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Search for charged-lepton-flavor violating uzqt interactions
in top-quark production and decay in pp collisions at \/s=13 TeV
with the ATLAS detector at the LHC

G. Aad et al.”
(ATLAS Collaboration)

® (Received 12 March 2024; accepted 16 May 2024; published 25 July 2024)

A search for charged-lepton-flavor violating puzgt (¢ = u, c) interactions is presented, considering both
top-quark production and decay. The data analyzed correspond to 140 tb~! of proton-proton collisions at a
center-of-mass energy of /s = 13 TeV recorded with the ATLAS detector at the Large Hadron
Collider. The analysis targets events containing two muons with the same electric charge, a hadronically
decaying z-lepton and at least one jet, with exactly one b-tagged jet, produced by a urgt interaction.
Agreement with the Standard Model expectation within 1.6 standard deviations is observed, and limits
are set at the 95% confidence level (CL) on the charged-lepton-flavor violation branching ratio of
B(t = pzq) < 8.7 x 1077, An effective field theory interpretation is performed yielding 95% CL limits on
Wilson coefficients, dependent on the flavor of the associated light quark and the Lorentz structure of the

coupling. These range from |c|39(3313) |/A? < 0.10 TeV~2 for uzut to |clle(§323> |/A? < 1.8 TeV~2 for uzrct. An
additional interpretation is performed for scalar leptoquark production inducing charged-lepton-flavor
violation, with fixed intergenerational couplings. Upper limits on leptoquark coupling strengths are set at

the 95% CL, ranging from A*Q = 1.3 to 1*Q = 3.7 for leptoquark masses between 0.5 and 2.0 TeV.

DOI: 10.1103/PhysRevD.110.012014

I. INTRODUCTION

Prior to the prediction and subsequent observation of
neutrino oscillations [1-5], the flavor of both charged and
neutral leptons was assumed to be conserved within the
Standard Model (SM). Extensions to the SM that can
accommodate neutrino mass and mixing may also allow for
the local nonconservation of charged-lepton flavor.
Charged-lepton-flavor violation (cLFV) may therefore
occur at rates significantly lower than the current exper-
imental sensitivity (for example, y — ey due to a neutrino
oscillation in a W-boson loop has a predicted branching
ratio of 107 [6]). Any observation of cLFV would hence
provide strong evidence for new physics. Beyond-the-SM
theories, such as those that predict leptoquarks (LQ), entail
cLFV [6,7] with a rate as high as B(t — £¢'c) ~ 107 [8],
where ¢,¢" = {e,pu, 7} and ¢ # ¢'. Examples include the
unification of leptons and quarks into representations of the
SU(5) [9], SO(10) [10,11], or SU(5) ® U(1) [12-15]
groups, supersymmetric scenarios [ 16-20], and technicolor

“Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(1)/012014(35)

012014-1

models [21-23]. In addition, some deviations from SM
predictions were observed in the comparisons of hadron
decays involving z-leptons and other leptons that might hint
at the presence of new phenomena, such as measurements
of R(D) and R(D*) [24-33].

Assuming that the energy scale probed experimentally is
significantly lower than the scale of new physics, it is
convenient to consider a model-independent approach with
an effective field theory (EFT). Constraints on the operators
describing two-quark two-lepton (2Q2L) contact inter-
actions were compiled [34], and top-quark 2Q2L operators
related to electrons and muons were probed by the CMS
Collaboration at the Large Hadron Collider (LHC) [35].
Top-quark 2Q2L operators involving muons and z-leptons
however remain highly unconstrained [34], such that some
cLFV top-quark interactions could be within the current
sensitivity of the LHC [36].

This analysis searches for the production of a single top
quark via gg;, — tZ*¢'F and the charge-conjugate process,
where g, = {u, c} fork = {1,2} and ¢¢' = {ur,zu}. The
final state is chosen such that the top quark decays into
a b-quark and a W boson, and the W boson subsequently
decays leptonically into a muon and a neutrino. The
7-lepton is required to decay hadronically. A cLFV top-
quark decay in #7 events is also targeted, t — £*¢' ¢, and
the charge-conjugate process, where the other top quark of
the pair decays into a muon according to the SM. These

© 2024 CERN, for the ATLAS Collaboration
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Example Feynman diagrams of the process under study, where the hatched circle represents the cLFV vertex: (a) single-

top-quark production with a cLFV process in the 7-channel; (b) single-top-quark production with a cLFV process in the s-channel;
(c) top-quark pair production with a cLFV top-quark decay process. The charge conjugate of each process is also considered.

processes are shown in Figs. 1(a) and 1(b) for single-top-
quark production and Fig. 1(c) for top-quark pair produc-
tion with a cLFV top-quark decay process, each enabled
through an EFT vertex. The search presented is performed
using the full Run 2 data sample of proton-proton (pp)
collision data collected with the ATLAS detector in 2015—
2018 at /s =13 TeV, corresponding to an integrated
luminosity of 140 fb~!. The observed data are interpreted
within the EFT framework, and also to test a leptoquark
hypothesis [37].

In the EFT framework, the gg, — t£*¢'F production
and t — £*¢'Tq, decay processes are described by the
SU(3)c ® SU(2);, ® U(1)y dimension-six EFT operators
listed in Table I. The list includes all the relevant 2Q2L
operators that contribute, and consists of a subset of the
Warsaw basis operators [38]. Wilson coefficients (c) may
be assigned to each of the operators (O) in Table 1. The

TABLE I. EFT operator basis and degrees of freedom. In the
convention used, | and q are the left-handed lepton and quark
doublets, respectively, while u and e are the right-handed up-type
quark and charged-lepton singlets, respectively. The indices
i,j ={1,2,3} represent the lepton flavor generations and k, [ =
{1,2, 3} represent the quark flavor generations, respectively. The
Pauli matrices are denoted by ¢/, ¢ = is? is the antisymmetric
SU(2) tensor and ¢* = % [y#,y*] and y* are the Dirac matrices.

Operator Interaction Lorentz structure
Ollq(ijk’) (Ti}’” 1;)(Qr,Q:) Vector
Olaqwkl) (Ly"c"}) @y, or9:) Vector
Ogékl) (€ir'e;) (e, 1) Vector
Oﬁijkl) (Tz BICHAN) Vector

i) (€ire;)(Ugy,u;) Vector
Olel]ukl (e )e(Qeyy) Scalar
O|e<(;]|.1kl) ( iaﬂye_f)g(qkayyul) Tensor

Wilson coefficients weight the contributions of the EFT
operators in an effective Lagrangian, which assumes a mass
scale of new physics, A, which is much larger than the
energy scale directly accessible at the LHC:

CX
£ZLSM+£eff:ESM+ZPOX+“'- (1)

The cLFV single-top-quark production cross section
grows quadratically with the values of the Wilson coef-
ficients. Nonzero Wilson coefficients would lead to a large
cLFV single-top-quark production cross section and this
process therefore dominates the search sensitivity.
However, it is also instructive to relate the Wilson coef-
ficients concisely through the top-quark decay width I" in
terms of 6 degrees of freedom as follows [34]:

L(t = £ ¢5ar)

1k3 zk3 lk3
( ){4| TR 1 4| 4 41 )

ny

~ 61447
(ijk3) 1k3 lk3
+ 4l + 20e) P + 96| iV P} (2)

—(ijk3) _ 1(ijk3) _ 3(ijk3)
Ig ~ Cq
contain the interactions of two up-type quarks with

two charged leptons (the alternative sum clq(”kg) =

(” B4 Ciq Jk) - contains the interations of two up-type
quarks and two neutrinos) [39] and m, is the mass of the top
quark. Real values of the Wilson coefficients are assumed,
which implies invariance with respect to the ordering of the
leptons and quarks: cUik) = (k)

The current constraints on the Wilson coefficients
come from a reinterpretation [34] of a previous ATLAS
flavor-changing neutral current (FCNC) search in the tZg
channel [40], based on a subset of 36 fb~! of the data
sample used in this analysis. These Wilson coefficient

where Clq is a combination used to

limits range from ‘%2313 |/A? < 3.4 TeV~2 for urut to

|c |92323 |/A? <29 TeV~2 for pzct, and are dependent on
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FIG. 2. Example Feynman diagrams of the scalar leptoquark S; model under study, producing a single top quark via (a) a nonresonant
leptoquark, (b) a resonant leptoquark, and (c) a resonant leptoquark with an off-shell leptoquark exchange. The leptoquark S; carries
electric charge Q = —%, spin S = 1, lepton number L = 1, and baryon number B = % In each case, initial states using up or charm
quarks are assumed, and a final state consisting of two same-sign muons and one z-lepton is produced. The charge conjugate of each
process is also considered. The dots represent vertices with a leptoquark-to-fermion coupling strength, 4;, for the appropriate quark

generation (k) and lepton generation ().

the flavor of the associated light quark and the Lorentz
structure of the coupling. The range of Wilson coefficient
limits set by this reinterpretation corresponds to minimal
and maximal branching-ratio limits of approximately
B(t - pru) <3.5x 107> and B(t — prc) < 3.0 x 107
for the respective operators.

Leptoquarks, which arise in beyond-the-SM theories, are
also a natural candidate for introducing cLFV interactions.
The couplings between leptons and quarks may be inter-
generational. In this interpretation, a scalar leptoquark (S;)
model is assumed that introduces couplings between all up-
type quarks and all charged leptons, leading to the single
leptoquark production processes presented in Fig. 2 with
the relevant final states.

This model, in which the leptoquark may couple to
multiple generations of leptons and quarks, contains many
degrees of freedom. The search for multigenerational
single scalar leptoquarks is an extension to previous studies
by ATLAS [41] and CMS [42] that search for single
leptoquark production coupling to a single lepton and single
quark generation only. The investigation of a fully general
and complex scenario is beyond the scope of this measure-
ment and for that reason, assumptions are made to simplify
the multigenerational hypothesis. The couplings of S; to each
generation of quarks k and leptons i, 4;;, are fixed relative to
one another such that the coupling of the leptoquark to the
SM may be described by a single parameter A-Q:

Mie Aex P 10 1 01
A€ | Ay Aew Ay | =490 1 01 001 |, (3)
de Ao A 0.1 0.01 0.001

te ce ue
where the largest value is the §;-7-7 vertex and the smallest is
the Si-u-e vertex. A flavor hierarchy in the coupling
strengths is a common assumption in multigenerational
leptoquark models. However, the magnitude of the hierar-

chies in the quark generations (4(,_1);/4;) and in the lepton

generations (/1,(( i-1)/ Axi) are not yet a matter of consensus, as

different models span ratios ranging from v/2 to 1—'6 for each
[43-47]. In this search, a constant ratio in both the quark
and lepton generations is assumed, R = Ag_)i/dy =
Ak(i=1)/ i~ An order of magnitude reduction (R = 0.1) is
chosen for each generational step-down in either the quark or
lepton flavor as a representative scenario, where A,, is the
strongest coupling. As R affects the relative sizes of the 4,
couplings, this modifies the width of the leptoquark and the
resulting kinematic properties of the decay. It is not straight-
forward to scale to alternative hierarchy assumptions and
such a study is beyond the scope of this interpretation.
However, this interpretation represents a robust first search
for single scalar leptoquark production with large intergen-
erational couplings using the top quark. The search for the
production of a single scalar leptoquark §; is performed
using the same analysis strategy as is optimized for the EFT
interpretation. Limits on the cross section of the S| model are
expected to be slightly weaker than in the EFT interpretation
due to this choice of optimization.

II. ATLAS DETECTOR

The ATLAS detector [48] at the LHC covers nearly the
entire solid angle around the collision point." It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadronic

'ATLAS uses a right-handed coordinate system with its origin
at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP
to the center of the LHC ring, and the y-axis points upward. Polar
coordinates (r, ¢) are used in the transverse plane, ¢ being the
azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle 6 as 7 = —Intan(6/2) and is equal to

the rapidity y = %ln(?_rﬁ <) in the relativistic limit. Angular
Ny

distance is measured in units of AR =

012014-3
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calorimeters, and a muon spectrometer incorporating three
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T
axial magnetic field and provides charged-particle
tracking in the range |n| < 2.5. The high-granularity
silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first
hit generally being in the insertable B-layer installed
before Run 2 [49,50]. It is followed by the semiconductor
tracker, which usually provides eight measurements per
track. These silicon detectors are complemented by the
transition radiation tracker (TRT), which enables radially
extended track reconstruction up to |7| = 2.0. The TRT
also provides electron identification information based on
the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition
radiation.

The calorimeter system covers the pseudorapidity range
|| <4.9. Within the region |g| < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering || < 1.8 to
correct for energy loss in material upstream of the calo-
rimeters. Hadronic calorimetry is provided by the steel/
scintillator-tile calorimeter segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic
end cap calorimeters. The solid angle coverage is com-
pleted with forward copper/LAr and tungsten/LAr calo-
rimeter modules optimized for electromagnetic and
hadronic energy measurements respectively.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of
the detector. Three layers of precision chambers, each
consisting of layers of monitored drift tubes, cover the
region || < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range || < 2.4 with
resistive-plate chambers in the barrel, and thin-gap cham-
bers in the end cap regions.

The luminosity is measured mainly by the LUCID-2
[51] detector that records Cherenkov light produced in the
quartz windows of photomultipliers located close to the
beampipe.

Events are selected by the first-level trigger system
implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger [52]. The first-level trigger accepts events from
the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces in order to
record complete events to disk at about 1 kHz.

A software suite [53] is used in data simulation, in the
reconstruction and analysis of real and simulated data, in

detector operations, and in the trigger and data acquisition
systems of the experiment.

III. ANALYSIS STRATEGY

An overview of the analysis strategy is provided here,
before each step is described in detail throughout the
following sections.

A signal-enriched region (SR) is defined to target the
signal cLFV processes and selects events that contain two
muons, one hadronically decaying z-lepton and at least one
jet. Exactly one jet is required to be identified as containing
b-hadrons (b-tagged). The two muons are required to have
the same electric charge [referred to as same sign (SS)], to
avoid large background contributions of opposite-sign (OS)
utu~ pairs from Z-boson decays.

In addition, control regions (CRs) are defined that are
enriched in backgrounds from fake or nonprompt (NP)
muons or fake z-lepton candidates, and are depleted
of signal events. The main backgrounds stem from 7
events with NP muons from heavy-flavor hadron decays
inside jets, associated top-quark production processes
(t1Z, 11w, ttH) with prompt leptons, diboson events
(WZ, ZZ) with prompt leptons, and events with jets that
are misidentified as hadronically decaying z-leptons
(referred to as fake z-lepton events). The prompt-lepton
backgrounds are modeled by Monte Carlo (MC) simu-
lations. The yield of the NP muon background is deter-
mined through a template fit in a dedicated CR denoted
CRrfu. This CR contains dilepton 77 events with one
electron and one muon, and an additional NP muon
passing looser identification and isolation requirements,
mainly originating from the decay of a B-meson in a
hadronic jet. The contribution of the fake z-lepton back-
ground is determined through a data-driven scale factor
method in a dedicated CR denoted CRz. This CR targets
two OS muons and one hadronically decaying z-lepton
and is designed to be enriched in events with a jet
misidentified as a z-lepton. The fake z-lepton scale factors
are determined in CRz as the first step of the analysis and
propagated to the SR.

The signal contribution in the SR is then estimated with
a binned profile-likelihood fit to the distribution of Hry
(the scalar sum of the lepton and jet transverse momenta),
with systematic uncertainties modeled as nuisance param-
eters. The region CR#7u is included in the fit, to simulta-
neously determine the normalization of the NP muon
background. For each EFT coupling contributing to the
signal process, MC samples are generated separately for
single-top-quark production and top-quark decay. Two
inclusive samples are also generated with all couplings
activated simultaneously. These inclusive samples are
used together to determine an upper limit on the inclusive
branching-ratio [B(t — urq)] limit, and the separate EFT
samples are used to determine limits on each operator
individually (as specified in Table I). Finally, dedicated

012014-4
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TABLE II. Theoretical cross sections for single-top-quark production and top-quark decays through cLFV
(ijk3)

interactions involving vector, scalar, and tensor EFT Wilson coefficients. The column titled c¢y¢ o, represents the

o : o —K3) (k) (ijk3 i3
individual cross-section contributions from each of clq(” ), cé’é ), clﬁj ), and ")

represent the lepton flavor generations (i, j = 1,2, 3 where i # j) and light quark flavor generations (k = 1, 2). The
single-top-quark production cross sections are quoted for u- and c-quark couplings separately, while they are
combined for the 77 decay process (g, = u, ¢). The scale and PDF uncertainties are given. The value of each Wilson

. The coefficient indices

PHYS. REV. D 110, 012014 (2024)

coefficient is set to 1.0 for the calculation of the cross section, with an energy scale of A =1 TeV.

Cross-section ¢4 + PDF (fb)

—scale

et o o
Production £¢'ut 118775 + 1 101420 +1 2150130 +20
Production ¢’ ct 79412+ 1.6 6.15,0 £ 1.5 15375 +29
Decay 7' gt 6.911% +0.1 3.46 55 +0.03 16673 +2

samples are generated for the leptoquark model and the fit
is repeated to set limits on this hypothesis.

IV. DATA AND SIMULATED EVENT SAMPLES

The pp collision data analyzed for this search were
recorded with the ATLAS detector from 2015 to 2018 at a
center-of-mass energy of /s =13 TeV. Events were
selected using single-muon and single-electron triggers
[54,55] and are required to have a reconstructed primary
vertex that has at least two associated tracks with transverse
momentum (pr) greater than 500 MeV, where the primary
vertex is defined as that for which the associated tracks
have the highest sum of p3. After the application of data-
quality requirements [56], the data sample corresponds to
an integrated luminosity of 140 fb~!, as determined using
the LUCID-2 detector [51,57] for the primary luminosity
measurements.

To optimize the event selection and to predict contribu-
tions from various SM processes, MC simulated event
samples are used. The effect of multiple interactions in the
same and neighboring bunch crossings (pileup) was mod-
eled by overlaying the simulated hard-scattering event with
inelastic pp events generated by PYTHIAS.186 [58] using the
NNPDE2.3LO set of parton distribution functions (PDFs) [59]
and parameter values set according to the A3 tune [60].
After the event generation, the ATLAS detector response
was simulated [61] with the GEANT4 toolkit [62] with either
the full simulation of the ATLAS detector or a fast-
simulation package that relies on a parametrization of
the calorimeter response [63]. In all processes, the top-
quark mass was set to 172.5 GeV. All samples of simulated
events, except those produced with the SHERPA [64]
generator, use EVTGEN [65] to model the decays of bottom
and charm hadrons. SHERPA uses built-in decay tables from
measurements.

Signal and background contributions to the search for
cLFV are estimated by using MC event generators. Both
cLFV single-top-quark production and top-quark pair

production with a cLFV top-quark decay are treated as
signal, while all other processes are treated as backgrounds.
These backgrounds include SM top-quark pair and single-
top-quark production, the associated production of top
quarks with W, Z, y, or Higgs bosons, and the production
of diboson, triboson, and W/Z + jets. Possible contribu-
tions of the aforementioned EFT operators to the associated
top-quark production backgrounds are assumed to be
negligible and thus disregarded.

The EFT signal processes are simulated as ggq, — t£¢
and 17 - (¢€'q;)((W = ¢v)b) for the production and
decay diagrams respectively, with £, = {e,u,7} and
qrx = {u, c}. For this purpose a universal FeynRules output
(UFO) model [66] containing the EFT operators listed in
Table 1 was created with FeynRules 2.0 [67] using the
DIM6TOP model [68]. Events were generated at leading
order (LO) in QCD with MadGraph 2.9.5 [69] for the hard
process, in combination with PYTHIAS.306 [70] for shower-
ing and hadronization. All the decay channels of the
7-lepton are included. The five-flavor scheme is used, in
which all the quark masses are set to zero except for the top
quark. The renormalization and factorization scales (u,, ;)
are dynamic and correspond to the center-of-mass energy
of the incoming partons in the case of the top-quark decay
process and half the sum of the transverse masses of all
final state particles and partons for the single-top-quark
production process. The NNPDF3.INLO [71] PDF was
chosen; PYTHIAS was configured according to the Al4
tune [72]. Theoretical cross sections for single-top-quark
production and top-quark decays through cLFV inter-
actions are shown in Table II. The cross sections for the
cLFV tf decay samples are evaluated through

F(l‘—)fj_f;qk)

ocLey =204 B(t = W(—£v)b)- T ,
t

(4)
where o;; is the ff production cross-section prediction at
next-to-next-to-leading-order (NNLO) in QCD including
the resummation of next-to-next-to-leading logarithmic
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(NNLL) soft-gluon terms calculated using TOP++ 2.0 [73].
The relative scale and PDF uncertainties from the LO
generation are maintained. The single-top-quark produc-
tion cross sections are determined using MadGraph 2.9.5 with
DIM6TOP and these values and related kinematic distribu-
tions were checked against the SMEFTsim 3.0 [74,75]
UFO model and were found to be compatible. The cross
sections in Table II are the sum over all lepton flavor
generations (i, j = 1, 2, 3 where i # j) and assume a top-
quark mass of 172.5 GeV, an LO top-quark decay width I,
of 1.51 GeV, a new physics scale of A =1 TeV, and a
value of 1.0 for each Wilson coefficient. The column

i jk3 . .. .
labeled c(v'ejctoz represents the individual cross-section con-

o —(ijk3)  (ijk3) (ijk3 /i3
tributions from each of clq(” ), cé’é ), cl(L'J’ ), and U,

While each vector coupling contributes comparably to the
enhancement of the top-quark width, as shown in Eq. (2),
they may result in different kinematic distributions. The
production cross sections are quoted for up- and charm-
quark couplings separately (k = 1, 2) and differ due to the
proton PDFs. The 7 cross sections involving £¢” g, decays
are quoted for up and charm quarks together as these are not
distinguished in the analysis.

To consider an uncertainty due to the parton-
shower generator, a second set of MC samples for the
EFT signals are generated using the HERWIG7.1.6 [76,77]
prediction with the HERWIG7.1 default tune instead of the
PYTHIAS.306 generator.

Alternative signal samples for a scalar leptoquark pro-
duction, ggq, = 8¢ (qx = u, ¢; £ = u, 1), and for gq;, —
t¢¢" with the S; exchanged as a virtual particle, were
generated at LO in QCD with MadGraph 2.9.5 for the hard
process in combination with PYTHIAS.306 for showering and
hadronization and the NNPDF3.0NLO PDF set [78]. The
scales u, and y; correspond to the invariant mass of the
leptoquark, mg . A dedicated UFO model [37,79] was
utilized for this purpose, defining S, to carry electric charge
0= —%, spin S =1, lepton number L = 1, and baryon
number B = % Samples were generated assuming a charm
quark in the initial state as the predominant production
mechanism according to the flavor hierarchy described in
Eq. (3). Diagrams with an initial-state up quark contribute
an additional 10% to the cross sections and were considered
by reweighting the charm-quark samples, accounting for
small differences in the kinematics and acceptance. When
following the leptoquark decay S| — ¢’ (¢’ =, u), the
total cross section scales with (1XQ)* as an effective contact
interaction. The contribution to the expected sensitivity
from initial-state up quarks is less than 3%. The samples
contain trilepton put and rzu final states only and cover a
mass range of 0.5 < mg < 2.5 TeV and a coupling range
of 0.5 <" < 3.5 These samples are only used in
Sec. VIII B of the paper, for the interpretation of the search
in the leptoquark S; model. Processes involving a lepto-
quark in a top-quark decay (t — ¢,£¢’, mediated by S,) are

not considered as the contribution is expected to be
negligible.

For the background processes, the production of 7
events was modeled using the POWHEG BOX v2 [80-83]
generator at next-to-leading-order (NLO) with the
NNPDF3.0NLO PDF set and the fgymp parameter2 set to
1.5 times the top-quark mass [84]. The events were
interfaced to PYTHIAS.230 [85] to model the parton shower
(PS), hadronization, and underlying event, with parameters
set according to the Al4 tune and using the NNPDF2.3LO
set of PDFs. The functional form of the renormalization
and factorization scales was set to the default scale

mp(t) = \/m? + p%, where m(t) and pr were the trans-
verse mass and transverse momentum of the top quark in
each event. The #7 sample is normalized to the cross-section
prediction at NNLO in QCD including the resummation of
NNLL soft-gluon terms calculated using TOP++ 2.0.

The single-top-quark samples are split into the three
processes: s-channel, t-channel, and tW associated pro-
duction. These samples were modeled using the POWHEG
BOX v2 generator at NLO in QCD using the four-flavor
(five-flavor) scheme for the #-channel (s-channel and W)
[86,87] and the corresponding NNPDF3.0NLO set of PDFs. In
the case of tW production, the diagram-removal scheme
[88] was used to address the interference with ¢7 production
[84]. The events were interfaced with PYTHIA8.230, which
used the A14 set of tuned parameters and the NNPDF2.3LO
set of PDFs.

The associated production of a ¢7 pair with a leptonically
decaying Z boson is modeled using the MadGraph5_aMC@NLO
2.8.1 generator, which provides matrix elements (ME) at
NLO in QCD with the NNPDF3.0NLO PDF set. The functional
form of p, and pu; is set to the default scale

0.5%x>;

particles generated from the ME calculation. Top-quark
decays are simulated at LO using MadSpin [89,90] to
preserve all spin correlations. The events are interfaced
with PYTHIAS.244 for the parton shower and hadronization,
using the A14 set of tuned parameters and the NNPDF2.3LO
PDF set.

The production of #W events was simulated at NLO
precision in QCD with SHERPA2.2.10 and the NNPDF3.0NNLO
PDF set [78]. In this setup, multiple MEs were matched and
merged with the SHERPA PS model based on the Catani-
Seymour dipole factorization scheme [91,92]. The virtual
QCD corrections (in the strong coupling constant «) for
MEs at NLO accuracy were provided by the OpenLoops
library [93-95]. Up to one additional parton was included

m? + p7.,, where the sum runs over all the

The hgamp parameter is a resummation damping factor and
one of the parameters that controls the matching of POWHEG
matrix elements to the parton shower and thus effectively
regulates the high-pr radiation against which the 77 system
recoils.
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in the NLO ME, and up to two additional partons were
included at LO in QCD using Comix [91]. The merging
scale parameter (), which sets a threshold to determine
what part of the phase space is filled by the PS or the ME
generator, was set to an energy of 30 GeV. In addition to the
nominal prediction at NLO in QCD, higher-order correc-
tions related to electroweak (EWK) W contributions (in
the coupling a) were also added as part of the signal
definition. The o® and a?a > corrections were added
through MC event weights derived using the virtual
additive corrections in the formalism described in
Ref. [96]. Second, subleading EWK corrections at order
a’ag [97] were partially accounted for (only the real
emission contribution) via the addition of an independent
SHERPA2.2.10 sample produced at LO in QCD for this final
state. The combination of contributions of NLO QCD and
NLO EWK effects taken from the SHERPA configuration
outlined above closely follows the strategy outlined in
Ref. [98]. This results in a total cross section of
o(fitW) = 722 fb, which was used for the normalization
of the simulation.

The production of ##H events was modeled using the
POWHEG BOX v2 generator, which provided matrix elements
at NLO [99] in QCD in the five-flavor scheme with the
NNPDF3.0NLO PDF set. The functional forms of y, and y;

were set to y/my(t) - my(7) - mp(H). The events were
interfaced to PYTHIA8.230 using the Al4 tune and the
NNPDF23LO PDF set. The sample is normalized to the
cross section calculated at NLO QCD and NLO EWK
accuracy [100].

The production of tWZ events was modeled using the
MadGraph5_aMC@NLO 2.3.3 generator at NLO in QCD with
the NNPDF3.0NLO PDF set. The events were interfaced with
PYTHIAS.212 using the A14 tune and the NNPDF2.3L.O0 PDF
set. The top quark and the Z-boson decays were simulated
at LO using MadSpin to preserve spin correlations.

Samples of diboson final states (VV) were simulated
with the SHERPA22.1 (WZ — qqll,ZZ — qqll) or
SHERPA2.2.2 (all other final states) generators, including
off-shell effects and Higgs boson contributions, where
appropriate. Fully leptonic final states and semileptonic
final states, where one boson decays leptonically and the
other hadronically, were simulated using matrix elements at
NLO accuracy in QCD for up to one additional parton and
at LO accuracy for up to three additional parton emissions.
Samples were generated using the NNPDF3.0NNLO PDF set,
along with the dedicated set of tuned parton-shower
parameters developed by the SHERPA authors.

The production of V 4 jets was simulated with the
SHERPA2.2.1 generator. In this setup, NLO matrix elements
for up to two partons, and LO matrix elements for up to four
partons were calculated with the Comix and OpenLoops
libraries, and merged with the SHERPA parton shower using
the MEPS@NLO prescription [101] based on Catani-
Seymour dipole factorization and the cluster hadronization

model [102]. They employed the dedicated set of tuned
parameters developed by the SHERPA authors and the
NNPDF3.0NNLO PDF set.

The production of triboson (VVV) events was simulated
with the SHERPA2.22 generator using factorized gauge-
boson decays. Matrix elements, accurate to NLO for the
inclusive process and to LO for up to two additional parton
emissions, were matched and merged with the SHERPA
parton shower based on Catani-Seymour dipole factoriza-
tion using the MEPS@NLO prescription [101,103—-105]. The
virtual QCD corrections for matrix elements at NLO
accuracy were provided by the OpenlLoops library.
Samples were generated using the NNPDF3.0NNLO PDF
set, along with the dedicated set of tuned parton-shower
parameters developed by the SHERPA authors.

Other processes make only minor contributions and are
also modeled by MC simulation: ##¢f is simulated with
MadGraph5_aMC@NLO; tft and {fWW with MadGraph 2.2.2; ffy
with MadGraph 2.3.3; WH/ZH with POWHEG BOX, and Zy
with SHERPA22.4. All samples are interfaced to PYTHIAS
except for the Zy sample. An overlap removal procedure is
applied to remove events in the /7 and Z + jets samples that
have a photon in the matrix element to prevent double
counting with the 77y and Zy samples. The small contri-
butions from tfy and Zy, along with other processes that
enter the event selection with a fake or nonprompt electron,
are grouped and labeled “fake electron.”

V. OBJECT AND EVENT SELECTION

The events used in the analysis are selected with high
efficiency using single-lepton triggers based on electron
and muon signatures. The lowest pr thresholds were
20 GeV for muons and 24 GeV for electrons in 2015,
and 26 GeV for both lepton types in 2016-2018. They were
supplemented by additional triggers with higher pt thresh-
olds. Events must contain at least one reconstructed lepton
candidate corresponding to a lepton selected by the trigger
(“trigger matched”), where the lepton pt exceeds the
trigger pr threshold by 1 GeV for electrons [54] or 5%
for muons [55].

Electron candidates are reconstructed from energy clus-
ters (“clu”) in the electromagnetic calorimeter that are
associated with charged-particle tracks reconstructed in the
inner detector [106]. Only candidates with pp > 10 GeV
and |9q,| < 2.47 are considered. Candidates in the tran-
sition region between different electromagnetic calorimeter
components, 1.37 < |54,| < 1.52, are rejected. A multi-
variate likelihood discriminant combining shower-shape
and track information is used to distinguish real electrons
from hadronic showers. Isolation criteria, exploiting both
calorimeter and tracking variables, and impact parameter
requirements are used to reduce the background from
nonprompt electrons produced in hadronic decays.
Electron candidates are required to meet tight identification
criteria based on the multivariate likelihood discriminant
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mentioned above [106]. The requirements for electrons on
the transverse impact parameter significance and on the
longitudinal impact parameter are |dy|/c, <5 and
|zo sin(@)| < 0.5 mm, respectively.

Muon candidates are reconstructed by combining inner
detector tracks with track segments or full tracks in the
muon spectrometer. Candidates are required to satisfy pt >
10 GeV and || < 2.5 and are required to satisfy a medium
[107] identification criterion.

Leptons from heavy-flavor hadron decays, misidentified
jets, or photon conversions (collectively referred to as
“nonprompt leptons”) are further suppressed using a
boosted decision tree (BDT) discriminant referred to as
the nonprompt lepton BDT [107]. This BDT uses isolation
and lifetime information associated with a track jet that
matches the electron or muon candidate, and both tight and
loose working points are defined. Muon candidates pop-
ulating the SR and CRz must satisfy the nonprompt-lepton
BDT tight isolation requirement, with impact parameter
selections of |dy|/c,, < 3 and |zgsin(@)| < 0.5 mm; these
are “Tight” muon candidates. In CR#7u, muons must satisfy
the same longitudinal requirement of |z, sin(8)| < 0.5 mm
but an inverted transverse impact parameter significance
requirement of |dy|/c,, > 3 is applied, together with loose
isolation requirements for the nonprompt-lepton BDT.
These muon candidates are labeled “Loose.”

The constituents for jet reconstruction are identified by
combining measurements from both the ID and the
calorimeter using a particle flow algorithm [108]. Jet
candidates are reconstructed from these particle flow
objects using the anti-k, algorithm [109,110] with a radius
parameter of R = 0.4. They are calibrated using simulation
with corrections obtained from data using in situ techniques
[111]. Only jet candidates with pr > 25 GeV and || < 2.5
are selected. To reduce the effect of pileup, each jet with
pr < 60 GeV and || < 2.4 is required to satisfy the tight
working point of the jet vertex tagger (JVT) [112] criteria
used to identify the jets as originating from the selected
primary vertex. A set of quality criteria are also applied to
reject events containing at least one jet arising from
noncollision sources or detector noise [113].

Jets containing b-hadrons are identified (b-tagged) using
the neural network “DL1r” algorithm [114]. The algorithm
combines inputs from the impact parameters of displaced
vertices and topological properties of secondary and
tertiary vertices within a jet, and passes them to a neural
network that outputs three values representing the proba-
bility of the jet being a “light-flavor” (initiated by u-, d-, or
s-quarks or gluons), c- or b-jet, which is then combined
into a single discriminant. The analysis uses a 77%
efficiency working point calibrated using tf events at
\/E = 13 TeV, with rejection factors of 5.6 and 192 for
c-jets and light-flavor jets, respectively [114].

Hadronically decaying z-leptons, 7,4, produce visible
decay products along with a neutrino that escapes the

detector undetected. The 7;,,4 candidates are seeded by jets
reconstructed using the anti-k, algorithm with a radius
parameter R = 0.4 using topological energy clusters [115]
with a local hadronic calibration [116]. Jets used to seed
Thaq TeCOnstruction are required to have pt > 10 GeV and
In| <2.5. All 7,4 candidates are required to have pr >
20 GeV and || < 2.5. As with electron candidates, 7,4
candidates in the transition region, 1.37 < || < 1.52, are
rejected. The 7y,,q production vertex is identified and a set of
BDTs determines which of the reconstructed tracks are
likely to originate from the hadronically decaying z-lepton
[117]. The 7,4 candidates are required to have one or three
associated tracks, referred to as one-prong or three-prong
Thad, and these tracks must have measured charges sum-
ming to 1. A description of the p; calibration applied to
Thaa €an be found in Ref. [118]. To suppress 7,4 candidates
originating from jets initiated by quarks or gluons, a
recurrent neural network (RNN), described in Ref. [119],
is used to apply identification criteria. This makes use of
information from individual tracks and calorimeter clusters
associated with the candidate along with high-level vari-
ables. An additional boosted decision tree discriminant, the
eBDT, is used to reject 7y,,4 candidates originating from
electrons. The 7,4 candidates are required to satisfy the
“medium” identification working point of the RNN [119],
corresponding to an efficiency of 75% (60%) for true one-
prong (three-prong) 7j,q.

To avoid double counting of detector signatures, objects
are removed in the following order’: electrons sharing a
track with a muon; jets within AR = 0.2 of an electron;
electrons within AR = 0.4 of a jet; jets within AR = 0.4 of
a muon if they have at most two associated tracks; muons
within AR =04 of a jet; 7,9 within AR = 0.2 of an
electron; 7}, within AR = 0.2 of a muon; any jet within
AR = 0.2 of the remaining 7,4.

Scale factors (SFs) are used to correct the efficiencies in
simulation to match the efficiencies measured in data for
the electron [106,120] and muon [107,121] trigger,
reconstruction, identification, and isolation criteria, as well
as for the 7,4 reconstruction, identification, and electron-
rejection criteria [118,119]. Additional SFs are also applied
for the JVT requirement [112] for pileup and for the
b-tagging efficiencies for jets that originate from the
hadronization of b-quarks [122], c-quarks [123], and u-,
d-, s-quarks or gluons [124].

Multiple selections are defined to create analysis regions
that either focus on the cLFV signal processes, or constrain
the normalization of fake-lepton backgrounds. All analysis
regions are subject to the same lepton preselection require-
ments shown in Table III.

The SR requires two SS muons and a 7,4 candidate, at
least one jet, and exactly one b-tagged jet. The SS muon

3Fo the overlap removal, AR is defined as

= /(Ay)? + (A¢)?, where y is the rapidity of the object.
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TABLE III. Common lepton selection requirements applied to
all regions used in the analysis.

Preselection:

Number of leptons N,=3,pr>10GeV, || <2.5

Leading muon/electron pr pr > 27 GeV
Trigger matching >1 trigger-matched muon/electron
Sum of lepton charges Sgi==+1

requirement eliminates the large background from proc-
esses producing ptu~ pairs while the jet selection matches
that of the signal process. The CRz region requires instead
two OS muons and a 73,4 candidate, two or more jets, and
exactly one b-tagged jet. This region targets events with
two prompt muons from #7 or Z + jets, in which a jet is
misidentified as a 7,4 (denoted “fake z-lepton”). A require-
ment on the OS dimuon invariant mass in CRz around the
Z-boson mass is used to increase the proportion of light-
flavor jets counted as fake z-leptons (and decrease the
contribution from heavy-flavor jets), consistent with the
fraction observed in the SR.

The CRiiu region requires two muons and one electron
of opposite charge to the highest pt muon, at least one jet,
and at most two b-tagged jets. Requiring that the two
leptons with the highest py are an electron and a muon
enhances the 7 purity, as does the use of a veto on events
with an OS dimuon invariant mass in the Z-boson mass
window. It also requires the lowest pt lepton to be a Loose
muon to preferentially select events with NP muons. A
selection on OS dilepton invariant masses and the leading
muon pr is used to reject signal events in CRf7u while
retaining sufficient background statistics. This requirement
was derived in simulation and rejects signal events in which
the z-lepton decays leptonically.

The full requirements for the analysis regions are
reported in Table IV. NP muons tend to have lower pt
than those produced in the hard-scatter interaction. The SR
and CRr regions therefore require both the muons to have
pt > 15 GeV to suppress this background while CRf7u
retains low pp muons.

For the single-top-production (¢ decay) EFT process,
4.6% (2.3%) of generated MC events are reconstructed and
satisfy the signal region event selection. Depending on the
LQ mass and coupling strength, between 6.9% and 8.1% of
generated MC events are reconstructed and satisfy the
signal region event selection. These efficiencies are calcu-
lated relative to the number of generated events with put
final states.

VI. NONPROMPT AND FAKE-LEPTON
ESTIMATIONS

A. Fake-z-lepton estimation

As 7,4 candidates are reconstructed from jets, some jets
that did not originate from a z-lepton decay may be

TABLEIV. Requirements for each analysis region. The symbol
¢5 denotes the lowest pr lepton. In CR#7u an additional require-
ment is placed on the leading muon pr (pf') and dilepton
invariant masses in order to reject signal events.

SR CRz CRfiu
Lepton flavor 2ul Ty 2ule (3 = p)
Nis >1 >2 >1
Nb—tags 1 1 <2
Thad PT >20 GeV  >20 GeV e
Muon pr >15GeV  >15 GeV >10 GeV
Higher pt muon Tight Tight Tight
Lower pp muon Tight Tight Loose
Muon charges SS (0N} e
mos >15 GeV
|ms — M| <10 GeV >10 GeV
3pffl + Z m?; <400 GeV

misidentified as a 7;,,4. These fake z-leptons are suppressed
by the 7,4 identification algorithm but still form a non-
negligible background in the SR. To estimate the back-
ground from fake z-leptons, a SF method is used. The SF
method involves applying multiplicative factors to the MC
simulation to correct for mismodeling of the fake-z-lepton
background. The SFs are derived in CRz, for which the fake
background in data is found by subtracting the nonfake
background in MC simulation from the data, and are
determined separately for one-prong and three-prong 7,4
candidates. These SFs are binned in the width® of the jet
from which the 7,4 is seeded, and are derived from the data
in CRz as follows:

CRzt CRzt
SF. — NData.i - NMC,nonfake,i (5)
[ NCRT .
MCfake,i

The index i denotes a particular bin in the jet width
distribution. A parametrization in the jet width is motivated
as the SFs capture any mismodeling of the relative fractions
of jets produced by quarks and gluons (quark-gluon
fractions) for jets faking z-leptons, and any differences
in the quark-gluon fractions between CRz and the SR. The
estimated yield in the SR is then found by applying the SFs
to the fake z-leptons in the MC simulation:

NSR

fakes,i — NE/IRC,fake,i X SFI (6)
Sources of uncertainty relating to the prompt-lepton back-
ground subtraction are accounted for by propagating all

*The jet width w is defined as the pp-weighted radial distance
between objects associated with the jet and the jet axis:

w=2X jARf p’T' /Z; pé, where j denotes a jet constituent and
AR’ is its radial distance from the center of the jet.
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Observed distribution of the 73,4 jet width in CRz compared with prefit expectations from Monte Carlo simulations, separated

by (a) one-prong (1p) and (b) three-prong (3p) 7p,q track multiplicity. This region is used to derive scale factors for the data-driven fake-
z-lepton estimation. The legend entry of ¢7 + X is the sum of W, f7Z, and f7H. The lower panels show the ratio of the data (“Data”) to
the background prediction (“Pred.”). The uncertainty bands include the statistical and systematic uncertainties in the background
prediction. An arrow on the lower panel indicates a point outside of the axis range. The last bin includes overflow events.

systematic uncertainties described in Sec. VII to the SF
estimations, as well as uncertainties from limited MC
statistics. Comparative SFs were also derived with alter-
native parametrizations, binned in jet pt, jet x, missing
transverse energy EXSS, total transverse energy Hr, and in
the separation of the 7, and muon, AR (1, 7p,q). In all cases,
the fake-z-lepton estimations in the SR were compatible.

Observed event yields in CRz compared with prefit
expectations from MC simulations are shown in Fig. 3 for
one-prong and three-prong 7,4 candidates, as a function of
the jet width, prior to the calculation of the fake-z-lepton SFs.
The data and MC event yields in this region are given in
Table V.

B. Nonprompt muon estimation

The dominant background in the SR is due to /7 events
reconstructed with three leptons due to a NP muon from a
heavy-flavor hadron decay inside a jet, typically a b-jet. A
tight muon isolation working point is chosen to suppress this
background but this process still constitutes a significant
fraction of events that satisfy the event selection. A data-
driven template fit is performed using CRriu to fit the
normalization of the NP muon background. This method
allows the data in the CR to correct the rate at which events
with NP muons enter the fit. This background is therefore
determined simultaneously with the limits set on the signal
strength of the process under consideration.

Events with both a NP muon and a fake z-lepton are
corrected using the SFs described in Sec. VI A before being
included in the NP muon estimation.

TABLE V. Observed and predicted event yields for CRz from
Monte Carlo simulations with all systematic uncertainties, prior
to the calculation of the fake-z-lepton scale factors separated by

one-prong (1p) or three-prong (3p) 7y,,q track multiplicity.

Process CRz (1p) CRz (3p)
Fake 1150 + 80 364 + 28
Fake 7+ NP 1.6+1.2 03405
WZ 2+7 6.5+ 2.0
7z 11+ 4 3.1+ 1.0
r+X 120+0.9 3.41+0.28
iz 16 +7 48423
aw 0.65 + 0.34 0.25+0.15
fiH 0.84 +0.12 0.26 +0.04
VVV 0.12 4 0.06 0.027 + 0.014
i+ NP 1.0+0.8 0.16 + 0.24
Z+NPy 0.022 + 0.009

Other 1749 6.1+3.1
Total 1230 £ 90 389 + 30
Data 1324 373
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VII. SYSTEMATIC UNCERTAINTIES

Systematic effects may change the expected numbers
of events from the signal and background processes
and the shape of the fitted distributions in the SR and
the CRs. These effects are evaluated by varying each
source of systematic uncertainty by +1¢ and considering
the resulting deviation from the nominal expectation as
the uncertainty.

Uncertainties due to the modeling of both the EFT and
leptoquark signals are estimated by considering indepen-
dent variations of the renormalization and factorization
scales by factors of 2 and 0.5, but normalizing the signal to
the nominal cross section. The uncertainties due to the PDF
are calculated using the NNPDF3.1INLO MC replica set. The
standard deviation of this set is used to define a sym-
metrized uncertainty on the signal sample. The uncertainty
arising from the modeling of initial-state radiation (ISR) is
evaluated by varying «, in the initial-state shower, while
that arising from final-state radiation (FSR) modeling is
evaluated using variations of up for QCD emissions in the
final-state shower.

Additionally, an uncertainty due to the choice of parton-
shower generator is estimated for the EFT signal by
considering the change when using an alternative MC
sample that uses the HERWIG7.1.6 prediction instead of the
PYTHIAS.306 generator. For gq, — t£*¢'F signal samples,
HERWIG is found to predict inaccurate branching fractions
for z-lepton decays. The branching fractions in these
HERWIG samples are subsequently corrected to match
those predicted by PYTHIA, before the evaluation of the
parton-shower uncertainty. The parton-shower uncertainty
is increased by applying a conservative uncertainty to the
branching ratio corrections, based on the statistical
uncertainty of the samples from which the corrections
are derived.

Cross-section uncertainties in SM predictions are
applied to each background process. A cross-section
uncertainty of 6.1% is used for the MC prediction of #7
production [73]. The primary contribution of this process
after the event selections is through NP muons, which may
not be well modeled by the MC simulation, and the overall
normalization is therefore determined in the fit. For the
single-top process, a cross-section uncertainty of 5.3% is
included [125,126]. Cross-section uncertainties of 12%
and 10%, respectively, are applied to the #Z and ftH
processes, based on calculations reported in Ref. [100].
Some processes show discrepancies between data and MC
simulations in previous measurements; in these cases
more conservative uncertainties are applied to cover the
difference. These include an uncertainty of 50% for ffW
production [127-129] and 30% for diboson production
[130-132]. For processes with very minor contributions to
the signal regions, conservative uncertainties are applied
of 40% for W + jets and Z + jets production [130], 50%
for triboson production [133], and 50% for all other

processes. The measurement is not sensitive to these
minor contributions.

For the background processes, uncertainties due to the
renormalization and factorization scales are estimated
separately for each process, following the same procedure
as for the signal.

The uncertainties due to the PDF for the f7, single-top-
quark, 77W, and t7H processes are calculated using the
PDF4LHCI15 prescription [134] using the Hessian sets con-
sisting of 30 eigenvectors. Each of the 30 eigenvectors is
assigned a nuisance parameter that is profiled in the fit. For
the 17Z, Z + jets, W + jets, and diboson background
processes the uncertainties due to the PDF are estimated
following the same procedure as for the signal, separately
for each sample. For the ¢7 process, an additional uncer-
tainty arising from the value of a,(M,) = 0.118, used to
evaluate the PDF, is estimated by using the nominal PDF
set evaluated with a,(M,) = 0.117 and a,(M,) = 0.119.
This uncertainty has a negligible impact and is thus
neglected for the subdominant background processes.

For the 7 process, the uncertainty in the matrix-element
matching is assessed as the full observed difference
between simulated samples generated with the POWHEG
BOX and MadGraph5_aMC@NLO programs. Both of the sam-
ples are showered with HERWIG7.1.3 [76,77], using the
HERWIG7.1 default set of tuned parameters [77,135] and
the MMHT2014L.0 PDF set [136].

To cover the choice of parton-shower and hadronization
model, samples are produced with the POWHEG BOX
program and then showered with either PYTHIAS.230 using
the A14 tune and the NNPDF2.3LO PDF set, or HERWIG7.1.3
using the HERWIG?7.1 default set of tuned parameters and the
MMHT2014L0 PDF set. The difference is taken as a sys-
tematic uncertainty. The uncertainties due to the choice of
parton-shower generator for the ffH and f7Z backgrounds
are also estimated by comparing the nominal predictions
with an alternative set using HERWIG7.0.4 [76,77] shower-
ing, with the H7UE set of tuned parameters [77] and the
MMHT2014LO PDF set.

The W background has an uncertainty to cover the
choice of generator. This is evaluated for the QCD
component as the difference between a sample generated
with SHERPA22.10 and an alternative sample using
MadGraph5_aMC@NLO+PYTHIA8.245 with an FxFx merging
scheme [104,137,138]. To evaluate the generator uncer-
tainty on the ‘“subleading” EWK component, the
SHERPA2.2.10 EWK sample is compared with a LO
MadGraph2.6.2+PYTHIAS sample that also models these
EWK effects.

For the t7, single-top-quark, ¢7Z, and ¢fH processes, the
uncertainty arising from the modeling of ISR is evaluated
using an independent variation of the Al4 tune to its
Var3cUp and Var3cDown variants [72] corresponding to
variations of a; in the initial-state shower. For the 77, single-
top-quark, and ffH processes the modeling of FSR is
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evaluated from an independent variation of the renormal-
ization scale for emissions from the parton shower by
factors of 2.0 and 0.5. For the #f process, the uncertainty
arising from the choice of the hg,y, parameter within
POWHEG is evaluated using an alternative POWHEG+PYTHIAS
tt sample in which Agyy,, = 3.0my,, (the default setting
18 hgamp = 1.5my,p).

For the tW single-top-quark process, an uncertainty
arising from the removal of the overlap with the ¢f process
is estimated by replacing the diagram-removal scheme with
the diagram-subtraction scheme [88].

The uncertainty in the combined 2015-2018 integrated
luminosity is 0.83% [57] obtained using the LUCID-2
detector [51] for the primary luminosity measurements,
complemented by measurements employing the inner
detector and calorimeters. The MC samples were reweighted
to reproduce the pileup distributions in the data separately
for the three periods 2015-2016, 2017, and 2018. The
uncertainty due to pileup is evaluated by varying the
correction factors used to perform the reweighting within
their uncertainties.

The jet energy scale uncertainty is derived by combining
information from test-beam data, LHC collision data and
simulation, and the jet energy resolution uncertainty is
obtained by combining dijet pr-balance measurements and
simulation [111]. Additional considerations related to jet
flavor, pileup corrections, # intercalibration, and high-py
jets are included. A total of 31 independent contributions
are considered for the jet energy scale uncertainty, and 13
for the jet energy resolution uncertainty. There is an
additional uncertainty in the efficiency of the JVT algo-
rithm to identify and remove jets from pileup, which is
measured with Z — u*u~ events in data using techniques
similar to those used in Ref. [112].

The efficiency to correctly tag b-jets is measured using
dileptonic 7 events [122]. The mistag rate for c-jets is
measured using semileptonic ¢ events, exploiting the c-jets
from the hadronic W-boson decays using techniques
similar to those in Ref. [123]. The mistag rate for light
jets is measured using a negative-tag method, similar to that
in Ref. [124], applied to Z + jets events. Uncertainties on
this efficiency and these mistag rates are due to recon-
structed object calibrations and to the modeling of the
different processes, and are decomposed into sets of
uncorrelated sources of uncertainty: 9, 4, and 4 components
for b-, c-, and light jets, respectively.

Uncertainties associated with electrons and muons arise
from the trigger, reconstruction, identification, and isola-
tion efficiencies, as well as the momentum scale and
resolution. These are measured using Z — £7¢~ and
J/w — ¢T¢" events (¢ = e, u) [106,107]. Uncertainties
associated with 7,4 candidates cover reconstruction, iden-
tification, and electron-rejection efficiencies, as well as the
momentum correction, and were estimated by using
Z— 171, Z — e'e, and dijet events [118,119,139].

The uncertainty originating from the limited number of
simulated MC events is implemented via the Barlow-
Beeston approach [140]. Three uncertainties for each bin
of the fitted distributions are considered: one for the
uncertainty originating from the SM backgrounds and
one for each of the cLFV signals (single-top-quark pro-
duction and top-quark pair production with a cLFV top-
quark decay process).

The NP muon estimation is performed simultaneously
with the limit-setting procedure so sources of uncertainty
are accounted for in the same manner as the prompt
backgrounds. For the fake-z-lepton estimation, each source
of uncertainty is propagated through the scale factor
method to provide systematic variations for the fake-
7-lepton component of the SR. The uncertainty arising
from the limited data and MC statistics used to derive the
SFs in CRz is also considered.

VIII. RESULTS

A. Effective field theory interpretation

The normalization factors of the EFT signal and the NP
muon contributions are obtained from a simultaneous
profile-likelihood fit to the SR and CR#7u with systematic
uncertainties included as nuisance parameters. In both of
the regions, the distribution of the scalar sum of the lepton
and jet transverse momenta, Hr, is used. This distribution
separates the EFT signal from the SM backgrounds, as the
cLFV single-top-quark production diagrams (Fig. 1)
produce high-pr leptons. The likelihood function is
constructed as a product of Poisson probability terms
over all bins considered in the search. This function
depends on a signal strength parameter, p gy, Which is
defined as a multiplicative factor applied to the predicted
yield for the two signal cLFV processes, the normaliza-
tion of the nonprompt muon contribution k(NPu), and a
set of nuisance parameters, 6, that encode the effect of
systematic uncertainties on the signal and background
expectations. The expected total number of events in a
given bin depends on p ry, kK(NPu), and 6. All nuisance
parameters are subject to Gaussian distribution con-
straints in the likelihood. For a given value of ugpy,
the nuisance parameters 6 allow variations of the expect-
ations for signal and background according to the
corresponding systematic uncertainties, and their fitted
values result in the deviations from the nominal expect-
ations that globally provide the best fit to the data. This
procedure allows a reduction of the impact of systematic
uncertainties on the search sensitivity. Statistical uncer-
tainties in each bin are taken into account by dedicated
parameters in the fit. The best fit is obtained by perform-
ing a profile-likelihood fit to the data under the signal-
plus-background hypothesis, maximizing the likelihood
function over g gy, kK(NPu), and 6. The fit is evaluated
with the RooFit package [141,142].
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FIG. 4. Observed event yields in CR#7u and the SR compared with (a),(c) prefit and (b),(d) postfit expectations from Monte Carlo
simulations respectively, as a function of the scalar sum of lepton and jet transverse momenta, Hy. The prefit signal yield represents all
Wilson coefficients set to 0.1 simultaneously for a new physics scale of A = 1 TeV. “Signal (prod.)” and “Signal (dec.)” refer to the
single-top-quark production and top-quark pair decay signal contributions, respectively, which are together stacked on the background
distribution. The legend entry of ¢7 + X is the sum of 77W, r7Z, and ffH. The lower panels show the ratio of the data (“Data”) to the
background prediction (“Bkg.”) for (a),(c) and to the background-plus-signal predictions (“Pred.”) for (b),(d). The uncertainty band
includes both the statistical and systematic uncertainties in the signal and background predictions. For the postfit plot, correlations
among uncertainties were taken into account as determined in the fit under a signal 4 background hypothesis. An arrow on the lower
panel indicates a point outside of the axis range. The last bin includes overflow events.

Observed event yields in the SR and CRf7u, compared
with prefit expectations from MC simulations, are shown in
Figs. 4(a) and 4(c).

Figures 4(b) and 4(d) show the corresponding postfit
distributions, with the postfit yields given in Table VI. The
background contributions from NP muon production are
scaled by a normalization factor estimated to be k(NPu) =
1.01 £ 0.18 determined by the profile-likelihood fit. The
data and SM prediction agree within uncertainties, with
the p-value = 0.053 for the background-only hypothesis.
There is a small upward fluctuation in the data in the
highest Ht bin, but no significant cLFV contributions
are observed. Upper limits on the signal cross section are
set at the 95% CL using the CLg method [143]. The
corresponding limits on the effective coupling parameters
are also calculated [144].

The observed and expected 95% CL limits on the
effective coupling strengths, which are set individually,
are presented in Table VII. This table shows for comparison
the existing limits of the relevant Wilson coefficients,
which come from a reinterpretation of a previous
ATLAS FCNC search in the tZg channel [40]. The
calculation of these limits is performed in Ref. [34]. It
can be seen from Table II that the signal cross section is
dominated by the gu — t£*¢'F process which leads to
stronger exclusion limits on urut interactions than pzct.
These Wilson coefficient limits are converted into limits on
the top-decay branching ratios using Eq. (2) and presented
in Table VIII. Finally, a fit using two inclusive MC samples
with all EFT operators activated simultaneously is used to
determine an inclusive branching-ratio limit given in
Table IX. This complements searches for cLFV in eugt
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TABLE VI. Postfit event yields for each analysis region
entering the fit, with correlations on the full systematic uncer-
tainties taken into account as determined in the fit under a
signal 4+ background hypothesis. The “fake electron” category
collects small contributions primarily from 77y and Zy that enter
the event selection due to photon conversions.

Process SR CRrtu
tt+ NP p 79+34 164 + 14
1w 35+£1.8 1.2£0.6
1tH 3.1+04 1.26 +0.14
1tz 29+£05 0.88 +£0.33
t+X 248 £0.18

Wz 36+£13 73+£24
zZZ 0.59 +£0.22 1.8 £0.6
vvv 0.01 £0.05 047 £0.24
Fake electron e 7+4
Fake 33+£04 e

Fake 7+ NP p 3.7+2.7

t+ X+ NPu 0.29 £0.31 15+£5
Z+ NP u 0.192 £0.010 1.8 £ 1.0
Other NP u 0.051 £ 0.010 ‘e
Other 0.23 +£0.11 1.1 £0.6
Signal (17) 0.19£0.14 0.025 £0.019
Signal (single top) 6+4 0.022 +0.023
Total 38+5 201 + 14
Data 37 202
TABLE VII. Expected and observed 95% CL upper limits on

Wilson coefficients corresponding to 2Q2L EFT operators that
could introduce a cLFV top decay in the uz channel, and existing
limits from Ref. [34] (previous). The previous limits shown for

'llééﬁw) féé‘ﬁw) are tightened by a factor of /2 relative to the
individual values given in Ref. [34], as that interpretation does not
apply the assumption that these operators are Hermitian. The
assumption of Hermitian operators results in a larger cross section
for a Wilson coefficient of a given value, as its Hermitian
conjugate is also considered. Consequently, an observed signal
strength results in a tighter upper limit on a Wilson coefficient
than if its Hermitian conjugate were considered separately.
Results are shown separately for the urut and urct interactions.
The lepton generations are denoted by i, j =2, 3 for y and 7
(where i # j) and the quark generations are denoted by k = 1, 2
for u and c, respectively.

and ¢

95% CL upper limits on |c|/A? (TeV~2)

—(ijk3) ijk3 (ijk3) ijk3 1(ijk3)  3(ijk3
Clq ! CéCJ] ) clu] S'ELJJ ) quju quju )
Previous (u) [34] 12 12 12 12 18 2.4

Expected (u) 033 031 03 032 033 0.08
Observed (u) 043 041 04 042 044 0.10

Previous (c) [34] 14 14 14 14 21 2.6
Expected (c) 1.3 1.2 1.2 12 1.4 0.28
Observed (c) 1.6 1.6 1.6 1.6 1.8 0.36

TABLE VIII. Expected and observed 95% CL upper limits on
the branching ratio (B) corresponding to the decay of a top quark
to a muon and a z-lepton through a cLFV process using specific
Wilson coefficients corresponding to 2Q2L EFT operators.
Results are shown separately for urut and urct interactions.
The lepton generations are denoted by i, j =2, 3 for y and 7
(where i # j) and the quark generations are denoted by k = 1, 2
for u and c, respectively.

95% CL upper limits on B(t — pzq)(x1077)

C;‘(ijks) L_g‘é'w) cl(lijk3> ngw) '|le(éﬁk3) '|3e(éﬁk3)
Expected (u) 2.3 2.0 1.9 2.2 1.2 3.0
Observed (u) 4.0 3.6 33 3.8 2.0 5.2

Expected (c) 33 32 32 33 20 41
Observed (¢) 56 54 53 54 34 67

interactions by the CMS Collaboration [35] that set
branching-ratio limits ranging from B(z — eupu) < 0.12 x
1077 to B(t — euc) < 4.98 x 1077 for the scalar-structure
up-quark coupling and tensor-structure charm-quark cou-
plings, respectively, following the definitions in Table 1.

It is also interesting to consider the case in which all
vector operators contribute simultaneously with the same
effective coupling strength. This assumes the new physics
process couples equally to left- and right-handed fermions.
Figure 5(a) shows the exclusion limits on the branching
ratio B(t — prq) for prut and prct interactions when
considering scalar, vector, and tensor couplings. Figure 5(b)
shows the corresponding limits on the effective coupling
strengths under this scenario.

The inclusive branching-ratio sensitivity is dominated by
the cLFV single-top-quark production process, where the 77
decay process improves the observed limits by 1%. The 7
decay process has a more significant impact when consid-
ering the charm-quark EFT operators, for which it con-
tributes up to 11% of the sensitivity.

In all of the limits extracted, the statistical uncertainty is
dominant, while the largest sources of systematic uncer-
tainty relate to the modeling of the 77 + X and diboson
processes. These processes populate the highest Ht bin of
the SR, from which most of the sensitivity to the signal
process derives. The W process utilizes a conservative

TABLE IX. Expected and observed 95% CL upper limits on
the inclusive branching ratio (B) corresponding to the decay of a
top quark to a muon and a z-lepton through a cLFV process.
Limits are shown for the statistical uncertainty only and for the
full set of statistical and systematic uncertainties.

95% CL upper limits on B(t — uzq)

Stat. uncertainty

4.6 x 1077
8.2 x 1077

Stat. + syst. uncertainties

5.0x 1077
8.7 x 1077

Expected
Observed
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Expected and observed 95% CL upper limits on the branching ratio corresponding to the decay of a top quark to a muon and a

z-lepton through a cLFV process (a) and on the relevant Wilson coefficients (b) for scalar, vector, and tensor couplings, as defined in
Table 1. In the vector case, all vector operators are assumed to contribute simultaneously with the same effective coupling strength. The
shaded areas show the +1 standard deviation bands around the expected limits.

uncertainty in the cross section, which ranks highly.
Additionally, as a nonzero EFT signal contribution is
permitted by the fit, the associated signal parton-shower
uncertainty also plays a leading role in the systematic
uncertainty contributions.

B. Leptoquark interpretation

A search for the production of a scalar leptoquark S; was
performed using the same analysis strategy as the EFT
interpretation described in Sec. VIII A, based on the Hy
distribution. As discussed in Sec. IV, MC samples are
generated in which the S; leptoquark is produced in
association with a charged lepton via quark-gluon fusion
and subsequently decays into a top quark and a second

charged lepton. The samples are simulated with masses in
the range of 0.5 < mg, < 2.5 TeV in steps of 250 GeV, and

coupling values AXQ between 0.5 and 3.5 in steps of 0.5,
using the generational hierarchy shown in Eq. (3).
Observed and expected limits are set on the S; cross
section using a profile-likelihood ratio in the asymptotic
limit with nuisance parameters to account for systematic
uncertainties. The limits on the cross section were extracted
at the 95% CL. All experimental and modeling uncertain-
ties that were considered for the EFT interpretation were
also considered as nuisance parameters in the leptoquark
fit, but with the free-floating parameters representing the
Wilson coefficients replaced by a free-floating parameter
for the cross section of §; production. The same

j2} T T T T T T T j2} T T T T T T T
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FIG. 6. Observed event yields in the SR compared with (a) prefit and (b) postfit expectations from Monte Carlo simulations. The signal
yields represent a leptoquark mass of mg =1 TeV and a coupling strength of AXQ = 2.0. The uncertainty band includes both the
statistical and systematic uncertainties in the signal and background predictions. The legend entry of ¢7 4+ X is the sum of #7W, t7Z, and
ttH. The lower panels show the ratio of the data (“Data”) to the background prediction (“Bkg.”) for (a), and to the background-plus-
signal predictions (“Pred.”) for (b). An arrow on the lower panel indicates a point outside of the axis range. The last bin includes

overflow events.
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(a) Expected and observed 95% CL upper limits on the production cross section of a scalar leptoquark with A2 = 1.5 and for a

range of mass values. The overlaid theory line shows a polynominal fit to the theoretical cross-section values. (b) Expected and observed
95% CL upper limits as a function of the leptoquark mass mg, and the coupling strength Q. The solid line shows the observed limit
while the dashed line shows the expected limit with the £1 and +2 standard deviation bands. The shaded area above the observed limit

represents the excluded region.

background estimation techniques, event selection, and
region definitions were used. The leptoquark fit was found
to have comparable sensitivity to the background modeling
as for the EFT interpretation, where the largest sources of
systematic uncertainty were the ffW modeling and WZ
normalization. The sensitivity is dominated by the statis-
tical uncertainty.

Figure 6 shows the comparison between the data and
both the prefit and postfit expectations for the Hr distri-
bution in the SR, for the §; model at mg =1 TeV and
A2 =2.0. Example cross-section limits for different myg,
samples are shown in Fig. 7(a) for A*Q = 1.5. The exper-
imentally observed (expected) cross-section limit is
approximately 17-21 fb (10-13 fb) depending on the
leptoquark mass.

Figure 7(b) shows the observed and expected limits as a
function of both mg and M. Observed (expected) upper
limits on leptoquark coupling strengths are set at the
95% CL, ranging from A"Q = 1.3(1.1) to A"Q = 3.7(3.2)
for masses between 0.5 and 2.0 TeV. The sensitivity for
mg, > 2.0 TeV was not high enough to set 95% CL limits
for the generated values of A2

IX. CONCLUSIONS

A search for charged-lepton-flavor violation in top-quark
interactions is presented, using proton-proton collision data
collected by the ATLAS experiment at the LHC at a center-
of-mass energy of /s = 13 TeV, corresponding to an
integrated luminosity of 140 fb=!. The cLFV single-top-
quark production and 7 decay processes, gq, — tur and
1t — (¢€'q)((W — £v)b) respectively, are considered,
whereby the SM top quark always produces a muon in
the final state. The signal topology is thus characterized by
the presence of two isolated muons, one hadronically

decaying z-lepton, at least one jet and exactly one b-tagged
jet; to suppress backgrounds the muons are required to have
the same electric charge.

The SM prediction is found to agree with the data to
within 1.60. The limits obtained on the Wilson coefficients
improve upon the previous results from a reinterpretation of
an ATLAS FCNC tZgq analysis, from a factor of 7.2 for

I36(02“3123) |/ A? (for uzct) to a factor of 41 for |C|1e(§313) |/ A* (for

urut). These Wilson coefficient limits are translated into an
observed 95% confidence level upper limit on the ¢ — uzq
decay branching ratio of B(t — urq) < 8.7 x 1077.

A search for single scalar leptoquark S; production is
also performed assuming fixed hierarchical couplings to
multiple quark and lepton flavor generations. Limits are set
on this model as a function of the leptoquark mass mg, and

le

an overall coupling strength A“Q. Upper limits on lepto-
quark coupling strengths are set at the 95% CL, ranging
from A'Q =13 to A'? = 3.7 for masses between 0.5
and 2.0 TeV.
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