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1 Introduction

Precision measurements of top quark production can be used to test the standard model (SM)
of particle physics. The associated production of a top quark-antiquark pair (tt) with a
photon (y), is of particular interest as it is sensitive to new phenomena in the top quark
electromagnetic coupling to the photon. Unlike other processes that offer sensitivity to new
phenomena only at higher orders in perturbation theory [1-3], in tty production these effects
are present already at leading order (LO) in perturbative quantum chromodynamics (QCD).
New t-v interactions can be targeted in dedicated differential cross section measurements,
for example, as a function of the photon momentum. Moreover, differential measurements
provide useful information on the modelling of the tty production process.

In tty events, the photon can originate from initial-state radiation (ISR), intermediate-
state particles, such as the top quarks, or final-state radiation (FSR) from the top quark
decay products. Some examples of Feynman diagrams for tty production at LO in QCD are
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Figure 1. Example Feynman diagrams for the production of tty, where both top quarks decay
leptonically. The photon can be emitted from the initial state (left), from an off-shell top quark
(centre), or from a top quark decay product (right).

shown in figure 1, with the top quarks decaying leptonically. Events consisting of a tt pair
with a photon emission during the hadronization stage are commonly treated as background.
It has been shown in theoretical studies [4, 5] that, in the narrow-width approximation, the
cross section of the tty process with a high-momentum photon can be factorized into two
parts: the first part describes the process where a photon is emitted from ISR or from an
off-shell top quark (referred to as tty production), and the second part describes the process
where a photon is emitted from an on-shell top quark or from the top quark decay products
(referred to as tty decay). While the tty production process is the one offering sensitivity
to the t-y coupling, and therefore the most interesting from a physics perspective, both
processes have similar experimental signatures and thus the analysis reported in this paper
aims to measure both. Single top quark production in association with a W boson and a
photon (tWYy) is another process that can be categorized in the same way into production
and decay. In the following, it is treated as an irreducible background.

The interference between diagrams where the photon is emitted from one of the initial-
state quarks and diagrams where it is radiated from one of the top quarks introduces a charge
asymmetry in tty production at LO in QCD. This asymmetry induces an anisotropy in the
rapidity distributions of the top quark and antiquark, where the top quark tends to scatter
more centrally than the antiquark. A similar effect, but with gluon emission and in the
opposite direction, is also present in tt production, but the latter takes place only at next-to-
LO (NLO) in QCD. The charge asymmetry in tty production can be more pronounced than
that of tt production [6, 7], partly because the contribution of quark-initiated production in
the tty process is enhanced by about 60% (at LO) when compared to tt [8].

Regardless of the photon origin, top quarks in tty events are mainly produced via QCD
interactions, through similar diagrams as the standard tt production at the CERN LHC.
The ratio of the cross section of tt7y to that of tt, R,, benefits from the cancellation of several
systematic uncertainties and yields an observable that can probe theory predictions more
precisely. Differential measurements of R, bring additional insight into the tty process [9], as
new physics effects can depend on the phase space. Such measurements can be used to place
strong constraints on new t-y couplings in the context of SM effective field theory [3, 10].

The tty process was observed for the first time by the CDF Collaboration at the
Fermilab Tevatron [11]. It was later observed at the LHC by the ATLAS Collaboration at
Vs = 7TeV [12], and by both the ATLAS and CMS Collaborations at 8 TeV [13, 14]. At
/s = 13 TeV, the ATLAS and CMS Collaborations have each measured the inclusive tty
cross section, as well as differential distributions of lepton and photon observables [15-19].



The ATLAS Collaboration has also performed a measurement of the charge asymmetry in
tty events [20]. To date, no differential measurements have been reported for Ry, nor for tty
as a function of observables related to the kinematic properties of the top quarks.

In this paper, we report the first differential measurements of the tty cross section as
a function of top quark and tt system observables, using proton-proton (pp) collision data
recorded with the CMS detector at /s = 13 TeV between 2016 and 2018, corresponding
to an integrated luminosity of 138 fb~!. Inclusive and differential R, measurements are
also presented, and the top quark charge asymmetry is determined in tty events. The
measurements are performed using events with two oppositely charged leptons and a photon.
In this paper, leptons refer to electrons or muons, unless otherwise specified. Events with
T leptons are only considered if the T leptons decay into electrons or muons passing the
selection criteria. Throughout the paper, the designation “top quark” includes both the
quark and the antiquark, unless otherwise indicated. These results are also tabulated in
the HEPData record for this analysis [21].

The paper is organized as follows. In section 2, an overview of the CMS detector is given.
Subsequently, in section 3, the data sets and Monte Carlo (MC) simulation samples used
for the analysis are described. The criteria to reconstruct and select the physics objects
and to select the events are discussed in sections 4 and 5, respectively. Section 6 describes
the methods used to estimate the background contributions, focusing on the backgrounds
arising from misidentified photons and photons produced in hadron decays, using control
samples in data. The systematic uncertainties are reported in section 7. The statistical
analysis is introduced in section 8, while the results for the inclusive and differential cross
section measurements are presented in section 9. The results for R, are reported in section 10.
Section 11 presents the top quark charge asymmetry measurement in tty events, and a
summary of the paper is given in section 12.

2 The CMS experiment

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. The ECAL consists of 75848 lead tungstate crystals, which provide coverage in
absolute pseudorapidity |n| < 1.48 in the barrel region (EB) and 1.48 < |n| < 3.0 in the two
endcap regions (EE). Preshower detectors consisting of two planes of silicon sensors interleaved
with a total of three radiation lengths of lead are located in front of each EE detector.

Forward calorimeters extend the pseuddorapidity coverage provided by the barrel and
endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid, using three technologies: drift tubes, cathode strip
chambers, and resistive plate chambers. 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 refs. [22, 23].

Events of interest are selected using a two-tiered trigger system. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon



detectors to select events at a rate of around 100 kHz within a fixed latency of about 4 us [24].
The second level, known as the high-level trigger (HLT), consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing, and
reduces the event rate to a few kHZ before data storage [25, 26].

3 Data and simulated samples

Events from pp collision data are selected using a combination of single- and double-lepton
triggers. The online selection requirements on leptons depend on the trigger type and vary
according to the data-taking conditions. The threshold on transverse momentum pr ranges
from 27 (24) GeV to 35 (27) GeV for electrons (muons) in single-lepton triggers. In dilepton
triggers, the pp of the leading (subleading) lepton must exceed the threshold of 23 (12) and
17 (8) GeV in the dielectron and dimuon paths, respectively. In the electron-muon paths,
the leading lepton must have pr above 23 GeV, while the subleading lepton must have py
above 12 GeV if it is an electron, or above 8 GeV if it is a muon.

Monte Carlo simulations are used to estimate the contributions from both signal and
background processes. Since the CMS detector configuration has undergone some changes
between 2016 and 2018, samples are simulated for different data-taking periods separately.
The tty production process is modelled as a 2—3 process (pp — tty) with two on-shell top
quarks using the MADGRAPH5 _aMC@NLO (v2.9.18) [27] MC generator, at NLO accuracy in
QCD, with up to one additional jet at LO. Only photons with pp > 10 GeV and |n| < 2.6 are
accepted. They must have an angular separation from other generated particles of AR > 0.05,
where AR = V/(An)? + (A¢)?, and ¢ is azimuthal angle, as defined in ref. [28], with gy =1,
and n = 1. Top quark decays are simulated via MADSPIN [29]. A similar procedure is followed
to simulate t W7y production events at NLO accuracy in QCD, except that only one on-shell
top quark must be present at matrix-element (ME) level, and no additional jets are simulated
at ME level. The tWy and tty samples contain some overlap, which is removed using the
diagram removal (DR) method [30].

To model the tty decay process, a sample simulating the 2—2—7 (pp — tt — K+E_VVbBY)
process at LO accuracy in QCD is produced with MADGRAPH5_aMC@NLO, and the cross
section is scaled to the NLO value of 2220.37 fb using a K-factor of 1.48, computed in ref. [16].
Simulated events in this sample contain a photon with pp > 10 GeV and |n| < 5, isolated
from other particles within a fixed cone of radius R = 0.1. An alternative model for the
tty decay process is provided by a tt sample produced with the POWHEG (v2.0) MC event
generator [31-33] at NLO accuracy in QCD and filtered for events with a “signal” photon,
generated in the parton shower (PS), emitted from particles involved in the decay of one of
the top quarks, before hadronization. “Signal” photons are defined as photons with generated
pr > 20 GeV, isolated from nearby particles, and not emitted in hadron decays. The sample
produced with MADGRAPH5__aMC@QNLO is taken as the reference, and is designated as the
“nominal sample” throughout the paper, but all the differential results are also compared
with the POWHEG model, designated as the “alternative sample”.

The tt process with no additional photons is simulated using the same sample produced
with POWHEG, mentioned above, but vetoing any “signal” photons in the event. For this
sample, the inclusive tt cross section (before any photon veto) is scaled to the most precise



theoretical prediction at next-to-NLO (NNLO) accuracy in QCD, 832 =+ 42 pb, which is calcu-
lated using the TOP++ (v2.0) program [34]. The calculation also includes the resummation
of next-to-next-to-leading-logarithm (NNLL) soft-gluon terms [35-39]. The tt and tty decay
simulated events are reweighted in order to account for a known mismodelling of the top
quark pr, pp(t), in the simulation at NLO, due to missing higher order corrections. This
procedure is also referred to as “NNLO QCD reweighting” [40], and is performed using
FASTNLO tables [41-43] to compute the pp(t/t) distribution in fixed-order QCD at NNLO.

The tWvy decay process is modelled with a tW sample also produced with the POWHEG
event generator and filtered in the same way as the tt sample. The tW process without
additional photons is obtained using the same tW sample, but vetoing events with “signal”
photons. Other processes involving top quarks are produced with MADGRAPH5__aMC@NLO
at LO or at NLO accuracy in QCD, depending on the process.

The MADGRAPH5_ aMC@NLO event generator is used for the remaining background
processes, except for diboson processes with massive vector bosons (Z2Z, WZ, and WW)
processes, which are generated at LO accuracy in QCD with PYTHIA (v8.240) [44]. The
production of Drell-Yan events with up to four additional jets (DY+jets) is modelled at L.O
for dilepton invariant masses of 10 < m(¢¢) < 50 GeV and at NLO for m(¢¢) > 50 GeV. The
associated production of a Z (W) boson and a photon, with up to one additional jet, Zy-+jets
(Wy+jets), as well as triboson processes are generated at NLO. The overlap between Zy+jets
and DY+jets, and Wy-+jets and W+jets, is removed, by requiring that the events in the
DY+jets and W+jets samples have no generated photons within the phase spaces generated
in the Zy+jets and Wy-+jets samples, respectively.

For all simulated samples involving top quarks, the top quark mass is set to 172.5 GeV [45].
All processes are interfaced with PYTHIA using the CP5 tune [46-48] to model the hadroniza-
tion, PS, and underlying event. The NNPDF parton distribution functions (PDFs) version
3.1 [49] at NNLO are used. The MLM [50] (FxFx [51]) matching scheme is used at LO
(NLO) to account for the double-counting of jets from the ME calculations and the PS.
Generated events are passed through the full description of the CMS detector, implemented
in GEANT4 [52]. Multiple simultaneous pp collisions occur within the same bunch crossing
(about 27-38 on average in 2016-2018). To model the effect of pileup caused by these
additional collisions, as well as collisions from bunch crossings nearby in time, minimum
bias interactions are simulated and superimposed on the hard-scattering events. Simulated
events are then reweighted to reproduce the distribution of the number of interactions in
each bunch crossing [53] observed in data.

4 Object reconstruction and selection

The signature of the tt7y signal consists of a high-p photon, together with the decay products
of tt in the dilepton final state, i.e., two oppositely-charged leptons (e or W), two jets
originating from b quarks, and a pt imbalance due to the presence of neutrinos.

Events are required to contain a primary vertex (PV), taken to be the vertex in which
the pp sum of the associated physics objects is the largest, as described in section 9.4.1
of ref. [54]. The particle-flow (PF) algorithm [55] aims to reconstruct and identify each



individual particle in an event, with an optimized combination of information from the
various elements of the CMS detector.

The energy of electrons is evaluated from a combination of the electron momentum at
the PV as determined by the tracker, the energy of the corresponding ECAL cluster, and
the energy sum of all bremsstrahlung photons spatially compatible with originating from the
electron track. The momentum resolution for electrons with py ~ 45 GeV from Z — eTe”
decays ranges from 1.6 to 5.0%, depending on the electron 7 [56, 57]. Electrons are selected
with pp > 25 GeV if they are the leading lepton in the event, and with pp > 20 GeV otherwise.
They are required to lie within || < 2.5, excluding candidates that are reconstructed in the
ECAL superclusters (SC) located in the transition region between the barrel and endcap,
1.44 < |ngc| < 1.57. Electron identification requirements are based on the shower shape, the
track-cluster matching, the hadronic over electromagnetic energy ratio, and the incompatibility
with originating from a photon conversion. The isolation variable I, is calculated by summing
the transverse energy deposited by other particles in a cone of radius AR = 0.3 centered
around the lepton, normalized to the lepton pp. The contribution of charged particles from
pileup is suppressed by requiring the charged particles to be associated with the PV. An
average pileup energy is subtracted from the total energy of neutral particles and photons
within the isolation cone. To select electron candidates, pp- and n-dependent maximum
values are set on I, in the range of 5-10%. A set of identification and isolation criteria are
chosen such that genuine electrons are selected with an efficiency of about 70% [56].

Muons are measured in the range || < 2.4, and their momentum is obtained from the
curvature of the corresponding track. Matching muons to tracks measured in the silicon
tracker results in a relative pp resolution, for muons with pp up to 100 GeV, of 1% in the
barrel and 3% in the endcaps [58]. Muons are selected with pp > 25 (15) GeV, if they are
the leading (subleading) lepton in the event. Identification requirements are based on the
quality of the geometrical matching between the measurements of the tracker and the muon
system. The identification efficiency varies between 95 and 99%, depending on 7, where the
data and simulation agree within 1-3% [58]. The misidentification rate for pions and kaons
was found to be below 0.3%. Muons are further required to be isolated with I, < 0.15
where the isolation cone is of radius AR = 0.4.

Photons are selected with |n| < 2.5, excluding the ECAL transition region, and with pp >
20 GeV, where the energy of the photon is obtained from the ECAL measurement [59]. Photon
identification is based on the shower shape information, the hadronic to electromagnetic energy
ratio, and a pp- and n-dependent isolation from nearby charged and neutral reconstructed
particles. A “medium” identification working point that is 80% efficient for selecting genuine
photons is used [56, 60, 61]. Photon candidates are rejected if a track in the silicon tracker is
found to be compatible with the photon cluster (pixel seed veto), thus reducing the number of
electrons misidentified as photons. Finally, photons must be well separated from all selected
leptons in the event, fulfilling the criterion AR(y,¢) > 0.4.

Jets are reconstructed by clustering the PF candidates using the anti-kr algorithm [62, 63]
with a distance parameter of 0.4. The energy of neutral hadrons is obtained from the
corresponding corrected ECAL and HCAL energies. The energy of charged hadrons is
determined from a combination of their momentum measured in the tracker and the matching



ECAL and HCAL energy deposits, corrected for the response function of the calorimeters
to hadronic showers. Contamination from pileup and electronic noise is subtracted using
the charged-hadron subtraction method [55]. An 7-dependent uncertainty is added to the
jet energy in simulated events to better describe the data resolution [64, 65]. Jets are
selected with pr > 30GeV and |n| < 2.4, and are required to be away from leptons by
AR(¢,jet) > 0.4, and photons by AR(y,jet) > 0.4.

The DEEPJET b tagging algorithm [66—68] is used to identify jets originating from b
quarks in tt decays. The medium working point of the algorithm is chosen, corresponding to
an efficiency of 80% and a misidentification rate of 1% for light-quark and gluon jets.

The missing transverse momentum vector pp' 55 i computed as the negative vector sum
of the transverse momenta of all the PF candidates in an event, and its magnitude is denoted

as P [69], and it is a measure of the momentum imbalance in an event. This quantity

is used to reconstruct the tt system in the events, as described in section 5. The pp iss
is modified to account for corrections to the energy scale of the reconstructed jets in the
event. This observable is sensitive to pileup interactions, inefficiencies in reconstruction,
energy calibrations, and detector effects.

Differences between data and simulation arising in lepton reconstruction, identification,
and triggering efficiencies, the energy scale and resolution of jets, and the response of the
DEEPJET algorithm are accounted for through corrections applied to the simulated samples.
These corrections are typically at the level of a few percent [66, 69, 70] and are measured

using a variety of SM processes, such as Z — ete™, Z — u+u_, tt, and y+jets production.

5 Event reconstruction and selection

Following the HLT selection of events, a variety of offline requirements are made. Each event
must have at least two charged leptons, and the two highest pt (leading) leptons are required
to have opposite charge and an invariant mass m(¢¢) greater than 40 GeV. Events where
the two leading leptons are of the same flavour are rejected if m(£¢) is compatible, within a
+15 GeV window, with the mass of the Z boson, my. Events are then required to have exactly
one photon satisfying the criteria defined in section 4. For same-flavour lepton events, the
invariant mass of the photon and two leading leptons, m(££y), must not be compatible with
originating from a Z boson, my £ 15 GeV. This is to reject the background from the 7 — £y
process. At least two jets must be present in the event, where at least one is identified as a
b jet. No explicit requirement on p?iss is applied. The tty events with only one generated
lepton that pass the selection are considered as background in the analysis and grouped with
the “Others” category in the figures, since their contribution is rather small.

Figure 2 shows comparisons between the data and the predictions, for several distributions,
after the fit to the data to measure the production component of tty, described in section 9.3.
The predictions for signal and most background processes are taken from MC simulations, as
described above. The contribution labelled as “tty prod.” corresponds to the tty production
process, while the one labelled as “tty decay” corresponds to the tty decay process, as defined
in section 3. Background events containing nonprompt photons are estimated from the data,
as described in section 6, and labelled as “Nonprompt”. The data and the estimated signal
and background contributions after the fit are found to be consistent.
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For the selected events, the kinematic properties of the top quarks and the tt system
are reconstructed. The four-momenta of the top quark and antiquark in each event are
estimated using a kinematic reconstruction algorithm, extensively described in ref. [71]. The
main challenge is to accurately estimate the four-momenta of the neutrinos that collectively
give rise to the pp' 55 of the event. The reconstructed jets and leptons in each event are
assigned to the b quarks and leptons from the top quark decays, in all possible combinations.
These combinations are inserted into a set of energy-momentum conservation equations.
Constraints in those equations are the mass of the W boson, my = 80.4 GeV [72], and the
mass of the top (anti)quark, m; = 172.5GeV. The assumed value of myy is varied according
to a simulated Breit-Wigner distribution, with a width of 2.1 GeV [72]. It is also assumed
that the pp iss originates only from the neutrinos. To account for the detector effects, the
measured energy and the direction of the reconstructed jets and leptons are randomly smeared
according to their simulated resolutions. The combination providing a neutrino solution
that minimizes the invariant mass of the tt system is chosen. More details can be found
in ref. [73]. The reconstruction efficiency in tt, defined as the fraction of events where a
solution is found, is about 90% in both data and simulation. Events where no real solution
can be found for the neutrino momenta are discarded. The presence of the photon is not
considered explicitly in the reconstruction, but this is shown to have a negligible effect on the
event reconstruction efficiency. The reconstruction efficiency was checked as a function of
photon kinematic observables, and minimal dependence was observed. In tty events with at
least two leptons, the reconstruction efficiency ranges from more than 95% to about 80% for
the leading lepton pr between 25 and 400 GeV. Figure 3 shows the pt distribution of the
reconstructed leading top quark (pp(t;)), the invariant mass distribution of the reconstructed
tt system (m(tt)), and the difference between the absolute rapidities of the reconstructed
top quark and antiquark (Aly|(t,t)), in data and simulation, after the fit.

6 Background determination

A variety of background processes have a similar signature to the signal, and events from
these processes can pass the event selection. They can be categorized into processes with
prompt or nonprompt photons, depending on the nature of the reconstructed photon. Each
reconstructed photon is matched to the nearest generator-level particle within a cone of
AR < 0.3, and with a pr that agrees within 50% with that of the photon. The photon is
labelled as prompt if the generator-level particle is a photon radiated from either a lepton,
a quark, or a boson; whereas it is considered nonprompt if the generator-level particle is
a photon originating from hadronic sources, e.g. a ’ — YY decay, if it is not a photon,
e.g. an electron that is misidentified as a photon, or if no match is found (for instance,
photons from pileup interactions).

Among the background sources with prompt photons, the highest contribution arises
from the Zy+jets process, where the Z boson decays into pairs of leptons. The Zy+jets
contribution is split into Zy+jets (FSR) and Zy+jets (ISR) components, based on generator-
level information related to the photon origin. The contribution from this process is estimated
from simulation, and is constrained using a dedicated control region (CR). The CR is defined
by selecting same-flavour lepton events with the same requirements as the signal region (SR),
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Figure 3. The py(t;) (upper left), m(tt) (upper right), and Aly|(t,t) (lower) distributions in data
and simulation, after the fit to the production component of tty, described in section 9.3. The hatched
area indicates the total uncertainty in the prediction. The lower panels show the ratio of the data to
the sum of the postfit predictions (points) and the ratio of the data to the sum of the prefit predictions
(red line). The black (red) hatched areas represent the postfit (prefit) uncertainties. The last bin
includes all events above the plotted range and, where applicable, the first bin includes all events
below the plotted range.
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Figure 4. Distributions of the invariant mass of the two leptons (left) and two leptons + photon
(right) system, for events with two same-flavour leptons, as estimated by the simulation before the
fit. These distributions are shown after requiring that the events pass the full event selection, but
excluding the requirement that both invariant masses are reconstructed with a value not compatible
with my, within 15 GeV. The data and their statistical uncertainties are indicated by the black points
and error bars, respectively. The hatched area indicates the total prefit uncertainty in the prediction.
The last bin includes all events above the plotted range.

but with m(¢¢y) enforced to be compatible with my, within a +15GeV window. Because
of this requirement on the invariant mass, the photon in the CR mostly originates from
FSR. Figure 4 shows the distributions of m(¢¢) and m(£¢y) after the full event selection
except for the requirements on these two variables, for events with two same-flavour leptons.
The Zy+jets CR is included in the fit to the data, and the rates of the Zy+jets (FSR)
and Zy-+jets (ISR) processes are controlled by constrained nuisance parameters. Different
nuisance parameters are defined for events with different jet multiplicities, to account for an
observed mismodelling of this observable in the CR. All other backgrounds with prompt
photons are estimated from simulation.

Due to its potentially unreliable description in simulation, the contribution arising from
processes with nonprompt photons is estimated from data using the so-called ABCD method,
with a similar strategy to that of ref. [15]. Four exclusive regions (A through D) are defined,
based on two variables that provide good discrimination between prompt and nonprompt
photons, namely the photon PF charged isolation (/) and the width of the electromagnetic
shower measured in the ECAL (0;,;,) [56], as illustrated in figure 5. The I, is obtained
by summing the pp of charged hadrons inside an isolation cone of AR < 0.3 with respect
to the photon direction. These variables present a low correlation between them, below 2
(7Y% for photons reconstructed in the barrel (endcap) of the CMS detector. All regions
are required to contain events with exactly one photon passing the identification criteria
detailed above, but with looser requirements on the identification algorithm, in particular
no requirements on Iy, and 0;,,,. Additionally, events in all regions are required to pass all
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Figure 5. Schematic representation of the regions used to estimate the contribution from events
with a nonprompt photon in the SR. The blue (light red) areas represent the fraction of events with
a nonprompt (prompt) photon in each region. The area shaded in grey represents a gap between
the regions, and events falling in that gap are excluded. The numbers in black on the axes represent
the selections applied to separate the regions for events with a photon reconstructed in the ECAL
barrel, while those in pink represent the selections applied to events with a photon reconstructed in
the endcaps.

criteria of the signal event selection except for those on the number of jets. Two regions
(C and D) form the measurement region, and the ratio between the nonprompt photon
contributions in those regions is used to measure the probability that a nonprompt photon
also passes the identification criteria and therefore ends up in the final selection, referred to
as the misidentification rate (Rqp)- In these regions, events are required to have at least
one jet, or have two leptons of different flavours (ep), to suppress the contribution from the
DY+jets process. The remaining two regions (A and B) form the application region, with
the same requirements on jet multiplicity as those described for the signal event selection,
where the R, ;qp is applied in the form of a weight to photon events in region B in order
to predict the number of nonprompt photon events in the SR (A).

In more detail, the measurement region contains events with one non-isolated photon,
defined by requiring 1.141 (1.051) < Iy, < 15 for barrel (endcap) photons, and is further split
into C with the same o;,,, requirement as the SR, i.e. 0;,;,, < 0.010 (0.027) for barrel (endcap)
photons; and a sideband D defined by inverting the oy, requirement, i.e. o, > 0.012
(0.034) for barrel (endcap) photons. With this definition, the events in D contain mostly
nonprompt photons (about 99.5%). The misidentification rate is then measured by computing
the ratio of data events in C to those in D in bins of pp and 7 of the photon, since low-p
and high-|n| photons are more likely to be nonprompt. The small contribution from prompt
photons in these regions is subtracted using simulated events. The application region contains
events with isolated photons, i.e. with the requirement I; < 1.141 (1.051), and is further
split into a region A that corresponds to the SR, and a sideband B defined by inverting
the 0, requirement. The gap between the two thresholds of the 0;,,, requirement ensures
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a higher contribution of nonprompt photons in both sideband regions. Figure 5 shows a
scheme of the A, B, C, and D regions, illustrating the purity of each region in events with a
nonprompt photon, computed from simulation. The contribution of nonprompt photons in A
is estimated by computing Ny = Riaqp Vg The R, ;qp values are computed separately for
each data-taking period, to account for differences in the detector configuration.

The method described above relies on the condition that the variables chosen to define
the four regions are fully independent of one another. In this analysis, it has been found in
simulation that this assumption does not always hold true, especially for endcap photons.
The physical reason lies in the fact that nonprompt photons tend to have both high values

of g;,;, and to be poorly isolated from charged particles around them, for instance if they

(3
origiggte from jets misreconstructed as photons. To address this issue, correction factors
knme are calculated based on tt simulated events using the same pr and 7 binning as the
R,isip- The correction factors are computed as the double ratio (N};/IC /N]l;4 C) / (N © /N%/I C),
where N)l\{[ “ is the number of nonprompt photon events in each region X in tt simulation.
The correction factors are close to 1 for photons with low pt and reconstructed in the barrel
(the majority of events), but go up to 3 for some poorly populated bins in the higher pr
and/or higher rapidity regions. The number of nonprompt Yy events in the SR is computed

in each photon pr and |n| bin, indexed by i and j, respectively, by:

N (nonprompt y) = Z <N§(data) — Ng(prompt MC)) Rfﬁism kﬁc (6.1)
i,

The most significant contribution of nonprompt photon events in the SR arises from the tt
process, where an extra jet is misreconstructed as a photon. Therefore, in order to assess
the consistency of this method, the R, p is also computed on simulated tt events, and
subsequently applied to simulated tt events with nonprompt photons in B, to estimate the
number of nonprompt photon events in A. This is then compared to the distribution of
simulated tt events with nonprompt photons in A, which serves as a “closure test” to ensure
the consistency of the method. Good agreement is observed in the normalized distributions,
not only of the photon pt and 7, where these factors are derived, but of all the studied
quantities. However, residual normalization differences were identified and are accounted
for by applying a normalization uncertainty of 20% to the nonprompt photon background,
corresponding to the largest relative differences observed between the distributions, in specific
bins. In addition, an extra shape uncertainty is included in the fits to data, to capture slight
trends observed in the closure tests for the specific variables that are included in the fits,
that may not be adequately addressed by the normalization uncertainty.

7 Systematic uncertainties

Several sources of systematic uncertainties are considered, which affect the statistical inter-
pretation of the results through their modification of the normalization and/or the shape of
the templates for the signal and background processes. All sources of systematic uncertainty
considered in this analysis are summarized in table 1, and are described below, grouped by
experimental and theoretical uncertainties. Unless otherwise specified, the uncertainties are
applied to all processes except the nonprompt photon background. The different components
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Correlation

Source Period Process
Integrated luminosity ~ v
Pileup reweighting v v
L1 prefiring v v
Electron/muon reconstruction and identification v v
:2 Photon reconstruction and identification ~ v
_§ b tagging ~ v
g JEC ~ v
g JER X v
Unclustered energy v v
Trigger efficiencies X v
Limited size of simulated samples X ~
Nonprompt photon estimation ~ —
pur and pp scales v ~
PDF+ag v v
@ PS scales: ISR and FSR v ~
5 ME-PS matching (Agamp) v —
EJ NNLO QCD reweighting v —
= Background normalization v —
Zry+jets mormalization depending on jet multiplicity v —
tty production/decay fraction v —

Table 1. Summary of the systematic uncertainty sources in the inclusive and differential tty
cross section, tty/tt ratio, and charge asymmetry measurements. The first column lists the source
of the uncertainty, while the second (third) column indicates the treatment of correlations of the
uncertainties between different data-taking periods (processes), where v means fully correlated, ~
means partially correlated (i.e. contains sub-sources that are either fully correlated or uncorrelated),
X means uncorrelated, and — means not applicable.

were studied one by one to evaluate whether they were dependent on the data-taking period
and signal/background process, and incorporated accordingly as a correlated or uncorrelated
nuisance parameter.

e Integrated luminosity: The uncertainty in the integrated luminosity from the considered
data-taking periods is propagated as a systematic uncertainty in the yields of all
processes except the nonprompt photon contribution, estimated to be between 1.2 and
2.5% [74-76]. This uncertainty affects only the normalization of the processes and is
partially correlated across data-taking periods.

o Pileup reweighting: The uncertainty in the pileup is taken into account by using two
sets of alternative event weights derived with a variation of 4.6% in the total inelastic

— 14 —



cross section [53]. This uncertainty affects both the shape and normalization of the
predictions.

L1 trigger inefficiency: In 2016 and 2017 data, a problem in L1 triggers related to the
ECAL and the muon systems during a portion of the data-taking period led to the
selection of data events from the previous bunch crossing [59], and consequently to a
loss of signal efficiency. To account for this, a correction factor is applied to simulated
events, and the corresponding uncertainties are assigned, affecting both the shape and
normalization of the predictions.

Lepton selection: The uncertainties associated to the lepton reconstruction, identifica-
tion, and isolation affect both the shape and normalization of the processes [56, 58].
Separate nuisance parameters are included for electrons and muons.

Photon selection: The uncertainties in the photon identification and pixel seed veto are
considered, which affect both the shape and normalization of the processes [56].

b tagging: Uncertainties in the b tagging efficiency corrections are considered, which
affect both the shape and normalization of the predictions. These factors are derived
from two different regions: a heavy-flavour one, i.e. a QCD-enriched region, and a
light-flavour one, i.e. a Z+jets-enriched region [66, 68].

Jet energy scale and resolution: Uncertainties in the determination of the jet energy
scale (JES) are taken into account by shifting the jet momenta in the simulation up
and down, separately for several sources of uncertainty such as the overall energy
scale, differences in flavour response, and residual differences between energy scale
measurements. These corrections to the JES are denoted jet energy corrections (JEC).
The JEC uncertainties are also propagated to the p™. These uncertainties affect both
the shape and normalization of the predictions. Some of the sources are treated as un-
correlated per data-taking period, while others are correlated for all periods, depending
on whether the underlying effect depends on the different detector configurations across
periods. Uncertainties in the jet energy resolution (JER) are evaluated by increasing or
decreasing the variation of jet energies between the reconstructed and particle levels, or
by randomly modifying the measured jet energy by a small amount in case no matching
particle-level jet could be found [70].

Unclustered energy: An uncertainty in p%iss is derived by varying the energies of
reconstructed particles not clustered into jets within their respective resolutions [69],
affecting both the shape and normalization of the predictions.

Trigger efficiencies: Uncertainties in the trigger efficiency corrections are considered,
affecting both the shape and normalization of the predictions.

Limited size of MC' simulation samples: The uncertainty originating from a finite number
of simulated events is accounted for using the Beeston-Barlow “lite” method [77].
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Nonprompt photon background: Shape and normalization uncertainties are applied
to account for the residual mismatches in the nonprompt photon estimation. These
are built by comparing the distributions obtained with the ABCD method with those
obtained directly from the simulation, as detailed in section 6, and are considered as
partly correlated between data-taking periods.

Uncertainties arising from generator parameters and settings affect both the shape and

normalization of the templates and are incorporated into the statistical analysis. To avoid

double counting of pure normalization uncertainties, the templates containing the “up” and

“down” variations of these parameters are normalized to the same cross section as the nominal

ones,

in the full phase space before any event selection, for all processes. These uncertainties

are listed below:

Renormalization and factorization scales: The uncertainties in the choice of renor-
malization and factorization scales (up and ugr) are considered for the tty, tt, and
Zry+jets processes. These uncertainties are estimated by varying each scale up and
down independently, by a factor of two, and are treated as correlated between the tty
production and tt processes, and uncorrelated between those and the tty decay and
Z7y+jets processes. The choice to correlate or uncorrelate each process was based on
how similar the simulated processes are in terms of their production mechanisms and
order of perturbation theory at which they are generated.

PDF and ag: The impact of the uncertainties related to the PDFs and the variation of
the strong coupling constant ag for each simulated background and signal process is
obtained using the corresponding variations in the NNPDF sets [49, 78]. In particular,
one nuisance parameter per eigenvector is included.

PS scales: Uncertainties in the PS simulation are accounted for by varying ag indepen-
dently for ISR and FSR by a factor of 1/2 and 2, for all processes. The ISR uncertainties
are treated as uncorrelated between double- and single-top quark processes, while the
FSR uncertainties are treated as correlated for all processes involving top quarks. Both
uncertainties are treated as uncorrelated between processes involving and not involving
top quarks.

ME-PS matching (hgamp): In the POWHEG generator, the scale that separates the
phase space of the first QCD emission into soft and hard parts is controlled by the
Pdamp Parameter. The nominal value in the CP5 tune [48] is hgamp = 1.379m, and
the uncertainties are estimated with varied values of 2.305m, and 0.874m,, for the tt
simulation sample only.

NNLO QCD reweighting: The tt simulation sample is reweighted such that the top
quark pp spectrum matches that from a fixed-order ME calculation at NNLO in QCD,
as described in section 3. The difference between the results obtained with this sample
and with the unweighted version is taken as a systematic uncertainty.

Additionally, theoretical uncertainties in the total cross sections of the background processes

are considered as systematic uncertainties in the yield predictions. In particular, 20% is
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estimated for tWy and 30% for the remaining backgrounds, as used in ref. [15]. For the
Z7y+jets process, a large uncertainty is assigned as a function of the number of jets, ranging
from 50 to 150%, as it was observed that the modelling of this process is significantly worse
for larger jet multiplicities [79]. These large uncertainties are constrained using the data,
by including the Zy-+jets CR in all the fits. An additional uncertainty of 20% is applied
to the ratio between the tty production and decay components; this uncertainty does not
modify the total cross section, but only the relative contributions of the two processes. The
choice of 20% is based on the observed differences between the tty sample produced with
MADGRAPHS5__aMC@NLO and the alternative sample produced with POWHEG, as described
in section 3, but it was checked that the results are stable with respect to this choice. The
impact of all systematic uncertainties on the results are discussed in sections 9, 10, and 11.

8 Statistical analysis

All results are extracted via a maximum likelihood fit to data, in the tty SR and Zy+jets CR
simultaneously, where systematic uncertainties are accounted for as nuisance parameters. The
likelihood function is built from the product of Poisson probabilities PP over N bins, calculated
as functions of the number of data events n; and the expected number of signal and background
events v; in a given bin 4. This is multiplied by an auxiliary function 7, which controls the
constraint of the nuisance parameter 0, given a set of nuisance parameters 6 of length M.
The likelihood function reads:
M

n|,u, HP ‘Vi(l'L7 0)) H Tr('gk)v (81)

where the vector n = nq,...,ny represents the observed number of events in each bin, @
represents the set of nuisance parameters, and p are the parameters of interest (POIs) to be
measured. In the inclusive measurement of the cross section the POI is a single parameter,
i.e. the tty cross section modifier iz, = US;D,; / a::p,

and expected tty cross sections, respectively. The fits are 1mplemented with COMBINE [80].

with O’tty and UeXp being the observed

In differential measurements, where cross sections are measured in bins of a chosen
observable, a set of POlIs is used instead, with one POI per bin. Each observable of interest x
is divided into N bins at the generator level. A likelihood-based unfolding technique is used
to correct for the finite resolution and limited acceptance of the detector, which cause the
measured distribution to be distorted and the values of x to deviate from the ones at the
generator level. In practice, we perform a fit to extract a cross section modifier y; for each
generator-level bin I, and multiply it by o;”" taken from the predictions, which results in the
measured value of g;. The binning is chosen for each observable such that the purity (fraction

of reconstructed events observed in the reconstruction-level bin z;°*

that were also generated
in the generator-level bin z;) and stability (fraction of reconstructed events generated in the
generator-level bin z; that are also observed in the reconstruction-level bin z;°°°) are above
50%, and the condition number for the response matrices comparing the generator- and
reconstruction-level quantities are reasonably small. The condition number is a measure of the
stability of the unfolding problem. Typically, numbers of the order of 10 or below guarantee

that the unfolding can be performed without applying any regularization technique [81].
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For the inclusive and differential measurements of Ry, in addition to the tty SR and the
Zy+jets CR, two separate regions enriched in tt and DY+jets events are defined. These
regions are constructed similarly to the tty SR and the Zy+jets CR, respectively, except that
events are required to have no associated reconstructed photons. We refer to the tty and
tt SRs with the subscripts “tt,1y” and “tt,0y”, respectively. We perform a simultaneous
fit to the tt cross section modifier y; and to the R, modifier u R, = Iy/ Ry in the four
regions, where:

o.-
R, = L’h/? (8.2)
0t ,0y + Ott,1y
and R?Xp is the expected value of R, computed using the simulated samples.
The top quark charge asymmetry at the LHC can be defined as:
Alyl >0) —a(Aly| <0

~ o(Alyl > 0) + o(Aly < 0)’

where Aly| = |y(t)| — |y(t)] is the difference in absolute rapidity between the top quark and
antiquark, and o is the associated cross section. For the measurement of this quantity, events
are divided in two categories, according to the observable A|y| being positive or negative, and
the charge asymmetry is extracted directly from a maximum likelihood fit to a distribution of
this observable in the tty SR, as shown in figure 3, and in the Zy-+jets CR. The two signal
categories are used to build two separate signal templates, and the cross section modifiers
for one of the signals is reparametrized to be a function of the charge asymmetry. This
way, the charge asymmetry is extracted directly, with all the uncertainties and respective
correlations being taken into account in the fit.

9 Cross section measurements

9.1 Cross section definition

The tty cross section is measured in two different phase spaces: a fiducial phase space defined
at the particle level after hadronization, and a broader phase space defined at the parton level.
Both phase spaces are defined in terms of the generator-level objects. For the parton-level
phase space, events are required to have two leptons in the final state, originating from top
quark decays, and exactly one final-state photon with pt greater than 20 GeV and |n| < 2.5,
which is isolated from all other final-state particles with p larger than 5 GeV (leptons, other
photons, and hadrons), excluding neutrinos, by AR > 0.1. These photons must not originate
from the hadronization process. No further requirements are imposed on any other objects.

Concerning the particle-level object definition [82], leptons are required to originate from
the prompt decays of the W boson (or from the decay of a T lepton which in turn originates
from the W boson) and satisfy pp > 15GeV and |n| < 2.5. The momenta of photons within
a AR = 0.1 cone around leptons are added to the respective leptons. Photons are required
to not originate from the hadronization process, have pr greater than 20 GeV, |n| < 2.5,
and that the sum of pr of all particles surrounding the photon within AR = 0.4 is less
than 50% of the photon pp. Photons separated from leptons by AR < 0.4 are excluded.
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Criteria Lepton Photon Jet b jet

pr [GeV] >15 >20 >30 >30
l <2.5 <2.5 <2.4 <2.4
Number 2 1 >2 >1
Origin Prompt Not from hadrons — —

Others OS, m(¢¢) >30GeV  AR(y,0) >04  AR(y/¢,jet) >04 —

Table 2. Definition of the fiducial phase space.

Particle-level jets are clustered with the anti-kt algorithm with a distance parameter of 0.4,
and are required to satisfy pr > 30 GeV and |n| < 2.4, and to be separated from leptons by
AR > 0.4. Particle-level b jets are identified as jets that have a b quark matched to them
through a hadron ghost-matching technique [83], where for each b hadron, an additional
collinear four-vector of infinitesimal magnitude is included in the jet clustering, and each jet
that includes such a “ghost” is identified as a b jet. The fiducial phase space contains signal
events with at least two leptons with opposite-sign charges (OS), exactly one photon, and
at least two jets, of which at least one must be a b jet. Additionally, a requirement on the
invariant mass of the dilepton system, m(¢¢) > 30 GeV is applied. The fiducial phase space
definition is summarized in table 2. This selection reduces the total predicted tty fiducial
cross section (including the production and decay components) when compared to the parton
level phase space, from 1118 4+ 194 fb to 126 + 19 fb, using the nominal prediction defined in
section 3. The uncertainties include the choice of up and up, PS, and the PDF uncertainties.

9.2 Fixed-order predictions

All results are compared to the predictions from simulation. In addition, the particle-level
results are compared to a set of fixed-order calculations. To obtain them, NLO QCD
corrections to the pp — tty process in the dilepton decay channel are computed, taking
into account higher-order effects in both the tt production and top quark decays, using
the narrow-width-approximation (NWA) [5, 84]. In this approach, all unstable particles are
treated as on shell and NLO spin correlation effects are preserved throughout the calculation.
In addition, the effects of photon emission from the charged top quark decay products (part
of the tty decay process) are consistently included. The same applies to gluon radiation
encountered in the NLO QCD corrections.

The five-flavour scheme is considered, and non-diagonal elements of the Cabibbo-Kobayashi-
Maskawa matrix are neglected. The calculation is performed within the HELAC-NLO MC
framework [85], which is interfaced to the RECOLA [86, 87] programme for the calculation
of tree-level and one-loop matrix elements, together with the COLLIER [88] library for the
numerical evaluation of one-loop scalar and tensor integrals. The calculation of the real
emission part is performed with the Nagy-Soper subtraction scheme [89] with its extension to
the NWA [90] and a phase-space restriction on the subtraction terms [91]. In addition, the
parameter in the phase-space restriction is varied to cross check the computation of the real
correction part. The numerical input parameters and the photon isolation prescription for
this calculation are adapted from ref. [92] to match the fiducial phase space of the analysis.
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Specifically, we employ a hybrid approach where we first use a rather inclusive smooth-photon
isolation condition, as introduced in ref. [28], with &, = 1, n = 1, and R = 0.05. Afterwards,
a fixed-cone isolation condition is applied where the event is rejected unless the scalar sum of
pr of all partons in the final-state within a cone of radius R = 0.4 centered around the photon
candidate is smaller than half of the photon pt. Events are required to have at least two jets
and at least one jet originating from a b quark, matching the fiducial phase space selections
of the analysis; however, the jets obtained from the calculation are before hadronization, and
therefore do not correspond exactly to the particle-level jets defined in section 9.1. This effect
is not explicitly corrected for in the unfolding procedure, but is expected to be small.

9.3 Inclusive measurements

We extract the inclusive tty cross section in the particle-level fiducial phase space by perform-
ing a maximum likelihood fit using two distributions: the AR between the photon and the
closest lepton in the SR, shown in figure 2 (lower right), and the number of jets in the Zy+jets
CR. The variable in the SR is chosen because it provides good separation between the tty
production and decay components. The measured cross section modifier is Mgy = 1.09£0.18.
The uncertainty in this value and other cross section modifiers throughout the paper includes
both the uncertainty in the measurement and the one on the theoretical cross section used to
normalize it. The resulting fiducial cross section is oy, = 137 & 3 (stat) £ 7 (syst) fb. This
value is consistent with the prediction of 126 + 19 fb obtained from simulation, where the
uncertainty includes the choice of ug and pp, PS, and the PDF uncertainties. The leading
sources of systematic uncertainty in the measurement are those related to the normalization of
the nonprompt photon background and the photon identification. Other experimental sources
such as luminosity, b tagging, and the normalization of the tWvy and Zy+jets backgrounds
also play an important role, as well as the uncertainty in the fraction between the tty
production and decay components. The fit was also performed using as input alternative
distributions, such as the photon or the leading lepton pt (pr(¢;)), and the results were
found to be consistent, with the same or larger uncertainties.

The tty production component is more sensitive to potential new physics effects than
the decay component. Therefore, its cross section is also extracted in a separate fit, where
the tty decay component is treated as background and accounted for as a free parameter
of the fit. In this case, we obtain a cross section modifier of ,uf%nd = 0.98 +0.12, corre-
sponding to a fiducial cross section of O‘fg;)d = 56 + 2 (stat) £ 4 (syst) fb, consistent with the
expectation from the nominal simulation, 57 + 5fb. The fitted tty decay normalization
factor is ufgf;ay = 1.21 4 0.28, which has a small (5%) anticorrelation with the tty production

cross section. This normalization factor can be translated into a measured cross section of
decay
sty

tty decay component. The leading sources of systematic uncertainty are the same as those

= 84 £+ 5fb, in agreement with the nominal simulation prediction of 70 + 16 fb for the

for the measurement of the combined production+decay tty cross section.

An assessment of the quality of the fit to the production component of tty is shown in
figure 6 through the postfit deviations of nuisance parameters from their prefit values (“pulls”)
as well as their postfit reduction in uncertainty (“constraints”). The nuisance parameters
are ranked by the impact that shifting their fitted values would have on the central value
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twenty most important nuisance parameters (listed in the left column) in the fit to extract the cross

section of the tty production component. In the middle column, two different pull definitions are
presented: the difference between the postfit value of each nuisance parameter 6 and its prefit value

0;, normalized either by the initial size of the uncertainty o; (in black and gray) or by \/012 —o?
(in blue) [93], where o is the postfit size of the uncertainty. For the first definition, the uncertainty
on this quantity is also reported and calculated as o/o;, effectively giving the constraints on the
nuisance parameters. The contraints are shown as gray horizontal bands (black horizontal lines) for
the expected (observed) fit. In the impacts column, the red and blue horizontal bands (lines) show the
expected (observed) impact of each nuisance parameter on the cross section modifier, defined as the

change in pf{;d when the nuisance parameter is shifted by one standard deviation from its fitted value.

Figure 6. Impacts A(pr ") (right column) and fit pulls and constraints (middle column) of the
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of the cross section modifier. In the figure, if the data-taking period is specified alongside
the uncertainty name, it indicates that this component of the uncertainty is uncorrelated
between periods. Similarly, if “norm.” or “shape” is specified alongside the uncertainty name,
it indicates an uncertainty modifying only the normalization or only the shape of the template
histograms, respectively. The normalization of the tty decay component is an unconstrained
nuisance in the fit, and its value and uncertainty after the fit are shown in the respective row,
instead of the constraint. Only the uncertainty on the measurement is quoted in the figure,
not the uncertainty on the theoretical prediction used to normalize the tty decay component.
A goodness of fit test is performed using the saturated model [94], and the p-value is found
to be 0.71, indicating a good agreement between the data and the postfit predictions.

9.4 Differential measurements

Additionally, we report the measurement of the differential tty cross section as a function
of several observables of interest at parton and particle level. At the parton level, the cross
section is measured as a function of pp(t;), the AR between the photon and the closest
top quark (min. AR(y,t)), the AR between the photon and the tt system (AR(y,tt)), and
m(tt). The observables chosen for the measurements at the particle level are pyp(¢;), pr(Y),
and the A¢ between the two charged leptons (A¢(¢,¢)). Observables such as the pr of
particles are sensitive to new physics in the tails of the distributions. Angular variables, on
the other hand, are sensitive to the spin correlations of the top quark pair, to the coupling
between the top quark and the photon, and to the modelling of the origin of the photon.
Moreover, angular observables can be used to probe the charge-parity (C'P) structure of the
SM [9]. Measurements at the parton level are performed in a broader phase space, whereas
those at the particle level are performed on particle-level objects in a fiducial phase space,
as described in section 9.1.

In the unfolding process, the condition numbers of the response matrices relating re-
constructed and parton level quantities were computed for all variables, and the largest
number was found to be 11.4, for py(t;), well within the range of stability. Each differential
measurement is the result of a fit to two distributions: that of the variable of interest in
the SR and the number of jets in the Zy+jets CR.

The absolute and normalized differential cross sections at the parton level are displayed in
figures 7 and 8, while those at the particle level are shown in figures 9 and 10. The purple and
blue lines represent the predictions using the two modelling options described in section 3,
while the hashed bands show the theoretical uncertainty in those predictions, coming from
the choice of ur and pp, and the choice of PDFs including ag variations. For particle-level
measurements, the results are also compared to the fixed-order prediction introduced in
section 9.2, shown in gray. The measurements are limited by the statistical uncertainties in
most bins, with the exception of the most populated bins in some distributions. The leading
systematic uncertainties affecting the unfolded data are those in the photon and electron
identification, as well as the nonprompt photon contribution. The normalizations of the tWy
process and other backgrounds also play a significant role.

In terms of normalization, good agreement of the data with the nominal simulation is
observed, while the alternative simulation model systematically overpredicts the data. The
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normalized cross sections show, however, that the shape of the data is well described by both
models for the invariant masses and pr observables, while for angular observables some trends
are observed. The latter are especially sensitive to the modelling of the photon origin, showing
that no model describes the photon emission perfectly. In general, it can be concluded that
the alternative simulation model, which relies on the PS to model the photon emissions from
the top quark decay products, does not describe the data well, while the nominal simulation,
which relies on the ME calculations at LO, provides a better, though not ideal, description.
The fixed-order predictions are in good agreement with the data both in terms of shape
and normalization, especially for the angular observables, where they are expected to be more
accurate, providing a better description when compared to both simulation models.

10 Inclusive and differential ratio measurements

In order to extract the R, modifier ;1 R, = R,/ R$Xp introduced in eq. (8.2), the distributions of
the pp of the leading lepton for the “tt, 1y” region and the “tt,0y” region, and the number of
jets distributions in the two CRs are fitted simultaneously. The CRs are the Zy+jets CR and
a DY+jets CR, built similarly to the “tt,0y” region, but selecting events with same-flavour
leptons and m(¢¢) within 15 GeV of my. The fit is performed to four distributions: that of
the pp(¢;) in the “tt, 1y” and the “tt, 0y” regions, and the number of jets in the Zy+jets and
DY +jets CRs. The distributions after the fit are shown in figure 11. In this section, “tty”
refers to the sum of the tty production and decay processes. This measurement is performed
in the extended phase space used for the parton-level measurements but without the photon
requirement, where the predicted value of the ratio is 0.0127 £ 0.0008, computed using the
nominal simulation samples. The uncertainty on this value comes from variations in the ME
pur and pp, and PDFs; including ag variations, all treated as uncorrelated between the tt
and tty samples. In this measurement, the contribution from tt with nonprompt photons in
the “tt, 1y” region is estimated from simulation, unlike in the cross section measurements,
where it is part of the nonprompt-photon background that is taken from data. This procedure
ensures that correlations between the tty and tt process without associated photons are
properly accounted for. The residual nonprompt-photon background is then estimated from
data after subtracting the tt contribution obtained from simulation.

We measure 1R, = 1.05 £ 0.06, corresponding to an inclusive ratio of R, = 0.0133 +
0.0002 (stat) & 0.0005 (syst), compatible with the prediction. The tt normalization factor
is found to be p,; = 1.008 £ 0.015, consistent with the predictions at NNLO in QCD. The
systematic uncertainties with the largest impact in the R, measurement are those related
to the photon identification and the estimation of the nonprompt photon background (with
an impact of about 2% each), followed by modelling uncertainties such as FSR and the up
choice, and the normalization of the Zy-+jets and other minor backgrounds (with impacts
below 1% each).

Similarly, we perform a differential measurement of R, as a function of py(t;), at the
parton level, and of the pr(¢;), at the particle level. The absolute differential cross section
ratios are displayed in figure 12. Each result is extracted from a fit to four distributions: that
of the variable of interest in the “tt,1y” and the “tt,0y” regions, and the number of jets in
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Figure 7. Absolute (left) and normalized (right) differential tty cross sections at the parton level
as a function of p(t,) (upper) and AR(y,tt) (lower). The purple (blue) lines show the predictions
from the nominal (alternative) simulation, and the lighter purple (blue) shaded areas represent the
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Figure 8. Absolute (left) and normalized (right) differential tty cross sections at the parton level as a
function of the min. AR(Y,t) (upper) and m(tt) (lower). The purple (blue) lines show the predictions
from the nominal (alternative) simulation, and the lighter purple (blue) shaded areas represent the
theoretical uncertainties in the predictions. In the legends, “MG5” refers to MADGRAPH5__aMC@NLO,
while “PH+Py8” refers to POWHEG and PYTHIA. The theoretical uncertainties include the choice of ug
and pp and PDFs; including ag variations. The black points represent the measured values, with the
total uncertainty, while the red error bar shows the results considering only the statistical uncertainty.

,25,



CMS 138 fb”' (13 TeV) x10° CMS 138 fb (13 TeV)
~ AU A A R E s Rann = T T e T e T
© 35 ¥  Datawithtotalunc. 4 @ 22 ¥ Datawith total unc.
9 F 1  Statunc 4 O 20 T  Statunc
£ 3 MGS5 NLO prod. + MG5 LO tty dec., xjof =10/6— = 18i MGS5 NLO prod. + MG5 LO tty dec., xio =8/5
= E MGS NLO prod. + PH+Py8 fldec. 2, =206 | 5 .| MG5 NLO prod. + PH+Py8 ff dec., 12, = 6/5
E— 2.5—%7/%% NLO QCD fixed order pred., x =17/6 - E— E %% NLO QCD fixed order pred., x = 14/5
o E i 5 “
E 2z 4 = 12E
o : ///////// 1 8 1o
“E
o

150 =
7 8
0.5 4
2
0 0
© . T ©
-oa 151 -*a 1.5
e IIIIII ’”"””” ' ............. 55 ' .... % e '//////////////////////ﬁ
@ 05 o e
20 40 60 80 100 120 140 160 180 200 220 20 40 60 80 100 120 140 160 180 200 220
Particle level p(f) [GeV] Particle level p(4) [GeV]
CMS 138 b’ (13 TeV) CMS 138 fb' (13 TeV)
= R B B N DA R B = R B B B B BN DAL LR B
(o) E ¢ Data with total unc. i (o) = ¢ Data with total unc. B
(O] T Stat. unc. B V) 10 T Stat. unc. _
L2 10— ~— MG5 NLO prod. + — - E =~ MG5 NLO prod. + 3
= E MG5 LO tiy dec., 1% =6/5 3 = = MGS5 LO tiy dec., %’ =6/4 ]
< B ~ MGS5NLO prod. + 1 T ~ MG5NLO prod. + ]
s PH+Py8fidec, 2 =315 | & PH+Py8 ti dec., 12 = 10/4
= 2 NLO QCD fixed ordfr pred., T 102 %24 NLO QCD fixed P pred., —
s F s =9 =
° E ° C ]
o B > L B
i o a3l ‘—4—,
107 ="F E
Lo P R N SRR R B B AR
© ®© = 3
8 1.5 s 15F
- ///// . = +
S e o 5 7
] 9]
a ) ) ) ) ) i ) ) a 0.5 ) ) ) ) ) ) ) s
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Particle level p(y) [GeV] Particle level p;(y) [GeV]

Figure 9. Absolute (left) and normalized (right) differential tty cross sections at the particle level as
a function of pr(¢,) (upper) and pp(y) (lower). The purple (blue) lines show the predictions from the
nominal (alternative) simulation, and the lighter purple (blue) shaded areas represent the theoretical
uncertainty in the predictions. The gray lines and bands represent the fixed-order prediction and their
respective uncertainty. In the legends, “MG5” refers to MADGRAPHS__aMC@NLO, while “PH+Py8”
refers to POWHEG and PYTHIA. The theoretical uncertainty includes the choice of ug and pr and PDFs,
including ag variations. The black points represent the measured values, with the total uncertainty,
while the red error bar shows the results considering only the statistical uncertainty.
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Figure 10. Absolute (left) and normalized (right) differential tty cross sections at the particle
level as a function of the A¢(¢,£¢). The purple (blue) lines show the predictions from the nominal
(alternative) simulation, and the lighter purple (blue) shaded areas represent the theoretical uncertainty
in the predictions. The gray lines and bands represent the fixed-order prediction and their respective
uncertainty. In the legends, “MGb5” refers to MADGRAPHS5_aMC@NLO, while “PH+Py8” refers
to POWHEG and PYTHIA. The theoretical uncertainty include the choice of ug and pp and PDFs,
including ag variations. The black points represent the measured values, with the total uncertainty,
while the red error bar shows the results considering only the statistical uncertainty.

the Zy+jets and DY +jets CRs. The results are in agreement with the nominal prediction
and with the fixed-order calculation, while the alternative prediction overpredicts the data.
These results are limited by the statistical uncertainty. The systematic uncertainties with the
largest contribution are those in the photon identification efficiency and in the reweighting
of the top quark pr distribution to NNLO in QCD.

11 Measurement of the top quark charge asymmetry in tty

The top quark charge asymmetry in tty production is measured in the extended phase space
at the parton level, through a fit to the difference in absolute rapidity between the top
quark and antiquark in the SR, shown in figure 3, and the jet multiplicity in the Zy+jets
CR. The fit procedure and parametrization are described in section 8. The measured
value of the charge asymmetry is Ao = (—1.2 £ 4.1 (stat) + 0.9 (syst))%, consistent with the
expectation of (—0.4 £ 0.1)%, obtained from the MADGRAPH5 aMC@NLO MC simulation
of tty production, where the uncertainty accounts for the choice of ugr and pp, and PDFs,
including ag variations. The tty decay process is simulated without including any charge
asymmetry. The precision of this measurement is heavily limited by the statistical uncertainty,
both of the data and the simulated signal samples, and further investigations will be needed
as new data become available, in order to have sensitivity to new physics scenarios that
might alter the expected value.
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Figure 11. Distribution of the pr of the leading lepton for the “tt,0y” region (upper left) and the
“tt,1y” SR (upper right), and the number of jets for the DY +jets (lower left) and Zy+jets (lower
right) CRs after the fit. The hatched area indicates the total uncertainty in the prediction. The lower
panels show the ratio of the data to the sum of the postfit predictions (points) and the ratio of the
data to the sum of the prefit predictions (red line).

12 Summary

A comprehensive study of the top quark pair (tt) production in association with a photon
(v) at the LHC is presented, using data collected by the CMS experiment in 2016-2018 at a
centre-of-mass energy of 13 TeV, and corresponding to an integrated luminosity of 138 fht.

Inclusive and differential measurements are performed in the dilepton decay channels, in

a fiducial region at the particle level including events with photon transverse momentum
larger than 20 GeV.
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Figure 12. Absolute differential measurements of R, as a function of pp(t,) at the parton level
(left) and pp(¢,) at the particle level (right). The purple (blue) lines show the predictions from the
nominal (alternative) simulation, and the lighter purple (blue) shaded areas represent the theoretical
uncertainties in the predictions. The gray lines and bands represent the fixed-order predictions
and their respective uncertainties. In the legends, “MG5” refers to MADGRAPH5_aMC@NLO, while
“PH+Py8” refers to POWHEG and PYTHIA. The theoretical uncertainties include the choice of ugr and
pr and PDFs, including ag variations. The black points represent the measured values, with the total
uncertainty, while the red error bar shows the results considering only the statistical uncertainty.

The inclusive fiducial cross section, defined at the particle level, for tty with a photon radi-
ated at any stage of the process is 137+ 3 (stat) = 7 (syst) fb, while the cross section for events
with a photon radiated at the production stage of the process is 56 + 2 (stat) + 4 (syst) fb.
The measured cross sections agree with the predictions from the standard model (SM)
for the combined tty process and for the tty process with photons from the produc-
tion stage.

The cross section is also measured differentially, in bins of seven different observables,
related to the kinematic properties and topology of the photon, the leptons, and the top
quarks reconstructed in the event. Measurements are performed at the particle or parton
level, in different phase spaces, depending on the observable. The predictions from simulation
accurately describe the shape of the measured cross sections. The tty/tt cross section
ratio is measured for the first time, inclusively and differentially. The inclusive ratio is
found to be 0.0133 £ 0.0002 (stat) £ 0.0005 (syst), in a phase space defined at the parton
level, in agreement with the nominal predictions from simulation. The differential ratios
are well described by the predictions, within the total uncertainty. The top quark charge
asymmetry in tty events is also measured in a phase space defined at the parton level to be
(—1.2 £ 4.1 (stat) 4+ 0.9 (syst))%, compatible with both the SM prediction at next-to-leading
order in quantum chromodynamics and with no asymmetry.
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