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a Institute for Astroparticle Physics (IAP), Karlsruhe Institute of Technology,
Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany,

b Institute for Theoretical Particle Physics (TTP), Karlsruhe Institute of Technology,
Engesserstrasse 7, D-76128 Karlsruhe, Germany

c CFTP, Departamento de F́ısica, Instituto Superior Técnico, Universidade de Lisboa, Avenida
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Abstract

We consider the phenomenological signatures of Simplified Models of Flavourful Lep-
toquarks, whose Beyond-the-Standard Model (SM) couplings to fermion generations
occur via textures that are well motivated from a broad class of ultraviolet flavour
models (which we briefly review). We place particular emphasis on the study of the
vector leptoquark ∆µ with assignments (3,1, 2/3) under the SM’s gauge symmetry,
SU(3)C × SU(2)L × U(1)Y , which has the tantalising possibility of explaining both
RK(?) and RD(?) anomalies. Upon performing global likelihood scans of the leptoquark’s
coupling parameter space, focusing in particular on models with tree-level couplings to
a single charged lepton species, we then provide confidence intervals and benchmark
points preferred by low(er)-energy flavour data. Finally, we use these constraints to
further evaluate the (promising) Large Hadron Collider (LHC) detection prospects of
pairs of τ -flavoured ∆µ, through their distinct (a)symmetric decay channels. Namely,
we consider direct third-generation leptoquark and jets plus missing-energy searches at
the LHC, which we find to be complementary. Depending on the simplified model under
consideration, the direct searches constrain the ∆µ mass up to 1400-1750 GeV when
the branching fraction of ∆µ is entirely to third-generation quarks (but are significantly
reduced with decreased branching ratios to the third generation), whereas the missing-
energy searches constrain the mass up to 1150-1500 GeV while being largely insensitive
to the third-generation branching fraction.
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1 Introduction

Despite the large amount of data collected and analysed at the Large Hadron Collider (LHC),
no new Beyond-the-Standard Model (BSM) particles have been discovered as of yet. Nonethe-
less, compelling motivations for the existence of BSM physics exist, including the unsolved
electroweak (EW) hierarchy, neutrino mass, and strong CP problems, the unexplained pres-
ence of a baryon asymmetry in the Universe, the lack of a confirmed dark matter candidate,
and of course the flavour puzzle.

Besides these theoretical problems, perhaps the strongest experimental hints for BSM
physics are the deviations observed in lepton flavour universality (LFU) tests in B meson
decays, the so-called ‘flavour anomalies’. The first indications for LFU-violating BSM inter-
actions were found in 2012 by the BaBar collaboration [1, 2] in the ratio

RD(?) =
BR
(
B → D(?) τ−ντ

)
BR
(
B → D(?) l−νl

) , (1)

with l ∈ {e, µ}. Over the past years, measurements of the same ratios by Belle [3–7] and
LHCb [8–10] have confirmed the tension with the SM prediction, with the latest HFLAV
average exhibiting a 3.4σ deviation from the SM [11].

Due to the size of the BSM contribution required to resolve the anomaly – an O(10%)
enhancement at the matrix element level – new physics plausibly has to enter the relevant
b → cτν transition at tree level. Possible BSM scenarios then include the exchange of a new
colour-singlet charged scalar (“charged Higgs”) [12–16] or vector (W ′) boson [17–20], or of a
colour-triplet scalar or vector leptoquark (LQ) [21–33]. The latter have the advantage of being
less stringently constrained by precision EW constraints and direct LHC searches.
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Of particular interest is the isospin-singlet vector LQ,1

∆µ ∼ (3,1, 2/3) , (2)

whose respective charge assignments under the SM gauge group, GSM ≡ SU(3)C × SU(2)L ×
U(1)Y , are given on the right hand side of (2). In contrast to scalar LQ solutions, the coupling
structure of ∆µ is not constrained by proton decay. Besides that, ∆µ is contained in the Pati-
Salam gauge group SU(4)C × SU(2)L × SU(2)R unifying quarks and leptons [38], thereby
providing an appealing ansatz for the construction of an ultraviolet (UV)-complete model
[39–43].

From the phenomenological perspective, the vector LQ singlet gains additional appeal from
the fact that it is the only single-particle solution to anomalies in both RD(?) and RK(?) . The
latter ratios, defined as

RK(?) =
BR
(
B → K(?) µ+µ−

)
BR (B → K(?) e+e−)

, (3)

exhibit a combined ∼ 4σ tension [44,45] with the SM in LHCb [46–48] and Belle [49,50] data.
The latter anomaly is further supported by the fact that deviations from the SM predictions
are also showing in other observables sensitive to the quark-level b→ sµ+µ− transition, such
as P ′5, BR(Bs → φµ+µ−) and BR(Bs → µ+µ−).

The new physics scale required to address the anomaly in RD(?) is as low as a few TeV, and
therefore any underlying BSM particle(s) responsible for the (potentially) new physics may
be within the expected mass reach of the LHC or, eventually, future high(er)-energy colliders
— see e.g. [51–54]. Numerous studies of the LHC phenomenology of LQs responsible for the
RD(?) anomaly exist, ranging from resonant LQ pair- and single-production, t-channel LQ
exchange, and other non-resonant processes, see e.g. [37,55–65].

Of these, resonant LQ production processes yield the most direct access to the parameters
of the LQ model. LQ pair production is driven by QCD interactions, and hence for a given LQ
representation its cross-section yields a direct determination of the LQ mass. The branching
ratios of the LQ into different final states then determine the relative coupling strengths
to fermions. In combination with the observed values for RD(∗) , which are driven by the
product of the relevant LQ coupling parameters, the measurement of LQ branching ratios
into the various final states then allows for a complete determination of the parameters of the
simplified model. We will elaborate more on this point in Section 2.3. In this paper, after
reviewing the simplified models we consider, we take specific textures of the LQ couplings to
fermions that arise from specific flavour hypotheses and analyze the impact of LHC searches
on the respective models.

The remainder of the paper develops as follows: in Section 2 we review the theory formalism
embedded in our simplified models, including the symmetry motivation for studying particular
LQ flavour patterns. In Section 3 we use smelli [66] to perform a global likelihood scan of
said couplings, and ultimately isolate a preferred parameter space at the 1σ and 2σ confidence
level. This then provides benchmark points to study collider phenomenology in Section 4,

1In what follows we will use the notation and nomenclature of [34–36] when considering flavour structures,
and [37] for other Lagrangian parameters. We will refer to ∆µ as the ‘vector LQ singlet’, which is sometimes
denoted U1 in the literature.
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where we perform a reinterpretation of several LHC searches for our isospin-singlet vector LQ.
Finally, we provide a summary and outlook in Section 5.

2 Theoretical Framework

In this Section we review the simplified model describing the dynamics of the vector LQ singlet
∆µ in (2). We start by introducing the underlying Lagrangian in Section 2.1. Subsequently in
Section 2.2 we turn to the discussion of simple LQ coupling structures motivated by flavour
symmetries. Turning our attention to one specific case, the τ -isolation pattern, we then outline
how the measurements of both the LFU ratios RD(∗) and the LQ pair-production and decay
rates at the LHC collude in the determination of the simplified model parameters.

2.1 Simplified Model Lagrangian

When added to the SM field content, the vector LQ singlet ∆µ introduced in (2) sources the
following kinetic term and gauge interactions

L ⊃ −1

2
∆†µν∆

µν + igs(1− ks)∆†µTA∆νG
A,µν + i

2 g′ (1− kY )

3
∆µ∆νB

µν , (4)

where the leptoquark field strength is given by

∆µν = Dµ∆ν −Dν∆µ , (5)

in terms of the gauge-covariant derivative

Dµ = ∂µ + igsT
AGA

µ + i
2g′

3
Bµ . (6)

In the above equations TA are colour generators, gs and g′ are the standard QCD and hyper-
charge gauge couplings, and we study two scenarios for the ks,Y parameters: (A) kY = ks = 0,
which tames divergences in leptoquark-gauge boson scattering and dipole processes — see
[24,67] for details — and is also motivated by UV-completing the vector LQ singlet as a gauge
boson of an extended gauge symmetry [25], and (B) kY = ks = 1, which corresponds to the
so-called minimal coupling scenario as may appear in strongly coupled UV models [58]. For
simplicity we will also refer to Scenarios (A) and (B) as k = 0 and k = 1, respectively.

In addition to the above interactions, gauge-invariant coupling terms of the form2

L ⊃ xLL1,ijQ̄
i,a
L γ

µ∆µL
j,a
L + xRR1,ij d̄

i
Rγ

µ∆µe
j
R + xRR1,ijū

i
Rγ

µ∆µν
j
R + h.c. , (7)

also appear, where {i, j} denote flavour indices, {a, b} denote SU(2) indices, and k = 1, 2, 3
indicate the Pauli matrices. For a thorough review of the physics of leptoquarks, see e.g. [68].
Moving to the SM fermion mass basis via

uL → UuuL , dL → UddL , lL → UllL , νL → UννL ,

2While right-handed neutrinos play no role throughout our phenomenological analysis, we introduce them
here in order to allow for a complete discussion of flavour symmetries.
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uR → UUuR , dR → UDdR , ER → UEER , νR → URνR , (8)

and further decomposing SU(2)L indices, one then finds that (7) expands to

L ⊃ (U †ux
LL
1 Uν)ijū

i
Lγ

µ∆µν
j
L + (U †dx

LL
1 Ul)ij d̄

i
Lγ

µ∆µl
j
L (9)

+ (U †Dx
RR
1 UE)ij d̄

i
Rγ

µ∆µE
j
R + (U †Ux

RR
1 UR)ijū

i
Rγ

µ∆µν
j
R

+ h.c. ,

such that the novel BSM interactions between generations of quarks and leptons are manifest,
including terms with left-left (LL) and right-right (RR) chiral structure (although we do not
consider the terms with RR chiral structure in our analysis below). As is clear, these couplings
are all 3× 3 matrices in flavour space, such that (e.g.)3

(
U †d x

LL
1 Ul

)
≡ λdl =

λde λdµ λdτ

λse λsµ λsτ

λbe λbµ λbτ

 , (10)

so implying that the LL u−ν coupling is related to λdl via SU(2)L rotations, λuν = UCKM λdl UPMNS.
Here UCKM and UPMNS are the standard quark and lepton mixing matrices of the SM, defined
by

UCKM ≡ U †uUd , UPMNS ≡ U †l Uν , (11)

and whose matrix elements are constrained by a host of low-energy precision flavour data —
see e.g. [69,70].

Finally, the RR terms of (9) are, a priori, fully independent. In the remainder of our
analysis we will set these couplings to zero, which we motivate below.

2.2 Simplified Models of Flavourful Leptoquarks

In general, one can study the phenomenology of (10) with arbitrary values/shapes for the
couplings λdl. However, it is appealing to instead examine textures that are motivated by
both experimental and theoretical considerations. To that end, we will study lepton isolation
patterns of the form

λ
[e]
dl =

λde 0 0

λse 0 0

λbe 0 0

 , λ
[µ]
dl =

 0 λdµ 0

0 λsµ 0

0 λbµ 0

 , λ
[τ ]
dl =

 0 0 λdτ

0 0 λsτ

0 0 λbτ

 , (12)

where the meaning of the red entries in the first row will be explained below. Such matrices
are some of the minimal patterns motivated by the flavour-symmetry breaking embedded in
the Simplified Models of Flavourful Leptoquarks (SMFL) developed in [34–36]. The principle

3Observe that in [34,35] the vector LQ singlet d− l coupling features an additional superscript, λV1

dl . Since
we will not study the scalar triplet or vector triplet states in this work, we remove this superscript for simplicity.
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assumption of SMFL is that the LQ couplings to fermions of (e.g.) (10) are invariant under
Abelian residual family symmetries (RFS),

∃ {Q,L}, T †Q λQL TL
!

= λQL . (13)

Here TQ,L are (reducible) generator representations of said RFS in arbitrary quark (Q) or
lepton (L) family sectors, which simultaneously act on the SM Yukawa sector, where it is well
known that each family’s mass sector is invariant under U(1)3 RFS (in the broken phase) and
that, if present, a Majorana neutrino mass term is instead invariant under a Klein Z2 × Z2

[71, 72]. When RFS are interpreted as remnants of the breakdown of a UV parent symmetry,
e.g. through a breaking chain

GF →


GL →

{
Gν
Gl

GQ →

{
Gu

Gd

(14)

where Gu,d,ν,l denote the RFS controlling infrared (IR) flavour structures and GF,L,Q are larger
parent flavour groups,4 they can be used to algorithmically study the origins of CKM and
PMNS mixing matrices [72–84], control FCNC in multi-Higgs-doublet models [85], and of
course structure the LQ couplings of interest here. Critically, this analysis can be done without
reference to the details of the UV flavour model’s dynamics, and is therefore a largely model-
independent formalism for studying (B)SM flavour.

We leave the details of the RFS mechanism embedded in SMFL to [34–36], and proceed by
considering (13) with respect to the d−l operator only,5 where the 3×3 coupling is constrained
entry-by-entry through the RFS relation ei(−αd+αl) λde e

i(−αd+βl) λdµ e
i(−αd+γl) λdτ

ei(−βd+αl) λse e
i(−βd+βl) λsµ e

i(−βd+γl) λsτ

ei(−γd+αl) λbe e
i(−γd+βl) λbµ ei(−γd+γl) λbτ

 !
=

λde λdµ λdτ

λse λsµ λsτ

λbe λbµ λbτ

 . (15)

This invariance is clearly not realized in the absence of special relationships amongst the
phases of the RFS generator, which are themselves IR realizations of UV flavour-symmetry
breaking in specific directions of flavour space. Indeed, the patterns of (12) appear when one
of the Tl phases is also equal to βd = γd, e.g. αl = βd = γd (which gives the first texture,
etc.). These matrices are given in the fermion mass basis, and the red entries in the top row
of (12) highlight that it is perhaps more interesting to consider RFS which distinguish at least
two fermion generations, thereby forcing αd 6= βd = γd, which forbids these d-quark entries.
It was also noted in [34] that zero entries in the first row are consistent with scenarios where
the RFS successfully controls the dominant Cabibbo mixing observed in the CKM matrix,
thereby connecting potentially anomalous signals of new physics with partial solutions to
the SM’s longstanding flavour puzzle. Furthermore, it was generically shown that (12) can

4The parent group can be continuous or discrete, Abelian or non-Abelian.
5In [34] the consequences of applying (13) to all relevant family sectors were explored. While the presence of

more symmetry removes parametric degrees of freedom in a simplified model setup, it is also more challenging
to accommodate in UV flavour models – cf. [35, 36] (e.g.) for some discussion on this point.
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arise from the breakdown of non-Abelian family symmetries [35], which can be described by
an effective Lagrangian composed of non-renormalizable interactions between scalar flavons
and SM fermion multiplets [36, 86]. In short, evidence of new SMFL physics can be directly
connected to more complete models of (B)SM flavour physics.

2.3 On RD(∗) and Collider Complementarity

Precision flavour constraints from B-meson decays and other low-energy processes give infor-
mation that is potentially complementary to direct searches at the LHC. Consider the LFU
ratio RD(?) , which for the flavoured LQ ∆µ we consider is approximately given by [26]

RD(?) ' RSM
D(?) ·

[
1 +

1√
2GFVcb

Re (λλ?|τ − λλ?|l)
(

TeV

M∆

)2
]
, (16)

including only linear matching effects to the dimension-six (V − A) ⊗ (V − A) operator
[cγµ(1− γ5)b]

[
lγµ(1− γ5)ν

]
in the weak effective theory (WET) (which holds up to O(10%)

corrections to the BSM contribution).6 On the other hand, for a two-body decay into a given
quark-lepton pair, the branching ratio (BR) for a particular vector LQ decay channel is given
by (see e.g. [68])

BR (∆→ QL) ' |λQL|2∑
{QL} |λQL|2

where mQ,L → 0 . (17)

Neglecting quark and lepton masses is an excellent approximation for the LQ mass scales we
consider.

Comparing (16) to (17), one sees that the former constrains a product of LQ couplings,
whereas the latter constrains a ratio. Hence, in the event of a discovery being made at the LHC,
we note that combining this information would allow for a direct experimental probe at the
level of individual couplings in the overall flavour matrices λdl,uν . We show this qualitatively in
Fig. 1, given the approximations in (16)-(17), where we have presented experimentally relevant
values of RD(?) and various values of BR (∆→ sτ(bτ)), in the context of the τ -isolation model

λ
[τ ]
dl . Note that in this model SU(2) rotations lead to non-negligible contributions from the
u− ν sector, cf. Fig. 3.

In order to fully determine the parameters of the SMFL, also the LQ mass M∆ and the
LQ coupling parameters ks, kY need to be measured. ks and M∆ can be accessed through
the LQ pair-production cross-section in pp collisions and the invariant mass of the LQ decay
products. The parameter kY is more difficult to access, as it is responsible for the coupling
strength of the LQ to the photon and, to a lesser extent, to the Z boson.

3 Precision Constraints and Global Likelihoods

Our goal is to now provide a robust examination of the SMFL parameter space favored by
present-day experiment, and our primary tool in this effort will be smelli [66], an open-source

6Note of course that the analysis in Section 3.2 accounts for running effects, etc. Here we are simply making
a qualitative (and motivating) point.
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Figure 1: A comparison of contours of RD(?) and BR (∆→ sτ(bτ)) in black and red (blue),
respectively.

python package which builds upon the flavio [87] and Wilson [88] programs. The goal of
flavio is to enable the automated calculation of flavoured processes in terms of dimension-six
Wilson coefficients C of the SM effective field theory (SMEFT, valid above the EW scale) or
the Weak Effective Theory (WET, valid below the EW scale). This package includes a large
library of experimental measurements in the flavour and EW sectors. In addition., Wilson
computes the renormalization group evolution (RGE) of SMEFT operators, their matching
onto the WET at relevant scales, and the further RGE running of WET operators to hadronic
scales that are (often) of interest in flavour physics. Augmenting these capabilities, smelli
computes a global likelihood function in the space of SMEFT coefficients, i.e. the object

LSMEFT (~C) =
∏
i

Lexp

(
~Oexp
i , ~Oth

i

(
~C, ~θ
))
× Lθ

(
~θ
)
. (18)

Here Lexp are likelihood distribution functions which depend on independent experimental

measurements ~Oexp
i with associated theory predictions ~Oth

i , which are themselves functions

of the Wilson coefficients ~C and additional model-independent phenomenological parame-
ters θ (e.g. form factors and decay constants). Then Lθ accounts for any experimental or
theoretical constraints on these nuisance parameters. Note however that the actual smelli
implementation of (18) relies on a ‘nuisance-free’ approximation to the total global likelihood
function, which effectively ‘integrates out’ the theoretical errors associated to θ, treating them
as additional experimental uncertainties. This is achieved by a factorization of LSMEFT into
likelihoods for observables that a) have negligible theoretical vs. experimental uncertainty or
b) that have reliably Gaussian theory and experimental uncertainties, and where the former

only weakly depends on ~C and ~θ. While care must be taken for certain observables (e.g. CKM
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angles) that do not necessarily respect these assumptions, they are reliable and frequently
employed (see e.g. [89–92]) for the analyses we are attempting here. Finally, smelli also
includes the one-loop RGE that mix flavour structures in the SMEFT, and which are required
for a consistent matching to the WET, where QCD and QED renormalization is flavour-
blind [93–99]. This matching and associated RGE is performed automatically in smelli,
allowing coherent comparisons to low-energy experimental data given a UV new physics scale
Λ. For a more complete description of smelli functionality, its built-in assumptions, and an
exhaustive list of observables included in its likelihoods, see [66] and the documentation at
https://github.com/smelli/smelli.

3.1 Matching the Vector Singlet

In order to perform a smelli analysis for our SMFL, we first recall the tree-level SMEFT
matching onto the LL operators of the ∆µ vector singlet given in (7), which when computed
at the new physics scale Λ = M∆ yields (see e.g. [100]):

[
C

(1)
LQ

]
ijkl

=
[
C

(3)
LQ

]
ijkl

= −
λkjLQ λ

li?
LQ

2M2
∆

, (19)

which are the Wilson coefficients of the dim-6 four-fermion SMEFT operators given by[
O(1)
LQ

]
ijkl

=
(
LiγµLj

) (
QkγµQl

)
,

[
O(3)
LQ

]
ijkl

=
(
Liγµτ

ILj
) (
Qkγµτ

IQl

)
. (20)

In addition to this tree-level matching, we follow [37] and include additional one-loop matching
contributions to quark dipole operators in the SMEFT, which can generate the known [101]
vector singlet matching contributions to electric and chromomagnetic dipole operators in the
low-energy WET. The relevant dimension-six SMEFT operators are

[OdB]ij =
(
Qiσ

µνdj
)
φBµν , [OdW ]ij =

(
Qiσ

µνdj
)
τ IφW I

µν , [OdG]ij =
(
Qiσ

µνTAdj
)
φGA

µν ,

which are catalogued alongside all remaining independent dimension-six operators in [102].
Note that in smelli the Warsaw basis of [102] (the flavio basis of [87]) is the default basis
when obtaining likelihoods in the SMEFT (WET). Again computing the relevant matching at
Λ = M∆, one finds [37]

[CdW ]23 =
Yb
6

g

16π2

λ2i
LQλ

3i?
LQ

M2
∆

, [CdB]23 = −4Yb
9

g′

16π2

λ2i
LQλ

3i?
LQ

M2
∆

, [CdG]23 = −5Yb
12

gs
16π2

λ2i
LQλ

3i?
LQ

M2
∆

[CdW ]32 =
Ys
6

g

16π2

λ3i
LQλ

2i?
LQ

M2
∆

, [CdB]32 = −4Ys
9

g′

16π2

λ3i
LQλ

2i?
LQ

M2
∆

, [CdG]32 = −5Ys
12

gs
16π2

λ3i
LQλ

2i?
LQ

M2
∆

.

(21)

Here the lepton index i is summed over. In addition to the Lagrangian conventions discussed
above Section 2.2, these were also computed in the limit of a diagonal down-quark Yukawa
matrix, with Ys,b the respective Yukawa couplings to strange and bottom quarks. Note that,

8
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SMFL M∆ Best Fit (λsl, λbl) ln ∆L|R
D(?)

ln ∆L|R
K(?)

ln ∆L|Global

λ
[τ ]
dl

2 TeV (0.68, 0.72) 12.694
N.A.

20.771

1 TeV (0.32, 0.38) 12.692 20.075

λ
[µ]
dl

2 TeV (0.15,−0.024) 0.125 3.664 21.643

1 TeV (0.06,−0.015) 0.124 3.629 21.604

λ
[e]
dl

2 TeV (0.016, 0.184) −O(10−2) 4.866 5.827

1 TeV (0.006, 0.12) −O(10−2) 4.872 5.814

Table 1: Results from the M∆ = {1, 2} TeV two-parameter likelihood (ln ∆L = −∆χ2/2)
scans of Section 3.2, including the individual contributions of the (potentially) anomalous
observables RK(?),D(?) . Column 3 gives the best-fit values of (λsl, λbl), corresponding to the
global minimum of the scans, found in column 6, which consider all available data in smelli.
Columns 4-5 then give the individual contributions of RK(?),D(?) to this likelihood (again at
the best-fit coordinates). See the text and Figure 2 for more details.

as mentioned above, one expects logarithmic divergences to appear in dipole processes in the
‘minimal’ coupling scenario where ks = kY = 1 in (4) [24, 67], and therefore the operators in
(21) may not be induced in a sensible UV matching with this parameter choice. It is also
clear that, when ks = kY = 1, triple-vector couplings between ∆−∆− B/G are not present
at tree level, and therefore the one-loop diagram leading to non-zero CdG (e.g.) is not present.
Regardless, we note that our analysis in Section 4 is largely insensitive to these UV details,
as we have found that turning off all of the dipole operators in (21) only results in a roughly
1% correction to the best-fit ratio of λsτ/λbτ when M∆ = 1 TeV (e.g.). In what follows we
therefore show fit results in the ‘full’ ks = kY = 0 scenario.

Finally, we recall that as with other similar studies, we have chosen to set the RR couplings
xRR and xRR in (7) to zero. As can be deduced from model-independent EFT fits (see e. g.
[37, 103–106]) and as will be seen explicitly below, these RH couplings are not necessary in
minimal explanations of the observed LFU anomalies, and it has been further shown [58] that
exclusion limits on M∆ strengthen when xRR 6= 0. Hence (19)-(21) represent the complete set
of relevant SMEFT Wilson coefficients implemented in our smelli analysis.

3.2 Scanning the Vector Leptoquark Singlet

Given (19)-(21), one is in a position to scan over the SMFL couplings λdl that compose them
and allow smelli to compute likelihoods at each phase-space point. One can collect this infor-
mation as a function of λdl and determine the experimentally favoured space of couplings for
a given SMFL pattern/model, as well as the observables which contribute the most significant
pulls.

Specifically, in performing our scans we
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1. take the leptoquark couplings λdl to be positive and real. As will be seen, there is ample
parameter space of interest even without additional complex degrees of freedom.

2. build an array of {λsl, λbl} by dividing the phase space in either dimension by a predefined
set of intervals. We then calculate the Wilson coefficients in (19)-(21) for all points on
this grid.

3. perform a global likelihood analysis using smelli v2.0.0 at each parameter point on
the λdl grid. This is performed by calling smelli.GlobalLikelihood(), which we also
modify using the custom likelihoods attribute. This latter functionality allows us to
define custom sets of observables contributing to a likelihood computation.

4. collect all likelihoods computed and determine the values associated to the minimum
χ2 for a given pattern (and a given set of observables). We do so by calling the
log likelihood global() method, which returns ln ∆L = −∆χ2/2, the BSM χ2 minus
its SM value. We use this to then compute 1σ and 2σ likelihood contours about the
minimum.

5. in order to determine the relative pull of any given set of observables, we also use the
log likelihood dict() method, which returns the dictionary of all contributions to
ln ∆L from the individual products in (the smelli implementation of) (18). Note that in
addition to the classes of observables already segregated in smelli through the inclusion
of separate internal YAML files, any of the custom likelihoods we defined ourselves will
also be given as independent contributions.

We now report the results of these scans for SMFL patterns of distinct phenomenological
interest: the lepton isolation patterns λ

[e,µ,τ ]
dl . We also report the relative pull of RK(∗),D(∗) (at

the global minimum), which are especially interesting due to their present deviations from SM
predictions.

Electron and Muon Isolation Patterns

We first investigate λ
[e,µ]
dl from (12), the e- and µ-isolation patterns, where the results of the

smelli scans we performed as described above are given in the top (middle) panels of Figure
2 for the electron (muon) patterns, as well as numerically in Table 1. One observes in Figure 2
that a broad range of couplings is allowed at the 1σ and 2σ confidence level, considering all
available data, and that the potentially anomalous measurement of RK(?) is well-described in
these models. Indeed, the overall shape of the global parameter space preferred largely follows
that preferred by RK(?) alone. The stronger pull to non-zero couplings in the moun-isolation
pattern originates in the so-called b→ sµ+µ− anomalies observed in the decays B → K∗µ+µ−,
Bs → φµ+µ− etc. that can not be addressed in the electron-isolation pattern. Additionally, as
seen in Table 1, the global best-fit value is also favored over SM couplings alone as it slightly
softens the charged-current LFU anomaly RD(?) , at least for the µ−isolation pattern. When
considering onlyRD(?) data, better likelihoods can be obtained in the parameter space scanned.

λ
[µ]
dl ’s ability to resolve LFU anomalies whilst generating a distinct collider phenomenology has

been known for some time (see e.g. [107,108]).
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Figure 2: Top Left: Likelihood contours for the two-parameter e-isolation pattern λ
[e]
dl at

M∆ = 1 TeV, including 2σ contours from RK(?) constraints alone (hatched region), as well as
global 1σ (orange region) and 2σ (blue region) preferred contours considering all data available
to smelli. Top Right: The same, but for M∆ = 2 TeV. Middle Row: The same, but for
the µ-isolation pattern λ

[µ]
dl . Bottom Row: The same, but for the τ -isolation pattern λ

[τ ]
dl ,

and including 2σ contours from RD(?) constraints alone (hatched region), and RD(?) + τ decay
modes (gray region). Here the global best-fit (black, triangular) and benchmark (red, circular)
points in {λsτ , λbτ} we obtained from our scan are also shown.
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As a final note, we have observed that the overall −∆χ2/2 likelihood distributions for

both λ
[e,µ]
dl are somewhat flat, in that multiple points spanning a broad domain in the two-

dimensional contours presented fall very close to likelihood found for the global best-fit point.
For example, we can identify a number of parameter space points whose likelihoods are within
a percent (or less) of the global minimum, but whose coordinates are a factor of 2 (or more)

away from those presented in Table 1. We found a similar behavior for λ
[e]
dl at M∆ = 1 TeV,

and for both λ
[e,µ]
dl at M∆ = 2 TeV. It is for this reason that we do not find it instructive

to plot a ‘global’ best-fit point in Figure 2, but instead give this information in Table 1, to
illustrate the overall quality of the fits.

Tau Isolation Pattern

We next investigate λ
[τ ]
dl from (12), the τ -isolation pattern. This texture has been studied

before in the context of a toy vector singlet LQ model [37] (although without the SMFL
symmetry-based motivation for its flavour structure), and here we update those results given
improved experimental and theoretical developments over the last years.7

Using the algorithm described in Section 3, we produce the bottom panels in Figure 2. The
graphics illustrate the contours contributing to the global likelihood coming from the ratio
observables RD(?) (hatched region), those from a custom fit combining both RD(?) and the
leptonic τ -decay modes BR (τ− → l−νν̄) with l = e, µ, BR (τ+ → K+ν̄), and BR (τ+ → π+ν̄)
(gray region), and finally the global 1σ (orange region) and 2σ (blue region) preferred contours
upon considering all experimental datasets in smelli. Note that leptonic τ decays and RD(?)

were identified as dominant contributors to the overall likelihoods for λ
[τ ]
dl in [37], and we

confirm that observation in our analysis. We give these at M∆ = {1, 2} TeV (left and right
panels, respectively), and the best-fit (λsτ , λbτ ) values are shown in black, where the global
minimum likelihood of our scans are realized. The numerical value of this coordinate as well
as the minimum −∆χ2/2 is again given in Table 1. For the 2 TeV contours we also plot
‘benchmark points’ in red that we will use in the upcoming collider analysis of Section 4.

Summary

In conclusion, it is clear that the µ- and the τ -isolation patterns both provide excellent fits
to the available data across a broad range of parameter space, and are able to solve the
LFU anomalies RK(∗) and RD(∗) , respectively. While the electron isolation pattern can also
successfully address RK(∗) , it falls short of explaining the related anomalies in b → sµ+µ−

transitions, and is hence less motivated from a phenomenological perspective.
In what follows we will further pursue the analysis of the τ -isolation pattern and study

its LHC signatures. A high-pT study of this scenario is particularly motivated, since we have
seen large LQ couplings are required by the global fit. In turn this precludes the possibility
of evading direct searches by simply raising the LQ mass M∆ beyond the reach of the LHC.

7We thank Peter Stangl for pointing out (e.g.) [109], whose updated B → D(?) form factors impact predic-
tions (and uncertainty estimates) for RD(?) . Note also that the gray-shaded contour of the bottom-right panel
of Figure 2 can be compared to the corresponding contours in Figure 6 of [37], where we find good qualitative
agreement, given the updates in the code and both experimental and theoretical inputs.
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λ
[τ ]
dl Benchmark Points

BPi (λsτ , λbτ )

BP1 (1.29, 0.4)

BP2 ( 0.98, 0.49)

BP3 (0.68, 0.68)

BP4 (0.48, 0.96)

BP5 (0.32, 1.43)
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Table 2: BR(∆(∆)→ QL(QL)) for 2 TeV LQ Benchmark Points from the λ
[τ ]
dl scan of Section

3. All asymmetric decay BR have an additional ×2 factor because of permutation.

4 LHC Recasting Exclusion Limits

In this Section we consider existing direct searches published by ATLAS [110] and reinterpret
them in the context of our well motivated τ−isolation scenario. In particular, both second- and
third-generation quarks can be involved in the LQ decay. Assuming only left-handed couplings,
and neglecting the fermion masses as well as CKM rotations, the different branching ratios
exhibit the following structure

BR3rd

∆ = BR(∆→ bτ) ' BR(∆→ tν), (22)
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Figure 3: 2 TeV LQ branching ratios into quarks and leptons for the τ− isolation pattern.
The channel magnitudes only depend on the ratio of the couplings. The non-vanishing u− ν
contribution appears due to CKM rotations from λd` → λuν . The other channels are (almost)
exactly vanishing in the context of the τ−isolation pattern. We have highlighted in red the
position of the different benchmark points shown in Figure 2. Note that P τ

2 , P τ
3 and P τ

4 have
λbτ/λsτ values of 0.5, 1 and 2, respectively.

BR2nd

∆ = BR(∆→ sτ) ' BR(∆→ cν) ' 0.5− 2 · BR3rd

∆ , (23)

where BR2nd

∆ (BR3rd

∆ ) corresponds to the decay into the second (third) down-type quark. This
structure holds very well as shown in Figure 3 (note that for readability we fixed the only
coupling free parameters λdl

.
= λ) where the CKM and fermion masses effects have been

considered with a 2 TeV mass for the LQ. Using (17) we obtain the following relation for the
branching ratio as a function of the couplings:

BR3rd

∆ '
λ2

33

λ2
33 + λ2

23

. (24)

As an example, we selected five benchmark points labelled P τ
i across the 1σ region fit of

Figure 2. These scenarios have distinct decay channel magnitudes and are therefore rather
illustrative for collider considerations. All information regarding these benchmark points is
gathered in Table 2.

The procedure regarding our collider analysis is as follows: we first consider the mixed
search ∆ → bτ/tν investigated in [110] where we adapt to match the extra opened second-
generation quark channel. We then complete the analysis by confronting our model with the
implemented LHC searches in CheckMATE [111, 112]. Of particular interest would be the jets
and missing energy searches, since the channel involving jets and neutrino remains stable
around 50% as discussed in (23). We present results for the two extreme cases for pair
production: k = 0 and k = 1.
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Figure 4: Pair production cross-section for different LQ models. For the vector LQ ∆ we
present results for both the k = 0 and k = 1 scenarios studied in the text. The scalar model
(S1) is presented as an illustration, being the benchmark model employed in most of the
ATLAS and CMS studies.

4.1 Reinterpretation of the Mixed bτtν Search

Several searches at the LHC by the ATLAS [110, 113] and CMS [114–116] collaborations
explicitly target up-type vector leptoquarks with bτ and tν final states. Among those, ATLAS
in [110] (CMS in [116]) considers for the first time the possibility of a bτtν final state (originally
pointed out in [117] and scrutinized in [118,119]), where each leptoquark decayed in a different
channel. We informally refer to this as the “mixed” channel. Moreover, for the specific case
where BR(∆ → bτ) and BR(∆ → tν) are approximately equal, the study of reference [110]
provides the most stringent constraints, and hence, among the whole suite of leptoquark
studies, we focus on this particular channel.

The ATLAS study [110] considers LQ decays exclusively to third-generation quarks. In
other words, the branching ratios into tν and bτ add up to unity. However, in more generic
setups additional decay channels can be opened. Following the strategy proposed in [119] we
reinterpret the search in this more generic framework, for our vector LQ model.

As discussed above, within our assumptions, we can use (23). Therefore, the excluded
fiducial cross-section given by ATLAS is simply re-expressed as

σ(pp→ ∆∆∗)× BR(∆→ bτ)× BR(∆→ tν) =⇒ σ(pp→ ∆∆∗)×
(

BR3rd

∆

)2

, (25)

which corresponds to BR(∆→ bτ) = 0.5 in the ATLAS paper.
Using our results for the production cross-section as a function of the mass, given in Figure

4, it is possible to reproduce the exclusion given by ATLAS while including the effect of the
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Figure 5: Reinterpretation from [110]. The main assumptions are BR(∆→ bτ) = BR(∆→ tν)
and that the opened second generation decay is invisible to the analysis, and hence only affects
the fiducial cross-section σ(pp→ ∆∆∗)× (BR3rd

∆ )2

additional opened channels by varying BR3rd

∆ instead, which can be matched to the ratio
λ33/λ23. The result is presented in Figure 5. We observe that, as expected, the excluded mass
drops significantly as the branching ratio into the third generation quarks decreases. The two
extreme cases from the best fits presented in Section 3.2 are reached for BP1 and BP5, for
which we exclude masses close to 600 GeV (900 GeV) and 1500 GeV (1750 GeV) for k = 1
(k = 0), respectively.

4.2 CheckMATE Exclusion Limits

As discussed previously, we expect searches involving multi-jets and missing energy to complete
the exclusion limits provided by the reinterpretation of the mixed channel. Indeed, at parton
level, the channel involving neutrino decay of the leptoquark (tν + cν) remains stable around
50% across the coupling parameter space as only the left-handed coupling is present. Decay
channels involving either one or two neutrinos will therefore be probed by these searches.

We perform a parameter scan in the plane (M,λ33/λ23) as only the coupling ratio has an
impact on the collider phenomenology. Using CheckMATE and previously implemented analysis
we derive the complementary exclusion limits. The results are shown in Fig. 6 together with
the mixed search, adapted to the (M,λ33/λ23) plane using the valid simplified expression for
the branching ratios (24). We note that the limits seem rather independent of the coupling
ratio with the excluded values for k = 0 (k = 1) below ∼ 1500 GeV (∼ 1100 GeV), reproducing
our expectations from the parton-level consideration where the neutrino channels sum up to
50% independently of the coupling ratio. This further suggests that at the reconstructed level,
where in principle the nature of the up-type quark (c or t) might affect the jet multiplicity,
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Figure 6: Combined results from CheckMATE nj+ /ET and mixed-channel exclusion limits. Solid
lines correspond to the mixed channel while the dashed ones are the results from CheckMATE.
Note that the y-axis has a base 2 logarithmic scale.

the different signal regions have similar sensitivity. Most of the exclusion limits come from
the ATLAS analysis [120] where they originally considered squark and gluino multi-jets and
missing energy with 36 fb−1. Note that a new analysis by ATLAS of the same channels was
released in [121] where they performed a more sophisticated search with more luminosity.
However, recasting this analysis is beyond the scope of this work as this search has not been
implemented and validated in CheckMATE. Being conservative by assuming that the efficiency
of future searches will remain stable and therefore simply rescale by the luminosity, one can
estimate prospects for HL-LHC for 3000 fb−1, which should exclude masses of order 1400 GeV
(1850 GeV) for k = 1 (k = 0). However, due to the improvement of the analysis techniques
(for example in [121] compared to [120]), one can be more optimistic and expect even higher
masses to be reached. We then see that both classes of studies (searches for leptoquarks and
missing energy searches) complement each other and that enhancing the sensitivity of these
studies is of crucial importance towards shedding light on the mechanism(s) behind the flavour
anomalies.

5 Summary and Outlook

We have studied the phenomenological consequences of a subset of Simplified Models of
Flavourful Leptoquarks [34–36] that only couple to a single generation of charged leptons,
with a central focus on the (3,1, 2/3) lepqtoquark ∆µ coupling quarks to τ leptons. Lepton
isolation patterns/models are readily motivated by ultraviolet flavour-symmetry breaking, and
are amongst the most minimal scenarios that can explain experimental anomalies in the lepton-
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flavour-universality observables RD(?),K(?) , depending on the actual tree-level lepton couplings
allowed. We reviewed their theoretical motivation and used smelli [66] to scan over the global
parameter space favoured by low-energy flavour data when couplings to electrons, muons, or
taus are permitted. This analysis revealed that all three patterns are favored over SM physics
alone, and we presented 1σ and 2σ global likelihood contours in the two-parameter spaces of
(12), along with likelihood contours in the same space, but coming from RD(?),K(?) data alone.
Upon focusing on the τ−isolation pattern, we then studied the decay signatures of ∆µ at the
LHC.

Based on our parameter-space scans, we have defined a series of benchmark points to
illustrate the main phenomenological features, where the branching fraction into the third
generation ranges from a few percent up to almost 100 %. We have confronted the parameter
space of our model with two different classes of LHC searches, namely i) direct searches for
leptoquarks and ii) missing energy searches. Given that our setup imposes approximately
equal branching ratios into tν and bτ , it turns out that the mixed ATLAS search looking for
bτtν provides the strongest constraints among the set of direct leptoquark searches. We carried
out the reinterpretation of this search for our vector leptoquark models, where the sensitivity
would obviously depend on the branching ratio into the third generation. If no additional
channels are open, these searches can constrain a leptoquark mass up to 1400 (1750) GeV for
the k = 1 (k = 0) scenarios, while if instead the branching fraction into the third generation
were to be of 5 %, these upper limits would be reduced to 800 (1100) GeV. Regarding the
missing energy searches, since our setup also imposes that our leptoquark decays 50 % of
the time in a channel with one neutrino, it is not surprising that the mass reach is pretty
insensitive to the third generation branching fraction, being about 1150 (1500) GeV for the
k = 1 (k = 0) case. The interplay between both types of searches is interesting.

Last but not least, we would like to point out that it would be desirable to expand the set
of direct leptoquark searches to specifically target decays into the second generation. While
experimentally challenging, it is clear that since the flavour anomalies are directly related to
the second generation, searches including c quarks, e.g. cνcν or bτcν would have an important
impact on both the discovery and the characterization of leptoquark models. While outside
the scope of this work, it would also be desirable to study in similar fashion how future colliders
can fully probe the vector leptoquark scenario.
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[23] S. Fajfer and N. Košnik, Phys. Lett. B 755 (2016), 270-274
doi:10.1016/j.physletb.2016.02.018 [arXiv:1511.06024 [hep-ph]].

[24] R. Barbieri, G. Isidori, A. Pattori and F. Senia, Eur. Phys. J. C 76 (2016) no.2, 67
doi:10.1140/epjc/s10052-016-3905-3 [arXiv:1512.01560 [hep-ph]].

[25] R. Barbieri, C. W. Murphy and F. Senia, Eur. Phys. J. C 77 (2017) no.1, 8
doi:10.1140/epjc/s10052-016-4578-7 [arXiv:1611.04930 [hep-ph]].

[26] G. Hiller, D. Loose and K. Schönwald, JHEP 12 (2016), 027
doi:10.1007/JHEP12(2016)027 [arXiv:1609.08895 [hep-ph]].

[27] N. G. Deshpande and A. Menon, JHEP 01 (2013), 025 doi:10.1007/JHEP01(2013)025
[arXiv:1208.4134 [hep-ph]].

[28] M. Tanaka and R. Watanabe, Phys. Rev. D 87 (2013) no.3, 034028
doi:10.1103/PhysRevD.87.034028 [arXiv:1212.1878 [hep-ph]].

[29] Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Phys. Rev. D 88 (2013) no.9,
094012 doi:10.1103/PhysRevD.88.094012 [arXiv:1309.0301 [hep-ph]].

[30] M. Freytsis, Z. Ligeti and J. T. Ruderman, Phys. Rev. D 92 (2015) no.5, 054018
doi:10.1103/PhysRevD.92.054018 [arXiv:1506.08896 [hep-ph]].

[31] M. Bauer and M. Neubert, Phys. Rev. Lett. 116 (2016) no.14, 141802
doi:10.1103/PhysRevLett.116.141802 [arXiv:1511.01900 [hep-ph]].

20
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[103] C. Murgui, A. Peñuelas, M. Jung and A. Pich, JHEP 09 (2019), 103
doi:10.1007/JHEP09(2019)103 [arXiv:1904.09311 [hep-ph]].

[104] R. X. Shi, L. S. Geng, B. Grinstein, S. Jäger and J. Martin Camalich, JHEP 12 (2019),
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