance of electroweak corrections for B
anomalies, JHEP 09 (2017) 061 [arXiv:1705.00929] [INSPIRE].

[42] D.A. Faroughy, A. Greljo and J.F. Kamenik, Confronting lepton flavor universality
violation in B decays with high-pr tau lepton searches at LHC, Phys. Lett. B 764 (2017)
126 [arXiv:1609.07138] [INSPIRE].

[43] A. Greljo and D. Marzocca, High-pr dilepton tails and flavor physics, Eur. Phys. J. C 77
(2017) 548 [arXiv:1704.09015] INSPIRE].

[44] D. Buttazzo, A. Greljo, G. Isidori and D. Marzocca, B-physics anomalies: a guide to
combined explanations, JHEP 11 (2017) 044 [arXiv:1706.07808] [INSPIRE].

[45] J.C. Pati and A. Salam, Lepton number as the fourth color, Phys. Rev. D 10 (1974) 275
[Erratum bid. 11 (1975) 703] [NSPIRE].

[46] R. Barbieri, C.W. Murphy and F. Senia, B-decay anomalies in a composite leptoquark
model, Eur. Phys. J. C 77 (2017) 8 [arXiv:1611.04930] [InSPIRE].

[47] R. Barbieri and A. Tesi, B-decay anomalies in Pati-Salam SU(4), Eur. Phys. J. C 78
(2018) 193 [arXiv:1712.06844] INSPIRE].

[48] L. Di Luzio, A. Greljo and M. Nardecchia, Gauge leptoquark as the origin of B-physics
anomalies, Phys. Rev. D 96 (2017) 115011 [arXiv:1708.08450] [INSPIRE].

[49] B. Diaz, M. Schmaltz and Y.-M. Zhong, The leptoquark hunter’s guide: pair production,
JHEP 10 (2017) 097 [arXiv:1706.05033] [INSPIRE].

[50] H. Georgi and Y. Nakai, Diphoton resonance from a new strong force, Phys. Rev. D 94
(2016) 075005 [arXiv:1606.05865] INSPIRE].

[51] M. Blanke and A. Crivellin, B meson anomalies in a Pati-Salam model within the
Randall-Sundrum background, Phys. Rev. Lett. 121 (2018) 011801 [arXiv:1801.07256]
[INSPIRE].

[52] B. Fornal, S.A. Gadam and B. Grinstein, Left-right SU(4) vector leptoquark model for flavor
anomalies, Phys. Rev. D 99 (2019) 055025 [arXiv:1812.01603] [INSPIRE].

[53] M. Bordone, C. Cornella, J. Fuentes-Martin and G. Isidori, A three-site gauge model for
flavor hierarchies and flavor anomalies, Phys. Lett. B 779 (2018) 317 [arXiv:1712.01368]
[INSPIRE].

— 46 —


https://doi.org/10.1140/epjc/s10052-016-3905-3
https://arxiv.org/abs/1512.01560
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.01560
https://doi.org/10.1103/PhysRevD.94.115021
https://arxiv.org/abs/1608.08501
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.08501
https://doi.org/10.1103/PhysRevD.98.055003
https://doi.org/10.1103/PhysRevD.98.055003
https://arxiv.org/abs/1806.05689
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.05689
https://doi.org/10.1140/epjc/s10052-011-1725-z
https://arxiv.org/abs/1105.2296
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.2296
https://doi.org/10.1103/PhysRevLett.118.011801
https://arxiv.org/abs/1606.00524
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.00524
https://doi.org/10.1007/JHEP09(2017)061
https://arxiv.org/abs/1705.00929
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.00929
https://doi.org/10.1016/j.physletb.2016.11.011
https://doi.org/10.1016/j.physletb.2016.11.011
https://arxiv.org/abs/1609.07138
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.07138
https://doi.org/10.1140/epjc/s10052-017-5119-8
https://doi.org/10.1140/epjc/s10052-017-5119-8
https://arxiv.org/abs/1704.09015
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.09015
https://doi.org/10.1007/JHEP11(2017)044
https://arxiv.org/abs/1706.07808
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.07808
https://doi.org/10.1103/PhysRevD.10.275
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD10%2C275%22
https://doi.org/10.1140/epjc/s10052-016-4578-7
https://arxiv.org/abs/1611.04930
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.04930
https://doi.org/10.1140/epjc/s10052-018-5680-9
https://doi.org/10.1140/epjc/s10052-018-5680-9
https://arxiv.org/abs/1712.06844
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.06844
https://doi.org/10.1103/PhysRevD.96.115011
https://arxiv.org/abs/1708.08450
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1708.08450
https://doi.org/10.1007/JHEP10(2017)097
https://arxiv.org/abs/1706.05033
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.05033
https://doi.org/10.1103/PhysRevD.94.075005
https://doi.org/10.1103/PhysRevD.94.075005
https://arxiv.org/abs/1606.05865
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.05865
https://doi.org/10.1103/PhysRevLett.121.011801
https://arxiv.org/abs/1801.07256
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.07256
https://doi.org/10.1103/PhysRevD.99.055025
https://arxiv.org/abs/1812.01603
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.01603
https://doi.org/10.1016/j.physletb.2018.02.011
https://arxiv.org/abs/1712.01368
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.01368

[54]

[55]

[56]

A. Greljo and B.A. Stefanek, Third family quark-lepton unification at the TeV scale, Phys.
Lett. B 782 (2018) 131 [arXiv:1802.04274] [NSPIRE].

J. Fuentes-Martin and P. Stangl, Third-family quark-lepton unification with a fundamental
composite Higgs, Phys. Lett. B 811 (2020) 135953 [arXiv:2004.11376] INSPIRE].

J. Fuentes-Martin, G. Isidori, J. Pages and B.A. Stefanek, Flavor non-universal Pati-Salam
unification and neutrino masses, Phys. Lett. B 820 (2021) 136484 [arXiv:2012.10492]
[INSPIRE].

J. Fuentes-Martin, G. Isidori, M. Konig and N. Selimovi¢, Vector leptoquarks beyond tree
level, Phys. Rev. D 101 (2020) 035024 [arXiv:1910.13474] INSPIRE].

J. Fuentes-Martin, G. Isidori, M. Kénig and N. Selimovi¢, Vector leptoquarks beyond tree
level. II1. O(ay) corrections and radial modes, Phys. Rev. D 102 (2020) 035021
[arXiv:2006.16250] [INSPIRE].

J. Fuentes-Martin, G. Isidori, M. Konig and N. Selimovié, Vector leptoquarks beyond tree
level. III. Vector-like fermions and flavor-changing transitions, Phys. Rev. D 102 (2020)
115015 [arXiv:2009.11296] [INSPIRE].

B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-six terms in the
Standard Model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [INSPIRE].

J. Fuentes-Martin, G. Isidori, J. Pages and K. Yamamoto, With or without U(2)? Probing
non-standard flavor and helicity structures in semileptonic B decays, Phys. Lett. B 800
(2020) 135080 [arXiv:1909.02519] [INSPIRE].

G. Buchalla, A.J. Buras and M.E. Lautenbacher, Weak decays beyond leading logarithms,
Rev. Mod. Phys. 68 (1996) 1125 [hep-ph/9512380] [INSPIRE].

A. Crivellin, C. Greub, D. Miiller and F. Saturnino, Importance of loop effects in explaining
the accumulated evidence for new physics in B decays with a vector leptoquark, Phys. Rev.
Lett. 122 (2019) 011805 [arXiv:1807.02068] [INSPIRE].

M. Bordone, C. Cornella, J. Fuentes-Martin and G. Isidori, Low-energy signatures of the
PS® model: from B-physics anomalies to LFV, JHEP 10 (2018) 148 [arXiv: 1805.09328]
[INSPIRE].

M. Bordone, G. Isidori and A. Pattori, On the Standard Model predictions for Ry and
Ry, Eur. Phys. J. C' 76 (2016) 440 [arXiv:1605.07633] [INSPIRE].

ATLAS collaboration, Study of the rare decays of BY and B° mesons into muon pairs
using data collected during 2015 and 2016 with the ATLAS detector, JHEP 04 (2019) 098
[arXiv:1812.03017] [INSPIRE].

CMS collaboration, Measurement of properties of BY — u*u~ decays and search for
B — utu~ with the CMS experiment, JHEP 04 (2020) 188 [arXiv:1910.12127]
[INSPIRE].

LHCb collaboration, Measurement of B® — utu~ decays with run 1 + run 2 data, LHCb
seminar, https://indico.cern.ch/event /976688 /attachments,/2213706,/3747159/
santimaria_ LHC_ seminar_ 2021.pdf, (2021).

M. Beneke, C. Bobeth and R. Szafron, Power-enhanced leading-logarithmic QED
corrections to By — ptp~, JHEP 10 (2019) 232 [arXiv:1908.07011] [INSPIRE].

47 —


https://doi.org/10.1016/j.physletb.2018.05.033
https://doi.org/10.1016/j.physletb.2018.05.033
https://arxiv.org/abs/1802.04274
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1802.04274
https://doi.org/10.1016/j.physletb.2020.135953
https://arxiv.org/abs/2004.11376
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.11376
https://doi.org/10.1016/j.physletb.2021.136484
https://arxiv.org/abs/2012.10492
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.10492
https://doi.org/10.1103/PhysRevD.101.035024
https://arxiv.org/abs/1910.13474
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.13474
https://doi.org/10.1103/PhysRevD.102.035021
https://arxiv.org/abs/2006.16250
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2006.16250
https://doi.org/10.1103/PhysRevD.102.115015
https://doi.org/10.1103/PhysRevD.102.115015
https://arxiv.org/abs/2009.11296
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.11296
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1008.4884
https://doi.org/10.1016/j.physletb.2019.135080
https://doi.org/10.1016/j.physletb.2019.135080
https://arxiv.org/abs/1909.02519
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.02519
https://doi.org/10.1103/RevModPhys.68.1125
https://arxiv.org/abs/hep-ph/9512380
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9512380
https://doi.org/10.1103/PhysRevLett.122.011805
https://doi.org/10.1103/PhysRevLett.122.011805
https://arxiv.org/abs/1807.02068
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.02068
https://doi.org/10.1007/JHEP10(2018)148
https://arxiv.org/abs/1805.09328
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.09328
https://doi.org/10.1140/epjc/s10052-016-4274-7
https://arxiv.org/abs/1605.07633
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.07633
https://doi.org/10.1007/JHEP04(2019)098
https://arxiv.org/abs/1812.03017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.03017
https://doi.org/10.1007/JHEP04(2020)188
https://arxiv.org/abs/1910.12127
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.12127
https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf
https://indico.cern.ch/event/976688/attachments/2213706/3747159/santimaria_LHC_seminar_2021.pdf
https://doi.org/10.1007/JHEP10(2019)232
https://arxiv.org/abs/1908.07011
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1908.07011

[70]

[71]

[72]

[73]

[74]

[75]

R. Barlow, Asymmetric statistical errors, in Statistical problems in particle physics,
astrophysics and cosmology, (2004) [physics/0406120] [INSPIRE].

LHCD collaboration, Precise measurement of the fs/fa ratio of fragmentation fractions and
of BY decay branching fractions, arXiv:2103.06810 [INSPIRE].

G. Isidori, S. Nabeebaccus and R. Zwicky, QED corrections in B — K{T(~ at the
double-differential level, JHEP 12 (2020) 104 [arXiv:2009.00929] [INSPIRE].

CDF collaboration, Precise measurements of exclusive b — sutp~ decay amplitudes using
the full CDF data set, CDF-NOTE-10894, Fermilab, Batavia, IL, U.S.A. (2012).

LHCDb collaboration, Differential branching fractions and isospin asymmetries of
B — K®putu~ decays, JHEP 06 (2014) 133 [arXiv:1403.8044] [INSPIRE].

LHCb collaboration, Measurements of the S-wave fraction in B® — K¥r~utpu~ decays and
the B® — K*(892)°u™ = differential branching fraction, JHEP 11 (2016) 047 [Erratum
ibid. 04 (2017) 142] [arXiv:1606.04731] [INSPIRE].

CMS collaboration, Angular analysis of the decay B® — K*°u*u~ from pp collisions at
Vs =8 TeV, Phys. Lett. B 753 (2016) 424 [arXiv:1507.08126] [INSPIRE].

CMS collaboration, Measurement of the Py and P angular parameters of the decay
B — K*Ou*u~ in proton-proton collisions at /s = 8 TeV, Tech. Rep.
CMS-PAS-BPH-15-008, CERN, Geneva, Switzerland (2017).

ATLAS collaboration, Angular analysis of BS — K*utp~ decays in pp collisions at
Vs = 8 TeV with the ATLAS detector, JHEP 10 (2018) 047 [arXiv:1805.04000] [iNSPIRE].

LHCb collaboration, Measurement of CP-averaged observables in the B® — K*Outpu~
decay, Phys. Rev. Lett. 125 (2020) 011802 [arXiv:2003.04831] [INSPIRE].

LHCD collaboration, Angular analysis of the BT — K*Tutu~ decay, Phys. Rev. Lett. 126
(2021) 161802 [arXiv:2012.13241] [NSPIRE].

LHCb collaboration, Angular analysis and differential branching fraction of the decay
BY — ¢utu~, JHEP 09 (2015) 179 [arXiv:1506.08777] [INSPIRE].

LHCb collaboration, Differential branching fraction and angular analysis of AY — Autp~
decays, JHEP 06 (2015) 115 [Erratum ibid. 09 (2018) 145] [arXiv:1503.07138] [INSPIRE].

LHCb collaboration, Angular moments of the decay A) — Aptp~ at low hadronic recoil,
JHEP 09 (2018) 146 [arXiv:1808.00264] [INSPIRE].

D.M. Straub, flavio: a python package for flavour and precision phenomenology in the
Standard Model and beyond, arXiv:1810.08132 [INSPIRE].

J. Aebischer, J. Kumar, P. Stangl and D.M. Straub, A global likelihood for precision
constraints and flavour anomalies, Eur. Phys. J. C'79 (2019) 509 [arXiv:1810.07698]
[INSPIRE].

M. Alguerd, B. Capdevila, S. Descotes-Genon, P. Masjuan and J. Matias, Are we
overlooking lepton flavour universal new physics in b — s€l?, Phys. Rev. D 99 (2019)
075017 [arXiv:1809.08447] [INSPIRE].

F.U. Bernlochner, M.F. Sevilla, D.J. Robinson and G. Wormser, Semitauonic b-hadron
decays: a lepton flavor universality laboratory, arXiv:2101.08326 [INSPIRE].

HFLAV collaboration, Averages of b-hadron, c-hadron, and T-lepton properties as of 2018,
Eur. Phys. J. C 81 (2021) 226 [arXiv:1909.12524] [NSPIRE].

48 —


https://arxiv.org/abs/physics/0406120
https://inspirehep.net/search?p=find+EPRINT%2Bphysics%2F0406120
https://arxiv.org/abs/2103.06810
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.06810
https://doi.org/10.1007/JHEP12(2020)104
https://arxiv.org/abs/2009.00929
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.00929
https://inspirehep.net/files/4e57b65db46b7d8328b605f50325a876
https://doi.org/10.1007/JHEP06(2014)133
https://arxiv.org/abs/1403.8044
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1403.8044
https://doi.org/10.1007/JHEP11(2016)047
https://arxiv.org/abs/1606.04731
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.04731
https://doi.org/10.1016/j.physletb.2015.12.020
https://arxiv.org/abs/1507.08126
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.08126
https://cds.cern.ch/record/2256738
https://doi.org/10.1007/JHEP10(2018)047
https://arxiv.org/abs/1805.04000
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.04000
https://doi.org/10.1103/PhysRevLett.125.011802
https://arxiv.org/abs/2003.04831
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.04831
https://doi.org/10.1103/PhysRevLett.126.161802
https://doi.org/10.1103/PhysRevLett.126.161802
https://arxiv.org/abs/2012.13241
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.13241
https://doi.org/10.1007/JHEP09(2015)179
https://arxiv.org/abs/1506.08777
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.08777
https://doi.org/10.1007/JHEP06(2015)115
https://arxiv.org/abs/1503.07138
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.07138
https://doi.org/10.1007/JHEP09(2018)146
https://arxiv.org/abs/1808.00264
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.00264
https://arxiv.org/abs/1810.08132
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.08132
https://doi.org/10.1140/epjc/s10052-019-6977-z
https://arxiv.org/abs/1810.07698
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.07698
https://doi.org/10.1103/PhysRevD.99.075017
https://doi.org/10.1103/PhysRevD.99.075017
https://arxiv.org/abs/1809.08447
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1809.08447
https://arxiv.org/abs/2101.08326
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.08326
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://arxiv.org/abs/1909.12524
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.12524

[89] PARTICLE DATA GROUP collaboration, Review of particle physics, PTEP 2020 (2020)
083C01 [NSPIRE].

[90] C. Alpigiani et al., Unitarity triangle analysis in the Standard Model and beyond, in 5%

Large Hadron Collider physics conference, (2017) [arXiv:1710.09644] [INSPIRE].

[91] L. Di Luzio, J. Fuentes-Martin, A. Greljo, M. Nardecchia and S. Renner, Mazimal flavour
violation: a Cabibbo mechanism for leptoquarks, JHEP 11 (2018) 081 [arXiv:1808.00942]
[INSPIRE].

[92) HFLAV collaboration, Averages of b-hadron, c-hadron, and T-lepton properties as of
summer 2016, Eur. Phys. J. C 77 (2017) 895 [arXiv:1612.07233] [nSPIRE].

93] LHCD collaboration, Search for the decays BY — 77~ and B® — 777, Phys. Rev. Lett.
[ ; ys By , Phy
118 (2017) 251802 [arXiv:1703.02508] [INSPIRE].

[94] C. Bobeth, M. Gorbahn, T. Hermann, M. Misiak, E. Stamou and M. Steinhauser,
Bg.a — (Y0~ in the Standard Model with reduced theoretical uncertainty, Phys. Rev. Lett.
112 (2014) 101801 [arXiv:1311.0903] [INSPIRE].

[95] BABAR collaboration, Search for Bt — K*rt7~ at the BaBar experiment, Phys. Rev.
Lett. 118 (2017) 031802 [arXiv:1605.09637] [nSPIRE].

[96] C. Cornella, J. Fuentes-Martin and G. Isidori, Revisiting the vector leptoquark explanation
of the B-physics anomalies, JHEP 07 (2019) 168 [arXiv:1903.11517] INSPIRE].

[97] LHCD collaboration, Search for the lepton-flavour-violating decays B — 7*u¥ and
B® — 754, Phys. Rev. Lett. 123 (2019) 211801 [arXiv:1905.06614] [INSPIRE].

[98] BABAR collaboration, A search for the decay modes B¥ — h*1%1, Phys. Rev. D 86 (2012)
012004 [arXiv:1204.2852] [NSPIRE].

[99] BELLE collaboration, Search for lepton-flavor-violating tau decays into a lepton and a vector
meson, Phys. Lett. B 699 (2011) 251 [arXiv:1101.0755] [INSPIRE].

[100] UTFIT collaboration, Model-independent constraints on AF = 2 operators and the scale of
new physics, JHEP 03 (2008) 049 [arXiv:0707.0636] INSPIRE].

[101] UTFIT collaboration, Flavour constraints on NP, talk at La Thuile 2018, https://agenda.
infn.it/event /14377 /contributions/24434 /attachments/17481 /19830 /silvestriniLaThuile.pdf,
La Thuile, Italy (2018).

[102] J. Bliimlein, E. Boos and A. Kryukov, Leptoquark pair production in hadronic interactions,
Z. Phys. C 76 (1997) 137 [hep-ph/9610408] [inSPIRE].

[103] I. Dorsner and A. Greljo, Leptoquark toolbox for precision collider studies, JHEP 05 (2018)
126 [arXiv:1801.07641] [INSPIRE].

[104] M.J. Baker, J. Fuentes-Martin, G. Isidori and M. Kénig, High-pr signatures in
vector-leptoquark models, Eur. Phys. J. C 79 (2019) 334 [arXiv:1901.10480] [INnSPIRE].

[105] B. Mecaj and M. Neubert, Effective field theory for leptoquarks, arXiv:2012.02186
[INSPIRE].

[106] CMS collaboration, Search for singly and pair-produced leptoquarks coupling to
third-generation fermions in proton-proton collisions at \/s = 13 TeV, Phys. Lett. B 819
(2021) 136446 [arXiv:2012.04178] [INSPIRE].

[107] A. Alves, O. Eboli and T. Plehn, Stop lepton associated production at hadron colliders,
Phys. Lett. B 558 (2003) 165 [hep-ph/0211441] INSPIRE].

— 49 —


https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://inspirehep.net/search?p=find+J%20%22PTEP%2C2020%2C083C01%22
https://arxiv.org/abs/1710.09644
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1710.09644
https://doi.org/10.1007/JHEP11(2018)081
https://arxiv.org/abs/1808.00942
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.00942
https://doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/1612.07233
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1612.07233
https://doi.org/10.1103/PhysRevLett.118.251802
https://doi.org/10.1103/PhysRevLett.118.251802
https://arxiv.org/abs/1703.02508
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.02508
https://doi.org/10.1103/PhysRevLett.112.101801
https://doi.org/10.1103/PhysRevLett.112.101801
https://arxiv.org/abs/1311.0903
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1311.0903
https://doi.org/10.1103/PhysRevLett.118.031802
https://doi.org/10.1103/PhysRevLett.118.031802
https://arxiv.org/abs/1605.09637
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.09637
https://doi.org/10.1007/JHEP07(2019)168
https://arxiv.org/abs/1903.11517
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.11517
https://doi.org/10.1103/PhysRevLett.123.211801
https://arxiv.org/abs/1905.06614
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.06614
https://doi.org/10.1103/PhysRevD.86.012004
https://doi.org/10.1103/PhysRevD.86.012004
https://arxiv.org/abs/1204.2852
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.2852
https://doi.org/10.1016/j.physletb.2011.04.011
https://arxiv.org/abs/1101.0755
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1101.0755
https://doi.org/10.1088/1126-6708/2008/03/049
https://arxiv.org/abs/0707.0636
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0707.0636
https://agenda.infn.it/event/14377/contributions/24434/attachments/17481/19830/silvestriniLaThuile.pdf
https://agenda.infn.it/event/14377/contributions/24434/attachments/17481/19830/silvestriniLaThuile.pdf
https://doi.org/10.1007/s002880050538
https://arxiv.org/abs/hep-ph/9610408
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9610408
https://doi.org/10.1007/JHEP05(2018)126
https://doi.org/10.1007/JHEP05(2018)126
https://arxiv.org/abs/1801.07641
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.07641
https://doi.org/10.1140/epjc/s10052-019-6853-x
https://arxiv.org/abs/1901.10480
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1901.10480
https://arxiv.org/abs/2012.02186
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.02186
https://doi.org/10.1016/j.physletb.2021.136446
https://doi.org/10.1016/j.physletb.2021.136446
https://arxiv.org/abs/2012.04178
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.04178
https://doi.org/10.1016/S0370-2693(03)00266-1
https://arxiv.org/abs/hep-ph/0211441
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0211441

[108] J.B. Hammett and D.A. Ross, NLO leptoquark production and decay: the narrow-width
approzimation and beyond, JHEP 07 (2015) 148 [arXiv:1501.06719] [INSPIRE].

[109] T. Mandal, S. Mitra and S. Seth, Single productions of colored particles at the LHC: an
example with scalar leptoquarks, JHEP 07 (2015) 028 [arXiv:1503.04689] [INSPIRE].

[110] U. Haisch and G. Polesello, Resonant third-generation leptoquark signatures at the Large
Hadron Collider, JHEP 05 (2021) 057 [arXiv:2012.11474] [InSPIRE].

[111] L. Buonocore, U. Haisch, P. Nason, F. Tramontano and G. Zanderighi, Lepton-quark
collisions at the Large Hadron Collider, Phys. Rev. Lett. 125 (2020) 231804
[arXiv:2005.06475] [INSPIRE].

[112] A. Greljo and N. Selimovic, Lepton-quark fusion at hadron colliders, precisely, JHEP 03
(2021) 279 [arXiv:2012.02092] [INSPIRE].

[113] L. Buonocore, P. Nason, F. Tramontano and G. Zanderighi, Leptons in the proton, JHEP
08 (2020) 019 [arXiv:2005.06477] [INSPIRE].

[114] M. Schmaltz and Y.-M. Zhong, The leptoquark hunter’s guide: large coupling, JHEP 01
(2019) 132 [arXiv:1810.10017] INSPIRE].

[115] A. Angelescu, D. Becirevi¢, D.A. Faroughy, F. Jaffredo and O. Sumensari, On the single
leptoquark solutions to the B-physics anomalies, arXiv:2103.12504 [INSPIRE].

[116] A. Angelescu, D.A. Faroughy and O. Sumensari, Lepton flavor violation and dilepton tails
at the LHC, Eur. Phys. J. C 80 (2020) 641 [arXiv:2002.05684] [INSPIRE].

[117] A. Greljo, J. Martin Camalich and J.D. Ruiz-Alvarez, Mono- signatures at the LHC
constrain explanations of B-decay anomalies, Phys. Rev. Lett. 122 (2019) 131803
[arXiv:1811.07920] [INSPIRE].

[118] ATLAS collaboration, Search for heavy Higgs bosons decaying into two tau leptons with the
ATLAS detector using pp collisions at /s = 13 TeV, Phys. Rev. Lett. 125 (2020) 051801
[arXiv:2002.12223] [INSPIRE].

[119] Y. Afik, J. Cohen, E. Gozani, E. Kajomovitz and Y. Rozen, Establishing a search for
b — st~ anomalies at the LHC, JHEP 08 (2018) 056 [arXiv:1805.11402] [INSPIRE].

[120] D. Marzocca, U. Min and M. Son, Bottom-flavored mono-tau tails at the LHC, JHEP 12
(2020) 035 [arXiv:2008.07541] INSPIRE].

[121] A. Angelescu, D. Beéirevié¢, D.A. Faroughy and O. Sumensari, Closing the window on single
leptoquark solutions to the B-physics anomalies, JHEP 10 (2018) 183 [arXiv:1808.08179]
[INSPIRE].

[122] J. Kumar, D. London and R. Watanabe, Combined explanations of the b — su™u~ and
b — ¢t~ U anomalies: a general model analysis, Phys. Rev. D 99 (2019) 015007
[arXiv:1806.07403] INSPIRE].

[123] M. Bordone, C. Cornella, G. Isidori and M. Kénig, The LFU ratio R, in the Standard
Model and beyond, arXiv:2101.11626 [INSPIRE].

[124] BELLE-II collaboration, The Belle II physics book, PTEP 2019 (2019) 123C01 [Erratum
ibid. 2020 (2020) 029201] [arXiv:1808.10567] [NSPIRE].

[125] LHCb collaboration, Physics case for an LHCb upgrade II — opportunities in flavour
physics, and beyond, in the HL-LHC' era, arXiv:1808.08865 [INSPIRE].

— 50 —


https://doi.org/10.1007/JHEP07(2015)148
https://arxiv.org/abs/1501.06719
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.06719
https://doi.org/10.1007/JHEP07(2015)028
https://arxiv.org/abs/1503.04689
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.04689
https://doi.org/10.1007/JHEP05(2021)057
https://arxiv.org/abs/2012.11474
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.11474
https://doi.org/10.1103/PhysRevLett.125.231804
https://arxiv.org/abs/2005.06475
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.06475
https://doi.org/10.1007/JHEP03(2021)279
https://doi.org/10.1007/JHEP03(2021)279
https://arxiv.org/abs/2012.02092
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.02092
https://doi.org/10.1007/JHEP08(2020)019
https://doi.org/10.1007/JHEP08(2020)019
https://arxiv.org/abs/2005.06477
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.06477
https://doi.org/10.1007/JHEP01(2019)132
https://doi.org/10.1007/JHEP01(2019)132
https://arxiv.org/abs/1810.10017
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.10017
https://arxiv.org/abs/2103.12504
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.12504
https://doi.org/10.1140/epjc/s10052-020-8210-5
https://arxiv.org/abs/2002.05684
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.05684
https://doi.org/10.1103/PhysRevLett.122.131803
https://arxiv.org/abs/1811.07920
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.07920
https://doi.org/10.1103/PhysRevLett.125.051801
https://arxiv.org/abs/2002.12223
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.12223
https://doi.org/10.1007/JHEP08(2018)056
https://arxiv.org/abs/1805.11402
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1805.11402
https://doi.org/10.1007/JHEP12(2020)035
https://doi.org/10.1007/JHEP12(2020)035
https://arxiv.org/abs/2008.07541
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.07541
https://doi.org/10.1007/JHEP10(2018)183
https://arxiv.org/abs/1808.08179
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.08179
https://doi.org/10.1103/PhysRevD.99.015007
https://arxiv.org/abs/1806.07403
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.07403
https://arxiv.org/abs/2101.11626
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2101.11626
https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.10567
https://arxiv.org/abs/1808.08865
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.08865

[126] G. Buchalla and A.J. Buras, The rare decays K — mvv, B — Xvv and B — (70~ : an
update, Nucl. Phys. B 548 (1999) 309 [hep-ph/9901288] [INSPIRE].

[127] A. Celis, J. Fuentes-Martin, A. Vicente and J. Virto, DsizTools: the Standard Model
effective field theory toolkit, Eur. Phys. J. C 77 (2017) 405 [arXiv:1704.04504] [INSPIRE].

[128] BELLE II collaboration, Search for BY — K v decays with an inclusive tagging method at
the Belle II experiment, talk at Moriond EW 2021,
http://moriond.in2p3.fr/2021 /EW /slides/3_ flavour__10__dattola.pdf, (2021).

[129] BELLE collaboration, Search for B — hvv decays with semileptonic tagging at Belle, Phys.
Rev. D 96 (2017) 091101 [Addendum ibid. 97 (2018) 099902] [arXiv:1702.03224]
[INSPIRE].

[130] BELLE collaboration, Search for B — h*)ui with the full Belle Y (4S) data sample, Phys.
Rev. D 87 (2013) 111103 [arXiv:1303.3719] [NSPIRE].

[131] BABAR collaboration, Search for B — K®vw and invisible quarkonium decays, Phys. Rev.
D 87 (2013) 112005 [arXiv:1303.7465] [INSPIRE].

[132] CMS collaboration, Search for high mass dijet resonances with a new background prediction
method in proton-proton collisions at /s = 13 TeV, JHEP 05 (2020) 033
[arXiv:1911.03947] [INSPIRE].

[133] J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07
(2014) 079 [arXiv:1405.0301] [InSPIRE].

[134] A. Alloul, N.D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 — a
complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250
[arXiv:1310.1921] [INSPIRE].

[135] ATLAS collaboration, Commissioning of the ATLAS b-tagging algorithms using tt events
in early run-2 data, Tech. Rep. ATL-PHYS-PUB-2015-039, CERN, Geneva, Switzerland
(2015).

[136] CMS collaboration, Identification of heavy-flavour jets with the CMS detector in pp
collisions at 13 TeV, 2018 JINST 13 P05011 [arXiv:1712.07158] [INSPIRE].

[137] E. Bols, J. Kieseler, M. Verzetti, M. Stoye and A. Stakia, Jet flavour classification using
DeeplJet, 2020 JINST 15 P12012 [arXiv:2008.10519] [NSPIRE].

[138] ATLAS collaboration, Measurements of tt differential cross-sections of highly boosted top
quarks decaying to all-hadronic final states in pp collisions at \/s = 13 TeV using the
ATLAS detector, Phys. Rev. D 98 (2018) 012003 [arXiv:1801.02052] [INSPIRE].

[139] CMS collaboration, Measurement of differential tt production cross sections for high-pr top
quarks in proton-proton collisions at \/s = 13 TeV, Tech. Rep. CMS-PAS-TOP-18-013,
CERN, Geneva, Switzerland (2020).

[140] ATLAS collaboration, Search for excited electrons singly produced in proton-proton
collisions at /s = 13 TeV with the ATLAS experiment at the LHC, Eur. Phys. J. C 79
(2019) 803 [arXiv:1906.03204] INSPIRE].

[141] CMS collaboration, Search for an excited lepton that decays via a contact interaction to a
lepton and two jets in proton-proton collisions at \/s = 13 TeV, JHEP 05 (2020) 052
[arXiv:2001.04521] [INSPIRE].

~ 51 —


https://doi.org/10.1016/S0550-3213(99)00149-2
https://arxiv.org/abs/hep-ph/9901288
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9901288
https://doi.org/10.1140/epjc/s10052-017-4967-6
https://arxiv.org/abs/1704.04504
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.04504
http://moriond.in2p3.fr/2021/EW/slides/3_flavour_10_dattola.pdf
https://doi.org/10.1103/PhysRevD.96.091101
https://doi.org/10.1103/PhysRevD.96.091101
https://arxiv.org/abs/1702.03224
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1702.03224
https://doi.org/10.1103/PhysRevD.87.111103
https://doi.org/10.1103/PhysRevD.87.111103
https://arxiv.org/abs/1303.3719
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.3719
https://doi.org/10.1103/PhysRevD.87.112005
https://doi.org/10.1103/PhysRevD.87.112005
https://arxiv.org/abs/1303.7465
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1303.7465
https://doi.org/10.1007/JHEP05(2020)033
https://arxiv.org/abs/1911.03947
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.03947
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1405.0301
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1310.1921
https://cds.cern.ch/record/2047871
https://doi.org/10.1088/1748-0221/13/05/P05011
https://arxiv.org/abs/1712.07158
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1712.07158
https://doi.org/10.1088/1748-0221/15/12/P12012
https://arxiv.org/abs/2008.10519
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.10519
https://doi.org/10.1103/PhysRevD.98.012003
https://arxiv.org/abs/1801.02052
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1801.02052
https://cds.cern.ch/record/2717638
https://doi.org/10.1140/epjc/s10052-019-7295-1
https://doi.org/10.1140/epjc/s10052-019-7295-1
https://arxiv.org/abs/1906.03204
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.03204
https://doi.org/10.1007/JHEP05(2020)052
https://arxiv.org/abs/2001.04521
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2001.04521

[142]

[143]

[144]

[145]

[146]

[147)

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

ATLAS collaboration, Search for supersymmetry in final states with two same-sign or three
leptons and jets using 36 fo=1 of /s = 13 TeV pp collision data with the ATLAS detector,
JHEP 09 (2017) 084 [Erratum ibid. 08 (2019) 121] [arXiv:1706.03731] [InSPIRE].

ATLAS collaboration, Search for a scalar partner of the top quark in the all-hadronic tt
plus missing transverse momentum final state at /s = 13 TeV with the ATLAS detector,
Eur. Phys. J. C' 80 (2020) 737 [arXiv:2004.14060] [INSPIRE].

ATLAS collaboration, Search for bottom-squark pair production in pp collision events at
Vs = 13 TeV with hadronically decaying T-leptons, b-jets and missing transverse momentum
using the ATLAS detector, arXiv:2103.08189 [INSPIRE].

CMS collaboration, Search for top squark pair production using dilepton final states in pp
collision data collected at \/s = 13 TeV, Eur. Phys. J. C' 81 (2021) 3 [arXiv:2008.05936]
[INSPIRE].

CMS collaboration, Search for top squark pair production in a final state with two tau
leptons in proton-proton collisions at /s = 13 TeV, JHEP 02 (2020) 015
[arXiv:1910.12932] INSPIRE].

L. Di Luzio and M. Nardecchia, What is the scale of new physics behind the B-flavour
anomalies?, Eur. Phys. J. C 77 (2017) 536 [arXiv:1706.01868] [INSPIRE].

R. Barbieri, A view of flavour physics in 2021, Acta Phys. Polon. B 52 (2021) 789
[arXiv:2103.15635] INSPIRE].

L.-S. Geng, B. Grinstein, S. Jager, S.-Y. Li, J. Martin Camalich and R.-X. Shi, Implications
of new evidence for lepton-universality violation in b — sfT£~ decays, arXiv:2103.12738
[INSPIRE].

W. Altmannshofer and P. Stangl, New physics in rare B decays after Moriond 2021,
arXiv:2103.13370 [INSPIRE].

A. Carvunis, F. Dettori, S. Gangal, D. Guadagnoli and C. Normand, On the effective
lifetime of Bs — ppiy, arXiv:2102.13390 [INSPIRE].

G. Hiller, D. Loose and I. Nisandzi¢, Flavorful leptoquarks at the LHC and beyond: spin 1,
JHEP 06 (2021) 080 [arXiv:2103.12724] INSPIRE].

R.S. Chivukula and H. Georgi, Composite technicolor Standard Model, Phys. Lett. B 188
(1987) 99 [INSPIRE].

R. Barbieri, D. Buttazzo, F. Sala and D.M. Straub, Flavour physics from an approximate
U(2)® symmetry, JHEP 07 (2012) 181 [arXiv:1203.4218] [INSPIRE].

G. Blankenburg, G. Isidori and J. Jones-Perez, Neutrino masses and LFV from minimal
breaking of U(3)® and U(2)® flavor symmetries, Eur. Phys. J. C 72 (2012) 2126
[arXiv:1204.0688] [INSPIRE].

G. D’Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal flavor violation: an
effective field theory approach, Nucl. Phys. B 645 (2002) 155 [hep-ph/0207036] [INSPIRE].

HPQCD collaboration, Rare decay B — K{T{~ form factors from lattice QCD, Phys. Rev.
D 88 (2013) 054509 [Erratum ibid. 88 (2013) 079901] [arXiv:1306.2384] [INSPIRE].

~52 -


https://doi.org/10.1007/JHEP09(2017)084
https://arxiv.org/abs/1706.03731
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.03731
https://doi.org/10.1140/epjc/s10052-020-8102-8
https://arxiv.org/abs/2004.14060
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2004.14060
https://arxiv.org/abs/2103.08189
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.08189
https://doi.org/10.1140/epjc/s10052-020-08701-5
https://arxiv.org/abs/2008.05936
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2008.05936
https://doi.org/10.1007/JHEP02(2020)015
https://arxiv.org/abs/1910.12932
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.12932
https://doi.org/10.1140/epjc/s10052-017-5118-9
https://arxiv.org/abs/1706.01868
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1706.01868
https://doi.org/10.5506/APhysPolB.52.789
https://arxiv.org/abs/2103.15635
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.15635
https://arxiv.org/abs/2103.12738
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.12738
https://arxiv.org/abs/2103.13370
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.13370
https://arxiv.org/abs/2102.13390
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2102.13390
https://doi.org/10.1007/JHEP06(2021)080
https://arxiv.org/abs/2103.12724
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2103.12724
https://doi.org/10.1016/0370-2693(87)90713-1
https://doi.org/10.1016/0370-2693(87)90713-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB188%2C99%22
https://doi.org/10.1007/JHEP07(2012)181
https://arxiv.org/abs/1203.4218
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1203.4218
https://doi.org/10.1140/epjc/s10052-012-2126-7
https://arxiv.org/abs/1204.0688
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1204.0688
https://doi.org/10.1016/S0550-3213(02)00836-2
https://arxiv.org/abs/hep-ph/0207036
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0207036
https://doi.org/10.1103/PhysRevD.88.054509
https://doi.org/10.1103/PhysRevD.88.054509
https://arxiv.org/abs/1306.2384
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1306.2384

	Introduction
	EFT analysis of the B anomalies
	Operator basis and general flavor structure
	The b-> s ell**+ ell**- anomalies
	The b-> c tau bar nu anomalies
	Combined analysis of the semileptonic couplings involving tau leptons

	The simplified U(1) model
	Low-energy fit in the simplified model
	Constraints from high-p(T) observables

	UV completion and further predictions
	UV-insensitive low-energy observables
	UV-sensitive low-energy observables
	Collider signatures from the additional TeV-scale states

	Conclusions
	The U(2)**5 symmetry
	Theoretical expressions for flavor observables
	b-> c(u) tau bar nu transitions
	b-> s(d) ell**- ell**+ transitions
	tau decays


