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Observation of single-top-quark production in
association with a photon using the ATLAS detector
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This Letter reports the observation of single top quarks produced together with a photon
using 139 fb−1 of 13 TeV proton–proton collision data collected with the ATLAS detector
at the Large Hadron Collider. The analysis uses the presence of a forward jet, characteristic
of 𝑡-channel production, and separates the signal from the background with neural networks.
Requiring a photon with transverse momentum larger than 20 GeV and within the detector
acceptance, the fiducial cross section is measured to be 688 ± 23 (stat.) +75−71 (syst.) fb, to be
compared with the Standard Model prediction of 515 +36−42 fb at next-to-leading order in QCD.
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Measurements of rare associated-production processes of the top quark (𝑡) are fundamental in probing the
top quark’s electroweak couplings. While pair production (𝑡𝑡) has been observed in association with a
Higgs boson [1, 2],𝑊 boson [3], 𝑍 boson [3, 4] or photon (𝛾) [5], single-top-quark production has so far
only been observed in association with a 𝑍 [6, 7] or𝑊 boson [8, 9]. These processes play a crucial role in
constraining nonresonant contributions from physics beyond the Standard Model (SM), parameterized
in the framework of the SM effective field theory (EFT) [10–14]. This Letter reports the observation of
single-top-quark production in association with a photon in the dominant 𝑡-channel mode with the ATLAS
detector [15] at the Large Hadron Collider (LHC). The full 13 TeV proton–proton (𝑝𝑝) dataset is used,
corresponding to an integrated luminosity of 139 fb−1 [16]. The CMS Collaboration previously reported
evidence for this process using 35.9 fb−1 of 𝑝𝑝 data collected at 13 TeV [17].

In single-top-quark production, a photon can be radiated from any of the charged particles in the initial and
final states, but the radiation before the top-quark decay is of particular interest. This process is sensitive
to the top–photon coupling and is called 𝑡𝑞𝛾 in the following, where 𝑞 stands for the additional quark
produced in the 𝑡-channel. An example Feynman diagram is shown in Figure ??, where the top quark
decays semileptonically (𝑡 → ℓ𝜈𝑏). The signature of this process consists of a photon, an electron or
muon (ℓ), missing transverse momentum (𝐸missT ) from the neutrino, a 𝑏-jet from the top-quark decay, and a
forward jet characteristic of 𝑡-channel production. The latter jet, from the second 𝑏-quark, is often not
𝑏-tagged because of its low transverse momentum and forward direction. Hadronic top-quark decays are
not considered as signal in this analysis. The photon can also be radiated from the top quark’s charged
decay products, called the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process.
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Figure 1: Representative Feynman diagram at leading order in 𝛼s for 𝑡𝑞𝛾 production with semileptonic top-quark
decay.

The cross section for 𝑡𝑞𝛾 production is measured in a fiducial phase space at parton level, excluding
the contribution from 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞. The parton-level measurement can be compared with fixed-order
predictions for the 𝑡𝑞𝛾 cross section. In addition, a fiducial cross section at particle level is measured,
including both the 𝑡𝑞𝛾 and 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 processes.

The ATLAS detector is a multipurpose particle physics detector with cylindrical geometry1. It consists of an
inner tracker (ID) surrounded by a superconducting solenoid, sampling electromagnetic (EM) and hadronic
calorimeters, and a muon spectrometer (MS) with three toroidal superconducting magnets with eight coils

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the 𝑧-axis along the beam pipe. The 𝑥-axis points from the IP to the center of the LHC ring, and the 𝑦-axis points
upwards. Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis.
The pseudorapidity is defined in terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2). Angular distance is measured in units of
Δ𝑅 ≡

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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each. A two-level trigger system is used to select events for storage. Events used in this analysis were
selected online by sets of single-electron or single-muon triggers with their lowest transverse-momentum
(𝑝T) thresholds being 20–26 GeV, depending on the data-taking year [18–20]. An extensive software
suite [21] is used in data simulation, in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

The proton interaction vertex with the highest 𝑝2T sum of associated ID tracks is selected as the primary vertex
(PV). Electrons and photons are reconstructed from energy deposits in the EM calorimeter [22]. Electrons
have an associated ID track [23], while photons either have no track or have tracks that are consistent with
arising from a conversion (𝛾 → 𝑒+𝑒−). Electrons (photons) must be isolated from surrounding ID tracks
and energy deposits in the calorimeters [24], fulfill the “tight” identification criteria [22], have 𝑝T > 27GeV
(20 GeV) and satisfy |𝜂 | < 2.47 (2.37), excluding 1.37 < |𝜂 | < 1.52. Muons are reconstructed from
MS [25] and ID tracks, must fulfill the “medium” identification criteria [25], 𝑝T > 27 GeV, |𝜂 | < 2.5, and
be isolated [24]. Electrons and muons must be matched to the PV. Jets are reconstructed from particle-flow
objects [26] using the anti-𝑘𝑡 algorithm [27, 28] with 𝑅 = 0.4. Jets must fulfill 𝑝T > 25 GeV and |𝜂 | < 4.5.
Jets with 𝑝T < 60 GeV and |𝜂 | < 2.5 must fulfill the “jet vertex tagger” requirements to reduce the impact
of additional jets from overlapping collisions in the same or neighboring bunch crossings (pileup) [29].
Overlaps between reconstructed electrons, muons, photons and jets are resolved [24] so as to avoid double
counting of detector signatures and to ensure a minimum distance between objects. Jets within |𝜂 | < 2.5
are checked with the “DL1r” algorithm [30–32] to determine whether they should be 𝑏-tagged or not, based
on secondary-vertex and impact-parameter information from ID tracks. The magnitude of the 𝐸missT [33] is
calculated from the negative vector sum of the 𝑝T of PV-associated reconstructed objects. The contribution
from tracks that are associated with the PV but not with a reconstructed object is also accounted for.

Two signal regions (SR) are defined, based on the presence or absence of a forward jet (fj) in the event. In
both SRs, the presence of one photon, one electron or muon matched to a trigger object, one tight 𝑏-tagged
jet, no additional loose 𝑏-tagged jets and 𝐸missT > 30 GeV is required. In addition, the 0fj SR (≥1fj SR)
must contain no (at least one) forward jet with 2.5 < |𝜂 | < 4.5. The tight and loose operating points of
DL1r correspond to 𝑏-tagging efficiencies of 70% and 85%, estimated in 𝑡𝑡 Monte Carlo (MC) simulations.
In both SRs, the electron–photon invariant mass must be outside the range 80–100 GeV to suppress the
𝑍 → 𝑒𝑒 contribution with an electron misidentified as a photon.

A fiducial phase space is defined at parton level, i.e. before parton showering and hadronization, requiring
at least one photon with 𝑝T > 20 GeV and |𝜂 | < 2.37 that must be Frixione-isolated [34] with a chosen
isolation radius of Δ𝑅 = 0.2. Following Ref. [35], the fixed-order SM fiducial cross section times branching
ratio2 B (𝑡 → ℓ𝜈𝑏) is calculated with MadGraph5_aMC@NLO [36] at next-to-leading order (NLO)
in QCD as 𝜎𝑡𝑞𝛾 × B (𝑡 → ℓ𝜈𝑏) = 515 +36−42 fb. The cross-section calculation uses the five-flavor scheme,
with 𝑏-quarks included in the proton. Renormalization and factorization scales as well as the set of
parton distribution functions (PDF) are chosen as in Ref. [35]. The uncertainties are estimated from scale
and PDF variations and a comparison with the corresponding calculation in the four-flavor scheme (no
third-generation quarks in the proton) [35, 37].

An additional fiducial phase space is defined at particle level, close to the SR definitions, requiring one
electron or muon with 𝑝T > 25 GeV and |𝜂 | < 2.5, at least one photon with 𝑝T > 20 GeV and |𝜂 | < 2.37,
at least one 𝑏-tagged jet with 𝑝T > 25 GeV and |𝜂 | < 2.5, and at least one neutrino not from a hadron
decay. The particle-level objects are photons not from a hadron decay, prompt electrons and muons
“dressed” by adding nearby (Δ𝑅 < 0.1) photons, and anti-𝑘𝑡 𝑅 = 0.4 jets built from stable particles (lifetime

2 The branching ratio for 𝑡 → ℓ𝜈𝑏 is set to 32.46%, consistent with the value in the signal MC samples.
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larger than 30 ps) and 𝜏-leptons, excluding neutrinos and prompt dressed muons. Jets are 𝑏-tagged using
ghost-matched [38] 𝑏-hadrons with 𝑝T > 5 GeV. Jets within Δ𝑅 = 0.4 of a photon are removed if the 𝑝T
of charged particles within Δ𝑅 = 0.3 of the photon is less than 10% of its 𝑝T. Jets within Δ𝑅 = 0.4 of a
lepton are removed. Events where a photon is close (Δ𝑅 < 0.4) to a lepton or a surviving jet are removed.
The SM fiducial cross section at particle level times branching ratio is calculated at NLO in QCD using the
signal samples for 𝑡𝑞𝛾 and 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 defined below: 𝜎𝑡𝑞𝛾 × B (𝑡 → ℓ𝜈𝑏) + 𝜎𝑡 (→ℓ𝜈𝑏𝛾)𝑞 = 217 +27−15 fb.
The uncertainty includes PDF and scale variations, uncertainties in the parton shower model, the choice of
matrix-element generator, the modeling of initial- and final-state radiation and a 20% uncertainty in the
𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process normalization (cf. the “end matter” addendum). The 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process makes
up ≈ 20% of the events in the fiducial region.

The most important background processes with prompt photons are 𝑡𝑡𝛾 and 𝑊𝛾 production. Their
contribution to the SRs is estimated using MC simulations, normalized to data in dedicated control regions
(CRs) enriched in 𝑡𝑡𝛾 and𝑊𝛾 events. The CRs are inclusive in forward jets and the same selection criteria
as for the SRs are used, except for the 𝑏-tagging requirements. In the 𝑡𝑡𝛾 CR, an additional loose 𝑏-tagged
jet must be present. In the𝑊𝛾 CR, there must be at least one loose 𝑏-tagged jet and no tight 𝑏-tagged jets.
Other important backgrounds arise from electrons (hadrons) that are misidentified as photons, denoted by
𝑒 → 𝛾 (ℎ → 𝛾). The modeling of these 𝑒 → 𝛾 and ℎ → 𝛾 fake-photon background contributions in MC
simulations is adjusted using data-driven methods. According to MC simulations, the signal fraction (“𝑡𝑞𝛾”
plus “𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞”) in the 0fj (≥1fj) SR is 5% (10%) and the main backgrounds are 𝑡𝑡𝛾 with 29% (34%),
𝑒 → 𝛾 fake-photon events with 24% (25%),𝑊𝛾+jets with 20% (12%) and ℎ → 𝛾 fake events with 7%
(7%). Smaller backgrounds originate from other processes with prompt photons.

Signal and most background processes are estimated with MC simulations, which include pileup effects.
The full Geant4-based [39] ATLAS detector simulation is used [40] with corrections applied for the
different reconstructed objects [22, 25, 29, 30, 33, 41].

The 𝑡𝑞𝛾 process was simulated in the four-flavor scheme at NLO in QCD withMadGraph5_aMC@NLO
using the NNPDF3.0 [42] PDF set and MadSpin [43] for 𝑡 → 𝑊𝑏 → ℓ𝜈𝑏 decay. Photons must be
Frixione-isolated and have 𝑝T > 10 GeV and |𝜂 | < 5.0. Renormalization and factorization scales were set
to 12

∑
𝑖

√︃
𝑚2

𝑖
+ 𝑝2T,𝑖 , where the sum is over all final-state particles after the top-quark decay. Pythia 8 [44]

was used for parton showering and hadronization. Pythia 8 always used the leading-order (LO) NNPDF2.3
PDF set [45], the A14 tune [46], and EvtGen [47]. The 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process was simulated via single-
top-quark production in the 𝑡-channel (without photon radiation) using Powheg [48] in the four-flavor
scheme at NLO with the NNPDF3.0 PDF set, interfaced to Pythia 8 andMadSpin for the semileptonic
top-quark decay. Photon radiation in the decay was treated by the parton-shower simulation. Initially, the
𝑡𝑞𝛾 process is normalized to the cross section at NLO in QCD obtained withMadGraph5_aMC@NLO
and the same settings used for the sample production, and the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process is normalized to the
production cross section at NLO in QCD [49, 50]. The overlap between the 𝑡𝑞𝛾 and 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 samples
is removed using kinematic information about the generated particles (cf. end matter).

Background contributions are estimated using MC simulations, except for a small contribution with
fake leptons, i.e. other objects that are misidentified as electron or muon, estimated from data using the
asymptotic matrix method with loosened lepton criteria [51, 52]. The background MC samples use the
same setups as in Ref. [24] and include the following processes (cf. end matter): 𝑡𝑡𝛾, 𝑡𝑡 with radiative decay
(𝑡 → ℓ𝜈𝑏𝛾 and 𝑡 → 𝑞𝑞′𝑏𝛾),𝑊𝛾/𝑍𝛾+jets, 𝑡𝑡, single top quark,𝑊 /𝑍+jets and diboson production.

The MC predictions for background processes with 𝑒 → 𝛾 fakes, most notably dileptonic 𝑡𝑡 events, are
corrected by comparing the 𝑒 → 𝛾 probability in data and MC simulation using 𝑍 → 𝑒+𝑒− events [53].
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Events with 𝐸missT < 30GeV and no 𝑏-tagged jet are selected if the invariant mass of either an 𝑒+𝑒− pair or an
𝑒𝛾 pair is close to the 𝑍-boson mass, where the photon in the latter case is likely from 𝑒 → 𝛾. Data-to-MC
corrections are derived as functions of the photon 𝜂 and the different types of photon reconstruction [22].
No strong dependence of the corrections on the photon 𝑝T is found. The corrections are validated by
comparing data with the prediction in a region with 𝐸missT < 30 GeV and at least one 𝑏-tagged jet.

The MC predictions for background processes with ℎ → 𝛾 fakes, mostly lepton+jets 𝑡𝑡 events, are
also corrected using data [53]. Selections with partially inverted photon-identification and/or inverted
photon-isolation criteria are used, respectively, to define regions that are kinematically close to the analysis
regions but enriched in events with ℎ → 𝛾. Considering the low correlation between the identification
and isolation criteria, the ABCD method (see for example Ref. [54]) is used to estimate the number of
ℎ → 𝛾 events in the analysis regions. This residual small correlation is taken from MC simulations and
is corrected for in the estimate. The ℎ → 𝛾 rate estimate is performed in two bins of photon 𝑝T and as
a function of photon reconstruction types and 𝜂, and is used to correct the overall normalization of the
contribution from ℎ → 𝛾 events.

Uncertainties in the photon identification [22, 55] and isolation efficiencies [22] are considered, as are
those in the electron and muon trigger, reconstruction, identification and isolation efficiencies [22, 56,
57]; the photon and electron energy [22] and muon momentum scale and resolution [57]; the jet pileup
rejection [29], and jet energy scale [41, 58], resolution [41] and 𝑏-tagging efficiency [30, 31, 59]; and the
𝐸missT reconstruction [33].

Uncertainties in the inclusive cross sections and in the modeling (scale variations, comparisons of generator
setups, etc.) of the different processes are considered (cf. end matter). Since the analysis includes CRs for
the 𝑡𝑡𝛾 and𝑊𝛾+jets processes, their normalization is estimated directly from data.

Uncertainties in the 𝑒 → 𝛾 corrections are estimated by varying the background contributions, the 𝑍-boson
MCmodeling, the 𝑍-boson mass range and the photon energy scale. Uncertainties in the ℎ → 𝛾 corrections
originate from the statistical uncertainties, the limited number of MC events, contributions from non-ℎ → 𝛾

events, and variations of the correlation between the inverted identification and isolation criteria.

Neural networks (NNs) are trained to separate the signal from the background in the SRs. Keras [60] with
the TensorFlow [61] backend is used with binary cross-entropy as the loss function. The NN output nodes
use a sigmoid activation function. In the 0fj and ≥1fj SRs, 12 and 15 input variables are used, respectively.
These comprise the 𝑝T, 𝜂 and 𝜙 of the photon, the lepton, the 𝑏-tagged jet and the highest-𝑝T forward jet,
kinematic combinations of these objects and the 𝐸missT (scalar 𝑝T sum, invariant and transverse masses), as
well as the 𝑏-tagging properties of the 𝑏-tagged jet [30]. The top quark is reconstructed from the 𝑏-tagged
jet, the lepton and the 𝐸missT . The top-quark mass is the NN input variable giving the largest separation in
both SRs as it separates 𝑡𝑞𝛾 from backgrounds without a top quark, top-quark events with 𝑡 → ℓ𝜈𝑏𝛾 as
well as top-quark pair production where the chosen objects are less likely associated to the same top-quark
decay. Figure ?? shows this variable in the𝑊𝛾 CR as an example, illustrating that the data are described
by the MC simulation within the uncertainties.

To test for the presence of 𝑡𝑞𝛾 production and measure the signal cross sections, a profile-likelihood fit using
asymptotic formulae [62] is performed simultaneously in the SRs and CRs with systematic uncertainties
treated as nuisance parameters. The uncertainty due to the limited number of MC events is included [63].
In the 0fj (≥1fj) SRs, the 0fj (≥1fj) NN output distributions are used in the fit. In the 𝑡𝑡𝛾 CR, the 0fj (≥1fj)
NN output is used for events with no (at least one) forward jet, and the inclusive event yield is used in the
𝑊𝛾 CR. The 𝑡𝑡𝛾 and𝑊𝛾+jets normalizations are free parameters of the fit. The result of the fit is shown in
Figure ??. The predicted sum of all backgrounds is not compatible with the data. The observed (expected)
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Figure 2: Distribution of the reconstructed top-quark mass in the𝑊𝛾 CR before the profile-likelihood fit. The hashed
band represents the uncertainties and the first and last bins include the underflow and overflow.

significance of the 𝑡𝑞𝛾 signal is 9.3𝜎 (6.8𝜎). The fitted 𝑡𝑡𝛾 and𝑊𝛾+jets normalizations are consistent
with the nominal prediction within the uncertainties of +14%−13% and

+20%
−17%.
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Figure 3: Distributions of the NN outputs in (a) the 0fj SR, (b) the ≥1fj SR and (c) the 𝑡𝑡𝛾 CR in data and the expected
contribution of the signal and background processes after the profile-likelihood fit. The hashed band represents the
uncertainties in the SM prediction.

The measured fiducial parton-level cross section is 𝜎𝑡𝑞𝛾 × B (𝑡 → ℓ𝜈𝑏) = 688 ± 23 (stat.) +75−71 (syst.) fb.
The measured fiducial particle-level cross section is 𝜎𝑡𝑞𝛾 × B (𝑡 → ℓ𝜈𝑏) + 𝜎𝑡 (→ℓ𝜈𝑏𝛾)𝑞 = 303 ±
9 (stat.) +33−32(syst.) fb. Both phase-space definitions require the photon 𝑝T to be at least 20 GeV. The
main sources of systematic uncertainty in the parton-level (particle-level) measurement are the modeling
of 𝑡𝑡𝛾 production with ±5.5% (±5.5%), the limited number of MC events for the background processes
with ±3.5% (±3.6%) and for the 𝑡𝑞𝛾 process with ±3.3% (±3.0%), and the modeling of the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞
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process with ±1.9% (±3.3%) and of the 𝑡𝑡 process with ±2.4% (±2.3%). The uncertainty in the modeling of
the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process has a larger impact on the particle-level measurement, because in the parton-level
measurement the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 contribution is fixed to the SM expectation within its uncertainties. The
measured fiducial cross sections at parton (particle) level are compatible with the SM predictions at NLO
in 𝛼s of 515 +36−42 fb (217

+27
−15 fb) within 2.1 (2.0) standard deviations. The 30%–40% higher measured cross

sections are consistent with the results of the CMS measurement [17], which yielded 1.42 ± 0.43 times
the SM prediction in a slightly different fiducial phase space. Corrections at approximate next-to-next-to-
leading order (NNLO) in a similar phase space were calculated to 5.1% [64]. In conclusion, this work
adds the associated production of a single top quark and photon to the list of experimentally verified rare
top-quark production processes [1–9].
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End matter

This end matter contains additional information about signal and background MC samples and their
systematic uncertainties.

In order to remove the overlap between the 𝑡𝑞𝛾 and 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 samples, events from the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞
sample are kept when the hypothesis of a radiative-decay photon better approximates the true𝑊-boson or
top-quark mass, i.e. either the ℓ𝜈𝛾 or the ℓ𝜈𝑏𝛾 invariant mass is closer than the ℓ𝜈 or ℓ𝜈𝑏 invariant mass
to the 𝑊-boson or top-quark mass, respectively. The uncertainty associated with this procedure in the
prediction of the fiducial cross section at particle level is conservatively estimated to be 20%, based on 𝑡𝑞𝛾
events that are falsely categorized as 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞.

The backgroundMC samples include the following production processes: 𝑡𝑡𝛾 (NLO), 𝑡𝑡 with radiative decay
(LO),𝑊𝛾/𝑍𝛾+jets (NLO for up to one additional parton, LO for up to three) [65–75], 𝑡𝑡 [76–79], single
top quark [48, 80],𝑊 /𝑍+jets (NLO for up to two additional partons, LO for up to four) and diboson (NLO
for up to one additional parton, LO for up to three). The overlap between samples with photons generated
in the matrix element and those with photons from the parton shower is removed using generator-level
information. The numbers of events from several MC samples are normalized to cross sections calculated
to higher orders in 𝛼s: NNLO plus next-to-next-to-leading-logarithm precision for 𝑡𝑡 production [81–87],
NNLO precision for𝑊+jets and 𝑍+jets production [88] and NLO (NNLO) precision for single-top-quark
production in the 𝑡- and 𝑠-channel [49, 50] (𝑡𝑊-channel [89]). For 𝑡𝑡 production with radiative decay, a
LO-to-NLO correction factor of 1.67 is determined by subtracting the NLOMadGraph5_aMC@NLO
prediction for the 𝑡𝑡𝛾 process from an NLO calculation of the full process [90].

The uncertainties in the inclusive cross sections amount to 6% for 𝑡𝑡 [45, 87, 91–93], 5.3% for single-top-
quark production [89, 94, 95], 5% for 𝑊+jets and 𝑍+jets [96], 30% for 𝑍𝛾+jets and 50% for diboson
production, mostly in association with 𝑏-jets. An additional uncertainty of 30% is assigned for the
normalization of𝑊𝛾 production in association with 𝑏-jets. The possible phase-space dependence of the
LO-to-NLO correction factor for 𝑡𝑡 production with radiative decay is estimated by changing the correction
factor from 1.67 to 1.97, motivated by the correction determined in Ref. [97]. A 30% uncertainty is
assigned to the normalization of the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 process, conservatively taken to be of the order of
the difference between the predicted 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 event yields at LO and NLO. Uncertainties in the
fake-lepton background arise from the uncertainties in the prompt-lepton subtraction in the matrix method
and from a 50% normalization uncertainty. The uncertainty in the integrated luminosity is 1.7% [16]. The
uncertainty in the simulation of pileup is estimated by varying the average expected number of interactions
per bunch crossing by 3%.

Modeling uncertainties are evaluated as follows. Renormalization and factorization scales as well as PDFs
are varied in the signal and background MC samples. The uncertainty from the choice of MC generator is
estimated by comparing the nominal 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞, 𝑡𝑡 and 𝑡𝑊 samples with alternative samples generated
withMadGraph5_aMC@NLO interfaced to Pythia 8. For the 𝑡𝑊 sample, the difference between the
diagram-subtraction scheme and the nominal diagram-removal scheme [80] is used as an uncertainty. The
uncertainty from the choice of parton-shower program is estimated by comparing the nominal signal,
𝑡𝑡𝛾, 𝑡𝑡 and 𝑡𝑊 samples with samples interfaced to Herwig 7 [98, 99]. The 𝑡𝑡 sample is compared with a
sample with the value of the ℎdamp parameter, controlling the 𝑝T of the first gluon emission in the Powheg
generator, increased from 1.5𝑚top to 3𝑚top [100]. The uncertainty in the modeling of ISR/FSR is estimated
by systematic variations in the A14 tune [46] in the signal, 𝑡𝑡𝛾 and 𝑡𝑡 samples. In addition, an uncertainty
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in the 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 sample is estimated by comparing the shapes predicted by the nominal sample with
the shapes predicted by a LO sample with the decay 𝑡 (→ ℓ𝜈𝑏𝛾) 𝑞 simulated directly in the hard process
withMadGraph5_aMC@NLO using the NNPDF2.3 PDF set and interfaced with Pythia 8.
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