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ABSTRACT: We comprehensively examine precision predictions for scalar leptoquark pair
production at the LHC. In particular, we investigate the impact of lepton ¢-channel exchange
diagrams that are potentially relevant in the context of leptoquark scenarios providing an
explanation for the flavour anomalies. We also evaluate the corresponding total rates at
the next-to-leading order in QCD. Moreover, we complement this calculation with the
resummation of soft-gluon radiation at the next-to-next-to-leading logarithmic accuracy,
hence providing the most precise predictions for leptoquark pair production at the LHC to
date. Relying on a variety of benchmark scenarios favoured by the anomalies, our results
exhibit an interesting interplay between the t-channel diagram contributions, the flavour
texture satisfied by the leptoquark Yukawa couplings, the leptoquark masses and their
representations under the Standard Model gauge group, as well as the chosen set of parton
densities used for the numerical evaluations. The net effect on a cross section turns out to be
very non-generic and ranges up to about 60% with respect to the usual next-to-leading-order
predictions in QCD (i.e. without any t¢-channel contribution) for some scenarios considered.
Dedicated calculations are thus required for any individual leptoquark model that could be
considered in a collider analysis in order to assess the size of the studied corrections. In
order to facilitate such calculations we provide dedicated public numerical packages.
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1 Introduction

Scalar leptoquarks are hypothetical bosonic particles beyond the Standard Model of particle

physics that carry both lepton and baryon numbers. They therefore generically couple

simultaneously to one quark and one lepton. Whereas leptoquarks have been initially

proposed in the context of Grand Unification [1-7], they also arise in many extensions of the

Standard Model. These include, for example, technicolour and composite models [8-12], low-

energy manifestations of superstring models [13], as well as R-parity-violating supersymmetric

scenarios |14, 15|. Leptoquarks generally possess a fractional electric charge and lie in the
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Figure 1. Selection of Born, virtual, and real emission Feynman diagrams for partonic processes
contributing to leptoquark pair production at the LHC. Upper row: pure-QCD contributions; lower
row: leptonic t-channel contributions.

fundamental (or anti-fundamental) representation of the QCD gauge group SU(3)¢c. All
other properties, such as their weak isospin quantum numbers, depend on the considered
model of new physics.

Scalar leptoquarks have attracted a lot of attention over the recent years due to the
so-called flavour anomalies [16-23| and the long-standing theory-experiment discrepancy
related to the anomalous magnetic moment of the muon [24-26]. Leptoquarks can indeed
mediate violations of lepton flavour universality, enabling a reduction of the discrepancies
between the predictions of the Standard Model and the observations in the context of
several flavour observables, or even in some cases restoring agreement between theory and
experiment. For this to happen, the Yukawa couplings of the scalar leptoquark to a quark
and a lepton must usually be large. Interestingly, scalar leptoquark solutions to the above
anomalies still persist after the recent LHCb update, as shown for instance in refs. [27-33].

Consequently, evidence for leptoquark production and decay are widely searched for at
the LHC, in a variety of channels dedicated each to a specific signature. No signal has been
seen so far and new limits have been set on phenomenologically-viable leptoquark models. The
analysis of the LHC run 2 dataset constrains third generation leptoquarks to be heavier than
about 1.0-1.8 TeV [34-40], the exact bounds depending on the benchmark scenario and the
considered leptoquark decay pattern. It moreover also constrains first and second generation
leptoquarks to be heavier than 1.2-1.8 TeV [41-44]. In addition, the ATLAS collaboration
has also carried out a search for the production of a pair of leptoquarks that couple inter-
generationally, as favoured by the B-anomalies, which has led to limits of about 1.5 TeV [45].
Those bounds can however be reduced as soon as several leptoquark decay modes exist.

All the above-mentioned searches exploit leptoquark pair production, and some of
them additionally consider single leptoquark production. In the context of pair production,
the lepton-leptoquark-quark Yukawa couplings are always assumed small, so that the pair-
production mechanism can be approximated by its pure QCD contributions (as illustrated by
the representative Feynman diagrams (a)—(c) of figure 1). Any ¢-channel leptonic exchange



contributions like the ones represented by the diagrams (d)—(f) of figure 1 are thus omitted.
The signal simulation strategy that is then followed by the ATLAS and CMS collaborations,
and that is at the heart of the limit setting procedure, differs. CMS signal simulations rely
on leading-order (LO) calculations matched with parton showers and are handled either
with MADGRAPH5 AMCQNLO [46] and the FEYNRULES/UFO [47-50] model developed
in ref. [51], or with PyTHIA 8 [52]. The generated LO signals are then re-weighted so
that next-to-leading-order (NLO) QCD K-factors for the total rate are included [53, 54].
ATLAS simulations rely in contrast on NLO-QCD accurate calculations matched with
parton showers, using the FEYNRULES/UFO model developed in ref. [55]. Signal rates are
then re-scaled to incorporate approximate next-to-next-to-leading-order (NNLO) corrections
and the resummation of the threshold logarithms at the next-to-next-to-leading-logarithmic
(NNLL) accuracy, as obtained from the analogous results for stop pair production [56].

In the light of supporting a leptoquark explanation for the flavour anomalies and for
the discrepancies inherent to the anomalous magnetic moment of the muon, the lepton-
leptoquark-quark Yukawa couplings cannot be neglected and have to be of O(1). Additionally,
the leptoquark mass should lie in the TeV-regime. Leptonic t-channel exchange contributions
to leptoquark pair production could therefore potentially play an important role,’ and the
resummation of the threshold logarithms could significantly affect the cross section. We have
recently shown that those two components of the most advanced theoretical calculations for
scalar leptoquark pair production interplay with parton density effects and leptoquark flavour
decompositions in a non-trivial and very model-dependent manner [58]. In the present
work, we comprehensively study these effects in different leptoquark scenarios that are
compatible with an explanation for the flavour anomalies and that are consistent with current
experimental constraints. We show predictions for total cross sections at the NLO+NNLL
precision. Our predictions consistently include t-channel exchange contributions.

In the rest of this work, in section 2 we begin with a description of our theoretical
framework. We then briefly review leptoquark pair-production cross sections at fixed order,
and the resummation of large threshold logarithmic corrections. In section 3, we detail
our implementations in the MADGRAPH5 AMC@NLO [46] and POWHEG-BOX [59-61|
frameworks, that are the key ingredients of our numerical code. We then dedicate section 4
to our results, illustrating the impact of the parton densities, the leptonic ¢-channel exchange
contributions, the flavour structure of the leptoquark and the resummation of the threshold
logarithms on the production cross sections. We summarise our findings in section 5.

2 Theory

In order to set up a generic framework allowing for the most advanced calculations of
scalar leptoquark pair production in QCD, we consider a simplified model in which the
Standard Model (SM) is minimally extended. This model is briefly detailed in section 2.1.1,
in which we also fix our notation and conventions. We next introduce in section 2.1.2 a
set of benchmark scenarios that will serve as a basis for our predictions. We consider both

!Notably, a recent study [57] has pointed out that the ¢-channel exchange mechanism also enables novel
off-diagonal production modes which have not been considered experimentally yet.



simple models that will be useful to understand specific effects of our calculations, as well
as scenarios that are relevant in the light of the flavour anomalies. Details on leptoquark
pair production at hadron colliders are then provided in section 2.2, both for what concerns
fixed-order calculations and soft-gluon resummation.

2.1 A simplified and general model for scalar leptoquark pair production at
the LHC

2.1.1 Lagrangian and models

We consider a simplified model in which we supplement the Standard Model by all possible
five species of scalar leptoquarks which couple to the SM fermions, i.e. S, Si, Ra, Ry and
S3. Following standard notation [62, 63|, those leptoquarks lie in the (3,1)_,/3, (3,1)_4/3,
(3,2)7/6, (3,2)1/6 and (3,3)_,,3 representation of the SM gauge group. The corresponding
electroweak multiplets can then be written in terms of their component fields as

o R+5/3) ) A+2/3)
Si=871 S =5 Ry=|" L R= | :
R+2/3) A(-1/3)
2 2
(2.1)
1 g1 g(+2/3)
S5 = V273 3
g-4/3) 1 g1 )’
3 V273

where the superscripts refer to the electric charge of the various fields (and the subscripts to
their respective SU(2)[, representation). In the above expressions, we have used a matrix
representation for the electroweak triplet that is defined as

1
NG

where S§ carries an SU(2), adjoint index (k = 1,2,3), (S3)!; carries one fundamental

(S5)'j = —=(o%)'; S5, (2.2)

(1 = 1,2) and one antifundamental (j = 1,2) index, and o} are the usual Pauli matrices.
The leptoquark interaction, kinetic and mass terms are described by the Lagrangian

L1q = Lign, + yERaSLS] + yP(Q% L) ST+ §7RdS6,5] + yERenQ, R}

_ - _ (2.3)
+ YSLQZR (LL 'R2) + S’zRLdR (LL'RQ) + yle:L (Qi'o—kLL) (Sil’f)T +h.c.,

in which we only consider leptoquark Yukawa couplings involving one Standard Model
lepton (the right-handed neutrinos being thus excluded) and one Standard Model quark.
Moreover, the leptoquark gauge-invariant kinetic and mass terms are collected into the
Lagrangian Ly, . All flavour indices are suppressed for clarity, the y /¥ couplings being
3 x 3 matrices in the flavour space. The first index of any y;; element of these matrices
refers to the quark generation and the second index to the lepton generation. Additionally,
the dot product appearing in (2.3) represents the invariant product of two fields lying in the
(anti)fundamental representation of SU(2)y. In our notation, the @), and L, spinors are the
weak doublets of Standard Model left-handed quarks and leptons, and the ug, dg and £
spinors are the corresponding weak singlets.



2.1.2 Benchmark scenarios

2.1.2.1 Simple scenarios

In order to be able to analyse the impact of different improvements to scalar leptoquark pair
production that we examine in this study, we first consider two simple setups in which the
Standard Model is extended by exactly one species of leptoquarks. Whilst strictly speaking
these scenarios cannot explain the entire set of flavour anomalies, they represent interesting
benchmarks allowing us to understand all the distinct features that enter our calculations.
Therefore, in a first step we make use of them for this purpose, and we consider more relevant
scenarios in the light of the flavour anomalies in the next step.

We focus on models that feature either an S§_1/ 3 leptoquark eigenstate or an R§+5/ 3
eigenstate. The leptoquark mass is chosen to vary in the 1-2 TeV range, and we enforce
that the leptoquark-quark-lepton Yukawa couplings follow a specific pattern. The models

are defined by

Si: miq € [1,2] TeV, yihy = —0.15, Yy =3;

2.4
Ry: myq € [1,2] TeV, Y35y = 1.5, (24)

with all other entries of the Yukawa coupling matrices being zero. As already mentioned
above, while these two classes of simple scenarios are motivated by the flavour anomalies,
they are not sufficient to explain them all.

For the S; case, we have fixed yf%Q = —0.15 and ylLéQ = 3. For leptoquark masses in
the 1-2TeV range, those parameter space configurations allow us to accommodate the Ry («
anomalies, where
BR(B - K®putpu~)
BR(B — K®ete )’

R = (2.5)

but not the Rp.) ones, where

BR(B — D®) 1)
R *) — 5 2.6
DY T BR(B — DMy (2:6)

for £ = e, [64]. The large adopted ylLiz values (with k£ = 2,3) indeed yield a decrease
of the size of the numerator appearing in (2.5), reducing hence the disagreement with
data. In order to additionally provide an explanation for the R ) anomalies, one option
would be to turn on the yf* and yff couplings of the S; leptoquark to tau leptons and
second-generation quarks, thus changing the numerator of eq. (2.6). It has however been
shown that this could only lead to a moderate reduction of the existing tensions between
predictions and data, provided that the couplings are not too large.

In the Rs case, we have only turned on the nyLQ coupling that we have set to 1.5. In
such a scenario, an explanation for the Ry (. anomalies is once again provided through a
decrease of the numerator in eq. (2.5), although the agreement with data is only restored at
most at the 20 level for reasonable values of the Yukawa couplings [64]. Such a large Yukawa
coupling is however in tension with existing LHC limits, and this coupling texture does not
lead to any explanation for the R+ anomalies. Once the Ry leptoquark couples to muons,



Y353 Y3 yEs yEs
a; | 1.84+1.84i | 0.354-+0.354i —0.015i 0.262 + 0.262i
as | 0.309+0.951i | 0.951+0.309  0.011 — 0.011i 0.37i

Table 1. Single R leptoquark scenarios providing an explanation for the flavour anomalies according
to the fit of ref. [65]. The two benchmark points have been selected from the 1o ranges of model
parameters allowing to explain the anomalies. All other elements of the Yukawa coupling matrices
are equal to zero, and the leptoquark mass is set in both cases to mpq = 1TeV.

there is indeed no simultaneous explanation for all flavour anomalies that is viable from the
standpoint of other constraints. Despite this situation, leptoquark scenarios including an
Ry state as a solution to the flavour anomalies have however been recently resurrected by
considering not too large complex-valued couplings and by including a connection with the

electron instead of the muon [65]. This class of scenarios are considered in the next subsection.

2.1.2.2 Phenomenologically-viable Ry models

Recently, a new promising route to solve all the flavour anomalies with a unique species
of scalar leptoquarks has been proposed [65]. Its core idea consists of an extension of the
Standard Model featuring a single Ry state that couples to taus (to address the Ry
anomalies), and to electrons (to address the R (.) anomalies). By tuning the corresponding
Yukawa couplings, it becomes possible to act on the denominator in the R (. ratio, instead
of acting on its numerator as when we consider that the Ry leptoquark couples to muons.
More precisely, such a solution enables us to recover an agreement between data and theory
while keeping all new physics couplings moderately large, in contrast to the requirement
that some Yukawa couplings should be of about 2 or 3 when leptoquark couplings to muons
are considered.

We study scenarios in which the Ry leptoquark simultaneously couples to electrons and
taus. On the basis of the fit to data presented in ref. [65], we consider two benchmark points
a1 and az with mpq = 1 TeV, and for which all non-vanishing entries of the leptoquark
Yukawa matrices are given in table 1. Whereas these setups result in mild tensions between
predictions and measurements of the BR(B. — 7v) branching ratio, they can in principle be
alleviated through non-minimal scenarios featuring both an Ry and an Ss leptoquark. Such
a two-leptoquark configuration, additionally motivated by radiative neutrino mass models,
is considered in the next subsection in a Grand Unified Theory context (and with a different
Yukawa coupling texture).

2.1.2.3 A two-leptoquark model inspired by Grand Unification: Ry and S3

Models featuring several leptoquark species at TeV-scale energies that can explain both the
Ry and Rp«) anomalies also emerge from Grand Unified Theories in which the Standard
Model is embedded into an SU(5) gauge symmetry [66]. In this context, the Standard Model
fermions appear as components of fields lying in the 5 and 10 representations of SU(5), and



Y5 ik, yigs | ukh  ukh udh bk
by | —0.18734 + 1.12287i | 0.265001 1.17382 | —0.010 —0.045 —0.265 —1.173
by | —0.18734 + 1.12287i | 0.37353 1.59511 | —0.014 —0.061 —0.373 —1.594

Table 2. Two-leptoquark explanations to the flavour anomalies when the Standard Model is
extended with an Ry and an S5 leptoquark. We consider scenarios originating from the fit of ref. [66]
and its more recent update [67]. Benchmark point b; corresponds to the best fit value and by is
chosen inside the 20 region of the fit. All other elements of the Yukawa coupling matrices are equal
to zero, and the leptoquark masses are mp, = 1.3 TeV and mg, = 2 TeV.

the Ry and Ss leptoquarks are admixtures of the components of scalar fields lying in the 45
and 50 representations of the Grand Unified gauge group respectively. After breaking the
SU(5) symmetry, two leptoquark mass eigenstates with the respective quantum numbers of
the Ry and S5 states can lie in the TeV regime, all other leptoquark states being decoupled.
The interactions of these light leptoquarks with the Standard Model fermions are then given
as the Ry and S3 interactions appearing in the Lagrangian (2.3).

By enforcing that the two leptoquarks couple both to muons and to taus, it becomes
possible to reduce the discrepancy between predictions and observations for all flavour
anomalies, as well as to avoid the violation of any other constraints such as those arising
from direct and indirect leptoquark searches at the LHC, from precision measurements at
the Z-pole at LEP or from various other flavour observables [66].2 Following the updated
fit of ref. [67|, we consider scenarios in which the leptoquark masses are mp, = 1.3 TeV and
mg, = 2TeV. All Yukawa couplings except those appearing in table 2 are set to zero.

2.1.2.4 The singlet-triplet leptoquark model: S; and S3

As the last benchmark in our study, we consider the singlet-triplet model introduced in
refs. |69, 70], and in which the Standard Model is extended by both an S; and an S3
leptoquark. By considering leptoquark couplings to muons and taus, such a framework has
been shown to provide an explanation for three of the most prominent flavour anomalies to
date together. It not only yields an explanation for the Ry (.) and R anomalies, but also
allows for the reduction of the gap between the theoretical predictions and the observations
of the anomalous magnetic moment of the muon. At the same time, this can be realised
without having to violate any bound that could emerge from LHC searches for leptoquark
pair and single production.

The study [69] first highlighted 350 benchmark points satisfying all constraints. The
authors next singled out four of these points that they finally labeled as pq, pa, p3 and py.>
In the present study, we restrict our analysis to the points p; and ps, that we re-label ¢; and

2An extension of this model has been recently proposed as an explanation for the theory-experiment
discrepancy related to the anomalous magnetic moment of the muon and the neutrino masses [68].

3In a recent update of their analysis, the authors of [69] introduced new benchmark points ps to ps. As
in terms of leptoquark pair-production cross sections they do not lead to predictions that are significantly
different from those for scenarios p1 to ps, we do not include them in our study.



uis  ulhs  uth ol | ufs uish | uih il wih  uihs
¢ | —0.0082 —1.46 —0.016 —0.064| 1.34 —0.19 | -0.019 058 —0.059 —0.11
¢y | 0.0078 1.36 —0.055 0.052 | —1.47 —0.053|—0.017 —1.23 —0.070 0.066

Table 3. Two-leptoquark explanations to the flavour anomalies when the Standard Model is
extended with S; and S3 leptoquark species. We consider two scenarios ¢; and co originating from
the scan [69]. Our ¢; and ¢y setups correspond to the p; and ps benchmarks in the notation of
ref. [69]. All Yukawa couplings not present in the table are set to zero, and the leptoquark masses
read mg, = mg, = myq = 1.2TeV.

co. In the results presented in this paper, we have ignored the points p3 and p4, as in terms of
leptoquark pair-production cross sections the p; and p4 points lead to very similar results, as
do the points p2 and p3. We thus set both leptoquark masses to mg, = mg, = mrq = 1.2 TeV,
and turn on the elements of the various Yukawa coupling matrices shown in table 3 (all
other entries to these matrices being once again taken vanishing).

2.2 Precision calculations for scalar leptoquark pair production

2.2.1 Scalar leptoquark pair production at fixed order in perturbation theory

We discuss the production of a pair of scalar leptoquarks at hadron colliders, and at the
LHC in particular,

pp — LQLQ* + X, (2.7)

where LQ generically stands for any species of considered leptoquarks.

The fixed-order cross section gNLO w/¢-channel

, studied in this work, consists of the Born
part 0(© and the QCD corrections to the Born cross section ¢(!). Taking into account the
fact that the Born amplitude contains contributions of a pure QCD nature (thus proportional
to the strong coupling as) and contributions that are ¢-channel-like (thus proportional to
the leptoquark Yukawa coupling squared y?), a power-counting of the couplings reveals the

following contributions to gNLO w/t-channel,

oNLO w/t-channel _ o0 4 oD
(1): O(a?) O(ad);
(2): O(y*) O(y*as);
(3): O(y2as) O(y*ag).

A selection of representative Feynman diagrams is shown in figure 1. The contributions
of class (1) include the pure QCD contributions, corresponding to the purely QCD-mediated
diagrams (a)—(c) shown in the top row of figure 1, whereas those of class (2) refer to the
contributions originating from lepton t-channel exchange as well as the QCD corrections to
these diagrams, cf. the diagrams (d)—(f) of the bottom row of figure 1. The terms of class
(3) consist of the additional mixed-order components induced by the interference of the
QCD and t-channel diagrams of O(y2as) and O(y?*a?) at LO and NLO respectively.



Previous precision calculation studies for scalar leptoquark pair production rely either
on the NLO-QCD computations [53, 54|, i.e. the contributions of class (1), or on their
matching with parton showers [51, 55]. In this paper, following our earlier work [58], we
additionally include the ¢-channel lepton exchange contributions and their interference with
QCD the diagrams, i.e. the contributions of class (2) and class (). The sum of all three
classes of contributions (1+2-+8) corresponds to our complete NLO-accurate prediction
and is collectively coined “NLO w/ ¢-channel” in the following. This contrasts with the pure
QCD case (1) that we refer to as the “NLO-QCD” predictions.

2.2.2 Resummation of soft-gluon corrections for scalar leptoquark pair
production

Apart from considering the ¢-channel contributions and the NLO-QCD corrections to the
complete set of LO diagrams, theory predictions can be improved by adding corrections
due to soft-gluon emission. These purely QCD contributions manifest themselves in the
perturbative expansion of a cross section as logarithmic terms of the form

ol In* 52 for k < 2n, (2.8)

where 8 = /1 — 4my,q?/s is the relative velocity between the two produced leptoquarks of
mass my,q. The kinematical region close to the production threshold of the leptoquark pair,
in which the partonic centre-of-mass energy s ~ (QmLQ)Z, corresponds to the limit where
only soft gluons can be emitted. The terms logarithmic in 8 can then become large and need
to be systematically taken into account, i.e. resummed to all orders in perturbation theory.

In the following we resum those soft-gluon corrections to NNLL accuracy, and then match
the NNLL results with NLO w/ ¢-channel predictions. NNLL resummation is performed
in an analogous manner to calculations for squark and gluino production [71-76], and in
particular for stop production [56]. However, for completeness, the threshold resummation
formalism that we employ here is briefly reviewed in the rest of this section.

The inclusive hadronic cross section for the production of a leptoquark pair is written as

A A P
Ohyha—LQLQ* (Ps MLQs R, HF) = Z/dﬂfl dza dp 6 (p - x1ar2> (2.9)
4,J
X fisn (X1, 10F) fi/ne (T2, ) 03j1.QLQ* (B MLQs MR, LF),

where p is the hadronic threshold variable that measures the distance from the hadronic
threshold. It is defined as p = 4mq?/S with S being the hadronic centre-of-mass en-
ergy of the collider. Moreover, o;;_,1,q1.q* (f, MLQ, kR, ptF) is the partonic cross section.
fisni (X1, r) and fp, (22, pr) arve the parton distribution functions with i and j indicating
the initial-state parton flavours, and z; and xo the momentum fractions of the partons
inside the hadrons h; and hy. The renormalisation and factorisation scales are denoted as
ur and pp, respectively.



Threshold resummation is carried out in Mellin-moment space, with the Mellin transform
of the cross section given by

Ohiha—1.QLQ* (N, MLQ, LR, LF)
1
2/0 dp P71 Opny QL (0 mLqs iRy ) (2.10)

= Zfi/m (N+1,ur) fj/hz (N+1,pr) 651 (N,mLQ, R, F)-
,J

The logarithmically enhanced terms are now of the form o In* N with k& < 2n, and the
threshold limit 8 — 0 corresponds to N — oo. The all-order summation of such logarithmic
terms follows from the near-threshold factorisation of the partonic cross section into functions
that describe the different kinds of gluon emission: hard radiation, collinear radiation, and
wide-angle soft radiation |77-82|. In terms of these functions the partonic cross section can
be written near threshold as
G e s (V) = 69 o 1or s (V) Cijosrqrar. (V) AT (N +1) Ay(N +1) Aj(N +1),
(2.11)
where, in order to keep the notation compact, we only show the dependence on a single
argument, the Mellin variable N. The index I denotes the colour representation of the final
state, i.e. either a singlet (I = 1) or an octet (I = 8). The cross section &Z(](.))_)LQ Q- 1 1 the
Born cross section in Mellin-moment space projected onto the colour state I. The explicit
expression for the incoming jet radiative factors A; and the soft emission factor A? can be
found, e.g., in [56]. Their product is given, at the NNLL accuracy, by

AF(N) Ai(N) Aj(N) = exp [Lg1(aL) + ga(as L) + asgs(asL)|. (2.12)

This exponential function resums the logarithms L = In N originating from soft-collinear
gluon radiation. The function g; provides the leading logarithmic (LL) approximation, while
the inclusion of gy and g3 accounts for the next-to-leading-logarithmic (NLL) and the NNLL
contributions respectively. Expressions for the functions g; and go can be found, for example,
in ref. [72], while g3 is available in, e.g., ref. [75]. The hard matching coefficient CN'ij_mQ LQ*.I
appearing in eq. (2.11) contains higher-order terms that do not vanish in the threshold limit,
and that are different from the logarithms included in eq. (2.12). As shown in [83], close to
threshold these terms factorise into off-shell hard contributions and Coulomb contributions
originating from exchanges of gluons between two slowly-moving coloured particles in the
final state. Since up to NNLL precision we only need to know the hard matching coefficient
up to O(as), we use

o As ,(1) Qs ,Coul,(1)
CinLQ LQ s = 1+ ?Cij—>LQ LQ*,I + ?CI (2.13)

as an input for

(0 5 A AN—1 (0 A .
O-Z‘(j)_>LQLQ*,[(N) Cij»rqror1(N) :/dPPN 1U§j)_>LQLQ*J(P) Cijorqrq-1(p), (2.14)
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where only pure QCD contributions are considered. The one-loop Coulomb contributions
are well known and read in our case

4 1
CICOUL(U = O;ng with K1 = 3 and kg = 5

whereas the remaining contributions CEJ.ILLQ LQ-.1 are obtained from the analogous result for
stop pair production [56].%

In order to combine the resummed QCD predictions together with the fixed-order
calculations, a matching procedure is needed to prevent the double-counting of contributions
present both in the resummed and fixed-order results. This matched cross section reads

NLO w/t-channel + NNLL
O-hlh2~>LQ LQ* (p? mLQ,yY,“R, ,UJF)

NLO w/t-channel
= Ohyhy—LQLQ* (psMLQs Y, UR, LF)

N v i 2.15
+Z/027m'p Nfi/hl(N+17ﬂF) fj/hQ(N—l-l,MF) ( )
i,J

~res,NNLL ~res,NNLL
X |Gt (Nomuq s i) = 5N e (Nomwa i 1) [y o]

In this expression, 6;;11}%%%* (N, mrq, tR, “F)’NLO stands for the expansion of the re-
summed cross section up to NLO in Mellin-moment space. Subtracting this expansion
from the resummed cross section prevents the double counting of terms already taken into
account in the fixed-order part aghg_v)végcilglnel. Finally, an inverse Mellin transform allows
for the derivation of cross section predictions in physical momentum space. This transform

is carried out by integrating along a contour C according to the “minimal prescription” [84].

3 Numerical implementation and set-up

In the present section, we discuss the implementations of the considered leptoquark
model that are at the heart of our precision computations. We make use of two gen-
eral frameworks for higher-order calculations matched with parton showers, namely the
MADGRAPH5 _AMCQNLO [46] and POWHEG-BOX [59-61| frameworks. In both cases,
external quark, leptoquark, and gluon fields are renormalised on-shell, while for the couplings
and the masses we use the MS scheme. For the running of the strong coupling constant o,
the heavy states such as the leptoquark fields as well as the top quark have been decoupled.
This corresponds to a subtraction of the logarithms which originate from the leptoquark and
top quark contributions to the vacuum polarisation of the gluon, that are then absorbed in
the renormalisation constant of the strong coupling [85-87]. We thus recover a five-flavour-
scheme running as in the Standard Model. Our calculations are performed with the CKM
and PMNS matrices set to the identity.

“In the decoupling limit of large squark and gluino masses, the only difference between the hard matching
coeflicients for leptoquark pair and stop pair production originates from the four-stop vertex. This difference
can be however safely neglected as the four-stop vertex contributions consist of a permille-level correction
for the final state masses considered here.

— 11 —



Relying on two independent platforms enables us to ensure the correctness of our
predictions. Moreover, we have checked the cancellation of both the ultraviolet and infrared
divergences explicitly. Whilst both MADGRAPHS AMCQ@NLO and the POWHEG-BOX
would allow us to match NLO fixed-order calculations with parton showers, we restrain our-
selves from doing so. Including the ¢-channel diagrams at the Born level leads to mixed-order
contributions at NLO. Matching them with parton showers requires a general renormalisa-
tion procedure (including counterterms at O(as) as well as at O(y)), a computation of all
associated Rg rational terms relevant for the numerical evaluation of loop amplitudes [88, 89,
and the derivation of all necessary Frixione-Kunszt-Signer (FKS) subtraction terms relevant
to treat the inherent infrared divergences [90]. Such tasks go well beyond the scope of this
work that solely targets improving theoretical predictions for leptoquark pair-production
total rates.

3.1 MADGRAPH5 AMC@NLO implementation

In order to derive NLO fixed-order results and extract the different components relevant for
resummation at the NNLL accuracy, we first implement the simplified model introduced
in section 2.1.1 into FEYNRULES [47]. The bare Lagrangian (2.3) is then renormalised
in the on-shell scheme and at O(as) with the help of NLOCT [50] and FEYNARTS [91].
Next, we generate a corresponding UFO library [48, 49| that enables us to perform cross
section calculations through the MADGRAPHS5 AMCQ@NLO platform [46] for processes
involving any of the leptoquark species considered. This however requires some modifications
in MADGRAPH5 AMCQNLO, since in the presence of leptoquarks loop diagrams con-
taining leptons should not be systematically vetoed (as done automatically for NLO-QCD
calculations in MADGRAPH5 AMC@NLO). Their inclusion is achieved by making use
of hard-coded loop filters in the files base_objects.py and loop_diagram_generation.py.
Further details on the required modifications can be found in appendix A.

3.2 POWHEG-BOX implementation

In order to cross-check the results that have been obtained with the MADGRAPHS AMC@NLO
code, a second calculation of the NLO-QCD corrections has been implemented independently
within the POWHEG-BOX framework [59-61]|. The main ingredients that are required for
the implementation of the calculations performed in this work consist of the Born, virtual,
and real-emission matrix elements.

The Born and real-emission parts are automatically generated by a tool based on
MADGRAPH 4 [92-94|, for which we have implemented a model based on the simplified
framework of section 2.1.1. Our implementation includes, in particular, the lepton-quark-
leptoquark interactions which lead to the additional ¢-channel contributions discussed in
this work. The automated tool also provides spin- and colour-correlated Born amplitudes
which are required to construct additional terms necessary for the subtraction of infrared
divergences in the FKS scheme [90].

In the POWHEG-BOX code, the routines is_charged, is_coloured, and btildevirt
have been modified to correctly include the electric and colour charges of the leptoquark
states and assign the proper corresponding colour factors, as detailed in appendix B. For the
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virtual amplitudes, we have manually implemented the interaction vertices of the discussed
model in a FEYNARTS [91] model file, which is then used in conjunction with FORMCALC [95]
to compute the necessary one-loop matrix elements, as well as the relevant renormalisation
constants. For the numerical evaluation of the one-loop integrals, we interface our code with
the library COLLIER [96-99].

3.3 Resummation at the next-to-next-to-leading logarithmic accuracy

The threshold corrections resummed in this work up to the NNLL accuracy account for
pure QCD effects from soft-gluon emission and as such do not depend on the details of a
particular leptoquark model. As a consequence, the resummation approach applied here
bears a resemblance to calculations performed for squark and gluino pair production |71-76],
and in particular for top squark pair production [56] (see the discussion in section 2.2.2).
The already exiting numerical package dedicated to resummation calculations for this class
of processes, NNLL-FAST [100], can therefore be used. In order to extend the NNLL-
FAST platform to include scalar leptoquark pair production, two independent in-house
resummation codes have been developed.

4 Precision predictions for scalar leptoquark pair production

In this section, we extend the discussion in our previous letter [58] in which we have briefly
investigated several aspects of NLO w/ t-channel+NNLL predictions for scalar leptoquark
pair production at hadron colliders. We comprehensively study the set of associated effects
for specific leptoquark scenarios (see section 2.1.2) that have been chosen in the light
of the recent flavour anomalies. All calculations correspond to a centre-of-mass energy
VS = 13TeV, and hadronic cross sections are evaluated by convoluting partonic cross
sections with three different sets of parton distribution functions (PDFs), namely CT18 [101],
NNPDF3.1 [102], and MSHT20 [103]. Unless stated otherwise, we employ NLO PDF sets
for predictions including pure NLO-QCD and NLO w/ t-channel corrections, while NNLO
sets are used for predictions at the NLO+NNLL level.> As central renormalisation and
factorisation scales, we use ur = pr = mpq. The scale uncertainties are then estimated
through the seven-point method, in which the renormalisation and factorisation scales are
varied independently by a factor of 2 up and down relative to their central value, with the
configurations where the two scales are the furthest apart being left out.

In section 4.1, we consider simple scenarios in which the Standard Model is extended
by a single leptoquark species (as described in section 2.1.2.1), whereas more realistic
models (introduced in sections 2.1.2.2, 2.1.2.3 and 2.1.2.4) are studied in section 4.2. In
section 4.3, we investigate the potential impact of our calculations on limits derived by the
LHC collaborations.

5As NNLL resummation is expected to capture the bulk of the NNLO corrections, we consider that
employing NNLO PDF sets is more suitable than employing NLO PDF sets for predictions including
NNLL corrections.
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Figure 2. Impact of the t-channel contributions on the total cross section associated with
S§_1/3)S§+1/3) (solid) and R;+5/3)Ré_5/3) (dashed) production. The results are shown as ratios
of NLO w/ t-channel over pure NLO-QCD predictions, and we present them for the CT18 (red),
NNPDF3.1 (blue), and MSHT20 (magenta) PDF sets.

4.1 Relative importance of the t-channel contributions, soft-gluon resumma-
tion, and the parton densities

In order to examine the relative importance of the corrections under consideration in this
work, we begin with the analysis of their individual impact on the predictions. For this
purpose we omit the calculation of PDF uncertainties. This will be performed in the next
subsections. We consider the simple scenarios of section 2.1.2.1 in which the Standard Model
is extended by a single leptoquark species, and we discuss the pair-production processes
pp — 55_1/3)5'?1/3) and pp — R§+5/3)R;_5/3).

In figure 2, we assess how the t-channel contributions affect NLO predictions by studying

the ratio Ky of NLO cross sections

K O_NLO w/t—channel(NLO PDFS)
Wt = 7 GNLO-QCD(NLO PDFs)

(4.1)

for different choices of NLO parton density sets and different values of the leptoquark mass
myq. The additional ¢-channel contributions are always positive for the considered mass
range (as Kyt > 1). However, the behaviour of these corrections depends strongly on the
leptoquark nature (and thus on the structure of its Yukawa interactions), and on the PDF
set that is used for the numerical computations. For Sy pair production, the impact of the
t-channel contributions is similar for all three PDF sets and get smaller with increasing
mr,q values (solid curves). It hence yields an increase of the cross section with respect to
NLO-QCD predictions that ranges from 15% to 4% for leptoquark masses my,q varying
from 1 to 2 TeV respectively. In contrast, we obtain a very mild and constant cross section
increase of 1% or 2% for Ry pair production when we use the CT18 and MSHT20 parton
densities (dashed red and magenta curves), whereas employing NNPDF3.1 densities leads to
a growth in cross section ranging from 7% for small leptoquark mass values to about 37% for
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mpq = 2TeV (dashed blue curve). Such a drastically different behaviour can be traced back
to the adopted texture for the y& matrix in the considered Ry simple benchmark, leading
to important contributions from cc-initiated subprocesses. The different behaviour of the
predictions relying on the NNPDF3.1 set originates then from its different parametrisation
of the charm PDF, which is fitted alongside the quark and gluon densities and not generated
perturbatively as in the case of the CT18 and MSHT20 sets.

In figure 3, we study the impact of soft-gluon resummation corrections that we match
with the pure NLO-QCD results in this plot. To this end, we calculate the ratio Kqcp of
the NLO+NNLL cross section to the NLO one,

oNLO-QCD+NNLL((N)NLO PDFs)
oNLO-QCD(NLO PDFs)

KQCD = (42)
We investigate the dependence of Kqcp on the leptoquark mass, and on different choices of
NLO and NNLO parton densities. As t-channel contributions are not relevant in this case,
only the leptoquark mass plays a role and the results are independent of the leptoquark
Yukawa couplings and their nature. While resummation corrections are always positive,
the chosen PDF fit has a large impact on their relative size. We compute predictions with
NLO (dashed curves) and NNLO (solid curves) PDF sets for the NLO-QCD+NNLL results,
whereas NLO sets are always used for the NLO-QCD rates appearing in the denominator
of Kqcp- A good agreement is found when NLO PDFs are used, all predictions yielding a
cross section increase ranging from 10 to 24% for leptoquark masses varying in the [1, 2] TeV
range. The situation is however quite different when NNLO PDFs are considered. In this
case, NNPDF3.1 predictions (blue) are significantly smaller than the CT18 and MSHT20
ones (red and magenta). In the former case we find a mild cross section increase of 2% to
4%, whereas in the latter case the cross section strongly grows with the mass, the increase
ranging from 13% to 34%. This different behaviour is again related to the different treatment
of the charm density in NNPDF3.1, this time at NNLO, which perturbatively interplays
with all other parton densities. The relevant gluon, up and antiup NNLO PDFs are in
particular quite affected by this for Bjorken x in the 0.1-0.5 range.

This different behaviour resulting from the differences between NLO and NNLO parton
densities is further investigated in figure 4, now in the context of the ¢-channel contributions.
We display there the ratio Kppp between NLO w/ t-channel cross sections computed with
different parton densities. This ratio is defined as predictions relying on NNLO parton
densities to those relying on NLO parton densities,

O.NLO w/t—channel(NNLO PDFS)
oNLO W/t—channel(NLO PDFS) .

KPDF = (43)

We study the dependence of Kppp on the leptoquark mass for the two processes
p— 55_1/3)S§+1/3) and p — R§+5/3)R§_5/3)
different parton density sets under consideration. Once again, NNPDF3.1 predictions (blue

, and we present numerical results for all
curves) are found to be quite different from all the other cases (red and magenta curves for

CT18 and MSHT20 respectively). NNPDF3.1 results are found to be below 1, i.e. the use of
NNLO PDFs leads to a reduction of the cross section. This decrease ranges from about —5%
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Figure 3. Impact of soft-gluon resummation corrections on leptoquark pair-production cross
sections. The predictions are shown as ratios of NLO-QCD-+NNLL over NLO-QCD cross sections,
for the CT18 (red), NNPDF3.1 (blue), and MSHT20 (magenta) PDF sets. We turn off the ¢-channel
contributions and additionally assess the effect of using NLO (dashed) instead of NNLO (solid)
parton densities.
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Figure 4. Impact of the choice between an NLO and an NNLO PDF set on S§_1/3)S§+1/3) (solid)
and R§+5/ 3)Ré_5/ %) (dashed) production. The predictions are shown as ratios of NLO w/ ¢-channel
cross sections (without any resummation corrections) computed with NNLO parton densities over
the rates correspondingly obtained with NLO PDF sets. We consider the CT18 (red), NNPDF3.1
(blue), and MSHT20 (magenta) densities.

for light leptoquarks to up to —31% for heavier scenarios. On the contrary, making use of
NNLO PDFs for cross section evaluations with either the CT18 or the MSHT20 set yields an
increase of the rate of approximately 7% to 20%, the exact value depending on the process
and on the leptoquark mass (the larger the mass, the more pronounced the increase).
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Figure 5. Combined impact of all contributions studied in figures 2—4 on S£_1/3)S§+1/3) (solid) and
R§+5/ S)Ré_w 3 (dashed) production. The predictions are shown as ratios of the NLO w/ t-channel +
NNLL cross sections computed with NNLO PDFs over the NLO-QCD cross sections evaluated with
NLO PDF sets. We present results for the CT18 (red), NNPDF3.1 (blue), and MSHT20 (magenta)
densities.

Finally, in figure 5 we combine all the effects studied in this work into a single ratio
KNNLL defined by

. _ JNLO w/t-channel + NNLL(NNLO PDFS)
NNLL = oNLO-QCD(NLO PDFs)

In this figure, we present the dependence of Knni1, on the leptoquark mass my,q and the

(4.4)

chosen parton densities. Those ratios correspond to our best and most precise predictions,
namely the NLO w/ t-channel + NNLL ones computed with NNLO PDF sets compared
to the NLO-QCD predictions computed with NLO PDF sets. While the corrections with
respect to the NLO-QCD rates are always positive (i.e. KnnpLL>1), their actual size depends
on a strong interplay between the leptoquark mass, the chosen PDF set, and the considered
final state. The largest effects can be seen for the S; final state (solid curves), and for the
CT18 (red curves) and MSHT20 (magenta curves) PDFs. The behaviour that is obtained
when using CT18 or MSHT?20 densities is generally similar, with corrections that are found
to lie between approximately 30% and 50% in the shown mass range. For Ry production
(dashed curves), the size of the corrections stretches between 15% and 40% for both CT18
and MSHT20 densities. In contrast, cross sections obtained with NNPDF3.1 (blue curves)
exhibit a very different behaviour, as it was already the case for the individual corrections
considered. The size of the cross section growth is smaller than for the other two sets of
parton densities, with the increase approximately between 10% and 20%. For the S final
state, the corrections get smaller with increasing leptoquark mass. An opposite behaviour is
found for the Rs process, for which the treatment of the charm density in the PDF fits is
much more relevant by virtue of the adopted texture for the leptoquark Yukawa couplings.

Due to these large differences, it is therefore very important to consider all types of
effects together, i.e. t-channel contributions, resummation corrections, as well as different
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LQ | PDF QCD (fb) NLOwt (fb) ~ NNLLwt (fb) | Ky Knnis
CTIS | 549ty ittiis 6910 o 8711500 15535 | 126 1.59
ar | Ry | NNPDF3.1|5.24 100 H3.8% g o t4- 206 +28.0% g 403206 +502% 1 170 1.60
MSHT20 |5.55035 304070 68875510 Togw 8267550 To | 1:24 149
OTIS | 549718 i1t 5510550 o 6401818 1I83% [1.00 117
az | Ry | NNPDF3.1|5.24 7162 488% 5 301 La%+40% 5 48 T3%+3.9% 11,01 1.05
MSHT20 | 5.550 15558 7y 568130 iR 6207010 350 101 113

Table 4. Total cross sections relevant for the a; and as benchmark points of section 2.1.2.2. We
consider Ry pair production and evaluate the rates at the NLO-QCD (QCD), NLO w/ t-channel
(NLOwt) and NLO w/ ¢-channel+NNLL (NNLLwt) accuracy. The first (second) error included
in our results consists of the scale (symmetric PDF) uncertainties. Moreover, the cross sections
for the two R mass eigenstates are identical and thus are provided as single predictions for both
benchmark points.

choices for the PDF sets. Moreover, we caution the reader that the values of the K-factors
given in tables 4-6 are very strongly dependent on the considered model and its parameters.
They can therefore be directly used only in analyses assuming exactly the same scenarios as
considered in this paper. If this is not the case for a given phenomenological or experimental
study, we advocate to re-weight the LO rate to NLO w/ ¢t-channel+NNLL, the last predictions
being evaluated directly for the benchnark scenario considered. To this aim, dedicated
numerical packages are provided on the webpage https://www.uni-muenster.de/Physik. TP/
research /kulesza/leptoquarks.html.

4.2 Predictions for benchmark scenarios relevant for the flavour anomalies

In the previous subsection we have studied the individual contributions that we take into
account in our precision predictions and we have investigated their effects through ratios of
cross sections. We now move on with the presentation of NLO w/ t-channel and NLO w/
t-channel+NNLL pair-production cross sections. We consider the more realistic scenarios
that we have discussed in sections 2.1.2.2, 2.1.2.3, and 2.1.2.4. We present in addition the
theoretical uncertainties associated with our predictions.

The scenarios that we have described in section 2.1.2.2 are related to a leptoquark model
that solely includes a weak doublet of Rs leptoquarks. We have introduced two specific
benchmarks a; and a9 in table 1, those setups providing an explanation for the flavour
anomalies. We present the associated cross section predictions in table 4 for the CT18,
NNPDF3.1, and MSHT20 parton densities. The cross sections related to the two mass

eigenstates Rg+5/ %)

and Rg+2/ % are equal in these two scenarios, since the decisive parameter
is the yé%g Yukawa coupling, i.e. the coupling of the corresponding leptoquark eigenstate
to a charm quark and either a tau lepton or a tau neutrino. Both the third-generation
charged lepton and neutrino are effectively massless in our calculations, so that the total

cross section predictions are identical (and thus only provided once in the table).
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The obtained values for the ratio Ky defined in eq. (4.1) illustrate the different behaviour
of the t-channel contributions. As can be seen from table 4, for benchmark point a; the
ratio Ky lies between 1.24 and 1.70, the exact value depending on the chosen PDF set. In
contrast, the effects of the ¢t-channel contributions are negligible in the case of scenario as.
This behaviour is dominantly driven by the size of the nyLg Yukawa coupling. For scenario
a1, this coupling is large relative to all other non-zero elements of the Yukawa mixing
matrices, so that the cé-initiated subprocesses significantly contribute. In comparison, for
scenario ag all non-zero Yukawa couplings are much smaller, which suppresses automatically
the relevance of any t-channel lepton exchange diagram. The NNPDF3.1 Ky value for
benchmark point a; is found to significantly differ from the values obtained when any of
the two other PDF sets is considered. This can be attributed to the charm PDF being
treated in a different manner in the NNPDF3.1 fit as in the two other parton density fits
that we consider.

For configurations in which the t-channel contributions play a role, we observe that the
theoretical uncertainties are different from the NLO-QCD case. This comes from different
dominant partonic initial states and a different scale dependence at the matrix-element
level. In this way, for scenario a; NLO w/ t-channel predictions receive slightly smaller
scale uncertainties and much larger PDF uncertainties. The origin of this behaviour is
twofold. First, QCD-induced leptoquark pair production is dominated by gluon fusion
topologies while leptoquark pair production via t-channel lepton exchanges is driven by
charm-anticharm scattering. Second, the QCD contributions already depend on the strong
coupling g5 at LO, while the ¢t-channel lepton exchange diagrams are independent of g;.

The ratio Knnpp defined in eq. (4.4) encompasses the full set of corrections under
consideration, i.e. those originating from the ¢-channel diagrams, soft-gluon resummation
and the use of NNLO parton densities. We find that for the considered scenarios and the
CT18 and MSHT20 parton densities, the additional corrections lead to a further increase of
the cross section. The Ky, value indeed lies between 1.49 and 1.59 for scenario a; and
between 1.13 and 1.17 for scenario az. The NNLL effects are thus as large as the ¢-channel
ones for the first scenario, and the full corrections are purely NNLL-related for the second
scenario. The NNPDF3.1 parton densities are extracted following a different treatment
of the charm as for the CT18 and MSHT20 densities, thus different predictions could be
expected. This is indeed what we obtain. In the case of scenario a;, NNLL corrections lead
to a reduction of the cross section, with Knnpr, = 1.60 < Kyt = 1.70. The charm density
contributing only in a subleading manner for scenario as, we then get more similar values of
Knnpp = 1.05 ~ Ky = 1.01.

The resummation of the soft-gluon corrections leads to a substantial reduction of the
scale uncertainties relative to the NLO w/ t-channel results, as expected by virtue of the
inclusion of higher-order contributions through their exponentiation. In contrast, PDF
uncertainties are most of the time larger at NLO+NNLL than at NLO, as our NLO w/
t-channel +NNLL cross sections are obtained with NNLO PDF that are associated with
different PDF errors. This last source of uncertainties constitutes the bulk of the theory
error. However, one should keep in mind that more LHC data will be analysed in the future,
opening the door to a substantial improvement of the PDF fits.

~19 —



LQ |PDF QCD (fb) NLOwt (fb) NNLLwt (fb) Kyt KnniL
CT18 0700105 105 070 IGH 0% 0846 ISRIRTE | 101 121
Ry NNPDF3.1 | 064172 1%F76% 0,664 71542820 0.683 77874 F89% | 1.04 1.07
. MSHT20 | 0.707H1 1084680 071327 +64% 0,835 T0%+T2%8 1101 1.18
CT18 0.0108 113 1%+25.2% (90108 H120%F25.2%  (9,014578-3%T408% 1100 1.33
Ss NNPDF3.1 | 0.0076T12-9%574%  0.0076115 16 +573%  0.0078 1402 83.0% | 1.00 1.04
MSHT20 | 0.010913 26 F118% 0.0110T13556F12:0% 00149796 F185% | 101 1.37
CTIS 0700 070t I 08T R Loy 125
Ry NNPDF3.1 | 0.641 11 21%FT6%  .73370% T129% 0,730 77370 T185% | 114 1.14
MSHT20 | 070711, 0%F68% 0728 11067 08627874 FTTE 1103 1.22
CT18 0.0108 1 41%0F252% 0 010811307 252%  .0145 520 T408% | 1,00 1.34
SSPS | NNPDFS.1 | 0.00761129%H574% 0076 12T%H5T8% () 078 I32%H880% | 1 o9 102
" MSHT20 | 0.01091216F118% 001091 29%F118% 00148 89%F181% 11,00 1.36
CT18 001082 16+25.2% 001097135 F25-4%  0.0146783%T414% [ 1.01 1.35
SVY I NNPDF3.1 | 0.0076H 1597457 4% 0 0077 H188%+570% - 0078 130%+825% | 1 o9 1,03
MSHT20 | 0.0109 721 08% 0,010 739%H120% 001497 T8%H135% 1100 1.37
CT18 0.0108 113 1%+25.2% 00110 136%F200%  0,0149 7820 H434% |1 02 1.38
S§HY | NNPDF3.1 | 0.00761129%H574% 077 H125%+56.9% () 0gg0t129% +80.9% | 1 01 1,04
MSHT20 | 0010913 26F118% 00111355 12:8% 00153 7% F185% | 1,02 1.41

Table 5. Same as in table 4 but for the benchmark scenarios b; and b, of section 2.1.2.3. As the cross
sections for the R, mass eigenstates only differ marginally, they are provided as single predictions.
For the same reason all cross sections for the S35 mass eigenstates are provided collectively for
benchmark point b;.

Overall the t-channel contributions are very important for the class of Re leptoquark
scenarios favoured by the flavour anomalies. They can possibly lead to sizeable corrections to
leptoquark pair-production cross sections, and should therefore be estimated appropriately
so that their relevance could be verified. In contrast, soft-gluon resummation corrections are
always significant and should be accounted for in any precision calculation. They impact
both the rates themselves, but also lead to a significant reduction of the associated scale

uncertainties.

We now study cross section predictions associated with the benchmark scenarios b; and
bs introduced in section 2.1.2.3. In this case, a given benchmark features a large set of Ro
and Ss leptoquark eigenstates of different electric charge and with non-vanishing Yukawa
couplings whose values are given in table 2. The pair-production cross sections related to
all different mass eigenstates are shown in table 5. For those cross sections that only differ
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marginally (i.e. those associated with all Ry mass eigenstates of a given benchmark, and those
associated with all S3 mass eigenstates in scenario by ), only one entry in the table is provided.

In the two considered scenarios by and be, the relevant S3 Yukawa couplings associated
with second-generation quarks all take moderately small values, while those associated
with the third-generation quarks are large. The t-channel contributions to the total cross
section are thus expected to play a subleading role, as the corresponding diagrams are
either suppressed by the smallness of the Yukawa couplings, or by that of the related
parton densities. This is confirmed by our findings. The ¢-channel contributions provide at
most about 1% or 2% correction for S3 pair production. For the same reason, the theory
uncertainties are similar in the NLO w/ t-channel and in the pure NLO-QCD cases. In
contrast, the Rs leptoquark exhibits much larger couplings to second-generation quarks,
but those couplings associate different quark and lepton flavours and chiralities, as well as
feature different complex phases. The t-channel lepton exchange diagrams are found to
generally contribute to percent-level corrections, with the exception of predictions made
with NNPDF3.1 parton densities. In this case, we find larger Ky, values reaching 1.04 for
scenario by and 1.14 for scenario by. The larger corrections again highlight the importance of
the treatment of the charm density in the PDF fits. Similarly, the relevance of the ¢-channel
contributions is strongly connected to the variations in the theory uncertainties observed
when comparing NLO-QCD and NLO w/ t-channel predictions, for the reasons already
mentioned above.

Since in the benchmark scenarios b; and by the influence of the t-channel contributions
on the total pair-production cross sections is rather small, the enhancement of the NLO
w/ t-channel+NNLL cross sections with respect to the pure NLO-QCD one (i.e. the value
of Knnpp) is mainly due to soft-gluon resummation. The size of Kynrr lies between 1.02
and 1.41, with larger values obtained for the CT18 and MSHT20 PDF sets. Predictions
with the NNPDF3.1 set suffer from suppression effects arising from the switch from NLO
densities (used for the NLO w/ ¢-channel calculations) to the NNLO ones (used for the NLO
w/ t-channel + NNLL rates), as discussed previously. Similarly to the observations made
in the analysis of the predictions relevant for the benchmarks a; and as, our most precise
predictions at the NLO w/ t-channel4+NNLL level exhibit smaller scale uncertainties than
those at the NLO w/ t-channel one. The PDF errors increase, sometimes significantly, when
NNLO PDFs are used.

The final benchmark scenarios that we discuss in this subsection are the ¢; and cg
scenarios introduced in section 2.1.2.4, featuring both the S; and S5 leptoquarks. We
consider two setups for which all non-zero values of the leptoquark Yukawa couplings are
given in table 3. In table 6 we present the associated pair-production cross sections for both
benchmark points. Once again, we have grouped together individual cross sections that only
marginally differ, namely all S5 pair-production cross sections related to scenario c¢;.

In the ¢; scenario we obtain values of Ky, for S pair production that span the [1.08, 1.25]
range. This contrasts with the case of S3 pair production, for which the ¢-channel diagrams
are negligible. These properties can be explained by the coupling values (see table 3), as the
Sy state only weakly couples to quarks whereas the S state dominantly couples to second-
generation quarks with strengths given by y1L§3 and yf%. As an expected consequence,
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LQ | PDF QCD (fb) NLOwt (fb) ~ NNLLwt (fb) | Kuwe Kunis
CTIS | LasTpsftiaes 1467050 008 1754 hoen | 108 130
S{V% | NNPDF3.1 | 1.26+120%45:9% | 57 83% +125% 61 42.0%+129% | 1 95 98
. MSHT20 | 13611555 300 14850507050 L7305 Tag | 109 1.27
CT18 | 135Xy hidty 1350055 v 109260 ner | 100 118
Ss NNPDF3.1 | 1.261120%0F5:9% 1 9611 7 +5.9% 1 301 7-6% 6% 11.00 1.03
MSHT20 | 136113500 3708 187070 378 15810 an | 101 116
CT18 L350 5k o LAMTT e 1T3TS0E 08 | 107 128
S{VY | NNPDF3.1 | 1.26+120%5:9% | 5386% +122% q pri60%4125% | 91 95
MSHT20 | 136*3 g 378 1467000 000 1t gii i | 107 1.26
CT18 L350 5k o 140 DR g 1TOTSAE 05 | 104 1.26
SSPHY | NNPDF3.1 | 1.26+H120%5:9% 1 46192% +126% q 45+T0%4IB0% | 16 15
. MSHT20 | 1367538 070 141430 o 166730 7% | 104 122
CT1s | 135%i3t ey 139730 iion 165TSR 0g% [ 103 1.2
SSTVY | NNPDF3.1 | 1.26+120%+5:9% ) 37 H102%468%  y3469%471% | g9 113
MSHT20 | 1367300000 110 00 Le4igqiers | 104 121
CTI8 | L35TLEtIen L49TNTIe0 LTsIN a0 | 110 130
SSYY | NNPDF3.1 | 1.26+H120%45:9% | 57 t88% 41LT% gy 458%+128% | 4 o5 | 36
MSHT20 | 1367584070 1624000 00 L7l | 112 130

Table 6. Same as in table 4 but for the benchmark scenarios ¢; and ¢ of section 2.1.2.4. For
benchmark point ¢; the cross sections associated with the production of any pair of S3 mass
eigenstates only differ marginally, and are thus displayed collectively.

predictions relying on NNPDF3.1 densities are significantly different from those obtained
with the CT18 or MSHT20 densities, with the Ky value for the pp — 5151 process much
larger in the NNPDF3.1 case. For the second scenario ca, both leptoquarks couple more
strongly to second-generation quarks due to the large yéég value. The t-channel diagram
contributions to the cross section are therefore expected to play a more important role for
all production processes as demonstrated by the results shown in the table. Moreover, as Ss
eigenstates of different electric charge couple to strange quarks, charm quarks or both, the
corresponding cross sections are found to differ by up to 15%.

Depending on the PDF and the final state considered, the combined corrections due to
the t-channel contributions and soft-gluon resummation (depicted by Knni1,) vary between
1.03 and 1.36. While soft-gluon resummation contributions generally lead to an increase of
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the cross sections of approximately 20% with respect to Kyt for CT18 and MSHT20 PDFs,
the impact is milder for the NNPDF3.1 predictions. This effect is related to the above-
mentioned differences between the NLO and NNLO NNPDF3.1 fits. It mainly manifests
itself in final states involving leptoquarks that couple to the charm quark. As the S§74/ 3
leptoquark only couples to strange quarks, the corresponding Knnrr, value is much larger
than the values of KNy, associated with the S; and S?S_l/?’) states that couple to both

strange and charm quarks. Finally, we obtain a Knni,1, value for S§+2/ 3) pair production that

) solely coupling to the charm quark. The

is smaller than 1. This is a consequence of S§+2/ 3
behaviour of the scale and PDF uncertainties is similar to what we have already observed for
the other scenarios considered in this section. A more detailed discussion on the uncertainties

is carried out in the next section.

4.3 Impact on experimental limits: theoretical errors and extra contributions
to rates

In the previous section we have demonstrated that in certain models and for certain choices
of benchmark points and PDF sets, t-channel contributions and soft-gluon resummation
corrections can substantially alter cross section predictions and lead to a reduction of the
scale uncertainties. In contrast, the PDF uncertainties are found either similar to or larger
than those inherent to the fixed-order results. To emphasise these findings more clearly, we
collect the results of tables 4, 5 and 6 and present them graphically in figure 6 for selected
leptoquark production processes. We separately indicate the associated scale uncertainties
and the full theoretical errors, that additionally contain PDF uncertainties.

All presented cases visually confirm the findings of section 4.2. Scale uncertainties
decrease when NLO+NNLL corrections are accounted for, whereas the overall theory errors
generally increase by virtue of larger uncertainties originating from the use of NNLO PDFs
(employed for the NLO w/ t-channel + NNLL predictions) as compared with the NLO PDF
sets (used for fixed-order predictions). Notably, the NLO w/ ¢t-channel + NNLL predictions
obtained with the most recent MSHT20 PDFs have the overall theory errors smaller than the
NLO-QCD predictions. This originates from the NLO and NNLO PDF uncertainties being
very similar, and demonstrates the potential of our calculations in significantly reducing the
overall theory error once PDF uncertainties are under control.

Figure 6 also clearly shows that there are models and benchmark points for which
predictions including t-channel contributions as well as NNLL corrections do not agree
with the NLO-QCD ones (within their respective theory errors). This calls for a particular
caution when using theoretical predictions in experimental analyses to extract limits on
models, as it is critical to make sure that these effects are accounted for. Not all predictions,
however, are affected to the same extent. As discussed in the previous section there are
many factors impacting the behaviour of the predicted cross sections, such as the studied
final state, the values of the leptoquark Yukawa couplings and masses (i.e. the particular
benchmark scenario) or the parton density functions that have been used for the numerical
evaluation of the cross sections. Their complicated interplay makes it difficult to predict
the overall effect on the cross sections. The decision if one should use NLO w/ t-channel +
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Figure 6. Comparison of total cross section predictions at the NLO-QCD (blue) and NLO w/
t-channel + NNLL (red) accuracy, for the benchmark points discussed in tables 4, 5, and 6. The

dark-coloured error bars denote the scale uncertainties, while the light-coloured ones combine them
with the PDF uncertainties.

NNLL predictions or if it is reasonable to rely only on NLO-QCD cross sections has therefore
to be made individually for each considered scenario.

In this context, it is important to investigate to what extent the mass exclusion limits
obtained as a result of an experimental analysis could be affected by the corrections calculated
in this work. While analysing multiple possible scenarios is beyond the scope of this paper,
in figure 7 we show an example study in the context of a simple model featuring a single
leptoquark species (S; L 3). We enforce that the leptoquark either couples to a charm quark
and a muon only, or couples cross-generationally to a charm quark and an electron, i.e. with
only yﬁ% = 0 or only yﬁﬁ = 0 respectively. The results are presented for small Yukawa
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Figure 7. Comparison of observed 95% confidence level limits [42] for leptoquark pair production
when assuming a branching ratio of 1 for either the LQ — ce decay (solid black) or the LQ — cu
decay (dashed black). We present the theory predictions used in the ATLAS analysis [42] (dashed
blue) and our NLO w/ t-channel + NNLL ones (solid red) calculated with the CT18 (left), NNPDF3.1
(middle), and MSHT?20 (right) parton densities. Band thickness denotes combined PDF and scale
uncertainties. For the NLO w/ t-channel + NNLL predictions, we have adopted leptoquark-charm-
lepton coupling values of yffl (22) = 0.2 (top row) and y%{l (22) = 14 (bottom row).

coupling strengths (yﬁi = 0.2; top row) and larger Yukawa couplings (yfi = 1.4; bottom
row). Even in this simple model, the exclusion limits of [42| can be lowered by more than
50 GeV. The size of the shift depends to a large degree on the PDF set that is used. In this
particular case the effect driven by the choice of using the NNPDF3.1 set can be traced
back to the corresponding treatment of the charm quark distribution. Moreover, as already
pointed out, predictions computed with the most recent parton density fits (i.e. MSHT20)
lead to a smaller overall theory error. It is however clear that admitting more non-zero
couplings could easily lead to bigger effects (as shown by the results of sections 4.1 and 4.2),
as well as have an impact on exclusion limits for third-generation leptoquarks. We leave the
corresponding detailed studies for future work.
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5 Conclusions

In this work, we have performed a comprehensive study of the currently most precise
theoretical predictions for scalar leptoquark pair production at the LHC. As reported here
and in an earlier letter [58], these predictions contain, apart from pure QCD contributions,
contributions of diagrams featuring a ¢-channel lepton exchange and their interference with
the QCD diagrams. While all the components of the fixed-order results have been evaluated
at NLO in QCD, we have additionally included corrections due to soft-gluon resummation
up to NNLL accuracy. The classes of the corrections considered here become particularly
important for leptoquark models with large masses and large Yukawa couplings. Since such
leptoquark scenarios can account for the measured lepton flavour anomalies and the long-
standing discrepancies in the anomalous magnetic moment of the muon, the aforementioned
models have been enjoying a lot of interests lately. In this spirit, we have provided and
carefully analysed cross section predictions in the framework of selected benchmark scenarios
recently proposed in the literature.

Our analysis has shown that the considered corrections are important and often induce
effects of tens of percents. In the models considered here, corrections up to 60% are observed.
Notably, we have found that the theoretical errors of pure NLO-QCD results (without
soft-gluon resummation and the inclusion of the t-channel lepton exchange diagrams) often
do not account for the size of the ¢-channel and the NNLL corrections. We therefore
recommend to check the size of these contributions before using NLO-QCD predictions alone
in any analysis. We have also demonstrated that the final size of the (sum of all) corrections
originates from a very delicate interplay between different factors. These include the type of
leptoquarks considered, their masses, the flavour pattern of their Yukawa couplings, as well
as the parton distribution functions used to obtain the numerical predictions. This interplay
manifests itself through various distinct higher-order effects often coming with opposite signs
and different sizes, be it the t-channel contributions, the soft-gluon corrections or the choice
between an NLO or an NNLO parton density set. Consequently, it is difficult to predict,
on a general basis, the overall modification expected for total rate predictions, making it
necessary to perform dedicated calculations for each individual scenario that one may want
to consider.

In addition to potentially modifying the cross section in a sizable manner, the calculated
corrections also lead to a substantial reduction of the scale dependence of the predictions.
Although for higher leptoquark masses the theoretical error is in most cases still dominated
by the NNLO PDF error, the situation is expected to change with newer releases of NNLO
parton densities. It will eventually resemble the one arising for pure NLO-QCD predictions
in which the PDF error covers only a small portion of the full theory uncertainties. In fact,
such a situation is already observed for the latest MSHT20 NNLO set. Therefore one can
certainly expect that the relative gain in precision due to the calculations described in this
report will only grow with time.

The calculation of the NLO t-channel contributions presented in this paper have
been performed with the help of two public codes, MADGRAPHS AMCQ@NLO and the
POWHEG-BOX framework, that we have modified according to the guidelines shown in
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section 3. To calculate NNLL soft-gluon corrections, a dedicated code is provided. Both
this code and the modified versions of MADGRAPHS AMCQ@QNLO and POWHEG-BOX
can be downloaded from the webpage https://www.uni-muenster.de/Physik. TP /research/
kulesza/leptoquarks.html.

Acknowledgments

We thank Julien Baglio for discussions regarding the modifications of the POWHEG-BOX,
as well as Valentin Hirschi, Olivier Mattelear, Hua-Sheng Shao and Marco Zaro for their
help with mixed-order computations in MADGRAPHS AMCQNLO. We are moreover
grateful to Olcyr Sumensari and Nejc Kosnik for providing information about the fit that
has been performed in ref. [66] and for their private update [67] in the light of the newest
measurements, as well as to Richard Ruiz for enlightening discussions over the course of this
project (relative in particular to the reduced PDF errors associated with the MSHT20 set of
parton densities). We furthermore acknowledge support by the state of Baden-Wiirttemberg
through bwHPC and the DFG Grant No. INST 39/963-1 FUGG (bwForCluster NEMO).
The work of DS was supported in part by the DFG Grant No. KU3103/2. Numerical
calculations have been also performed on the PALMA HPC cluster of the WWU Miinster.

A MADGRAPH5 AMC@NLO implementation

In order to use MADGRAPHS AMC@NLO to evaluate the virtual contributions with
its MADLOOP module [104] and combine the result with the real emission contributions
following the FKS subtraction method [90] as embedded in MADFKS [105], we need to
modify two of the core files of the program. In the file base_objects.py we add two lines
in the function is_perturbating, right at the beginning of the first for-loop,

for int in model['interactions'].get_type('base'):
if len(int.get('orders'))>1:
continue

## BEGIN ADDITION
if order in int.get('orders') .keys() and \
abs(self.get('pdg_code')) in [11,12,13,14,15,16]:
return True
## END ADDITION

if order in int.get('orders').keys() and self.get('pdg_code') in \
[part.get('pdg_code') for part in int.get('particles')]:
return True

In the file loop_diagram_generation.py we modify the user_filter method at two
different places. First, we set the edit_filter_manually variable to True. Second, we add,
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in the loop over the virtual diagrams, the following lines,

for diag in self['loop_diagrams']:

# Apply the custom filter specified if any
if filter_func:
try:
valid_diag = filter_func(diag, structs, model, i)
except Exception as e:
raise InvalidCmd("The user-defined filter 'Vs' did not"Yfilter+
" returned the following error:\n > Ys"lstr(e))

## BEGIN ADDITION
loop_pdgs = [abs(x) for x in diag.get_loop_lines_pdgs()]
is_loop_lepton = (len([x for x in loop_pdgs if x in [11,12,13,14,15,16]11)>0)
is_loop_gluon = (21 in loop_pdgs)
if is_loop_lepton and not is_loop_gluon:
valid_diag=False

connected_id = diag.get_pdgs_attached_to_loop(structs)
isnot_lepton_correction = (len([x for x in connected_id if not abs(x) in \
[11,12,13,14,15,16] 1)>0)
if not isnot_lepton_correction:
valid_diag=False
## END ADDITION

For some specific leptoquark benchmark scenarios (not considered in this paper),
it is possible that MADGRAPHS AMC@NLO is unable to produce a numerical code
suitable for NLO calculations. This is connected to a bug in the treatment of the
fermion flow in the helas_objects.py file. This bug can be fixed by modifying the
check_majorana_and_flip_flow method, in which the line

new_wf = wavefunctions[wavefunctions.index(new_wf)]
must be replaced by

if (not new_wf.get('is_loop')) or (new_wf.get('pdg_code')>0):
index_wf = wavefunctions.index(new_wf)
else:
for i_wf, wf in enumerate(wavefunctions):
if new_wf == wf and wf.get('pdg_code')==new_wf.get('pdg_code'):
index_wf = i_wf
break
else:
raise ValueError
new_wf = wavefunctions[index_wf]
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This bug has been acknowledged by the MADGRAPHS AMC@NLO authors and will be
fixed in future releases of the code.

B POWHEG-BOX implementation

As only the particle identifiers of the Standard Model particles are hard-coded into the
POWHEG-BOX, several routines require modifications to account for the new electrically
and colour charged leptoquarks included in our model. In our POWHEG-BOX implementa-
tion, we choose as their particle identifiers codes between 770 and 780. We first append the
leptoquarks to the list of charged particles, for which we modify the function is_charged in
the file find_regions.f:

if(fl.eq.0) then

!'! BEGIN ADDITION

elseif (abs(fl).ge.770.and.abs(fl).1le.780) then
is_charged=.true.

!'! END ADDITION

else
is_charged=.false.
endif

In the same file, we add the leptoquarks to the list of coloured particles in the function
is_coloured:

if (abs(fl) .1le.6) then

!'! BEGIN ADDITION

elseif (abs(fl).ge.770.and.abs(f1l).1le.780) then
is_coloured=.true.

't END ADDITION

else
is_coloured=.false.
endif

Furthermore, we need to adapt the soft-virtual term which is calculated in the file
sigsoftvirt.f and the subroutine btildevirt. Thus, as it receives contributions from
coloured massive final-state particles, we include the corresponding contribution for the
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leptoquarks in the loop over the final states:

do leg=3,nlegborn
[...]

if (is_coloured(f1l)) then
if (kn_masses(leg) .eq.0) then

[...]

else

!'! BEGIN MODIFICATION

if (abs(flst_born(leg,jb)).ge.770.and.abs(flst_born(leg, jb)).le.780) then
Q = Q - cfx(11-0.5*%Intm_ep(pborn(0,leg)))

else
Q = Q - c(flst_born(leg, jb))*(11-0.5*%Intm_ep(pborn(0,leg)))

endif

!'' END MODIFICATION

endif
endif
enddo

With this modification, we make sure that correct colour coefficients are used for the
leptoquarks (which, in our case, is the Casimir invariant C'r of the fundamental representation
of SU(3)).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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