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Abstract

A search for the production of a top quark in association with a photon and addi-
tional jets via flavor changing neutral current interactions is presented. The analysis
uses proton-proton collision data recorded by the CMS detector at a center-of-mass
energy of 13 TeV, corresponding to an integrated luminosity of 138 fb−1. The search
is performed by looking for processes where a single top quark is produced in as-
sociation with a photon, or a pair of top quarks where one of the top quarks decays
into a photon and an up or charm quark. Events with an electron or a muon, a pho-
ton, one or more jets, and missing transverse momentum are selected. Multivariate
analysis techniques are used to discriminate signal and standard model background
processes. No significant deviation is observed over the predicted background. Ob-
served (expected) upper limits are set on the branching fractions of top quark decays:
B(t → uγ) < 0.95 × 10−5 (1.20 × 10−5) and B(t → cγ) < 1.51 × 10−5 (1.54 × 10−5)
at 95% confidence level, assuming a single nonzero coupling at a time. The obtained
limit for B(t → uγ) is similar to the current best limit, while the limit for B(t → cγ)
is significantly tighter than previous results.
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1 Introduction
In the standard model (SM) of particle physics, flavor changing neutral current (FCNC) inter-
actions are not present at leading order (LO) and proceed through loop diagrams, which are
strongly suppressed by the Glashow–Iliopoulos–Maiani (GIM) mechanism [1]. Because of this,
the predicted branching fraction for a top quark decaying to an up or charm quark and a pho-
ton B(t → qγ), with q = u or c, is of the order of 10−14 [2–4]. While these branching fractions
are too small to be measured by current experiments, some extensions to the SM allow for
significant enhancements to them. For example, supersymmetry with R parity violation, two-
Higgs doublet models, and technicolor can enhance B(t → qγ) by many orders of magnitude
compared to the SM value [5–7]. As a result, an observation of this signature would be a clear
sign of physics beyond the SM.

The tqγ FCNC interactions can be described by the effective field theory (EFT) framework in
terms of dimension-six operators added to the SM Lagrangian [8]. The most general effective
Lagrangian up to dimension-six operators, Leff, used to describe the FCNC tqγ vertex has the
following form:

Leff = e ∑
q=u,c

κtqγ q(λL
tqγ PL + λR

tqγ PR)
iσµνqν

mt
tAµ + h.c., (1)

where e is the electric charge of the electron, qν is the four-momentum of the photon, mt is the
top quark mass, σµν = 1

2 [γ
µ, γν], PL and PR are the left- and right-handed projection operators,

t is the top quark field, λL
tqγ and λR

tqγ are the fractions of the FCNC couplings for left- and
right-handed chiralities, q = u or c is the antiquark field, Aµ is the electromagnetic field, and
h.c. refers to the hermitian conjugate. The strengths of the FCNC couplings are denoted by
κtqγ , which are proportional to Cij/Λ2, where Cij are the Wilson coefficients defined in Ref. [8],
Λ is the energy scale of new physics, and κtqγ and Cij are dimensionless coefficients. In this
analysis, no chirality is assumed for the FCNC interaction of tqγ, and |λL

tqγ |2 + |λR
tqγ |2 = 1.

The values of κtqγ vanish in the SM at tree level.

Searches for the FCNC interactions tuγ and tcγ have been performed by several experiments,
with no evidence of signal as yet [9–14]. The latest results of a search for tqγ FCNC couplings
through single top quark production in association with a photon by the CMS experiment are
B(t → uγ) < 1.3 × 10−4, and B(t → cγ) < 1.7 × 10−3 [13] at 95% confidence level (CL), based
on proton-proton (pp) collisions collected at a center-of-mass energy of 8 TeV corresponding
to an integrated luminosity of 19.8 fb−1. The most stringent 95% CL limits to date have been
obtained by the ATLAS Collaboration at a center-of-mass energy of 13 TeV and corresponding
to an integrated luminosity of 139 fb−1 [14]. They report 95% CL upper limits of B(t → uγ) <
0.85× 10−5 (1.2× 10−5) and B(t → cγ) < 4.2× 10−5 (4.5× 10−5) for left-handed (right-handed)
chiralities, respectively. This paper describes the search for tuγ and tcγ FCNC couplings based
on the effective Lagrangian approach introduced in Eq. (1). The analysis considers both the
production of a single top quark with a photon, referred to as ST, and the decay of a top quark
to a photon and light-flavor quark (u or c) in top quark pair production, referred to as TT. The
representative Feynman diagrams at LO for ST and TT are shown in Fig. 1.

We focus on final states where the top quark decays into a W boson and a b quark, followed by
the decay of the W boson to a neutrino and an electron or muon, with electrons or muons from
leptonic decays of tau leptons also being included. The data for this analysis were collected
by the CMS detector between 2016–2018 in pp collisions at a center-of-mass energy of 13 TeV,
and correspond to an integrated luminosity of 138 fb−1. Tabulated results are provided in the
HEPData record for this analysis [15].
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Figure 1: LO Feynman diagrams for the production of a single top quark in association with a
photon (left), and the decay of a top antiquark to a photon and a light antiquark in top quark
pair production (right) via a tqγ FCNC, where q = u, c. The leptonic decay of the W boson
from the top quark decay is included. The charge conjugate diagrams are also included. The
FCNC interaction vertex is marked as a filled red circle.

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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors, which improves the measurement of the imbalance in transverse momentum (pT). Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. In the barrel section of the ECAL, an energy resolution of about 1% is achieved for
unconverted or late-converting photons that have energies in the range of tens of GeV. The re-
maining barrel photons have a resolution of about 1.3% up to a pseudorapidity of |η| = 1, rising
to about 2.5% at |η| = 1.4 [16]. The electron momentum is estimated by combining the energy
measurement in the ECAL with the momentum measurement in the tracker. The momentum
resolution for electrons with pT ≈ 45 GeV from Z → ee decays ranges from 1.6 to 5%. It is gen-
erally better in the barrel region than in the endcaps, and also depends on the bremsstrahlung
energy emitted by the electron as it traverses the material in front of the ECAL [17]. Muons are
measured in the pseudorapidity range |η| < 2.4, with detection planes made using three tech-
nologies: drift tubes, cathode strip chambers, and resistive plate chambers. Matching muons to
tracks measured in the silicon tracker results in a relative transverse momentum resolution, for
muons with pT up to 100 GeV, of 1% in the barrel and 3% in the endcaps [18]. Events of interest
are selected using a two-tier trigger system. The first level (L1), composed of custom hardware
processors, uses information from the calorimeters and muon detectors to select events in a
fixed time interval of less than 4 µs [19]. The second level, called the high-level trigger, consists
of a farm of processors running a version of the full event reconstruction software optimized
for fast processing, and decreases the event rate from around 100 kHz to less than 1 kHz before
data storage [20]. 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. [21].

3 Data and simulated samples
To account for the changes in conditions related to the CMS detector over the three years in
which the data were taken, the data from each year are analyzed independently using the
corresponding corrections and calibrations.

Signal events and background processes are simulated for each of the three data-taking years
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using various Monte Carlo (MC) generator packages. The signal samples corresponding to ST
production associated with a photon, and tt production with an FCNC decay of one of the
top quarks, are generated at LO with MADGRAPH5 aMC@NLO 2.4.2 [22]. Based on the cross
section calculation with the TOP++ 2.0 program [23] at next-to-next-to-LO in quantum chro-
modynamics (QCD) including soft-gluon resummation to next-to-next-to-leading-logarithmic
order, the top quark pair production cross section is taken as 832 pb. Two signal scenarios are
generated: (κtuγ = 0.1, κtcγ = 0.0) and (κtuγ = 0.0, κtcγ = 0.1), with corresponding LO ST
cross sections of 0.707 and 0.100 pb, respectively, and TT cross section times FCNC branching
fraction of 1.367 pb for both scenarios. The σNLO/σLO K factors of 1.37 and 1.41 [24] are used to
account for next-to-LO (NLO) QCD corrections for tuγ and tcγ couplings, respectively. Since
the final state kinematical distributions are independent of the FCNC tqγ couplings, we only
need to generate ST and TT signal samples for the two scenarios described above (and scale
them as necessary).

The MADGRAPH5 aMC@NLO 2.4.2 package is used to generate most of the background pro-
cesses including ttγ, tγ, Drell–Yan, WWγ, Zγ+jets, Wγ+jets, and VV, where V = W, Z,
at NLO. The single top quark production processes (t-, s-, tW-channel) and top quark pair
production are generated at NLO with POWHEG 2.0 [25–27]. The simulation of signal and all
background events is interfaced with PYTHIA 8.2 [28] for parton showering, fragmentation, and
hadronization. The underlying event is modeled using PYTHIA 8.2 with the CUETP8M1 [29]
and CP5 [30] tunes for 2016 and 2017–2018 data, respectively. The parton distribution functions
(PDFs) that are used for 2016 simulation are NNPDF 3.0 [31] and for 2017/2018 simulation are
NNPDF 3.1 [32].

The CMS detector response for both signal and background processes is modeled with the
GEANT4 program [33]. Simulated minimum-bias interactions in nearby or in the same pp
bunch crossing, referred to as “pileup”, are included. Events in the simulation are reweighted
to reproduce the pileup distribution observed in the data [34].

4 Object reconstruction and selection
The particle-flow (PF) algorithm is used to reconstruct and identify the particles (photons, elec-
trons, muons, charged and neutral hadrons) produced in the event by combining the informa-
tion from various subdetectors [35]. The primary vertex (PV) is taken to be the vertex corre-
sponding to the hardest scattering in the event, evaluated using tracking information alone,
as described in Section 9.4.1 of Ref. [36]. In this analysis, events of interest contain one iso-
lated charged lepton (either a muon or an electron), an isolated photon, at least one jet, and
missing transverse momentum. Object quality criteria are applied to improve the purity of
events containing genuine leptons and photons and to help reject candidates that originate
from misidentified jets or from pileup events.

Photon candidates are identified according to the presence of an energy deposit in the ECAL
with no associated charged-particle tracks matched with this deposit [17]. The photon energy
is obtained from the ECAL measurement. Corrections to account for the zero suppression and
energy scale are applied in both simulation and data [17]. The reconstructed photons must sat-
isfy quality criteria based on the following quantities: the relative amount of deposited energy
in the ECAL and HCAL; a “shower shape” variable quantifying the lateral development of the
shower [17]; separate isolation variables for charged hadrons, neutral hadrons, and photons;
and a variable that quantifies whether the photon candidate is consistent with a hit in the pixel
detector.
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Electron reconstruction relies on a match between the clusters in the ECAL and the tracks in the
tracker. The energy of an electron is estimated from the combination of electron momentum
as determined by the tracker at the PV and the energy of the corresponding cluster in the
ECAL including the energy sum of all the bremsstrahlung photons compatible with the electron
track [17]. Electrons are required to satisfy identification criteria related to the track impact
parameters with respect to the PV, the matching between the ECAL cluster and the associated
track, the ratio of hadronic to electromagnetic energy deposits, and the shower shape in the
ECAL. A veto on electrons originating from photon conversions is applied [17].

Muon reconstruction is based on the combination of information from the tracker and the muon
system [18]. A global track fit is produced using the combined information, and the muon
momentum is obtained from the track curvature. Identification criteria are based on the impact
parameters with respect to the PV, the number of hits in the muon systems and the tracker,
the number of matched muon detector planes, as well as the fit quality of the combined muon
track.

The photon and charged lepton candidates are required to be isolated from other particles in
an event. For electrons and muons (ℓ), a relative isolation variable is defined as

Iℓrel =
1

pℓT

[
∑

charged
pT + max

(
0,
[

∑
neutral

pT + ∑
photons

pT

]
− ppileup

T

)]
, (2)

where the sums run over the pT of charged and neutral hadrons, as well as the photons, in
a cone of ∆R < 0.3 (0.4) centered on the electron (muon), where ∆R =

√
(∆η)2 + (∆ϕ)2.

Here, ∆η is the difference in pseudorapidity and ∆ϕ is the difference in azimuthal angle be-
tween the direction of the lepton and the other particles inside the isolation cone. To reduce the
pileup effects, only charged hadrons compatible with originating at the PV are taken into ac-
count. For the sums corresponding to photons and neutral hadrons, an estimate of the expected
pileup contribution (ppileup

T ) is subtracted. For photons, three separate isolation variables, cor-
responding to charged hadrons, neutral hadrons, and other photons, are defined within a cone
of ∆R < 0.3 [17]. The effect of pileup in each variable is subtracted [37].

The muon and electron requirements, including the identification and isolations criteria men-
tioned above, describe the “tight” selection, and are intended to efficiently select leptons orig-
inating from the decay of gauge bosons [17, 18]. A less stringent set of requirements, referred
to as the “loose” selection, is also used in the analysis for the purpose of vetoing events with
additional leptons and to define a control region (CR) enriched in non-genuine leptons. The
tight leptons are a subset of the loose leptons.

Jets are clustered from the PF candidates using the infrared- and collinear-safe anti-kT algo-
rithm [38, 39] with a distance parameter of ∆R = 0.4. To correct for the contributions from
pileup, charged particles originating from vertices other than the PV are discarded and a correc-
tion is applied to the neutral contributions. Jet energy corrections are derived from simulation
to, on average, equal the summed energy of the truth-level particles in the jet. In situ measure-
ments of the momentum balance in dijet, γ+jet, Z+jet, and multijet events are used to account
for any residual differences in the jet energy scale between data and simulation [40]. The jet
energy resolution (JER) is typically 15–20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [40].
Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures [41].

The missing transverse momentum vector (⃗pmiss
T ) is computed as the negative vector pT sum

of all the PF candidates, and its magnitude is denoted as pmiss
T [42]. The p⃗miss

T is modified to
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account for corrections to the reconstructed energy scale of jets.

5 Event selection and analysis strategy
Events are collected with single-lepton triggers, with minimum pT thresholds for electrons of
27 GeV in 2016 and 32 GeV in 2017 and 2018, and for muons of 24 GeV in 2016 and 27 GeV in
2017 and 2018.

Events are selected by requiring the presence of either a tight electron with pT > 35 GeV and
|η| < 2.5 or a tight muon with pT > 30 GeV and |η| < 2.4 that matches the triggering lep-
ton. Events with only a tight electron candidate in the ECAL barrel-endcap transition region
of 1.44 < |η| < 1.57 are rejected because the reconstruction of electrons in this region is subop-
timal. Events are discarded if they contain an additional loose electron with pT > 20 GeV, or
loose muon with pT > 15 GeV. Photons are required to have pT > 30 GeV and |η| < 1.44, and
pass the medium identification and isolation requirements [17]. Photons in the endcap region
|η| > 1.57 are not considered as the signal purity is lower in this region.

For both electron and muon channels, we require pmiss
T > 30 GeV to reduce the background

from events without neutrinos. In the electron channel, due to the higher probability of elec-
trons to be misidentified as a photon, a veto on events with 81 < meγ < 101 GeV is applied to
suppress the contribution of Z → e+e− events.

Events are required to have at least one reconstructed jet with pT > 30 GeV and |η| < 2.7 or
pT > 60 GeV and 2.7 < |η| < 3.0. Higher pT is required in the forward region to mitigate
an excess of jets caused by noise in the endcap of ECAL. The selected jets are required to be
separated from the selected lepton by ∆R > 0.4. The DEEPCSV tagging algorithm [43] is
used to identify jets originating from the hadronization of b quarks. The chosen working point
corresponds to an efficiency of around 70% in identifying b jets and to a misidentification rate
of 12% for c quark jets, and 1% for light-quark and gluon jets. The region over which the b
jets can be identified increased from |η| < 2.4 in 2016 to |η| < 2.5 in 2017–2018 following
an upgrade to the pixel detector [44]. The top quark is reconstructed using the lepton, the b-
tagged jet, and p⃗miss

T , where the neutrino pT is assumed to be equal to pmiss
T . The longitudinal

component of the neutrino momentum is obtained by constraining the invariant mass of the
lepton and the neutrino to the nominal W boson mass [45], and the top quark momentum is
reconstructed from the combination of the momenta of the reconstructed W boson and the b
jet [46–48].

In addition to the above requirements, photons are required to be well separated from the se-
lected lepton and jets by ∆R > 0.5. This requirement helps to avoid distortion of the photon
energy measurement due to the presence of close-by jets. Furthermore, it reduces the contribu-
tions of photons emitted from top quark decay products.

Two statistically independent signal regions (SRs) are defined for each lepton channel:

• SR1: exactly one b-tagged jet and no additional jet (Nj = 1 and Nb = 1). This region
targets the signal from FCNC ST quark production with a photon.

• SR2: at least two jets, exactly one of which is b-tagged (Nj ≥ 2 and Nb = 1). This
region targets TT events with the FCNC decay of one of the top quarks.
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6 Background estimation
Several processes with identical or similar final states to the signal are sources of background
for this analysis. We distinguish four different sources of background: nonprompt-photon,
nonprompt-lepton, misidentified-photon, and irreducible backgrounds. Nonprompt-photon
backgrounds come from events in which a jet is misidentified as a photon. This is usually
the result of a high-pT π0 or η meson in the jet decaying to a pair of photons. Nonprompt-
lepton backgrounds are from events in which the selected lepton is from the decay of a hadron.
Misidentified photon backgrounds originate from events in which an electron is misidentified
as a photon. Irreducible backgrounds are events in which a genuine photon and charged lepton
originate from the pp collision vertex. Event yields in data and simulation for all background
processes are presented in Table 1, where all background contributions are predicted from data
except for tγ and VVγ. The estimated backgrounds are described in the rest of this section.

6.1 Nonprompt-photon background

Nonprompt-photon events arise primarily from W+jets and tt events when the jets have a
high fraction of their energy deposited in the ECAL, and thus mimic prompt photons. Because
the probability for jets to satisfy the photon identification criteria is not well modeled by the
simulation, this source of background is estimated from data.

The SR photon requirements include selections on the charged-hadron isolation, neutral-
hadron isolation, and photon isolation, as well as requirements on the shower shape and the ra-
tio of hadronic to electromagnetic energy. These five requirements are placed at the “medium”
working points with average signal efficiency of 80% [17]. Each of these variables also has a
“loose” working point with average signal efficiency of 90%, which is less stringent than the
medium one.

We begin by using the matrix “ABCD” method, with the two axes being the charged-hadron
isolation variable and the shower shape variable, which are found to be uncorrelated. The A
region is the SR, containing events in which the photon candidate passes all medium selections.
The B, C, and D regions are similar to the SR except for these two mentioned variables. The B
and C regions contain events where either the charged-hadron isolation or the shower shape
variable fails the loose selection, and the other one passes the medium selection. The D region
is constructed from events that fail the loose selection of both the charged-hadron isolation and
shower shape variables. An estimate of the number of nonprompt-photon events in region A
(the SR) can be obtained from NBNC/ND.

In addition to the normalization of the nonprompt-photon background in the signal region,
a full set of background distributions is needed. Therefore, we also use a CR enriched in
nonprompt-photons called the photon-like jet (PLJ) sample. The PLJ sample is created by se-
lecting events in which the photon candidate fails exactly one of the five selection criteria at the
loose working point while passing the other criteria at the medium working point.

We then define an extrapolation factor:

EF(pT) =
NB(pT)

NC(pT)

ND(pT)
NPLJ(pT)

, (3)

which is calculated in pT bins, as the fraction of nonprompt photons is known to depend on pT.
All of the events in the PLJ sample are weighted by EF(pT) to obtain the estimated distribution
of nonprompt-photon events in the SR. The estimation is performed separately for each lepton
channel and for each data-taking year.
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The method is validated using simulation samples. In the first step, the extrapolation factors
are recalculated using simulated samples. Then the contribution of the W+jets sample, which
is one of the main sources of nonprompt-photon background in the SR, is compared to the
value estimated by the method described above for this sample. The comparison shows an
agreement between 10–15% depending on the years and lepton channels.

6.2 Nonprompt-lepton background

The nonprompt-lepton background contribution is estimated from data using the “tight-to-
loose ratio” method [49]. A dijet CR enriched in nonprompt-lepton events is selected by requir-
ing exactly one loose lepton, exactly one jet with pT > 30 GeV and |η| < 2.5, pmiss

T < 30 GeV,
∆R(ℓ, jet) > 0.3, and a transverse mass of the lepton and pmiss

T less than 20 GeV. The last crite-
rion is used to suppress W+jets events. The pmiss

T requirement ensures that this CR is disjoint
from the SRs. The contribution of events with prompt leptons is estimated from simulation and
subtracted from the sample.

The nonprompt rate (NPR) is calculated from this sample as the fraction of events in which the
selected lepton passes the tight selection. This rate is measured in bins of lepton pT and η and
converted to a weight w = NPR/(1 − NPR). A second CR is defined by requiring all of the
SR criteria, except that the lepton requirement is changed to select leptons that pass the loose
requirement and fail the tight requirement. The contribution of events with prompt leptons is
estimated from simulation and subtracted from this sample. The weight w(pℓT, ηℓ) is applied to
all events in this CR to estimate the number of nonprompt-lepton events in the SR.

The method is validated in simulation using a γ+jets sample, which is the dominant source of
the nonprompt-lepton background. The contribution of γ+jets events in the SR is compared to
the estimate from the above method applied to the same simulated events and found to deviate
by no more than 20%.

6.3 Misidentified-photon background

The misidentified-photon background arises from events in which an electron is misidentified
as a photon. This can originate in both channels from tt, diboson, and single top quark tW-
channel production. In addition, Z(→ e+e−)+jets events contribute to the electron channel.

The normalization for this background source is estimated using two CRs. The first CR has
the same criteria as for the signal region, except that only the electron channel is considered
and the invariant mass of the electron and photon is required to be in the range of |meγ −
mZ | < 10 GeV (the inverse of the veto used in the SR definition). The second CR also uses
the SR criteria, except instead of requiring a photon and an electron, we require two electrons
passing the tight selection with an invariant mass of |mee − mZ | < 10 GeV. Both regions select
Z(→ e+e−)+jets events, with the second CR containing two correctly identified electrons and
the first CR containing one electron misidentified as a photon. The ratio of the number of
events in the first CR to the number of events in the second CR is calculated for both data and
MC simulation. From these two ratios, the double ratio is calculated as:

SF(e → γ) =
Neγ(data)/Nee(data)
Neγ(MC)/Nee(MC)

, (4)

which is applied as a scale factor to simulated background events in each SR in which the
reconstructed photon is matched to a generated electron.
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6.4 Irreducible backgrounds

Irreducible backgrounds arise from ttγ, Wγ+jets, Zγ+jets, tγ, and VVγ processes. The shapes
of these background sources are obtained from simulation. The normalizations for the tγ and
VVγ processes are obtained from their respective NLO cross sections, while the normalizations
for the other processes are constrained from data using CRs. The ttγ CR is constructed with the
same requirements as in the SRs, but with Nj ≥ 2 and Nb ≥ 2. A single-bin fit is made in this CR
to obtain the correction factor that can be used in the SRs to correct the estimated number of ttγ
events from MC. The Wγ+jets and Zγ+jets CRs use the same criteria as the SRs but with Nj ≥ 1
and Nb = 0 and are distinguished from each other by requiring the invariant mass of the lepton
and photon to satisfy, for the electron channel, mℓγ < mZ − 10 GeV for the Zγ+jets CR and
mℓγ > mZ + 10 GeV for the Wγ+jets CR, and for the muon channel, mℓγ < mZ for the Zγ+jets
CR and mℓγ > mZ for the Wγ+jets CR. The reason that Zγ+jets events are populated in the low
mℓγ region is that in many cases the selected photon is radiated off the lepton from the Z boson
decay with high angular separation. The normalization of each process in the SR is corrected
by scale factors obtained from a simultaneous fit of the mℓγ distribution in the two CRs. For all
three CRs, the background from other sources is estimated using the methods described above
for nonprompt-photon, nonprompt-lepton, and misidentified-photon backgrounds, and from
simulation for the remaining sources.

6.5 Summary of the backgrounds

Event yields in data and MC for all background processes are presented in Table 1. The irre-
ducible backgrounds from ttγ, Wγ+jets, and Zγ+jets are normalized from data control regions.
The remaining irreducible backgrounds (tγ and VVγ) are estimated from simulation. The
nonprompt-photon, nonprompt-lepton, and misidentifed-photon backgrounds are estimated
from data.

Table 1: Estimated background yields and observed event counts for the electron and muon
channels in the signal regions SR1 and SR2. The uncertainties are the statistical and systematic
contributions summed in quadrature.

Process SR1 (e channel) SR2 (e channel) SR1 (µ channel) SR2 (µ channel)
ttγ 360 ± 76 4270 ± 900 420 ± 72 5020 ± 850
Wγ+jets 850 ± 130 1170 ± 210 757 ± 76 970 ± 110
Zγ+jets 366 ± 66 550 ± 150 900 ± 120 900 ± 210
tγ 288 ± 85 1030 ± 300 319 ± 93 1140 ± 340
VVγ 5 ± 3 37 ± 17 6 ± 4 38 ± 16
jet → γ 532 ± 97 1970 ± 360 579 ± 97 2100 ± 350
jet → e/µ 650 ± 130 1100 ± 220 570 ± 110 790 ± 160
e → γ 1050 ± 280 3090 ± 760 800 ± 210 2930 ± 730

Total 4100 ± 370 13200 ± 1300 4350 ± 320 13900 ± 1300

Data 4308 13166 4252 13530

7 Discrimination of signal and background
To distinguish the potential FCNC signal from SM backgrounds, a number of discriminant
variables are combined into a multivariate classification based on boosted decision trees



9

(BDTs) [50]. Separate BDT classifiers are trained for the two signal scenarios (tuγ and tcγ),
the two SRs (SR1 and SR2), and the two channels (electron and muon), for a total of eight BDTs.
The BDT input variables include photon pT and η, lepton η, reconstructed top quark mass

(mℓνb), transverse mass of the W boson defined as mWT =
√

2pℓT pmiss
T (1 − cos ∆ϕ) where ∆ϕ is

the difference in azimuthal angle between the lepton and p⃗miss
T , invariant mass of the photon

and non-b jet (mjet+γ ), pmiss
T , ∆R(ℓ, γ), ∆R(t, γ), jet multiplicity, ∆R(ℓ, b jet), ∆R(b jet, γ). In

addition, for the tuγ signal, the lepton charge is added as an input variable, to provide sen-
sitivity to the asymmetry between top quark and top antiquark production [51], which arises
from different PDFs for the up quark and up antiquark in the colliding protons. Simulated tuγ
and tcγ signal processes are used in conjunction with simulated Wγ+jets, ttγ, Zγ+jets, and tγ
background events to train the BDTs. The four most discriminating BDT variables for SR1 are
photon pT, ∆R(ℓ, b jet), reconstructed top quark mass, and ∆R(t, γ), and for the SR2 they are
mjet+γ , photon pT, reconstructed top quark mass, and ∆R(ℓ, b jet).

The distributions for four selective discriminating BDT input variables are shown for the pre-
dicted background events and the observed data events from SR1 and SR2 in Figs. 2 and 3,
respectively. The distributions from each channel are shown separately and the background
events are estimated as described in Section 6. The figures also include the expected contri-
bution of a tuγ and tcγ signal for a coupling of κtqγ = 0.2. The output BDT distributions of
the data, estimated backgrounds, and simulated signals are shown in Figs. 4 and 5 with the
BDT trained to select tuγ and tcγ events, respectively, for the combined 2016–2018 data-taking
period. Each figure shows the distributions separated by channel and SRs. For presentational
purposes, the simulated FCNC signals are normalized to κtqγ = 0.10 and 0.01 for SR1 and
SR2, respectively. A binned maximum likelihood fit is used to combine the 12 BDT output
distributions from the two channels, two SRs, and three data-taking years, with systematic
uncertainties incorporated as nuisance parameters for tuγ and tcγ separately.

8 Systematic uncertainties
We consider an extensive list of systematic uncertainties from experimental sources, which pri-
marily affect the background estimation, and from theoretical sources, which primarily affect
the signal efficiency. The estimate of each source of uncertainty is determined by varying the
relevant quantity and evaluating the effect on the yield and shape of the signal and background
BDT distributions. The amount of variation is controlled by nuisance parameters in the max-
imum likelihood fit. We also account for correlations among the systematic uncertainties. In
particular, all uncertainties are correlated between the two SRs. Uncertainties specific to a lep-
ton flavor are uncorrelated between the two lepton-flavor channels, while other uncertainties
are correlated. The correlation between the different data-taking years is described below.

The integrated luminosity is used to normalize predictions obtained from simulation. The
associated uncertainties for the data collected in 2016, 2017, and 2018 are 1.2, 2.3, and 2.5%,
respectively, and are 30% correlated [52–54]. The pileup uncertainty affects the distribution of
the number of pp collisions per bunch crossing. It is estimated by varying the total pp inelastic
cross section by 4.6% [55] and is fully correlated for all three years.

Uncertainties in the jet energy scale are derived by recalculating the four-momentum of each
jet using variations from a variety of sources, which are binned in pT and η [40]. The variation
is also propagated to p⃗miss

T . The amount of correlation for each source is evaluated separately
across the three years. The uncertainty arising from the jet energy resolution is estimated by
varying the simulated JER by its uncertainty in bins of η [40]. This variation is also propagated
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Figure 2: From upper to lower, expected and observed distributions of photon pT, transverse
mass of W boson candidate, reconstructed top quark mass, and ∆R(ℓ, b jet) for the electron
(left) and muon (right) channels in SR1. For presentational purposes, the tuγ and tcγ signal
distributions are normalized to a cross section corresponding to κtuγ = κtcγ = 0.2 and are
superimposed on the background expectations. The last bins include overflows. The vertical
bars on the points depict the data statistical uncertainties and the hatched bands show the
combined statistical and systematic uncertainties in the estimated background processes.
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Figure 3: From upper to lower, expected and observed distributions of photon pT, transverse
mass of W boson candidate, invariant mass of jet and photon, and reconstructed top quark
mass, for the electron (left) and muon (right) channels in SR2. For presentational purposes, the
tuγ signal distributions are normalized to a cross section corresponding to κtuγ = 0.2 and are
superimposed on the background expectations. The tcγ distributions are not shown as they
are the same as the tuγ distributions. The last bins include overflows. The vertical bars on
the points depict the data statistical uncertainties and the hatched bands show the combined
statistical and systematic uncertainties in the estimated background processes.
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Figure 4: The BDT output distributions for the data, the background predictions, and the ex-
pected tuγ signal for electron (left) and muon (right) channels in SR1 (upper) and SR2 (lower).
The signal distribution is normalized to a cross section corresponding to κtuγ = 0.10 (0.01) for
ST (TT) and is stacked on the background expectations. The first bins include underflows, and
the last bins include overflows. The vertical bars on the points depict the data statistical uncer-
tainties and the hatched bands show the combined statistical and systematic uncertainties in
the estimated background processes.

to p⃗miss
T . The JER uncertainties are assumed to be uncorrelated between the three data-taking

years. The uncertainty from the calibration of the photon energy scale is assessed by varying
the photon energy by ±0.1%, which is obtained from a study of Z → e+e− events [17].

The uncertainty associated with the data-to-simulation scale factors for the b tagging efficiency
for b jets as well as the mistagging efficiencies for c jets and light-flavor and gluon jets are
estimated by varying the scale factors within their uncertainties measured from a dedicated
tt sample [43]. Each uncertainty is further split into correlated and uncorrelated components
across the three years.

To correct the observed differences in the efficiencies between data and simulation in lepton
and photon reconstruction, identification, and isolation, pT and η dependent scale factors with
their relevant uncertainties are derived using the “tag-and-probe” method [17, 18]. The im-
pact of these sources is estimated by varying the scale factors within their uncertainties, which
are propagated to the final fitting variables. The statistical component of these uncertainties is
considered uncorrelated between the data-taking years while the systematic components are
assumed to be fully correlated. The scale factors of leptons are derived from Z+jets events but
applied to the kinematic region dominated by tt events, where the lepton isolation efficiency
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Figure 5: The BDT output distributions for the data, the background predictions, and the ex-
pected tcγ signal for electron (left) and muon (right) channels in SR1 (upper) and SR2 (lower).
The signal distribution is normalized to a cross section corresponding to κtcγ = 0.10 (0.01) for
ST (TT) and is stacked on the background expectations. The first bins include underflows, and
the last bins include overflows. The vertical bars on the points depict the data statistical uncer-
tainties and the hatched bands show the combined statistical and systematic uncertainties in
the estimated background processes.

is reduced due to a larger number of jets. Therefore, to cover the possible differences of effi-
ciencies between these two kinematic regions, an additional uncertainty of 1% for the electron
channel and 0.5% for the muon channel is applied [56].

The trigger efficiency uncertainty is assessed by varying the scale factors of each trigger within
their uncertainties [17]. The resulting uncertainties are considered uncorrelated among the
three years of data taking. To mitigate the gradual shift of the L1 trigger timing in the forward
endcap region (|η| < 2.4) of the ECAL detector during the years 2016–2017, a correction factor
is applied [19]. The correction factor and its uncertainty are used to reweight the relevant
simulated events, accounting for the trigger inefficiency. The L1 inefficiency uncertainties are
fully correlated between 2016 and 2017 data samples.

The uncertainty in the normalization of WWγ, estimated from MADGRAPH5 aMC@NLO to
be 23%, comes from uncertainties related to the PDFs as well as the renormalization (µr) and
factorization (µf) scales. The normalization uncertainties for the WW [57], ZZ [58], WZ [59],
tγ [60], single top quark tW-channel [61], and single top quark s-channel [62] processes are 5.8,
4.5, 40, 11, 11, and 4%, respectively, and are assigned to each background source separately.
The normalization uncertainties are applied in cases where the background normalization is
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obtained from simulation.

The systematic uncertainty in the nonprompt-photon background estimation is calculated from
three contributions. The first source is from the definition of the sideband regions in the ABCD
method. To assess this uncertainty, the borders of the sideband regions are changed by 50%
of their nominal values and the EFs are recalculated. The choice of 50% is made to keep the
statistical uncertainty of the new sideband regions under 10%. The second source is the po-
tential contribution of prompt-photon events in the sideband regions, which is not accounted
for in the nominal method. We estimate this effect by subtracting the prompt-photon contri-
bution using simulated events and recalculating the EFs. The third source is the EF statistical
uncertainties, especially for the high-pT photon bins. The total nonprompt-photon background
uncertainty is calculated as the sum in quadrature of the three sources and the corresponding
systematic uncertainty is evaluated by varying the EFs within the associated uncertainties. The
uncertainty in the nonprompt-lepton background estimation is 20%, as derived from the max-
imum difference found in the check of the method described in Section 6.2. The uncertainty
in the estimation of the misidentified-photon background arises from the associated scale fac-
tor uncertainties and varies within the 16–22% range depending on the data-taking year. The
background estimation uncertainties are uncorrelated between the three data-taking years.

Theoretical uncertainties arise from the choice of theoretical assumptions such as the PDFs and
the renormalization and factorization scales, µr and µf, used in the cross section calculations.
This affects both the calculation of the cross section and the signal efficiency. The impact of the
uncertainties in the matrix elements of the generators due to µr and µf is obtained by indepen-
dently varying the scales up and down by factors of 0.5 and 2. The uncertainty arising from
PDFs used in the simulation is estimated by reweighting the signal events according to the
NNPDF sets [63]. In addition, the uncertainty resulting from initial- and final-state radiation
in the parton shower of signal events is estimated by shifting the relevant scales by a factor of
two. All of these uncertainties are correlated across the three data-taking years.

Among the systematic uncertainties, the integrated luminosity, background normalization, and
nonprompt-lepton background and misidentified-photon background uncertainties affect only
the rate, while the uncertainties from the remaining systematic sources affect both the shape
and normalization of the BDT output distributions used in the fit.

9 Results
The data and SM prediction are in agreement within uncertainties and no excess from FCNC
contributions is observed. A modified frequentist (CLs) criterion [64, 65] in the asymptotic ap-
proximation [66] is used to compute the upper limits on the signal cross sections and branching
fractions. A test statistic is defined based on the profile likelihood ratio for the compatibility of
the data with background-only and signal+background hypotheses.

The limits from the combination of the electron and muon channels separately for SR1, SR2, and
a combination of two SRs are presented in Table 2. It summarizes the expected and observed
95% CL upper limits on the anomalous couplings κtuγ and κtcγ , and the corresponding branch-
ing fractions B(t → uγ) and B(t → cγ) with NLO QCD corrections. The one and two standard
deviation (±1σ and ±2σ) ranges of the expected limits are also presented. The largest uncer-
tainties affecting the final likelihood fit are the statistical uncertainties from the limited number
of simulated events. Among the systematic uncertainties described in Section 8, the uncertain-
ties due to the nonprompt-photon background, the normalizations of Zγ+jets and Wγ+jets,
and the uncertainty arising from the misidentified-photon background have the greatest im-
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Table 2: The expected and observed 95% CL upper limits using the CLs criterion on the anoma-
lous couplings κtuγ , κtcγ and the corresponding branching fractions B(t → uγ) and B(t → cγ)
from the combination of the electron and muon channels at NLO for SR1, SR2, and combined
(SR1+SR2).

Obs. limit Exp. limit ±1σ (exp. limit) ±2σ (exp. limit)

SR
1

κtuγ 12.3 × 10−3 11.6 × 10−3 (9.7–14.4)× 10−3 (8.1–17.4)× 10−3

κtcγ 15.3 × 10−3 20.1 × 10−3 (16.9–24.4)× 10−3 (14.4–29.3)× 10−3

B(t → uγ) 3.79 × 10−5 3.39 × 10−5 (2.33–5.16)× 10−5 (1.65–7.55)× 10−5

B(t → cγ) 5.85 × 10−5 10.11 × 10−5 (7.13–14.95)× 10−5 (5.22–21.44)× 10−5

SR
2

κtuγ 6.3 × 10−3 7.5 × 10−3 (6.3–9.1)× 10−3 (5.5–11.0)× 10−3

κtcγ 7.9 × 10−3 8.3 × 10−3 (6.8–10.0)× 10−3 (6.0–11.8)× 10−3

B(t → uγ) 0.98 × 10−5 1.41 × 10−5 (0.99–2.09)× 10−5 (0.75–3.02)× 10−5

B(t → cγ) 1.57 × 10−5 1.71 × 10−5 (1.14–2.52)× 10−5 (0.89–3.51)× 10−5

SR
1+

SR
2 κtuγ 6.2 × 10−3 6.9 × 10−3 (5.9–8.4)× 10−3 (5.1–10.1)× 10−3

κtcγ 7.7 × 10−3 7.8 × 10−3 (6.7–9.7)× 10−3 (5.7–11.5)× 10−3

B(t → uγ) 0.95 × 10−5 1.20 × 10−5 (0.89–1.78)× 10−5 (0.64–2.57)× 10−5

B(t → cγ) 1.51 × 10−5 1.54 × 10−5 (1.13–2.37)× 10−5 (0.81–3.32)× 10−5

pact on the final limits. Overall, the post fit values of nuisance parameters deviate no more
than one standard deviation from their initial values.

The results show significant improvements with respect to the previous CMS results at
8 TeV [13]. This is due to the addition of another signal region (SR2) as well as the electron
channel, an increased signal cross section at the higher center-of-mass energy of 13 TeV, and
larger integrated luminosity. The new limit on B(t → uγ) is comparable to the bound ob-
tained by ATLAS [14], while the limit on B(t → cγ) represents a significant improvement
upon previous results. The result for B(t → cγ) benefits from the inclusion of the TT signal,
which has comparable sensitivity for κtuγ and κtcγ , as well as from having two independent
SRs, one optimized for ST and one for TT.

10 Summary
The results of a search for flavor changing neutral current (FCNC) interactions in the top quark
sector associated with the tuγ and tcγ vertices have been presented. These vertices are probed
by a simultaneous evaluation of single top quark production in association with a photon and
top quark pair production with one of the top quarks decaying via FCNC. The search is per-
formed using proton-proton collisions at a center-of-mass energy of 13 TeV, corresponding to
an integrated luminosity of 138 fb−1, collected by the CMS detector at the LHC. The results
are in agreement with the standard model prediction. Upper limits are set at 95% confidence
level on the anomalous FCNC couplings of κtuγ < 6.2 × 10−3 and κtcγ < 7.7 × 10−3. The
upper limits on the corresponding branching fractions are B(t → uγ) < 0.95 × 10−5 and
B(t → cγ) < 1.51 × 10−5. The obtained limit for B(t → uγ) is similar to the current best limit
from the ATLAS experiment [14], while the limit for B(t → cγ) is significantly tighter.
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à la Recherche dans l’Industrie et dans l’Agriculture (FRIA-Belgium); the Agentschap voor In-
novatie door Wetenschap en Technologie (IWT-Belgium); the F.R.S.-FNRS and FWO (Belgium)
under the “Excellence of Science – EOS” – be.h project n. 30820817; the Beijing Municipal Sci-
ence & Technology Commission, No. Z191100007219010 and Fundamental Research Funds
for the Central Universities (China); the Ministry of Education, Youth and Sports (MEYS)
of the Czech Republic; the Shota Rustaveli National Science Foundation, grant FR-22-985
(Georgia); the Deutsche Forschungsgemeinschaft (DFG), under Germany’s Excellence Strat-
egy – EXC 2121 “Quantum Universe” – 390833306, and under project number 400140256 -
GRK2497; the Hellenic Foundation for Research and Innovation (HFRI), Project Number 2288
(Greece); the Hungarian Academy of Sciences, the New National Excellence Program - ÚNKP,
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G. Barbaglia , G. Bardellia ,b , B. Camaiania,b , A. Cassesea , R. Ceccarellia ,
V. Ciullia,b , C. Civininia , R. D’Alessandroa,b , E. Focardia,b , T. Kelloa, G. Latinoa,b ,
P. Lenzia,b , M. Lizzoa , M. Meschinia , S. Paolettia , A. Papanastassioua,b,
G. Sguazzonia , L. Viliania

INFN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi , S. Bianco , S. Meola52 , D. Piccolo

INFN Sezione di Genovaa, Università di Genovab, Genova, Italy
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87Also at Università di Torino, Torino, Italy
88Also at Bethel University, St. Paul, Minnesota, USA
89Also at Karamanoğlu Mehmetbey University, Karaman, Turkey



41

90Also at California Institute of Technology, Pasadena, California, USA
91Also at United States Naval Academy, Annapolis, Maryland, USA
92Also at Bingol University, Bingol, Turkey
93Also at Georgian Technical University, Tbilisi, Georgia
94Also at Sinop University, Sinop, Turkey
95Also at Erciyes University, Kayseri, Turkey
96Also at Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH),
Bucharest, Romania
97Also at Texas A&M University at Qatar, Doha, Qatar
98Also at Kyungpook National University, Daegu, Korea
99Also at another institute or international laboratory covered by a cooperation agreement
with CERN
100Also at Universiteit Antwerpen, Antwerpen, Belgium
101Also at Northeastern University, Boston, Massachusetts, USA
102Also at Imperial College, London, United Kingdom
103Now at Yerevan Physics Institute, Yerevan, Armenia
104Also at Institute of Nuclear Physics of the Uzbekistan Academy of Sciences, Tashkent,
Uzbekistan


