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ABSTRACT: We consider the phenomenological signatures of Simplified Models of Flavour-
ful Leptoquarks, 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 lepto-
quark A, with assignments (3,1,2/3) under the SM’s gauge symmetry, SU(3)c x SU(2)r, x
U(1)y, which has the tantalising possibility of explaining both R ;) and R ) anomalies.
Upon performing global likelihood scans of the leptoquark’s coupling parameter space, fo-
cusing 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 r-flavoured A, through their dis-
tinct (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. De-
pending on the simplified model under consideration, the direct searches constrain the A,
mass up to 1500-1770 GeV when the branching fraction of A, is entirely to third-generation
quarks (but are significantly reduced with decreased branching ratios to the third genera-
tion), whereas the missing-energy searches constrain the mass up to 1150-1700 GeV while
being largely insensitive to the third-generation branching fraction.

KeEyworDSs: New Light Particles, Specific BSM Phenomenology, Flavour Symmetries,
Theories of Flavour
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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 yet.
Nonetheless, compelling motivations for the existence of BSM physics exist, including the
unsolved electroweak (EW) hierarchy, neutrino mass, and strong CP problems, the un-
explained presence of a baryon asymmetry in the Universe, the lack of a confirmed dark
matter candidate, and of course the flavour puzzle.

Besides these problems, perhaps the strongest 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 interactions were found in 2012
by the BaBar collaboration [1, 2] in the ratio

BR (E —~ DM T*m)
BR (E —~ D l_ﬁl)

Rpw = , (1.1)

with [ € {e,u}. 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 3.40 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 — crv 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.
Of particular interest is the isospin-singlet vector LQ,"

A"~ (3,1,2/3) (1.2)

whose respective charge assignments under the SM gauge group, Gsyr = SU(3)o xSU(2)f, x
U(1)y, are given on the right hand side of (1.2). In contrast to scalar L(Q) solutions, the
coupling structure of A* is not constrained by proton decay [38]. Besides that, A" is
contained in the Pati-Salam gauge group SU(4)c x SU(2)r, x SU(2) g unifying quarks and
leptons [39], thereby providing an appealing ansatz for the construction of an ultraviolet
(UV)-complete model [38, 40-44].

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 R and
Ry . The latter ratios, defined as

BR(B Ny ,ﬁu—)

BR(B S K™ e+e*>

exhibit a combined ~ 4o tension [45, 46] with the SM in LHCb [47-49] and Belle [50, 51]
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 — su™tu™
transition, such as P/, BR(Bs — ¢utp~) and BR(Bs — ptu™).

The new physics scale required to address the anomaly in R () is as low as a few TeV,
and therefore any underlying BSM particle(s) responsible for the (potential) new physics
may be within the expected mass reach of the LHC or, eventually, future high(er)-energy
colliders — see e.g. [52-55]. Numerous studies of the LHC phenomenology of LQs respon-
sible for the R ) anomaly exist, ranging from resonant LQ pair- and single-production,
t-channel LQ exchange, and other non-resonant processes, see e.g. [37, 56—68|.

Of these, resonant LQ production processes yield the most direct access to the param-
eters 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 cou-
pling strengths to fermions. In combination with the observed values for R (.), which are
driven by the product of the relevant L(Q 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.

n 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 A* as the ‘vector LQ singlet’, which is sometimes
denoted U; in the literature.



The remainder of the paper develops as follows: in section 2 we review the theory for-
malism embedded in our simplified models, including the symmetry motivation for studying
particular LQ flavour patterns. In section 3 we use smelli [69] to perform a global like-
lihood scan of said couplings, and ultimately isolate a preferred parameter space at the
1o and 20 confidence level. This then provides benchmark points to study collider phe-
nomenology in section 4, where we perform a reinterpretation of several LHC searches for
our 7-flavoured 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 A* in (1.2). 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 7-isolation
pattern, we then outline how the measurements of both the LF'U ratios R p(+) 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 A* introduced in (1.2) sources
the following kinetic term and gauge interactions

29" (1—ky)

Lo —%ALUA’“’ gy (1= k)ALTAA G + 2L SN A ()
where the LQ field strength is given by
A, =D,A, — DA, (2.2)
in terms of the gauge-covariant derivative
Dy = 0, +igs TG, + iz—g/Bﬂ : (2.3)
3

In the above equations T4 are colour generators, g; and ¢’ are the standard QCD and hyper-
charge gauge couplings, and we study two scenarios for the k, y parameters: (A) ky = kg =
0, which tames divergences in LQ-gauge boson scattering and dipole processes — see [24, 70]
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 [59].
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 form?

LD a:iLjL _iL’a'y“A#Lﬁa + $£RJiR’7“AH€% + xﬁRﬂ%y“Auué + h.c., (2.4)

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.



also appear, where {i,j} denote flavour indices and a is an SU(2) index. For a thorough
review of the physics of LQs, see e.g. [71]. Moving to the SM fermion mass basis via

ur, = Uyur, dr, — Uqdy,, Il = Ulyp, v, = Uy,

ur — Upug, dr — Updg, Er — UgER, vr — Urvg, (2.5)
and further decomposing SU(2)y, indices, one then finds that (2.4) expands to

L > (Ufz" U, asA» Al + (Ule 0 diA AL (2.6)
+ (Uha U )y dpy A, By + (U™ Ur)iapy A vk
+ h.c.,

such that the novel BSM interactions between generations of quarks and leptons are man-
ifest, 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 x 3 matrices in flavour space, such that (e.g.)?

Ade )\du >\d7’
(U(}L l'LL Ul) = )‘dl = )\se Asu )\ST ) (27)
/\be )\bu )\bT

so implying that the LL u — v coupling is related to Ay via SU(2)y rotations, A\,, =
Uckm Aat Upmns. Here Uckwm and Upying are the standard quark and lepton mixing ma-
trices of the SM, defined by

Uckm = UjUy, UpmMns = UlTUw (2.8)

and whose matrix elements are constrained by a host of low-energy precision flavour data
— see e.g. [72, 73].

Finally, the RR terms of (2.6) 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 (2.7) with arbitrary values/shapes for the
couplings A\y. 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

/\de 00 0 )\d,u, 0 00 )\117'
Al =1 xe00 |, N=Tox,0], Af=]00x |, (2.9)
Ape 00 0 Ay 0 00 My

30Observe that in [34, 35] the vector LQ singlet d — I coupling features an additional superscript, )\}i/ll.
Since we will not study the scalar triplet or vector triplet states in this work, we remove this superscript
for simplicity.



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 assumption of SMFL is that the LQ couplings to fermions of (e.g.) (2.7) are
invariant under Abelian residual family symmetries (RFS),

3{Q,L}, ThroLTe = Xt - (2.10)

Here Tg 1, 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)? RFS (in the broken
phase) and that, if present, a Majorana neutrino mass term is instead invariant under a
Klein Zg x Zg [74, 75]. When RFS are interpreted as remnants of the breakdown of a UV
parent symmetry, e.g. through a breaking chain

Gr s G

Gr — gl (2.11)
Go — { "
Ga

where G, 4, denote the RFS controlling infrared (IR) flavour structures and Gr o are
larger parent flavour groups,* they can be used to algorithmically study the origins of CKM
and PMNS mixing matrices [75-87], control flavour-changing neutral currents in multi-
Higgs-doublet models [88], and of course structure the LQ couplings of interest here. Criti-
cally, this analysis can be done without reference to the details of the UV flavour model’s dy-
namics, and is therefore a largely model-independent formalism for studying (B)SM flavour.

We leave the details of the RF'S mechanism embedded in SMFL to [34-36], and proceed
by considering (2.10) with respect to the d — [ operator only,” where the 3 x 3 coupling is
constrained entry-by-entry through the RFS relation

et(—aatai) Ade et(—aa+p) Ay et(—aa+) Air Ade Ady Adr
gil=Batan) ), ei(=Batf) N, ei=Batm) A, | 2 | Ao Ay Aer | - (2.12)
et(=vatau) Moo ei(_’Yd"‘Bl))\b# et(=vatn) py Noe Aoy Abr

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 (2.9) appear when
one of the T} phases is also equal to By = 74, e.g. ay = B4 = 4 (which gives the first texture,
etc.). These matrices are given in the fermion mass basis, and the red entries in the top row
of (2.9) highlight that it is perhaps more interesting to consider RFS which distinguish at

“The parent group can be continuous or discrete, Abelian or non-Abelian.

In [34] the consequences of applying (2.10) 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. e.g. [35, 36] for some discussion on this point.



least two fermion generations, thereby forcing ag # B4 = 4, 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 RF'S 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 (2.9) can 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, 89]. In short, evidence of new SMFL
physics can be directly connected to more complete models of (B)SM flavour physics.

2.3 On Rpx and collider complementarity

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

T 2
Re (AM]r — AV])) (ev> , (2.13)

R ~ RSM .
D< ) D(*) MA

1
1+ ——
V2GFVy,

including only linear matching effects to the dimension-six (V — A) ® (V — A) opera-
tor [ey*(1 — v35)b] [Z'y“(l — 75)1/} in the weak effective theory (WET) (which holds up to
O(10%) corrections to the BSM contribution).® 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. [71])

2
BR(A — QL) ~ — ez

~ _—*> —  where m —0. 2.14
Xiery oLl ot (2.14)

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

Comparing (2.13) to (2.14), one sees that the former constrains a product of LQ cou-
plings, 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 Ag .. We show
this qualitatively in figure 1, given the approximations in (2.13)—(2.14), where we have
presented experimentally relevant values of R ) and various values of BR (A — s7(b7)),
in the context of the 7-isolation model )\gl]. Note that in this model SU(2) rotations lead
to non-negligible contributions from the u — v sector, cf. figure 3.

In order to fully determine the parameters of the SMFL, also the LQ mass Ma and
the LQ coupling parameters kg, ky need to be measured. ks and Ma 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.

SNote 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 R ), normalised to their SM values, and BR (A — s7(b7))
in black and red (blue), respectively.

3 Precision constraints and global likelihoods

Our goal is to now provide a robust examination of the SMFL parameter space favoured by
present-day experiment, and our primary tool in this effort will be smelli [69], an open-
source python package which builds upon the flavio [90] and Wilson [91] 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 WET (valid below the EW scale). This package includes a large library
of experimental measurements in the flavour and EW sectors. In addition, Wilson com-
putes 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

Lanerr(C) = [ Lexp (070,01 (C,0)) = Lo (0) - (3.1)

Here Leyp are likelihood distribution functions which depend on independent experimental
measurements O}

of the Wilson coefficients €' and additional model-independent phenomenological parame-

with associated theory predictions 6§h, which are themselves functions

ters 0 (e.g. form factors and decay constants). Then Ly accounts for any experimental or
theoretical constraints on these nuisance parameters. Note however that the actual smelli
implementation of (3.1) relies on a ‘nuisance-free’ approximation to the total global like-
lihood function, which effectively ‘integrates out’ the theoretical errors associated to 6,
treating them as additional experimental uncertainties. This is achieved by a factorization



of LgygrT into likelihoods for observables that a) have negligible theoretical vs. experimen-
tal uncertainty or b) that have reliably Gaussian theory and experimental uncertainties,
and where the former only weakly depends on C and 6. While care must be taken for
certain observables (e.g. CKM angles) that do not necessarily respect these assumptions,
they are reliable and frequently employed (see e.g. [92-95]) for the analyses we are attempt-
ing 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 [96-102]. This matching and associated RGE is
performed automatically in smelli, allowing coherent comparisons to low-energy experi-
mental data given a UV new physics scale A. For a more complete description of smelli
functionality, its built-in assumptions, and an exhaustive list of observables included in its
likelihoods, see [69] and the documentation at https://github.com/smelli/smelli.

3.1 Matching the vector leptoquark 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 A* vector LQ singlet given in (2.4). When computed
at the new physics scale A = M it yields (see e.g. [103]):

)\k] )\lz*
[ngﬂ ikl [C%ijz - 2Mi ) (3:2)

which are the Wilson coefficients of the dimension-six four-fermion SMEFT operators given
by

03], = (Fus) (@) [082], = (lwr'ms) (Genr'@). 3

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 [104] vector LQ singlet matching contributions to electric and chromomagnetic
dipole operators in the low-energy WET. The relevant dimension-six SMEFT operators are

(Oaplyy = (Qi0""d; )6 By, [Oawlyy = (Quo™ ;) 7' 6 W, [Oucly; = (Qio" Td;) 6 G,

which are catalogued alongside all remaining independent dimension-six operators in [105].
Note that in smelli the Warsaw basis of [105] (the flavio basis of [90]) is the default basis
when obtaining likelihoods in the SMEFT (WET). Again computing the relevant matching
at A = M, one finds [37]

va g )\2 )\31* 4},{) g/ )\2 )\31* 5Yb s )\2 )\31*
C Cynlon= Cualpa=— "2
[Cawlas 6 1672 M2  [Canla 9 1672 M2  [Caclas 12 1672 M2
Ys g /\ )\21* 4}/3 g/ )\ )\21* 5Ys Js )\ )\22*
(Cawls=" 1672 MA + Casl=="g" {6 Mg + [Cacle==T5 162 MA
(3.4)

Here the lepton index i is summed over. In addition to the Lagrangian conventions dis-
cussed above section 2.2, these were also computed in the limit of a diagonal down-quark


https://github.com/smelli/smelli

Yukawa matrix, with Y the respective Yukawa couplings to strange and bottom quarks.
Note that, as mentioned above, one expects logarithmic divergences to appear in dipole
processes in the ‘minimal’ coupling scenario where & = 1 in (2.1) [24, 70], and therefore
the operators in (3.4) may not be induced in a sensible UV matching with this parameter
choice. It is also clear that, when k = 1, triple-vector couplings between A — A — B/G are
not present at tree level, and therefore the one-loop diagram leading to non-zero Cyg (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 (3.4) only
results in a roughly 1% correction to the best-fit ratio of Ag;/Apr when Ma = 1TeV (e.g.).
In what follows we therefore show fit results in the ‘full’ & = 0 scenario.

Finally, we recall that as with other similar studies, we have chosen to set the RR
couplings 2 and 2BR in (2.4) to zero. As can be deduced from model-independent EFT
fits (see e.g. [37, 106-109]) 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 [59] that exclusion limits on My strengthen when xf*% # 0. Hence (3.2)-
(3.4) represent the complete set of relevant SMEFT Wilson coefficients implemented in our
smelli analysis.

3.2 Scanning the vector leptoquark singlet

Given (3.2)—(3.4), one is in a position to scan over the SMFL couplings Ay and allow smelli

to compute likelihoods at each phase-space point. One can collect this information as a

function of Ay 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

1. take the LQ couplings Ay to be real. As will be seen, there is ample parameter space
of interest even without additional complex degrees of freedom.

2. build an array of {Ag, Ay} by dividing the phase space in either dimension by a
predefined set of intervals. We then calculate the Wilson coefficients in (3.2)—(3.4)
for all points on this grid.

3. perform a global likelihood analysis using smelli v2.3.27 at each parameter point
on the Ay 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
Ax? for a given pattern (and a given set of observables). We do so by calling the
log_likelihood_global () method, which returns Alog L = —Ax?/2, where Ax? is
the BSM x? minus its SM value. We use this to then compute 1o and 20 likelihood
contours about the Ax? minimum.

"In a prior version of this paper we utilized smelli v2.0.0, which was released in December 2019 and
therefore did not include a number of code improvements, nor a host of recent experimental results, including
(e.g.) the 2021 measurement of R [48]. We thank an anonymous referee for pointing this out to us.



SMFL MA Best Fit ()\Sl7 )\bl) A log L’RD(*> A log L’RK(*) A log L‘Global
o | 2TeV (0.64,0.72) 12.638 18.457
Al N.A.
1 TeV (0.30,0.38) 12.622 17.970
Ui 2TeV | (0.147,-0.021) 0.107 6.535 20.648
Tl 1Tev | (0.078,-0.01) 0.107 6.469 20.812
Al 2TeV | (0.016,0.172) -0(1072) 7.306 8.222
dl
1TeV | (0.006,0.114) -0(1072) 7.302 8.224

Table 1. Results from the Ma = {1,2} TeV two-parameter likelihood (Alog L = —Ax?/2) scans
of section 3.2, including the individual contributions of the (potentially) anomalous observables
Rk p. Column 3 gives the best-fit values of (Ast, Apt), corresponding to the global likelihood
maximum of the scans, found in column 6, which consider all available data in smelli. Columns
4-5 then give the individual contributions of Ry pe) to this likelihood (again at the best-fit
coordinates). See the text and figure 2 for more details.

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
Alog L from the individual products in (the smelli implementation of) (3.1). 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 /\Elel’“ 7 We also report the relative pull of R K(*) D()
(at the global Alog L maximum), which are especially interesting due to their present

deviations from SM predictions.

Electron and muon isolation patterns. We first investigate )\EZ’“ ! from (2.9), the e-
and p-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 10 and 20 confidence level, considering all available data, and that the
potentially anomalous measurement of Ry ) is well-described in these models. Indeed,
the overall shape of the global parameter space preferred largely follows that preferred by
R alone. Note that the 2021 measurement of Ry [48] increased the tension with the
SM, implying a stronger preference for non-zero LQ couplings Age and Ay, (with ¢ = b, s).
The additional pull to non-zero couplings in the p-isolation pattern originates in the so-
called b — sutpu~ anomalies observed in the decays B — K*utu~, By — ¢utu~ etc.
that can not be addressed in the electron-isolation pattern. In the latter case, non-zero
couplings have received further support from the recent update of the B® — K*Ou*p~
angular analysis [130], the newly measured BT — K*tpu*u~ angular observables [131],
and the recent experimental update of the Bs — ¢u™pu~ branching ratio [132]. We refer

~10 -



0.8

0.6

/\br

0.41

0.29

1 TeV -- Electron Isolation

Pattern

W 1o Global
B 20 Global
20 Ri

1 TeV -- Muon Isolation Pattern

W 1o Global
I 20 Global
20 Ryt

T T

T T T
0.04 0.06 0.08 0.10 0.12

Asu

1 TeV -- Tau Isolation Pattern

-
=
A

10 Global

20 Global

20 Rpt)

20 Rpw + Tau Decay
Global Best Fit

0.0
0.0

Figure 2. Top left: likelihood contours for the two-parameter e-isolation pattern )\5] at Ma =
1TeV, including 20 contours from R (. constraints alone (hatched region), as well as global 1o
(orange region) and 20 (blue region) preferred contours considering all data available to smelli.
Top right: the same, but for Ma = 2TeV. Middle row: the same, but for the u-isolation pattern
)\([i‘l‘]. Bottom row: the same, but for the 7-isolation pattern A
R p constraints alone (hatched region), and R ) +7 decay modes (gray region). Here the global
best-fit (black, triangular) and benchmark (red, circular) points in {As;, Apr } we obtained from our

0.2 0.4 0.6

scan are also shown.

0.8 1.0

0.200

0.175 A

0.150 -

0.125 A

/\be

0.100 -

0.075 -

0.050 -

0.025 -

2 TeV -- Electron Isolation Pattern

W 1o Global
B 20 Global
20 Ryt

0.000

0.000

0.025

0.050

0100 0125 0150 0.175 0.200

ASE

0.075

2 TeV -- Muon Isolation Pattern

0.00

—0.02 -

—0.04 -

—0.06 -

Abu

—0.08 -

—0.10 -

2.00

1o Global
I 20 Global
20 Ry

T T T
0.06 0.08 0.10 0.12 0.14

2 TeV -- Tau Isolation Pattern

1.75 1
1.50 1
1.251
£ 1.00
S
0.75 A
0.50 -

0.25 1

% 1o Global

B 20 Global

20 Rpt

1 20 Rpw» + Tau Decay
A Global Best Fit
e Benchmark

0.00
0.00

— 11 —

025

7]
i

0.50

075 100 125 150 175 2.00
AST

and including 20 contours from

[.CT (C220C) 80dHHIL



the reader to [46] for further details on the implications of these measurements. Addition-
ally, as seen in table 1, the global best-fit value is also favoured over SM couplings alone
as it slightly softens the charged-current LE'U anomaly R (), at least for the pu—isolation
pattern. When considering only R ) data, better likelihoods can be obtained in the pa-
rameter space scanned. )\gf]’s ability to resolve LFU anomalies whilst generating a distinct
collider phenomenology has been known for some time (see e.g. [110, 111]).

As a final note, we have observed that the overall —Ayx?/2 likelihood distributions

for both )\EZ’” I are somewhat flat, in that multiple points spanning a broad domain in the
two-dimensional contours presented fall very close to the 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 maximum, but whose coordinates are
a factor of 2 (or more) away from those presented in table 1. We found this behavior for
)\5’“ I at both M, A = {1,2} TeV, and 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 )‘gl] from (2.9), the 7-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.®

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 R (hatched region), those from a custom fit combining both
R and the leptonic 7-decay modes BR (7~ — ["vw) with | = e, u, BR(77 — K'1),
and BR (77 — ntv) (gray region), and finally the global 1o (orange region) and 20 (blue
region) preferred contours upon considering all experimental datasets in smelli. Note
that leptonic 7 decays and R ) were identified as dominant contributors to the overall
likelihoods for )\gl] in [37], and we confirm that observation in our analysis. We give these
at Ma = {1,2} TeV (left and right panels, respectively), and the best-fit (Asr, A\pr) values
are shown in black, where the global likelihood maxima of our scans are realized. The
numerical values of these coordinates as well as the maximum Alog L 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.

Finally, we observe from table 1 that the overall global likelihood for )‘&Tl] is significantly
larger than that found when considering R j(») alone. This effect has been observed before,
and can be traced back to gauge-induced one-loop renormalization group mixing that
generates a lepton-universal contribution to the semi-leptonic operators of (3.3) (above and
below the EW scale), from the non-universal, 7-specific semi-leptonic operator matched at

8We thank Peter Stangl for pointing out (e.g.) [112], whose updated B — D) form factors impact
predictions (and uncertainty estimates) for R ,(+). 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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tree-level (cf. (3.2) for the /\gl] SMFL) — see e.g. the discussion in [37, 104]. The operator
mixing therefore makes this 7-isolation pattern sensitive to other semileptonic processes,
e.g. B — K®¢¢ branching ratios and angular observables, measurements of which are
considered in the global likelihood.”

Summary. In conclusion, it is clear that the p- and the 7-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 Ry ) and R, respectively. While the electron isolation
pattern can also successfully address R j(+), it falls short of explaining the related anomalies
in b — sutp~ transitions, and is hence less motivated from a phenomenological perspective.

In what follows we will further pursue the analysis of the 7-isolation pattern and study
its LHC signatures. A high-pr study of this scenario is particularly motivated, since we
have seen that 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 Ma beyond the reach
of the LHC.

4 Recasting LHC exclusion limits

In this section we consider existing direct searches published by ATLAS [113] and reinter-
pret them in the context of our well motivated 7—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

BRY" = BR(A — br) ~ BR(A — tv), (4.1)

3rd

BRY" = BR(A — s7) ~ BR(A — ) ~ 0.5 — BRY", (4.2)

where BRQAnd (BRSArd ) corresponds to the decay into the second (third) down-type quark.
This structure holds very well as shown in figure 3 where the CKM and fermion mass
effects have been taken into account with a 2 TeV mass for the LQ. Using (2.14) we obtain
the following relation for the branching ratio as a function of the couplings:

2
)\bT

a1
BRY' ~ - Cbr
202+ A2

(4.3)

As an example, we selected five benchmark points labelled P across the 1o fit region 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 A — br/tv investigated in [113] 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 [114, 115]. Of particular interest would be

9We again thank an anonymous referee for this comment.
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Table 2. BR(A(A) — QL(QL)) for 2TeV LQ Benchmark Points from the ATl scan of section 3.
All asymmetric decay BR have an additional x2 factor because of permutation.

the jets and missing energy searches, since the channel involving jets and neutrinos remains
stable around 50% as discussed in (4.2). We present results for the two extreme cases for
the pair production cross-section: & = 0 and k£ = 1, for which the values are given together
with the scalar leptoquark one for comparison in figure 4.

In this section we compute leading-order cross sections and generate parton level events
with the help of MADGRAPH5__AMCQ@NLO 2.8.2 using an in-house implementation in
FEYNRULES [117, 118] of the Lagrangian from section 2.1. The NNPDF30_lo_as_0118 [119]
set of parton distribution functions (PDF) is employed, which we handle through
LHAPDF [120]. The factorization and renormalization scales are set on an event-by-event
basis by MADGRAPH5__AMC@NLO, setting the parameters dynamical_scale_choice
and scalefact to -1 and 1.0, respectively. We have verified that varying the scalefact
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Figure 3. 2TeV LQ branching ratios into quarks and leptons for the 7— isolation pattern. The
channel magnitudes only depend on the ratio of the couplings. The non-vanishing u— v contribution
appears due to CKM rotations from Age — Ay.. The other channels are (almost) exactly vanishing
in the context of the 7—isolation pattern. We have highlighted in red the position of the different
benchmark points shown in figure 2. Note that PJ, P{ and P] have Ay, /A values of 0.5, 1 and
2, respectively.

102 - — AA"(k=0)
— AA"(k=1)
—~ e SiS)
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Figure 4. Pair production cross-section for different LQ models. For the vector LQ A we present
results for both the k = 0 and k = 1 scenarios studied in the text. Uncertainties are calculated for
the vector leptoquark model by varying the scale in MADGRAPH5__ AMCQ@NLO 2.8.2 from 0.5 to 2,
with respect to the central default value, see main text for details. The scalar model (S7) is presented
as an illustration, being the benchmark model employed in most of the ATLAS and CMS studies.
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parameter by a factor of two (to 2.0 and 0.5) impacts the cross-section by -30 % and
+40 %, respectively. Moreover, this variation is almost independent of the leptoquark
mass (scanning in the 0.3-2 TeV range). We have neglected diagrams including a ¢-channel
lepton exchange as their contribution is sub-leading with respect to the scale variation.!?
The technical details for the showering and detector simulation of the parton level events

(employed as CheckMATE input) are described in section 4.2.

4.1 Reinterpretation of the mixed bt tv search

Several searches at the LHC by the ATLAS [113, 122] and CMS [123-125] collaborations
explicitly target up-type vector LQs with b7 and tv final states. Among those, ATLAS
in [113] (CMS in [125]) considers for the first time the possibility of a brtv final state
(originally pointed out in [126] and scrutinized in [121, 127]), where each LQ decayed in a
different channel. We informally refer to this as the “mixed” channel. Moreover, for the
specific case where BR(A — b7) and BR(A — tv) are approximately equal, the study of
reference [113] provides the most stringent constraints, and hence, among the whole suite
of LQ studies, we focus on the reinterpretation of this specific final state.

The ATLAS study [113] considers LQ decays exclusively to third-generation quarks,
and hence the branching ratios into {v and br add up to unity. However, in more generic
setups additional decay channels can be opened. Following the strategy proposed in [121]
we reinterpreted the search in this more generic framework, for our vector LQ model. Here
we briefly sketch the basics of our procedure, and refer the reader to reference [121] for
details. Note that in the following we re-interpret the ATLAS search and not the same
final state CMS one [125] since the ATLAS search is more sensitive for vector LQs in the
parameter space of interest.

The number of events in a signal region is proportional to the pair production cross
section o(pp — AA) = o, to the branching ratios for A — b7 and A — tv and to the
acceptance A and efficiency € in the signal regions. The latter two functions are reported in
the auxiliary material of [113] for several LQ scenarios, including the minimal coupling (k =
1) and Yang-Mills (k = 0) incarnations of our A, vector case, as a function of the mass and
the branching ratio into br, where it is assumed that the A — tv channel is the only other
channel open. Since this assumption does not hold in general for our benchmark points, the
crucial point discussed in section 3.2.2 of reference [121] is that A(M, x) should be instead
A(M,x") where x = BR(A — b7) and 2’ = BR(A — b7)/(BR(A — b7) + BR(A — tv));
and analogously for the e functions. The reason behind this choice is the fact that the
mixed search should only depend on the relative weight of the br to the tv final state.
In our case, given by eq. (4.2), we see that ' ~ 0.5. We do not attempt to reproduce
the ATLAS counts in each signal region, since ultimately the final exclusion from ATLAS
comes from a combination of signal regions which we can not perform without knowing
the relevant correlations, which are regrettably not publicly available. Instead, we will

0For our BP1 benchmark point and with an extreme value of 2 TeV for the LQ mass (currently outside
of LHC reach), including the ¢-channel lepton exchange gives a cross section increase of 25 %. This agrees
with the detailed study in appendix B of [121] (albeit for a scalar LQ model) that found for a 2 TeV LQ an
increase of at most 20 %, restricting oneself to perturbative couplings.
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Figure 5. Reinterpretation from [113]. The main assumptions are BR(A — b7) = BR(A — tv)

and that the opened second generation decay is invisible to the analysis, and hence only affects the
rd

fiducial cross-section 2 x o(pp — AA*) x (BRY )2

exploit the fact that the ATLAS paper explicitly excludes a mass of 1.50 TeV (1.77 TeV)
for z = 0.5 and k =1 (k = 0), and we will simply request to have the same events for the
exclusion as those obtained for a mass of 1.50 TeV (1.77 TeV) and BR%" = 0.5. Then the
excluded value (at 95% C.L.) of BR‘Zrd for a given mass M is given approximately, for the
k =1 case,'! by

(4.4)

(BRI 0.5<0(1.5TeV)A(1.5TeV,0.5)6(1.5TeV,O.5)> |

o(M)A(M,0.5)¢(M,0.5)

While the numerical impact of abandoning this approximation is small, along this work
we have nonetheless evaluated the corresponding functions at the corresponding value of
x, including the finite top mass effects in the A branching ratios.

Following the procedure described above, and using our results for the production cross-
section as a function of the mass, given in figure 4, it is possible to extend the exclusion
given by ATLAS to include the effect of the additional open channels by varying BR?Ard
instead, which can be matched to the ratio Ay, /Asr. 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.

H¥or k = 0 the same equation holds, replacing 1.5 TeV by 1.77 TeV.
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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 branching ratio of the LQ decay channel involving a neutrino (tv + cv)
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, Ay /As-) as only the coupling ratio has
an impact on the collider phenomenology. For each parameter point, we generate 10,000
events at parton level using MadGraph 5 2.8.2 [116] which are then passed through Pythia
8 [139] for showering and hadronization. Finally, Delphes 3.4.2 [135] and its official
ATLAS card are used for fast detector simulation. The full parameter scan is composed
of two grids for the two cases k = 0,1. For k = 0 (resp. k = 1), the grid is composed
of twelve points € [0.31,3.06] (resp. plus two extra points at 0.12, 0.41 needed for better
precision) along the A\p./As; axis and five (resp. six) points € [1675,1875] GeV (resp.
€ [1000,1250] GeV) along the M axis. Using CheckMATE v 2.0.34 [115],'? we compute for
each point in the parameter space the rgs value [138]. This quantity is defined for a given
signal region, in a specific experimental analysis, as the ratio between a) the number of
predicted signal events and b) the 95% C.L. exclusion limit provided by the collaboration.
Therefore, a point in parameter space is considered excluded if in any of the channels
rg5 > 1. Furthermore, CheckMate provides together with the rgs value, the corresponding
most sensitive channel. Using the interpolation function interpld provided by the scipy
python package, we obtained the 95% C.L. exclusion limit from CheckMATE reached for
rg5 = 1. The results are shown in figure 6 together with the mixed search, adapted to the
(M, A\pr/Asr) plane using the expression for the branching ratios (4.3).

The exclusion is dominated by analyses that involve large missing energy. In particular,
the nj+ E search released in [133] is responsible for most of the parameter space exclusion.
On the other hand, the searches for sleptons in nf + J; or more specifically staus in
ntT + P [134] give the dominant contribution for a smaller set of points. All relevant
analyses have a luminosity of 139 fb1.

We note that the limits depend only weakly on the coupling ratio with the excluded
values for k =0 (k = 1) close to ~ 1700 GeV (~ 1150 GeV), reproducing our expectations
from the parton-level consideration where the neutrino channels sum up to 50% indepen-
dently of the coupling ratio.

Being conservative by assuming that the efficiency of future searches will remain stable
and therefore simply rescaling by the luminosity, one can estimate prospects for HL-LHC
for 3000 fb~!, which should exclude masses of order 1400 GeV (2000 GeV) for k = 1 (k = 0).
However, due to the improvement of the analysis techniques (for example in [129] compared
to [128]), one can be more optimistic and expect even higher masses to be reached. We then
see that both classes of studies (searches for LQs and missing energy searches) complement

12CheckMATE internally makes use of the anti-k; algorithm [136] implemented in FastJet [137].
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Figure 6. Combined results from CheckMATE nj + Fr 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.

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) vector leptoquark A, coupling quarks to 7 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-flavour-universality observables R ) g+, depending on the ac-
tual tree-level lepton couplings allowed. We reviewed their theoretical motivation and used
smelli [69] 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 favoured over SM physics alone, and we presented 1o and 20 global
likelihood contours in the two-parameter spaces of (2.9), along with likelihood contours in
the same space, but coming from R ) g+ data alone. Upon focusing on the T—isolation
pattern, we then studied the decay signatures of A, 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
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searches for leptoquarks and ii) missing energy searches. Given that our setup imposes
approximately equal branching ratios into tv and b7, it turns out that the mixed ATLAS
search looking for brtv 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 1500 (1770) GeV for the kK = 1 (k = 0) scenarios, while if instead the branching
fraction into the third generation were to be 5%, these upper limits would be reduced to
approximately 700 (1000) 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 (1700) GeV for the k = 1 (k = 0) case. The complementarity
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 ¢ quarks, e.g. cvcyv or brev 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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