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A search for flavor-changing neutral current interactions of the top quark () and the Higgs boson (H) is
presented. The search is based on proton-proton collision data collected in 20162018 at a center-of-mass
energy of 13 TeV with the CMS detector at the LHC, and corresponding to an integrated luminosity of
138 fb~!. Events containing a pair of leptons with the same-sign electric charge and at least one jet are
considered. The results are used to constrain the branching fraction (B) of the top quark decaying to a Higgs
boson and an up () or charm (c¢) quark. No significant excess above the estimated background was found.
The observed (expected) upper limits at a 95% confidence level are found to be 0.072% (0.059%) for
B(t - Hu) and 0.043% (0.062%) for B(t — Hc). These results are combined with two other searches
performed by the CMS Collaboration for flavor-changing neutral current interactions of top quarks and
Higgs bosons in final states where the Higgs boson decays to either a pair of photons or a pair of bottom
quarks. The resulting observed (expected) upper limits at the 95% confidence level are 0.019% (0.027%)

for B(t - Hu) and 0.037% (0.035%) for B(t — Hc).

DOI: 10.1103/95q6-vvlp

I. INTRODUCTION

Quark decays mediated by flavor-changing neutral
currents (FCNCs) are forbidden at tree level in the standard
model (SM) and are suppressed at higher orders in the
perturbative expansion by the Glashow-Iliopoulos-
Maiani mechanism [1] and Cabibbo-Kobayashi-Maskawa
unitarity constraints [2]. As a result, the SM branching
fractions for the decay of a top quark (¢) into a Higgs boson
(H) and an up quark (u), t — Hu, or a charm quark (c),
t — Hec, are expected to be of the order of 10717 and 10715,
respectively [3-6].

Many scenarios of physics beyond the SM may enhance
these interactions, possibly by many orders of magnitude.
Examples of such models include those of warped extra
dimensions [7], composite Higgs boson models [8], two-
Higgs-doublet models (2HDMs) [9-12] including super-
symmetric models with R-parity violation [13], and quark-
singlet models [14]. These scenarios may lead to sizable
FCNC interactions of quarks with any of the neutral force
mediators or with the Higgs boson. The H ct interaction in
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particular may be enhanced in 2HDMs [15-18], including
scenarios of flavor-violating Yukawa couplings [19].

Searches for FCNC interactions of the top quark medi-
ated by a Higgs boson have been performed by the ATLAS
[20-23] and CMS [24-27] Collaborations. This paper
presents searches for FCNC top quark interactions in a
final state having at least two leptons (e, ¢) with the same-
sign (SS) electric charge and at least one jet. The CMS
Collaboration previously reported a search in a similar final
state, analyzing 19.7 fb~! of 8 TeV proton-proton (pp)
collision data [24]. The results presented here are obtained
from the analysis of (pp) collisions at a center-of-mass
energy of 13 TeV, targeting the decay of the Higgs boson to
WW, ZZ, or 7z, leading to the final states described above.
The data were collected with the CMS detector at the
CERN LHC in 20162018, and they correspond to an
integrated luminosity of 138 fb~.

Two channels for signal production are considered, the
decay of a top quark to a Higgs boson and an up or charm
quark in top quark-antiquark (¢7) pair production (TT
production mode), as well as the associated production
of a single top quark (ST production mode) with a Higgs
boson via an up or charm quark, as shown in Fig. 1. The
anomalous H gt couplings enter through the top quark
decay in the TT mode, while appearing in the matrix
elements of the ST production mode with the single top
quark subsequently decaying as normal—i.e., to a bottom
quark and W boson. Other production modes are possible
but are subdominant, such as the W production mode,
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FIG. 1. Representative Feynman diagrams for the production
modes considered: ¢7 production with the FCNC decay of the top
quark to a Higgs boson and an up or charm quark (TT, upper), and
FCNC-associated production of a single top quark with a Higgs
boson (ST, lower).

which accounts for less than 4% of the signal. For the sake
of consistency with other published searches for this
phenomenon, only the TT and ST modes shown in
Fig. 1 are considered. Results from a search in final states
with leptons are combined with other FCNC searches
performed by the CMS Collaboration, targeting the decay
of the Higgs boson to a pair of b quarks [26] or a pair of
photons [27].

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel
and two end cap sections. Forward calorimeters extend the
pseudorapidity (1) coverage provided by the barrel and end
cap detectors. Muons are measured in gas-ionization detec-
tors embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector,
together with a definition of the coordinate system used and
the relevant kinematic variables, can be found in Ref. [28].

Events of interest are selected using a two-tiered trigger
system. The first-level trigger, composed of custom hard-
ware processors, uses information from the calorimeters
and muon detectors to select events at a rate of around

100 kHz within a fixed latency of about 4 ps [29]. The
second-level trigger, known as the high-level trigger,
consists of a farm of processors running a version of the
full event reconstruction software optimized for fast
processing, and it reduces the event rate to around
1 kHz before data storage [30].

III. SIMULATED SAMPLES

Samples of simulated events are used in the design and
validation of the analysis, in the training and optimization
of event classifiers, and in the estimate of expected yields
from signal and rare SM background processes. Three
separate sets of simulated events for each process are used
in order to match the different data-taking conditions and
algorithms used in 2016, 2017, and 2018.

The POWHEGv2 event generator [31-33] is used to
simulate {7 production [34], WZ and ZZ pair production
[35], H production via gluon fusion [36], and fZH pro-
duction [37] at next-to-leading order (NLO) in perturbative
quantum chromodynamics (QCD). The JHUgen generator
[38] is used to simulate the decay of the Higgs boson into
vector bosons in the gluon fusion production mode. Events
with single top quarks produced in association with W
bosons (tW) are simulated at NLO with POWHEGv1 [39]
(2016) or POWHEGv2 (2017-2018). Samples of the Drell-
Yan and W boson production processes are generated with
up to four additional partons in the matrix element (ME)
calculations using the MadGraph5_aMC@NLO event generator
at leading order (LO) [40]. The MadGraph5_aMC@NLO v2.3.3
(v2.4.2) package is used for samples corresponding to 2016
(2017-2018) data-taking conditions. The production of
WEW=, as well as the tWZ, tfy, and 17 + XX (with X = W,
Z, H) processes, are generated using MadGraph5_aMC@NLO at
LO. Triple vector boson production (VVV, V =2Z, W),
diboson production in association with a photon (WZy,
WWy), as well as the (iZ, tZq, ty, and (it processes, are
simulated using MadGraph5_aMC@NLO at NLO in QCD. The
ttW, Wy, Zy, and V H processes are simulated at NLO with
up to one or two extra partons in the ME calculations using
MadGraph5_aMC@NLO.

The NNPDF3.0 [41] LO and NLO parton distribution
function (PDF) sets are used to generate LO and NLO
samples with 2016 data-taking conditions, while
NNPDF3.1 next-to-NLO (NNLO) [42] is used for 2017—
2018 samples. Event generators are interfaced with PYTHIA
v8.226 [43] using the CUETP8MI1 tune [44,45] for 2016
and PYTHIA v8.230 using the CP5 tune [46] for 2017-2018
to simulate the parton shower, fragmentation, and
hadronization of initial- and final-state partons, along with
the underlying event. The MLM [47] and FxFx [48]
prescriptions are employed to remove double counting
of additional partons generated with MadGraph5_aMC@NLO
and PYTHIA for the LO and NLO samples, respectively. The
Geant4 toolkit [49] is used to model the response of the CMS
detector.
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The effective Lagrangian with an FCNC coupling is

g -
L=>" 72n<Hq,(ngPL + F},Pr)gH +Hc. (1)

q=u.c

Here, P; (Pg) are the left-hand (right-hand) projec-
tion operators defined as P, = (1 —y5)/2 and Pp =
(14+75)/2, and the notation H.c. indicates that the
Hermitian conjugate terms are to be included in the
sum. It is implemented in the FeynRules package [50], and
the universal FeynRules output format [51] is used to generate
the signal model. The complex chiral parameters are
arbitrarily fixed to the values Ff;, = 1 and Fiy, =0, as
these parameters have no impact on the signal cross
sections and usually have a small impact on kinematic
distributions of objects in the event. Signal samples are
generated in the TT and ST production modes, assuming,
for each mode, that one of the two x couplings is nonzero at
a time. For the ST sample, the production and decays
of the top quark and antiquark are simulated using
MadGraph5_aMC@NLO at LO. The ST production mode
cross section is calculated at LO precision with
MadGraph5_aMC@NLO v2.6.0 as 72.6 (10.0) pb, equivalent
to a coupling constant ky ,, = 1 (ky ., = 1). The difference
of the respective production cross sections originates from
the up and charm quark parton distribution functions of the
initial-state protons. The TT production signal sample is
generated with MadGraph5_aMC@NLO v2.4.2 at LO with up to
two extra partons in the ME. The TT production mode cross
section is taken to be 832 pb, as calculated at NNLO
precision in perturbative QCD, including soft-gluon resum-
mation to next-to-next-to-leading logarithm [52]. The SM
and FCNC decays of the top quark and antiquark are
simulated using MadSpin [53]. The top quark and Higgs
boson masses are set to 172.5 and 125.0 GeV, respectively.
The Higgs boson decay is simulated using PYTHIA v8.226
(2016) or pYTHIA v8.230 (2017 and 2018). The generated
signal samples are filtered to have one leptonically
decaying top quark and one Higgs boson decaying to
WW, ZZ, or zr. The cross sections applied in the analysis
account for the branching fraction of the filtered LO
decays. The adjusted cross sections are 12.08 pb for the
TT production and 7.32 (1.01) pb for the ST H ut (H ct)
production.

Additional simulated minimum bias pp interactions
within the same or adjacent bunch crossings (pileup) are
included in the simulated events, and events are reweighted
according to the observed instantaneous luminosity and the
total inelastic pp cross section of 69.2 mb [54].

IV. EVENT SELECTION AND SEARCH
STRATEGY

This analysis considers events with at least two leptons
(electron or muon) with the SS electric charge and at least
one jet. The main backgrounds are from detector effects

(namely, nonprompt leptons and charge-misidentified lep-
tons) and SM processes that produce an SS lepton pair,
including processes producing multiple gauge bosons and/
or top quarks. Backgrounds are suppressed by making
requirements on the kinematic variables of reconstructed
physics objects, the same as those presented in
Refs. [55-57].

Events are reconstructed using the particle-flow (PF)
algorithm [58], which combines information from the CMS
subdetectors to identify charged and neutral hadrons,
photons, electrons, and muons, collectively referred to as
PF candidates. These candidates are associated with recon-
structed vertices. The primary vertex is taken to be the
vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in
Sec. 9.4.1 of Ref. [59]. The physics objects used include
jets clustered from PF candidates associated with the
PV and the magnitude of missing transverse momentum,
paiss [60]. The piiss is computed as the negative vector sum
of the transverse momentum () of all the PF candidates,
excluding charged-hadron candidates that do not originate
from the PV. The magnitude of this vector is referred to
as p?iss.

Electron candidates are reconstructed by combining
clusters of energy deposits in the ECAL with tracks
[61]. The electron identification is performed using shower
shape variables, track-cluster matching variables, and track
quality variables. To reject electrons originating from
photon conversions inside the detector, electron candidates
are required to have at most one missing measurement in
the innermost tracker layers and to be incompatible with
any conversion-like secondary vertices. Muon candidates
are reconstructed by geometrically matching tracks from
measurements in the muon system and tracker, and fitting
them to form a global muon track. Good muon candidates
are selected using the qualities of the geometrical matching
and of the track [62].

Selected electrons (muons) are required to have
pr > 20 GeV, || < 2.4(2.5) and originate from the PV.
Additionally, electrons in the transition region
1.442 < |n| < 1.556, between the barrel and end caps of
the ECAL, are excluded, since the reconstruction of an
electron object in this region is not optimal. Leptons are
required to be isolated using a logical combination of three
isolation variables: the energy surrounding the lepton
candidate in a fixed cone size AR = 0.4, the energy
surrounding the lepton candidate in a cone size that
depends on the candidate p, and the transverse momentum
of the lepton candidate relative to the residual momentum
of the nearest jet after lepton momentum subtraction. This
definition is designed to distinguish leptons produced in
decays of W or Z bosons (“prompt leptons*) from leptons
produced in hadron decays, in conversions of photons in
jets, or hadrons misidentified as leptons (“nonprompt
leptons™). Lepton selection efficiencies are in the ranges
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of 45%—80% (70%—90%) for electrons (muons), increasing
as a function of the lepton pr and reaching a maximum
value for pp > 60 GeV. Details of the lepton isolation
requirements can be found in Ref. [55].

Hadronic jets are clustered from neutral and charged PF
candidates associated with the PV, using the anti-kr
algorithm [63,64] and a distance parameter of 0.4. The
jet momentum is determined as the vector sum of all PF
candidate momenta in the jet. Jet energy corrections are
derived from simulation studies so that the average mea-
sured energy of jets becomes identical to that of particle
level jets. In situ measurements of the momentum balance
in dijet, y + jets, Z + jets, and multijet events are used to
determine any residual differences between the observed
and simulated jet energy scale, and appropriate corrections
are made [65]. Additional selection criteria are applied to
each jet to remove jets potentially dominated by instru-
mental effects or reconstruction failures. The P is
modified to account for corrections to the energy scale
of the reconstructed jets in the event. The Hy is defined as
the scalar pt sum of jets in an event.

Selected jets must have pp > 25 GeV, |p| <24,
and be separated from isolated leptons by AR =

(An)? + (A¢p)? > 0.4, where ¢ is the azimuthal angle
in radians. Jets containing the decay of a b hadron are
identified as bottom quark jets (b-tagged jets) using a deep
neural network algorithm, Deeplet [66—68]. The discrimi-
nator working point is chosen so that the misidentification
rate to tag light-flavor or gluon jets is approximately 1%.
This choice results in an efficiency to identify a bottom
quark jet in the range 75%—-85% for jets with pt of 25—
400 GeV, and a misidentification rate of about 15% for jets
originating from a charm quark. Jets failing the b tagging
requirement are further required to have pr > 30 GeV to
improve signal purity. The Deeplet algorithm is also used to
identify jets containing the decay of a c-flavored hadron (c-
tagged jets) [69]. The Deeplet algorithm is a multiclassifier,
allowing for a b tagging discriminator score and a c tagging
discriminator score to be returned by the same algorithm.
Jets arising from b and ¢ hadrons tend to be among the
hardest jets in the event, and thus the » and c tagging
discriminator scores for the leading three jets are used for
event classification.

Events containing at least three leptons, referred to as
multilepton events, or a pair of leptons with the same-sign
electric charges are selected using a logical OR of triggers
requiring the presence of two isolated leptons. The trigger
efficiency for electrons is 90%—98%, reaching its maxi-
mum value for pr > 30 GeV. For muons, the trigger
efficiency is around 92%. The uncertainty in the trigger
efficiency measurement is 1%—-5% per trigger lepton. The
trigger requirements are summarized in Table 1.

Events are vetoed if any pair of leptons in the events is
consistent with coming from a known resonance. Events
with a pair of leptons with an invariant mass less than

TABLE I. Summary of the trigger thresholds used to select the
analysis dataset. The triggers require two isolated leptons, with
different py requirements depending on their flavors. For each
trigger, the pr threshold 1 corresponds to the lepton listed first,
and the pr threshold 2 corresponds to the lepton listed last.

Trigger pr.1 threshold pr. threshold
ee 23 GeV 12 GeV
eu 23 GeV 8 GeV
ue 23 GeV 12 GeV
up 17 GeV 8 GeV

8 GeV are vetoed, irrespective of lepton flavor or charge.
Additionally, events with a pair of same-flavor leptons of
any charge are vetoed if the invariant mass of the pair is
greater than 12 GeV. Finally, events with a pair of electrons
with the same-sign electric charge are vetoed if the invariant
mass of the pair is between 75 and 105 GeV. A baseline
analysis selection defined in terms of requirements on these
objects is summarized in Table II. The main SM processes
that contribute at this stage of the selection are dibosons,
associated production of gauge bosons with top quarks, f7,
W + jets, and Drell-Yan.
Events passing the baseline selection are classified using
a boosted decision tree (BDT) trained on simulated samples
of signal and background processes. Training is performed
using a mixture of the two signal prodution modes
weighted according to the cross sections in Sec. III. Two
BDTs are trained: one for identifying the H ut signal and
one for the H ct signal. Both BDTs are trained using the
XGBOOST [70] framework with 33 input features, which
were selected for their expected differences between signal
and background events:
(1) The number of electrons, jets, and b-tagged jets in
the event.
(2) Kinematic features of up to three leptons including
the pr, |n|, transverse and longitudinal impact

TABLE II. Baseline analysis selections.

Physics objects Selection criteria

Lepton Pair of isolated SS leptons (e or y),
Lead pr > 25 GeV, else
pr > 20 GeV,
n.] <2.4, |7, <2.5
Jet > 2 in SS events or > 1

in multilepton events,
pr > 30 GeV, || <24

b-tagged jet pr > 25 GeV, |n| <24

mgp (SF) > 12 GeV

myp (any flavor, any > 8 GeV
charge)

m,, (SS) <75 or > 105 GeV
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parameters, and the transverse mass of the lepton
and the piss,

(3) Features of the leading three jets: pr, b, and c¢

tagging discriminator score.

(4) Invariant mass of the two pr-leading leptons.

(5) pr of the jet with the largest |r|.

(6) b tagging discriminator score of the pr-leading

b-tagged jet.

(7) pr of the jet with the highest b tagging discrimina-

tor score.

(8) prrlgiss.

9) Hr.

The input features above are primarily numbers, kin-
ematics, and other properties of selected leptons and jets.
These are among the most important discriminating var-
iables between signal and backgrounds that are nearly
entirely from processes containing one or more top quarks.
Separate trainings for the ST and TT signal modes were
evaluated and did not yield significant improvement.

Search regions (SRs) are defined by bins in the BDT
discriminator value. Bin edges are determined using the
SCIKITLEARN [71] quantile transformation function so that
the signal acceptance is approximately uniform across SRs,
reducing the effects of outlier events. Expected yields of the
signal process in these SRs are determined from simulation
after applying scale factors (SFs) that correct for differences
between data and simulation in the efficiencies of the
applied triggers, lepton selection, and b tagging.

V. BACKGROUND ESTIMATION

Events containing an SS lepton pair and jets arise from
several SM processes. The first category consists of events
that contain one or more nonprompt leptons. Events
containing a pair of prompt leptons with the SS electric
charge arise from SM processes including diboson and
triboson production and the associated production of a
boson with a #7. This background is subdominant and is
estimated from simulation. The smallest category of back-
ground consists of dilepton events from ¢z, Drell-Yan, and
WW processes with a charge-misidentified prompt elec-
tron. Descriptions of the methods used to estimate each
category of background and the validation studies follow.

Semileptonic #7 and leptonic W + jets processes with an
additional nonprompt lepton with the same-sign electric
charge as a prompt lepton constitute the largest background
in this search. This background is estimated using the
“tight-to-loose” (TL) ratio method [55]. The tight identi-
fication and isolation requirements used to select prompt
leptons are relaxed to define a loose lepton selection that is
enriched in nonprompt leptons. The efficiency, ery, for a
nonprompt lepton that satisfies the loose selection to also
pass the tight requirement is measured in a control sample
of single-lepton events, as a function of the lepton flavor,
pr, and |n|. Contamination from processes producing a
prompt lepton, mostly W + jets and followed by Drell-Yan,

is subtracted using the simulation. The loose-lepton def-
inition was optimized to achieve an ey, that is approx-
imately the same for lepton candidates arising from heavy
or light flavor hadrons. Furthermore, for leptons that fail the
tight selection, the lepton p is redefined as the sum of the
lepton pr and the energy in the isolation cone, where the
isolation cone is an angular distance AR = 0.4 from the
lepton pt. The redefinition accounts for the momentum of
the parent parton. Together, the criteria allow constructing
an ey, that is approximately independent of the sample and
SR. See Ref. [55] for further details. For each SR, a control
region (CR) is constructed with the same selection criteria
as the SR, but requiring that at least one lepton pass the
loose selection but fail the tight requirement. The number
of events with a nonprompt lepton in each SR is estimated
by weighting each loose-not-tight lepton in a corresponding
CR event by a factor of erp /(1 — eqy).

The simulation is used to evaluate the performance of the
method. ATL efficiency, measured from simulated samples
of multijet production, is used to predict the number of
events with a nonprompt lepton expected to enter the SRs.
The estimate is compared with the observed number of
events with a nonprompt lepton in simulated /7 and W +
jets samples. The predicted and observed rates of events
with a nonprompt lepton are compared in each SR and as
functions of kinematic properties. These rates are found to
agree within 30%, which is taken as a flat systematic
uncertainty in the final nonprompt-lepton background
estimate.

The second category of background consists of SM
processes that produce a pair of prompt SS Ileptons.
Diboson and triboson processes and the associated pro-
duction of a boson with ¢7 are the most significant processes
in this background category. Smaller contributions arise
from processes including a genuine photon such as Wy, Zy,
ty via photon conversion, and ‘“rare” processes, such as
tWZ and ttti.

As it is not possible to construct a CR enriched in these
processes with a large number of events and high purity, the
backgrounds are estimated from simulation. Expected
yields are estimated after applying SFs that account for
small differences between data and simulation in the
measured trigger, lepton selection, and b-tagging efficien-
cies, with associated systematic uncertainties described
in Sec. VL

The smallest category of background consists of dilepton
tf and Drell-Yan events where the charge of an electron is
misidentified, thus misclassifying a pair of prompt leptons
with opposite-sign electric charge as an SS pair. Referred to
as the “charge flip” background, it is estimated using a
method similar to that described above for estimating the
nonprompt-lepton background. The probability, €4, to
misidentify the charge of an electron is estimated in
simulation as a function of the electron pr and |y|. This
probability ranges between 107> and 103 for electrons and
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is at least an order of magnitude smaller for muons. For
each SR requiring two SS leptons, a CR is constructed with
the same selections, except that the two leptons have
opposite electric charge. The number of events with a
lepton whose charge is misidentified is estimated by scaling
each CR event by a weight obtained by summing terms of
€4/ (1 — €q) for each lepton in the event.

Because the charge misidentification rate is estimated
using simulation, the performance is evaluated in a CR
enriched in Z — eTe™ events with the charge of the
electron or positron misidentified. For each data collection
year, a single SF inclusive in py and |5| is derived from a
comparison of the observed and estimated number of such
electron pairs. For 2016 (2017-2018), the correction factor
is approximately 1.1 (1.4). A flat 30% uncertainty in the
estimate is assumed in all regions based on these and other
studies described in the following section.

VI. SYSTEMATIC UNCERTAINTIES

Sources of systematic uncertainties related to signal and
background processes and their impact on the results are
summarized in Table III. The change in SR yields is
reported as a one-standard-deviation range. A description
of the uncertainties considered are summarized in this
section, first in backgrounds estimated using CRs (charge-
misidentified and nonprompt-lepton), followed by yields
estimated from simulation.

The nonprompt-lepton background is assigned an uncer-
tainty of 30% based on the agreement observed in closure
tests of the TL method using simulated QCD multijet, 77,
and W + jets samples. The simulation is used to subtract
contamination from prompt leptons, which is less than 1%
in the CR, but is typically between 10% and 20% in the ey,
measurement control sample, with uncertainties in ey, as
large as 50% in the least statistically significant bins. This

TABLE III.

uncertainty leads to a 7%—-10% impact on the predicted
yields in the SR. Uncertainties in the subtracted prompt
contamination are considered separately for electrons and
muons and correlated across bins of e for each lepton
flavor. The charge-misidentified lepton background is
assigned an uncertainty of 30% based on the agreement
observed between the estimate and data in a control sample
enriched in Z — e"e™ events with one electron or positron
having a misidentified charge. An uncertainty < 5% in the
rate at which the electron charge is misidentified results
from the limited number of events in the simulated samples
in which this rate is measured. The statistical uncertainty in
the CRs used to estimate the charge-misidentified and
nonprompt-lepton backgrounds is included in the total
uncertainty. The statistical uncertainties in the non-
prompt-lepton background and the charge-misidentified
lepton background are treated as fully uncorrelated. The
other uncertainties in these backgrounds are treated as
correlated between SR bins but uncorrelated between data-
taking periods. The uncertainty in the estimate of the
contribution of processes with a nonprompt lepton is the
dominant uncertainty in the background.

The remaining uncertainties described here apply only
for the estimate of yields of the signal process and back-
grounds arising from SM processes with a prompt, SS
lepton pair, which are estimated using simulation.
Statistical uncertainties originating from the finite size of
simulated samples are accounted for in each SR bin, and for
signal and background separately [72]. The integrated
luminosities of the 2016, 2017, and 2018 data-taking
periods are individually known with uncertainties in the
1.2%-2.5% range [73-75], while the total 2016-2018
integrated luminosity has an uncertainty of 1.6%, the
improvement in precision reflecting the (uncorrelated) time
evolution of some systematic effects. The simulated

Sources of systematic uncertainties in the yields of signal and background processes, as well as their impact on the yields

in the SRs. The impact is expressed as a one-standard-deviation range.

Uncertainty Uncertainty

in tcH in tuH  Uncertainty in SM SS Uncertainty in Uncertainty in charge flip

Source prediction prediction prediction nonprompt estimate estimate
Estimate normalization 30% 30%
erL/€q 7%—-10% <5%
Integrated luminosity 1.6% 1.6% 1.6% e
Pileup <2% <2% <2%
Trigger efficiency 2% 2% 2%
Lepton efficiency 2%—-3% 2%—-3% 2%—3%
Jet energy scale 1%—6% <8% <5%
b/c tagging 10%-16% 6%—13% 7%—14%
Theory normalization 6%-10%  6%—10% 5%-25%
Renormalization and 7%—-9% 2%—6% 10%—-15%

factorization scale shape
PDF shape <2% <2% 4%—6%
Total 14%-16% 11%—-14% 20%—28% 31%-35% 29%-31%
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FIG. 2. The prefit (upper) and postfit (lower) observed and expected distributions of the BDT score in the SR for 2016-2018 data are
shown. The ¢ — H u signal is shown on the left, and t — H ¢ is shown on the right, normalized with a coupling k., = 0.1 for
illustration. The uncertainty bands include statistical and systematic uncertainties in the estimated backgrounds.

samples are reweighted according to the observed instanta-
neous luminosity and the minimum bias cross section. The
uncertainty in the total inelastic pp cross section leads to
changes <2% in the expected signal and background
yields.

The efficiency of the trigger requirements is measured
with an uncertainty of 2%, using an independent data
sample selected with single-lepton triggers. The efficien-
cies of the lepton reconstruction and identification require-
ments are measured using data samples enriched in Z — £7
events, with uncertainties of up to 5% (3%) per electron
(muon). Varying the lepton efficiency SFs results in a

2%-3% effect on the SR yields. The jet energy scale is
varied within its uncertainty, resulting in a 1%—-8% effect in
signal yields and <5% in background yields for rare SM
processes.

The tagging efficiencies for b, c, and light-flavor jets are
measured in dedicated data samples [67]. Varying these
efficiencies within their measured uncertainties results in
variations between 6%—16% of the SR yields.

Uncertainties in the normalization and shape distribution
of events across SRs are considered for each background
process estimated from simulation. Flat uncertainties are
applied to specific background processes to account for the
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FIG. 3. The expected (dashed line) and observed (solid line)
limits on the coupling strength (upper) and on the branching
fraction (lower) are shown. The green (yellow) bands show the
68% (95%) confidence level ranges of the expected limits. The
area to the right and above the solid line is excluded.

uncertainty in the total cross section: 5% for W Z [76], 10%
for SS WW [77], 12% for tW [78], and 8% for tZ [78].
These flat uncertainties also account for the normalization
changes due to the choice of the renormalization (ug) and
factorization (up) scales. The uncertainties in the shape
distribution of events for each background process from the
choices of the ugr, up, and ag scales are accounted for

separately and are obtained by taking the envelope of the
distributions obtained with modified scales. The typical
effect of varying the ug and pi scales on the shapes of the
BDT distributions is 10% to 15%. The impact of variations
of the PDFs [79] is 4% to 6%.

For signal events, the total cross section uncertainty in
the TT production mode is 6%, estimated from the
uncertainty in the /7 NNLO cross section, caused by the
variation of the PDFs and the strong coupling ag [80-82].
The uncertainty in the cross section for signal production in
the ST mode is estimated to be 30%, resulting from missing
higher-order corrections. The total impact in the normali-
zation of the signal yields ranges from 6% to 10% across
SRs. The typical effect of varying the ur and ug scales on
the shapes of the BDT distributions is 2% to 9% for signal
processes. The impact of variations of the PDFs [79]
is < 2%.

All systematic uncertainties are correlated between the
SR bins. With the exception of the up and ug scales and
cross section uncertainties, every systematic effect is
correlated between signal and the rare SM background.
The trigger efficiency uncertainties are assumed as being
uncorrelated between the data-taking periods. The uncer-
tainty in the integrated luminosity is partially correlated
between years, while all remaining uncertainties are
correlated.

VII. RESULTS

A binned likelihood fit is constructed using yields from
the signal and control regions, incorporating the theoretical
and experimental uncertainties described in Sec. VI as
nuisance parameters. The number of observed events and of
simulated events in the SRs and CRs are Poisson distrib-
uted. Expected yields of signal events are estimated using a
mixture of simulated samples of TT and ST production
modes weighed according to the cross sections in Sec. III.
Figure 2 shows that the estimated backgrounds and
observed data are consistent within statistical and system-
atic uncertainties as a function of the BDT score, before
(“prefit”) and after maximizing the likelihood function
(“postfit”). Knowledge of the backgrounds, particularly the
nonprompt background, is improved by considering the
signal and control region yields in the fit. Overlaid are
distributions of signal, normalized assuming a coupling
strength of 0.1 between the top quark, the Higgs boson, and

TABLE IV. Observed and expected limits on the t — H u and t — H ¢ branching fractions for the three searches in different Higgs
boson decay channels performed by the CMS Collaboration. A statistical combination of the results is also reported.

Analysis 95% CL limit on B(t — H u) observed (expected) 95% CL limit on B(r — H c) observed (expected)
H — bb [26] 0.079% (0.11%) 0.094% (0.086%)
H — yy [27] 0.019% (0.031%) 0.073% (0.051%)
Leptonic (this analysis) 0.072% (0.059%) 0.043% (0.062%)
Combination 0.019% (0.027%) 0.037% (0.035%)
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an up or charm quark. While the presence of FCNC
interactions would affect other Higgs boson couplings,
existing experimental constraints on FCNC interactions
limit the potential impact on the Higgs boson decay modes,
rendering the effects negligible.

Results are obtained using the CMS statistical analysis
tool Combine [83], which is based on the RooFit [84] and
RooStats [85] frameworks. Upper limits on the coupling
strengths and branching fractions are set at a 95% con-
fidence level (CL), using the CL, criterion with the LHC
profile likelihood ratio as a test statistic in the asymptotic
formulation [86-89]. Observed (expected) limits are
0.072% (0.059%) on B(t — Hu) and 0.043% (0.062%)
on B(t— Hc). The limits can be cast as observed
(expected) constraints on the anomalous coupling
strengths: kg ,, < 0.071(0.064) and xy ., < 0.055(0.065).
The limits agree within one standard deviation—see Fig. 3,
which shows the expected and observed limits, as well as
the one- and two-standard-deviation bands on the coupling
strength and on the branching fraction for each anomalous
coupling. The exclusion curves shown in Fig. 3 are
obtained by interpolating the limits with only a single

CMS 138 fb™ (13 TeV)
1T T ‘ 1T T ‘ T T ‘ 1T T | T
I H—bb
t—> Hu
= H—yy
L SS multilepton
= combined
. H—bb
t - He
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""""""""" 95% CL Expected Limit B8 .15 Exp. Limit
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FIG. 4. Summary of the observed and expected results from the
three individual analyses and their combination. The dotted lines
show the expected limits, and the solid red lines show the
observed limits. The green and yellow bands show the 68% and
95% confidence level ranges of the expected limits.

coupling present, assuming a linear relationship in the
branching fractions.

VIII. COMBINATION

In addition to the results presented in the previous
section, the CMS Collaboration has reported the results
of two other searches for Higgs-mediated FCNC decays of
the top quark, in which the Higgs boson decays to bottom
quark pairs [26] or to a pair of photons [27]. The results of
these searches and the new search presented are summa-
rized in Table I'V. A statistical combination of the results of
the three searches is performed. As the three results target
different and distinct decay modes of the Higgs boson,
there is no overlap between the SRs of the three analyses.
Correlations of systematic uncertainties in the signal
and background yields are studied and accounted for.
Uncertainties are correlated between the three analyses if
the object definitions and approaches to measuring uncer-
tainties are the same; otherwise, they are uncorrelated.
Uncertainties in the jet energy scale and p* resolution,
the integrated luminosity, the lepton identification efficien-
cies, and per-process theoretical uncertainties are treated as
fully correlated. Remaining uncertainties are treated as
uncorrelated. The impact of the choice of the correlation
scheme on the combination result was studied and found to
be < 1%. The results of the combination are reported in
Table IV. A summary and comparison of the results
of the individual analyses and the combination is shown
in Fig. 4.

IX. SUMMARY

This paper presents the results of a search for flavor-
changing neutral current interactions of the top quark (¢),
Higgs boson (H), and an up («#) or charm (c¢) quark. The
search is performed in a final state with a pair of leptons of
the same electric charge and at least one jet. Expected
yields from backgrounds emerging from detector effects are
estimated by extrapolating yields observed in control
regions using transfer factors measured in orthogonal data
or simulated samples. Expected yields from standard model
processes producing a pair of prompt leptons with the
same-sign electric charge are estimated from simulation.
Two trained boosted decision trees are used to evaluate and
classify each event. No excess above the estimated back-
ground from standard model processes is observed. The
observed (expected) upper limits at the 95% confidence
level (CL) on the branching fraction are found to be 0.072%
(0.059%) for B(t > Hu) and 0.043% (0.062%) for
B(t = H c¢). The limits can be cast as observed (expected)
constraints on the anomalous coupling strengths: ky,, <
0.071(0.064) and kp ., < 0.055(0.065).

The ATLAS Collaboration has performed a similar
search, including a targeted H — vz~ final state [23]. A
combination of ATLAS searches in different final states
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obtained observed (expected) limits at the 95% CL
of B(t—> Hu) < 0.026%(0.018%) and B(r— Hc) <
0.034%(0.023%). A statistical combination of the results
of the search in leptonic final states with those of previous
CMS publications searching for the same phenomena
where the Higgs boson decays to a bottom quark-antiquark
pair or to a pair of photons is performed. The results of the
combination lead to observed (expected) exclusion limits at
the 95% CL on the branching fractions B(t > Hu) <
0.019%(0.027%) and B(t — H ¢) < 0.037%(0.035%) and
represent the most stringent constraints on these inter-
actions from the CMS Collaboration.
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