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Editors' Suggestion Featured in Physics

Observation of Single-Top-Quark Production in Association
with a Photon Using the ATLAS Detector

G. Aad er al.”
(ATLAS Collaboration)

® (Received 6 February 2023; revised 3 August 2023; accepted 9 August 2023; published 30 October 2023)

This Letter reports the observation of single top quarks produced together with a photon, which directly
probes the electroweak coupling of the top quark. The analysis uses 139 fb~! of 13 TeV proton-proton
collision data collected with the ATLAS detector at the Large Hadron Collider. 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) *77 (syst) fb, to be compared with the standard model prediction of

51573% fb at next-to-leading order in QCD.

DOI: 10.1103/PhysRevLett.131.181901

Measurements of rare associated-production processes
of the top quark (¢) are crucial in probing the top quark’s
electroweak couplings, which are fundamental quantities of
the standard model (SM). While pair production (f7) has
been observed in association with a Higgs boson [1,2], W
boson [3], Z boson [3.,4], or photon (y) [5], single-top-quark
production has so far only been observed in association
with a Z [6,7] or W boson [8,9]. These processes play a
crucial role in constraining nonresonant contributions from
physics beyond the SM (BSM), parametrized in the
framework of the SM effective field theory [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~! [16]. The CMS Collaboration
previously reported evidence for this process using
35.9 fb~! 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, in the following denoted as
tqy, where ¢ stands for the additional quark produced in the
t channel, represents a direct probe of the top-photon
coupling and offers sensitivity to BSM contributions
comparable to established probes, e.g., photon-associated
top-quark pair production (f7y) [18,19]. This Letter only
considers semileptonic top-quark decays in zgy production
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as they provide better sensitivity than hadronic decays. An
example Feynman diagram is shown in Fig. 1. The
signature of this process consists of a photon, an electron
or muon (¢), missing transverse momentum (E‘}“ss) from
the neutrino (v), a b jet from the top-quark decay, and a
forward jet characteristic of t-channel production. The jet
arising from the second b quark from gluon splitting is
often not b tagged because of its low transverse momentum
and forward direction. The photon can also be radiated
from the top quark’s charged decay products, called the
t(— ¢vby)q process.

Two cross section measurements are performed in
fiducial phase spaces. A measurement of the cross section
of the combined tqy and #(— £vby)q processes is per-
formed in a fiducial phase space at stable-particle level. In
addition, the cross section for tgy production alone is
measured in a fiducial phase space that allows for a direct
comparison with fixed-order predictions where, in contrast
to the phase space at stable-particle level, parton showering
and hadronization are not considered.

The ATLAS detector is a multipurpose particle physics
detector with cylindrical geometry [20]. It consists of an

FIG. 1. Representative Feynman diagram at leading order in o
for tqy production with semileptonic top-quark decay.

© 2023 CERN, for the ATLAS Collaboration



PHYSICAL REVIEW LETTERS 131, 181901 (2023)

inner tracker surrounded by a superconducting solenoid,
sampling electromagnetic and hadronic calorimeters, and a
muon spectrometer with three toroidal superconducting
magnets with eight coils 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 (pr) thresholds being 20-26 GeV, depending
on the data-taking year [21-23]. An extensive software
suite [24] 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 selection of the primary proton-interaction vertex as
well as the reconstruction and identification of electrons,
muons, photons, and jets follow Ref. [25], with the
difference that jets are considered with |57| up to 4.5, which
accounts for the forward jet from the #-channel production.
The definition of EFsS and the b-tagging algorithm
(DL1r [26]) for the jets are identical to those in Ref. [25].

Signal and most background processes are estimated
with Monte Carlo (MC) simulations, which include pileup
effects. The full GEANT4-based [27] ATLAS detector
simulation is used [28] with corrections applied for the
different reconstructed objects [29-34].

Two signal regions (SRs) are defined, based on the
presence or absence of the 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 EWS > 30 GeV is
required. In addition, the Ofj SR (>1fj SR) must contain
no (at least one) forward jet with 2.5 < |57| < 4.5. The tight
and loose operating points of the b-tagging algorithm
correspond to efficiencies of 70% and 85% and to mis-
identification rates of 8% (0.2%) and 35% (2.5%) for c jets
(light-flavor jets), estimated in 7 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.

The measured combined rqgy and #(— ¢vby)q rate is
unfolded to a fiducial phase space that is defined at stable-
particle level, where “stable” refers to lifetimes larger than
30 ps, and is translated into a fiducial cross section times
branching ratio. The definitions of photons, photon iso-
lation, electrons, muons, jets, and b-tagged jets at stable-
particle level follow Ref. [35], except that jets are
considered with || up to 4.9. This phase space is defined
close to the SRs by requiring one electron or muon with
pr > 25 GeV and |n| < 2.5, at least one photon with
pr > 20 GeV and || <2.37, at least one b-tagged jet
with pr > 25 GeV and |57| < 2.5, and at least one neutrino
that is not produced in a hadron decay. Jets are required to
be separated by more than AR = 0.4 from any lepton and
isolated photon. No photon must be within AR = 0.4
of any jet or lepton. The SM fiducial cross section at

stable-particle level times branching ratio, where the
branching ratio of the semileptonic top-quark decay is
denoted by B(t — £uvb), is calculated at next-to-leading
order (NLO) in QCD using the signal samples for zqy
and #(— fvby)q defined below: o, x B(t — fvb) +
Oi(—tuby)g = 217f1257 fb. The branching ratio for t — £vb
is set to 32.46%, consistent with the value in the signal
MC samples. The uncertainty includes variations of the
parton distribution functions (PDFs) and of the scales,
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 #(—
¢vby)q process normalization (cf. the Appendix). The
t(— ¢vby)q process constitutes ~20% of the events in the
fiducial region.

Additionally, the measured tgy rate is unfolded to a
fiducial phase space and is translated into a fiducial cross
section times branching ratio. The phase space is defined
before hadronization and parton showering by requiring at
least one photon with p; > 20 GeV and |n| < 2.37 that
must be Frixione isolated [36] with a chosen isolation
radius of AR = 0.2. Following Ref. [37], the fixed-order
SM fiducial cross section times branching ratio is calcu-
lated with MADGRAPH5_AMC@NLO [38] at NLO in QCD as
614y X B(t > ¢ub) = 51513 fb. The cross section calcu-
lation uses the five-flavor scheme, with b quarks included
in the proton. Renormalization and factorization scales as
well as the PDF set are chosen as in Ref. [37]. The
uncertainties are estimated from scale and PDF variations
and from a comparison with the corresponding calculation
in the four-flavor scheme (no third-generation quarks in the
proton) [37,39].

The tqy process was simulated in the four-flavor scheme
at NLO in QCD with MADGRAPH5_AMC@NLO using the
NNPDF3.0 [40] PDF set and MADSPIN [41] for t > Wb —
£vb decay. Photons must be Frixione isolated and have
pr > 10 GeV and |57| < 5.0. Renormalization and factori-

: | [p2 1 2
zation scales were set to 5 » ; y/m; + p7;, where the sum

is over all final-state particles before the top-quark decay.
PYTHIAS [42] was used for parton showering and hadro-
nization. PYTHIAS always used the leading-order (LO)
NNPDF2.3 PDF set [43], the Al4 tune [44], and
EVTGEN [45]. The #(— £vby)q process was simulated
via single-top-quark production in the ¢ channel (without
photon radiation) using POWHEG [46] in the four-flavor
scheme at NLO with the NNPDF3.0 PDF set, interfaced to
PYTHIAS and MADSPIN for the semileptonic top-quark
decay. Photon radiation in the decay was treated by the
parton-shower simulation. Initially, the tgy process is
normalized to the cross section at NLO in QCD obtained
with MADGRAPH5_AMC®@NLO and the same settings used for
the sample production, and the #(— £vby)q process is
normalized to the production cross section at NLO in QCD
[47,48]. The overlap between the tqy and #(— vby)q
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samples is removed using kinematic information about the
generated particles (cf. the Appendix).

The most important background processes with prompt
photons are 77y production, which refers to photon radiation
in tf production and ¢f production with radiative decay
(t = ¢vby and t — qg'by), and Wy + jets production. Their
contribution to the SRs is estimated using MC simulations
(cf. the Appendix), normalized to data in dedicated control
regions (CRs) enriched in 7y and Wy + jets 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 7y CR, an additional loose b-tagged jet must be
present to account for the second b quark in this process. In
the Wy CR, there must be at least one loose b-tagged jet and
no tight b-tagged jets. This suppresses contamination of the
CR with processes with one or several b quarks in the final
state. Other background contributions that are modeled by
MC simulations (cf. the Appendix) are the following
production processes: Zy -+ jets, 7, single top quark,
W/Z + jets, and diboson. The events from these MC
samples, apart from Zy + jets events, are categorized into
events with prompt photons (“other prompt y”), electrons
misidentified as photons (e — ¥), and hadrons misidentified
as photons (h — y). All background MC samples use the
same setup as in Ref. [25]. An additional small background
contribution arises from events with fake leptons, i.e., other
objects that are misidentified as electron or muon, and is
estimated from data using the asymptotic matrix method
with loosened lepton criteria [49,50].

The MC predictions for background processes with
e — y fakes, most notably dileptonic 7 events, are cor-
rected by comparing the ¢ — y probability in data and MC
simulation using Z — ete™ events (see Supplemental
Material [51]). Events with E‘}li“ <30 GeV and no
b-tagged jet are selected if the invariant mass of either
an ete” pair or an ey pair is close to the Z-boson
mass, where the photon in the latter case is likely from
e — y. Data-to-MC corrections are derived as functions of
the photon #n and the different types of photon
reconstruction [29]. No strong dependence of the correc-
tions on the photon p; is found. The corrections are
validated by comparing data with the prediction in a region
with Eis < 30 GeV and at least one b-tagged jet.

The MC predictions for background processes with
h — y fakes, mostly lepton + jets 7 events, are also cor-
rected using data [51]. Selections with partially inverted
photon-identification and/or inverted photon-isolation cri-
teria are used, respectively, to define regions that are
kinematically close to the analysis regions but enriched in
events with 4 — y. Considering the low correlation between
the identification and isolation criteria, the ABCD method
(see, for example, Ref. [52]) is used to estimate the number
of i — y events in the analysis regions. This residual small
correlation is taken from MC simulations and is corrected for
in the estimate. The & — y rate estimate is performed in two

bins of photon p and as a function of photon reconstruction
types and #, and is used to correct the overall normalization
of the contribution from # — y events.

According to these signal and background predictions,
the signal fraction [“tqy” plus “t(— £vby)q”] in the Ofj
(>11j) SR is 5% (10%) and the main backgrounds are try
with 29% (34%), e — y fake-photon events with 24%
(25%), Wy + jets with 20% (12%), and h — y fake events
with 7% (7%). Smaller backgrounds originate from
Zy + jets, the other prompt y contribution, and events with
fake leptons.

Uncertainties in the photon identification [29,53] and
isolation efficiencies [29] are considered, as are those in the
electron and muon trigger, reconstruction, identification,
and isolation efficiencies [29,54,55]; the photon and
electron energy [29] and muon momentum scale and
resolution [55]; the jet pileup rejection [33], and jet energy
scale [32,56], resolution [32], and b-tagging efficiency
[31,57,58]; and the E?iss reconstruction [34].

Uncertainties in the inclusive cross sections and in the
modeling (scale variations, comparisons of generator set-
ups, etc.) of the different processes are considered (cf. the
Appendix). Since the analysis includes CRs for the 77y and
Wy + jets processes, their normalization is estimated
directly from data.

Uncertainties in the ¢ — y corrections are estimated by
varying the background contributions, the Z-boson MC
modeling, the Z-boson mass range, and the photon energy
scale (see Supplemental Material [51]). Uncertainties in the
h — y corrections originate from the statistical uncertain-
ties, the limited number of MC events, contributions from
non-4 — y events, and variations of the correlation between
the inverted identification and isolation criteria [51].

Neural networks (NNs) are trained to separate the signal
from the background in the SRs. KERAS [59] with the
TENSORFLOW [60] back end is used with binary cross-
entropy as the loss function. The NN output nodes use a
sigmoid activation function. In the Ofj and >11j SRs, 12 and
15 input variables are used, respectively. These comprise
individual kinematic properties (p; and/or ) of the photon,
the lepton, the b-tagged jet, and the highest-p; forward jet,
kinematic combinations (scalar p; sum, invariant and
transverse masses, angular distances, transverse momen-
tum, energy) of these objects, and the EIF'sS, as well as the
lepton type and the b-tagging properties of the b-tagged jet
[31]. The top quark is reconstructed from the b-tagged jet,
the lepton, and the ETS. The top-quark mass is the NN
input variable giving the largest separation in both SRs as it
separates tgy from backgrounds without a top quark, top-
quark events with ¢t — Zvby, as well as top-quark pair
production where the chosen objects are less likely asso-
ciated with the same top-quark decay. Figure 2 shows this
variable in the Wy CR as an example, illustrating that the
data are described by the MC simulation within the
uncertainties.

181901-3
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FIG. 2. Distribution of the reconstructed top-quark mass in the
Wy CR before the profile-likelihood fit. The hashed band
represents the uncertainties and the first and last bins include
the underflow and overflow.

To test for the presence of 7gy production and measure
the signal cross sections, a profile-likelihood fit using
asymptotic formulas [61] 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 [62]. In the Ofj (>1fj)
SRs, the 0fj (>1fj) NN output distributions are used in the
fit. In the 77y CR, the Ofj (>1£j) NN output is used for events
with no (at least one) forward jet, and the inclusive event
yield is used in the Wy CR. The tfy and Wy + jets
normalizations are free parameters of the fit. The result
of the fit is shown in Fig. 3. The predicted sum of all
backgrounds is not compatible with the data. The observed

ATLAS
Vs=13TeV, 139 fb"
0fj SR

Postfit

ATLAS

Vs =13TeV, 139 b
>1fi SR

Postfit

@ Data Mtay
Ot(—1vby)g @ity
Wwy +jets WlZy +jets
We- 7 [l Other prompt 7 7
Eh - [Fake leptons |
7/ Uncertainty 4

Events

1.05]

1 ///,(//#W/VMAVWW*/WW 3

0.95

Data / Pred.
Data / Pred.

9l

# Data Dty ATLAS @ Data Dtay
Ot(—ivby)q Mtty E Vs=13Tev, 130" [Jt(—=Ivby)q [Ty

Wwy +jets Wz +jets - tfy CR Wwy +jets Wzy +jets

We -y [ Other prompt 7 7 Postfit We- 7 W Other prompt ¥
@Ehr -y [[JFake leptons 3 Eh-r [CJFake leptons

7/ Uncertainty

(expected) significance of the 7gy signal is 9.36 (6.80). The
fitted 77y and Wy + jets normalizations are consistent with

. . . . . . . G
the nominal prediction within the uncertainties of /3. and

20% The observed significance exceeds (is less than) 5¢
when the 0fj SR (>1fj SR) is excluded from the fit.
However, the inclusion of the 0fj SR significantly improves
the precision of the measured signal cross sections.

The measured fiducial cross section at stable-particle level
iS 614, X B(t = €Ub) + 61 pupy) g =303 % 9(stat) 33 (syst) fb.
The measured fiducial cross section of fgy production is
61, X B(t — ¢wb) = 688 £ 23(stat) "]} (syst) fb. Both
phase-space definitions require the photon p7 to be at least
20 GeV. The precision of both measured fiducial cross
sections of about 11% is mainly limited by systematic
uncertainties. The main sources of systematic uncertainty
in the measurement of the fiducial cross section at stable-
particle level (of tgy production) are the modeling of 7y
production with £5.5% (£5.5%), the limited number of MC
events for the background processes with +3.6% (£3.5%)
and for the tgy process with +3.0% (£3.3%), and the
modeling of the #(— Zvby)q process with +3.3%
(+£1.9%) and of the 7 process with +2.3% (£2.4%). The
uncertainty in the modeling of the 7(— £vby)q process has a
larger impact on the measurement at stable-particle level,
because the t(— £vby)q contribution is considered as part of
the signal and is hence not fixed to the SM expectation.

The measured fiducial cross section at stable-particle
level (of tgy production) is compatible with the SM
predictions at NLO in a, of 21777 fb (515139 fb) within
2.0 (2.1) standard deviations. The 30%—40% higher mea-
sured 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. It will need to be studied whether the small tension
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Distributions of the NN outputs in (a) the Ofj SR, (b) the >1fj SR, and (c) the 77y 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
inset in (a) presents a close-up of the last three bins of the NN output.
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between measurements and theory predictions becomes
more significant in future works on tgy production.
Corrections at approximate next-to-next-to-leading order
(NNLO) in a similar phase space were found to enhance the
tqy cross section by 5.1% [63]. In conclusion, this Letter
observed the associated production of a single top quark
and a photon and measured its cross section in fiducial
phase spaces with a precision of 11%. It hence completes
the picture of top-quark-associated production with the
gauge bosons in the electroweak sector and establishes a
new direct probe of the coupling of the top quark to the
photon, which plays an important role to deepen the
understanding of the top-quark’s electroweak coupling.
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Appendix: Systematic uncertainties.—This appendix
contains additional information about signal and back-
ground MC samples and their systematic uncertainties.

In order to remove the overlap between the rgy and
t(— ¢vby)q samples, events from the t(— £vby)q sample
are kept when the hypothesis of a radiative-decay photon
better approximates the true W-boson or top-quark mass, i.e.
either the Zvy or the £vby invariant mass is closer than the
Zv or £vb 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 stable-particle
level is conservatively estimated to be 20%, based on tqy
events that are falsely categorized as #(— £vby)q.

The background MC samples include the following
production processes: photon radiation in #f production
(NLO), ff with radiative decay (LO), Wy/Zy + jets (NLO
for up to one additional parton, LO for up to three) [65-75],
11 [76-79], single top quark [46,80], 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 a,: NNLO plus next-to-next-to-leading-
logarithm precision for #7 production [81-87], NNLO
precision for W + jets and Z + jets production [88], and
NLO (NNLO) precision for single-top-quark production in
the ¢ and s channel [47,48] (tW channel [89]). For ft
production with radiative decay, a LO-to-NLO correction
factor of 1.67 is determined by subtracting the NLO
MADGRAPH5_AMC@NLO prediction for the 7y process from
an NLO calculation of the full process [90].

The uncertainties in the inclusive cross sections amount
to 6% for 1 [43,87,91-93], 5.3% for single-top-quark
production [89,94,95], 5% for W + jets and Z + jets [96],
30% for Zy + jets, and 50% for diboson production, mostly
in association with b jets. An additional uncertainty of 30%
is assigned for the normalization of Wy production in
association with b jets. The possible phase-space depend-
ence of the LO-to-NLO correction factor for 7 production
with radiative decay is estimated by changing the correc-
tion factor from 1.67 to 1.97, motivated by the correction
determined in Ref. [35]. A 30% uncertainty is assigned to
the normalization of the #(— £vby)q process, conserva-
tively taken to be of the order of the difference between the
predicted #(— £vby)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.
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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 #(— £vby)q, t1,
and W samples with alternative samples generated
with MADGRAPH5_AMC@NLO interfaced to PYTHIAS. For
the W 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
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