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Abstract

A search for flavor-changing neutral current interactions of the top quark (t) and the
Higgs boson (H) is presented. The search is based on proton-proton collision data col-
lected in 2016–2018 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−1. 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 decay-
ing to a Higgs boson and an up (u) or charm (c) quark. No significant excess above
the estimated background was found. The observed (expected) upper limits at 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 95% confidence level are 0.019% (0.027%) for B(t → Hu) and 0.037% (0.035%) for
B(t → Hc).
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1 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 unitar-
ity constraints [2]. As a result, the SM branching fractions for the decay of a top quark (t) into
a Higgs boson (H) and an up quark (u), t → Hu, or a charm quark (c), t → Hc, are expected to
be of the order of 10−17 and 10−15, 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 su-
persymmetric models with R-parity violation [13], and quark-singlet models [14]. These sce-
narios may lead to sizable FCNC interactions of quarks with any of the neutral force mediators
or with the Higgs boson. The Hct interaction in particular may be enhanced in 2HDMs [15–18],
including scenarios of flavor-violating Yukawa couplings [19].

Searches for FCNC interactions of the top quark mediated by a Higgs boson have been per-
formed 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, µ) 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−1 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 ττ leading to the final
states described above. The data were collected with the CMS detector at the CERN LHC in
2016–2018, and correspond to an integrated luminosity of 138 fb−1.
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Figure 1: Representative Feynman diagrams for the production modes considered: tt produc-
tion with the FCNC decay of the top quark to a Higgs boson and an up or charm quark (TT,
left), and FCNC-associated production of a single top quark with a Higgs boson (ST, right).

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 (tt) 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 Hqt 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 sub-dominant, such as the
tW production mode 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].



2

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 endcap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the barrel and endcap detectors. Muons
are measured in gas-ionization detectors 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, com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a fixed latency of about 4 µs [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 reduces the
event rate to around 1 kHz before data storage [30].

3 Simulated samples
Samples of simulated events are used in the design and validation of the analysis, 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 POWHEG v2 event generator [31–33] is used to simulate tt production [34], WZ and ZZ pair
production [35], H production via gluon fusion [36], and ttH production [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 produc-
tion mode. Events with single top quarks produced in association with W bosons (tW) are
simulated at NLO with POWHEG v1 [39] (2016) or POWHEG v2 (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 sam-
ples corresponding to 2016 (2017–2018) data-taking conditions. The production of W±W±, as
well as the tWZ, ttγ, and tt + XX (with X = W, Z, H) processes, are generated using MAD-
GRAPH5 aMC@NLO at LO. Triple vector boson production (VVV, V = Z, W), diboson produc-
tion in association with a photon (WZγ, WWγ) as well as the ttZ, tZq, tγ and tttt processes
are simulated using MADGRAPH5 aMC@NLO at NLO in QCD. The ttW, Wγ, Zγ, and VH pro-
cesses 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 gen-
erate 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 CUETP8M1 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
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toolkit [49] is used to model the response of the CMS detector.

The effective Lagrangian with an FCNC coupling is:

L = ∑
q=u,c

g√
2

tκHqt

(
FL

Hq PL + FR
Hq PR

)
qH + h.c.. (1)

Here, PL(PR) are the left-hand (right-hand) projection operators defined as PL = (1 − γ5)/2
and PR = (1 + γ5)/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 univer-
sal FEYNRULES output format [51] is used to generate the signal model. The complex chiral
parameters are arbitrarily fixed to the values FL

Hq = 1 and FR
Hq = 0, as these parameters have

no impact on the signal cross sections and usually have a small impact on kinematic distri-
butions of objects in the event. Signal samples are generated in the TT and ST production
modes assuming, for each mode, one of the two κ couplings is non-zero at a time. For the ST
sample, the production and decays of the top quark and antiquark are simulated using MAD-
GRAPH5 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 κHut =
1 (κHct = 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 resummation 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 ττ . 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 Hut (Hct) production.

Additional simulated minimum bias pp interactions within the same or adjacent bunch cross-
ings (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].

4 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 non-
prompt leptons and charge misidentified leptons) 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 informa-
tion 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 re-
constructed 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 Section 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, p⃗ miss

T [60]. The p⃗ miss
T is computed
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as the negative vector sum of the transverse momentum (⃗pT) 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 pmiss

T .

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 pho-
ton conversions inside the detector, electron candidates are required to have at most one miss-
ing 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 pT > 20 GeV, |η| < 2.4 (2.5) and originate
from the PV. Additionally, electrons in the transition region 1.442 < |η| < 1.556, between the
barrel and endcaps 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
∆R = 0.4, the energy surrounding the lepton candidate in a cone size that depends on the
candidate pT, 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 lep-
tons (“nonprompt leptons”). Lepton selection efficiencies are in the ranges of 45–80 (70–90)%
for electrons (muons), increasing as a function of the lepton pT and reaching a maximum value
for pT > 60 GeV. Details of the lepton isolation requirements can be found in [55].

Hadronic jets are clustered from neutral and charged PF candidates associated with the PV,
using the anti-kT 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 measured energy of jets becomes identical
to that of particle level jets. In situ measurements of the momentum balance in dijet, γ +
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 instrumental
effects or reconstruction failures. The p⃗ miss

T is modified to account for corrections to the energy
scale of the reconstructed jets in the event. The HT is defined as the scalar pT sum of jets in an
event.

Selected jets must have pT > 25 GeV, |η| < 2.4, and be separated from isolated leptons by
∆R =

√
(∆η)2 + (∆ϕ)2 > 0.4, where ϕ 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, DEEPJET [66–68]. The discriminator 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 pT > 30 GeV to improve signal purity.
The DEEPJET algorithm is also used to identify jets containing the decay of a c-flavored hadron
(c-tagged jets) [69]. The DeepJet algorithm is a multiclassifier, allowing for a b tagging dis-
criminator score and a c tagging discriminator score to be returned by the same algorithm. Jets
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Table 1: Summary of the trigger thresholds used to select the analysis data set. The triggers
require two isolated leptons, with different pT requirements depending on their flavors. For
each trigger, the pT threshold 1 corresponds to the lepton listed first, and the pT threshold 2 to
the lepton listed last.

Trigger pT,1 threshold pT,2 threshold
ee 23 GeV 12 GeV
eµ 23 GeV 8 GeV
µe 23 GeV 12 GeV
µµ 17 GeV 8 GeV

Table 2: Baseline analysis selections.

Physics objects Selection criteria

Lepton
Pair of isolated SS leptons (e or µ),
lead pT > 25 GeV, else pT > 20 GeV, |ηe | < 2.4, |ηµ | < 2.5

Jet
≥2 in SS events or ≥1 in multilepton events,
pT > 30 GeV, |η| < 2.4

b-tagged jet pT > 25 GeV, |η| < 2.4
mℓℓ(SF) >12 GeV
mℓℓ(any flavor, any charge) >8 GeV
mee(SS) <75 or >105 GeV

arising from b and c hadrons tend to be amongst the hardest jets in the event and thus the b
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 lep-
tons with the same-sign electric charged 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 maximum value for pT > 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 re-
quirements 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 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 2. The main SM processes that contribute at this stage of
the selection are dibosons, associated production of gauge bosons with top quarks, tt , 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 mix-
ture of the two signal prodution modes weighted according to the cross sections in Section 3.
Two BDTs are trained: one for identifying the Hut signal and one the Hct 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:

• The number of electrons, jets, and b-tagged jets in the event,
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• kinematic features of up to three leptons including the pT, |η|, transverse and longi-
tudinal impact parameters, and the transverse mass of the lepton and the pmiss

T ,

• features of the leading three jets: pT, b and c tagging discriminator score,

• invariant mass of the two pT-leading leptons,

• pT of the jet with the largest |η|,
• b tagging discriminator score of the pT-leading b-tagged jet,

• pT of the jet with the highest b tagging discriminator score,

• pmiss
T ,

• HT.

The input features above are primarily numbers, kinematics, and other properties of selected
leptons and jets. These are among the most important discriminating variables 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 de-
termined using the SCIKITLEARN [71] quantile transformation function so that the signal ac-
ceptance 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.

5 Background estimation
Events containing an SS lepton pair and jets arise from several SM processes. The first cate-
gory 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 associated production of a boson with a tt. This background is sub-
dominant and is estimated from simulation. The smallest category of background consists of
dilepton events from tt, Drell–Yan, and WW processes with a charge-misidentified prompt
electron. Descriptions of the methods used to estimate each category of background and the
validation studies follow.

Semileptonic tt 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 iden-
tification and isolation requirements used to select prompt leptons are relaxed to define a loose
lepton selection that is enriched in nonprompt leptons. The efficiency, ϵTL, for a nonprompt lep-
ton 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, pT, and |η|. Contamination
from processes producing a prompt lepton, mostly W + jets and followed by Drell–Yan, is sub-
tracted using the simulation. The loose-lepton definition was optimized to achieve an ϵTL that
is approximately the same for lepton candidates arising from heavy or light flavor hadrons.
Furthermore, for leptons that fail the tight selection, the lepton pT is redefined as the sum of
the lepton pT and the energy in the isolation cone, where the isolation cone is an angular dis-
tance ∆R = 0.4 from the lepton pT. The redefinition accounts for the momentum of the parent
parton. Together, the criteria allow constructing an ϵTL that is approximately independent of
sample and SR. See Ref. [55] for further details. For each SR, a control region (CR) is constructed
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with the same selection criteria as the SR but requiring that at least one lepton passes the loose
selection but fails 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 ϵTL/(1 − ϵTL).

The simulation is used to evaluate the performance of the method. A TL 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 tt and W + jets samples. The pre-
dicted 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 leptons. Diboson and triboson processes and associated production of a boson with tt are
the most significant processes in this background category. Smaller contributions arise from
processes including a genuine photon such as Wγ, Zγ, tγ via photon conversion, and “rare”
processes, such as tWZ and tttt .

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 esti-
mated after applying SFs that account for small differences between data and simulation in
the measured trigger, lepton selection, and b tagging efficiencies, with associated systematic
uncertainties described in Section 6.

The smallest category of background consists of dilepton tt 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 back-
ground. The probability, ϵq, to misidentify the charge of an electron is estimated in simulation,
as a function of electron pT and |η|. This probability ranges between 10−5 and 10−3 for electrons
and 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 scal-
ing each CR event by a weight obtained by summing terms of ϵq/(1 − ϵq) 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 → e+e− events with the charge of the electron or positron
misidentified. For each data collection year, a single SF inclusive in pT and |η| 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.

6 Systematic uncertainties
Sources of systematic uncertainties related to signal and background processes and their im-
pact on the results are summarized in Table 3. 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.
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The nonprompt-lepton background is assigned an uncertainty of 30% based on the agreement
observed in closure tests of the TL method using simulated QCD multijet, tt , 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 ϵTL measurement control sam-
ple, with uncertainties in ϵTL as large as 50% in the least statistically significant bins. This
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 cor-
related across bins of ϵTL 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 misiden-
tified 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 uncertain-
ties in the nonprompt-lepton background and the charge-misidentified lepton background are
treated as fully uncorrelated. The other uncertainties in these backgrounds are treated as cor-
related 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 backgrounds arising from SM processes with a prompt, SS lepton pair, which are
estimated using simulation. Statistical uncertainties originating from the finite size of simu-
lated 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 (uncorre-
lated) time evolution of some systematic effects. The simulated samples are reweighted ac-
cording to the observed instantaneous 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 efficiencies of the lepton
reconstruction and identification requirements are measured using data samples enriched in
Z → ℓℓ 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 sam-
ples [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 consid-
ered for each background process estimated from simulation. Flat uncertainties are applied
to specific background processes to account for the uncertainty in the total cross section:5% for
WZ [76], 10% for SS WW [77], 12% for ttW [78], and 8% for ttZ [78]. These flat uncertainties
also account for the normalization changes due to the choice of the renormalization (µR) and
factorization (µF) scales. The uncertainties in the shape distrubtion of events for each back-
ground process from the choice of the µR, µF, and αS scales is accounted for separately and are
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obtained by taking the envelope of the distributions obtained with modified scales. The typical
effect of varying the µF and µR 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 tt NNLO cross section, caused by the variation of the PDFs and the
strong coupling αS [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 normalization of the signal yields ranges from 6 to 10% across SRs. The typical effect
of varying the µF and µR 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 µF
and µR 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 uncertainty in the integrated luminosity is
partially correlated between years, while all remaining uncertainties are correlated.

Table 3: 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.

Source
Uncertainty Uncertainty Uncertainty Uncertainty in Uncertainty in

in tcH in tuH in SM SS nonprompt charge flip
prediction prediction prediction estimate estimate

Estimate
— — — 30% 30%

normalization
ϵTL/ϵq — — — 7–10% <5%

Integrated luminosity 1.6% 1.6% 1.6% — —
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
7–9% 2–6% 10–15% — —and factorization

scale shape
PDF shape <2% <2% 4–6% — —

Total 14–16% 11–14% 20–28% 31–35% 29–31%

7 Results
A binned likelihood fit is constructed using yields from the signal and control regions, in-
corporating the theoretical and experimental uncertainties described in Section 6 as nuisance
parameters. The number of observed events and of simulated events in the SRs and CRs are
Poisson distributed. Expected yields of signal events are estimated using a mixture of sim-
ulated samples of TT and ST production modes weighed according to the cross sections in
Section 3. Figure 2 shows that the estimated backgrounds and observed data are consistent
within statistical and systematic uncertainties as a function of the BDT score, before (“prefit”)
and after maximizing the likelihood function (“postfit”). Knowledge of the backgrounds, par-
ticularly the non-prompt background, is improved considering the signal and control region
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Figure 2: The prefit (upper) and postfit (lower) observed and expected distributions of BDT
score in the SR for 2016-2018 data are shown. The t → Hu signal is shown on the left and
t → Hc is shown on the right, normalized with a coupling κHqt = 0.1 for illustration. The un-
certainty bands include statistical and systematic uncertainties in the estimated backgrounds.

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 an up or charm quark. While the pres-
ence 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 95% confidence level (CL), using the CLs criterion with the LHC
profile likelihood ratio as a test statistic in the asymptotic formulation [86–89]. Observed (ex-
pected) limits are 0.072 (0.059)% on the B(t → Hu) and 0.043 (0.062)% on the B(t → Hc).
The limits can be cast as observed (expected) constraints on the anomalous coupling strengths:
κHut < 0.071(0.064) and κHct < 0.055(0.065). The limits agree within one standard deviation,
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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 coupling present, assuming a linear relationship in the branching fractions.
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Figure 3: The expected (dashed line) and observed (solid line) limits on the coupling strength
(left) and on the branching fraction (right) 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.

8 Combination
In addition to the results presented in the previous section, the CMS Collaboration has re-
ported 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 summarized in Table 4. A statistical
combination of the results of the three searches is performed. As the three results target differ-
ent 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 uncertainties are the same; otherwise, they are uncor-
related. Uncertainties in the jet energy scale and pmiss

T resolution, the integrated luminosity, the
lepton identification efficiencies, 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 4. A summary and comparison of the results of the
individual analyses and the combination is shown in Fig. 4.

9 Summary
This paper presents the results of a search for flavor changing neutral current interactions of the
top quark (t), Higgs boson (H), and an up (u) or charm (c) quark. The search is performed in a
final state with a pair of leptons of 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
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Table 4: Observed and expected limits on the t → Hu and t → Hc 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 → Hu) 95% CL limit on B(t → Hc)

observed (expected) observed (expected)
H → bb [26] 0.079 (0.11)% 0.094 (0.086)%
H → γγ [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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95% CL Observed Limit

±1σ Exp. Limit

±2σ Exp. Limit

CMS  (13 TeV)-1138 fb
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Branching fraction (%)

Figure 4: Summary of the observed and expected results from the three individual analyses
and their combination. The dotted line shows the expected limits and the solid red lines shows
the observed limits. The green and yellow bands show the 68 and 95% confidence level ranges
of the expected limits.

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 background from
standard model processes is observed. The observed (expected) upper limits at 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 → Hc). The limits can be cast as observed (expected) constraints on the
anomalous coupling strengths: κHut < 0.071(0.064) and κHct < 0.055(0.065).

The ATLAS Collaboration has performed a similar search, including a targeted H → τ+τ− fi-
nal state [23]. A combination of ATLAS searches in different final states obtained observed (ex-
pected) limits at 95% CL of B(t → Hu) < 0.026%(0.018%) and B(t → Hc) < 0.034%(0.023%).
A statistical combination of the results of the search in leptonic final states with those of pre-
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vious 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 combi-
nation lead to observed (expected) exclusion limits at the 95% CL on the branching fractions
B(t → Hu) < 0.019%(0.027%) and B(t → Hc) < 0.037%(0.035%) and represent the most
stringent constraints on these interactions from the CMS Collaboration.
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M. Teroerde

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany
S. Diekmann , A. Dodonova , N. Eich , D. Eliseev , F. Engelke , J. Erdmann ,
M. Erdmann , P. Fackeldey , B. Fischer , T. Hebbeker , K. Hoepfner , F. Ivone ,
A. Jung , M.y. Lee , F. Mausolf , M. Merschmeyer , A. Meyer , S. Mukherjee ,
D. Noll , F. Nowotny, A. Pozdnyakov , Y. Rath, W. Redjeb , F. Rehm, H. Reithler ,
U. Sarkar , V. Sarkisovi , A. Schmidt , A. Sharma , J.L. Spah , A. Stein ,
F. Torres Da Silva De Araujo25 , S. Wiedenbeck , S. Zaleski

RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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Trento, Italy
R. Ardinoa , P. Azzia , N. Bacchettaa,55 , D. Biselloa,b , P. Bortignona , G. Bortolatoa,b,
A. Bragagnoloa,b , R. Carlina,b , P. Checchiaa , T. Dorigoa , U. Gasparinia,b ,
A. Gozzelinoa , M. Gulminia,56 , E. Lusiania , M. Margonia ,b , F. Marinia ,
A.T. Meneguzzoa,b , M. Migliorinia,b , J. Pazzinia,b , P. Ronchesea,b , R. Rossina,b ,
F. Simonettoa,b , G. Stronga , M. Tosia ,b , A. Triossia,b , S. Venturaa , H. Yarara,b,
P. Zottoa,b , A. Zucchettaa,b , G. Zumerlea,b

INFN Sezione di Paviaa, Università di Paviab, Pavia, Italy
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S. Belfortea , V. Candelisea,b , M. Casarsaa , F. Cossuttia , K. De Leoa ,
G. Della Riccaa,b

Kyungpook National University, Daegu, Korea
S. Dogra , J. Hong , C. Huh , B. Kim , D.H. Kim , J. Kim, H. Lee, S.W. Lee ,
C.S. Moon , Y.D. Oh , M.S. Ryu , S. Sekmen , Y.C. Yang

Department of Mathematics and Physics - GWNU, Gangneung, Korea
M.S. Kim

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
G. Bak , P. Gwak , H. Kim , D.H. Moon

Hanyang University, Seoul, Korea
E. Asilar , D. Kim , T.J. Kim , J.A. Merlin

Korea University, Seoul, Korea
S. Choi , S. Han, B. Hong , K. Lee, K.S. Lee , S. Lee , J. Park, S.K. Park, J. Yoo

Kyung Hee University, Department of Physics, Seoul, Korea
J. Goh , S. Yang

Sejong University, Seoul, Korea
H. S. Kim , Y. Kim, S. Lee

Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi , W. Jun , J. Kim , S. Ko , H. Kwon , H. Lee , J. Lee ,
J. Lee , B.H. Oh , S.B. Oh , H. Seo , U.K. Yang, I. Yoon

University of Seoul, Seoul, Korea
W. Jang , D.Y. Kang, Y. Kang , S. Kim , B. Ko, J.S.H. Lee , Y. Lee , I.C. Park , Y. Roh,
I.J. Watson

Yonsei University, Department of Physics, Seoul, Korea
S. Ha , H.D. Yoo

Sungkyunkwan University, Suwon, Korea
M. Choi , M.R. Kim , H. Lee, Y. Lee , I. Yu

College of Engineering and Technology, American University of the Middle East (AUM),
Dasman, Kuwait
T. Beyrouthy

Riga Technical University, Riga, Latvia
K. Dreimanis , A. Gaile , G. Pikurs, A. Potrebko , M. Seidel

University of Latvia (LU), Riga, Latvia
N.R. Strautnieks

Vilnius University, Vilnius, Lithuania
M. Ambrozas , A. Juodagalvis , A. Rinkevicius , G. Tamulaitis

https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6233-0513
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0002-8628-2090
https://orcid.org/0000-0001-5793-526X
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0002-0812-0758
https://orcid.org/0000-0002-9463-4922
https://orcid.org/0000-0002-8513-2824
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0002-9023-6847
https://orcid.org/0000-0002-1028-3468
https://orcid.org/0000-0001-8229-7829
https://orcid.org/0000-0002-7219-9931
https://orcid.org/0000-0002-1855-180X
https://orcid.org/0000-0003-1726-5681
https://orcid.org/0000-0003-1009-4621
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-0095-8185
https://orcid.org/0009-0009-7347-1480
https://orcid.org/0000-0001-8019-9387
https://orcid.org/0000-0002-5628-9187
https://orcid.org/0000-0001-5680-599X
https://orcid.org/0000-0002-8336-9182
https://orcid.org/0000-0001-8336-2434
https://orcid.org/0000-0001-6225-9876
https://orcid.org/0000-0002-2259-9929
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-9257-9643
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-1129-2083
https://orcid.org/0000-0001-6905-6553
https://orcid.org/0000-0002-6543-9191
https://orcid.org/0000-0002-2483-5104
https://orcid.org/0009-0001-5122-4552
https://orcid.org/0000-0001-9876-6642
https://orcid.org/0000-0003-4377-9969
https://orcid.org/0009-0002-5165-5018
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0001-6753-3731
https://orcid.org/0000-0002-5351-7201
https://orcid.org/0000-0002-9539-7789
https://orcid.org/0000-0003-0710-4956
https://orcid.org/0000-0002-3932-0605
https://orcid.org/0000-0002-3491-8026
https://orcid.org/0000-0002-1571-9072
https://orcid.org/0000-0001-6079-3434
https://orcid.org/0000-0002-8015-7379
https://orcid.org/0000-0002-2153-1519
https://orcid.org/0000-0001-5572-5947
https://orcid.org/0000-0003-4510-6776
https://orcid.org/0000-0003-2141-3413
https://orcid.org/0000-0003-2538-1551
https://orcid.org/0000-0002-3892-3500
https://orcid.org/0000-0002-4811-626X
https://orcid.org/0000-0002-2289-2527
https://orcid.org/0000-0001-6954-9964
https://orcid.org/0000-0003-1567-5548
https://orcid.org/0000-0002-5939-7116
https://orcid.org/0000-0003-0972-5641
https://orcid.org/0000-0003-1350-3523
https://orcid.org/0000-0002-3776-8270
https://orcid.org/0000-0003-3550-6151
https://orcid.org/0000-0003-4540-9048
https://orcid.org/0000-0003-2449-0158
https://orcid.org/0000-0002-1501-3328
https://orcid.org/0000-0002-7510-255X
https://orcid.org/0000-0002-2913-9634


29

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
N. Bin Norjoharuddeen , I. Yusuff58 , Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez , A. Castaneda Hernandez , H.A. Encinas Acosta, L.G. Gallegos Marı́ñez,
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