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 a b s t r a c t

This paper presents the first observation of top-quark pair production in association with two photons (𝑡𝑡𝛾𝛾). 
The measurement is performed in the single-lepton decay channel using proton-proton collision data collected 
by the ATLAS detector at the Large Hadron Collider. The data correspond to an integrated luminosity of 140 fb−1
recorded during Run 2 at a centre-of-mass energy of 13TeV. The 𝑡𝑡𝛾𝛾 production cross section, measured in 
a fiducial phase space based on particle-level kinematic criteria for the lepton, photons, and jets, is found to 
be 2.42+0.58−0.53 fb, corresponding to an observed significance of 5.2 standard deviations. Additionally, the ratio of 
the production cross section of 𝑡𝑡𝛾𝛾 to top-quark pair production in association with one photon is determined, 
yielding (3.30+0.70−0.65) × 10−3.

1.  Introduction

Measurements of top-quark pair production (𝑡𝑡) in association with 
neutral vector bosons (𝛾, 𝑍 boson) allow a direct probe of the elec-
troweak couplings of the top quark. In particular, the associated pro-
duction of top quarks with photons is a probe of the top-quark–photon 
coupling. These measurements provide access to the electric charge and 
the electroweak dipole moments of the top quark and, more generally, 
allow constraints on modifications of the structure of these couplings 
relative to the Standard Model predictions [1–4].

The production of 𝑡𝑡 in association with a single photon (𝑡𝑡𝛾), for 
which evidence was first reported by the CDF Collaboration [5], has 
been studied in detail by the ATLAS and CMS Collaborations. Inclusive 
and differential production cross-section measurements were performed 
at centre-of-mass energies (√𝑠) ranging from 7 to 13 TeV, in both the 
dilepton and single-lepton 𝑡𝑡 decay channels [6–12]. Recent measure-
ments by the ATLAS Collaboration focus specifically on the production 
of 𝑡𝑡𝛾 events, where the photon arises from initial-state radiation or 
an off-shell top quark, measuring inclusive and differential cross sec-
tions [13] and the 𝑡𝑡 charge asymmetry in 𝑡𝑡𝛾 events [14]. However, the 
associated production of 𝑡𝑡 events with two photons (𝑡𝑡𝛾𝛾), a much rarer 
process with an expected production cross section at the per mille level 
compared to 𝑡𝑡𝛾, was not specifically studied. In 𝑡𝑡𝛾𝛾 final states, the pho-
tons can be emitted by any charged particle: the initial-state partons, the 
top quarks or the top quark decay products (including the 𝑊  boson and 
𝑊  boson decay products). Example Feynman diagrams for 𝑡𝑡𝛾𝛾 produc-
tion are shown in Fig. 1. The 𝑡𝑡𝛾𝛾 process has been discussed in several 
recent calculations with stable top quarks and including the decays at 
parton level [15–17]. It represents a relevant irreducible background 
for the measurements of the production of the Higgs boson in associa-
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tion with 𝑡𝑡 (𝑡𝑡𝐻), where the Higgs boson decays into two photons. It 
could additionally be a handle to further constrain the anomalous chro-
momagnetic and chromoelectric dipole moments [18]. The ratio of the 
cross section between the 𝑡𝑡𝛾𝛾 and 𝑡𝑡𝛾 processes is also proposed as an 
observable to constrain the anomalous dipole moments.

This paper presents the first measurement of the 𝑡𝑡𝛾𝛾 fiducial cross 
section and the ratio of the 𝑡𝑡𝛾𝛾 and 𝑡𝑡𝛾 cross sections. Processes such 
as 𝑡𝑡𝛾 and 𝑡𝑡𝛾𝛾, including photons radiated from any charged particles 
in the initial or final states, cannot currently be simulated at high-order 
accuracy using matrix-element (ME) generators interfaced with parton 
shower (PS) simulations. Moreover, the previously mentioned 𝑡𝑡𝛾𝛾 the-
oretical calculations cannot be directly compared with measurements. 
Therefore, the main goal of this paper is to provide a first reference 
measurement for future theoretical developments, instead of putting the
emphasis on comparisons with the existing simulations. The measure-
ments are performed by selecting 𝑡𝑡 single-lepton final states, charac-
terised by one high-transverse-momentum (𝑝T) lepton and at least four 
jets, two of which arise from 𝑏-quarks (𝑏-jets), and by requiring the pres-
ence of exactly two high-𝑝T photons. They are measured using the full 
data set recorded by the ATLAS detector at the Large Hadron Collider 
(LHC) between 2015 and 2018 at √𝑠 = 13TeV, corresponding to an in-
tegrated luminosity of 140 fb-1 [19]. The background processes com-
prise events with genuine photons and events with fake photons. These 
processes are estimated by using a combination of simulation and data-
driven methods. The output of a boosted decision tree (BDT) classifier, 
trained to separate signal and background processes, is used as the ob-
servable for the measurements. In particular, the cross section is mea-
sured in a fiducial phase space at particle level using a profile likelihood 
fit to the BDT output. The fiducial phase space is defined by requiring 
exactly two photons, one electron or muon, and at least four jets, in-

https://doi.org/10.1016/j.physletb.2026.140195
Received 6 June 2025; Received in revised form 16 January 2026; Accepted 19 January 2026

Phys. Lett. B 874 (2026) 140195 

Available online 27 January 2026 
0370-2693/© CERN for the beneϧt of the ATLAS Collaboration. Published by Elsevier B.V. Funded by SCOAP³. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/physletb
https://www.elsevier.com/locate/physletb

$t\bar {t}\gamma \gamma $


$\sqrt {s}=13$


$t\bar {t}\gamma \gamma $


$^{-1}$


$t\bar {t}\gamma \gamma $


$2.42^{+0.58}_{-0.53}\, \text {fb}$


$t\bar {t}\gamma \gamma $


$(3.30^{+0.70}_{-0.65})\times 10^{-3}$


$t\bar {t}$


$\gamma $


$Z$


$t\bar {t}\gamma $


$\sigma _{t\bar {t}\gamma } / \sigma _{t\bar {t}}$


$t\bar {t}\gamma $


$pp$


$\sqrt {s} = 7\,\text {TeV}$


$t\bar {t}\gamma $


$\sqrt {s} = 8\,\text {TeV}$


$t\bar {t} + \gamma $


$pp$


$\sqrt {s} = 8\,\text {TeV}$


$t\bar {t}\gamma $


$\sqrt {s} = 13\,\text {TeV}$


$t\bar {t}\gamma $


$tW\gamma $


$e\mu $


$13\,\text {TeV}$


$t\bar {t}\gamma $


$\sqrt {s} = 13\,\text {TeV}$


$t\bar {t}\gamma $


$\sqrt {s} = 13\,\text {TeV}$


$t\bar {t}\gamma $


$pp$


$\sqrt {s}=13\,\text {TeV}$


$\overline {t}$


$\relax \gamma $


$\overline {t}$


$\relax \gamma $


$\relax \gamma $


$\relax \gamma $


$t\bar {t}\gamma \gamma $


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$7~\text {TeV}$


$++$


$W^{-}$


$H^{-}$


$W^{\pm }$


$Z$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$13\,\text {TeV}$


$\sqrt {s} = 13~\text {TeV}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$k_{t}$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$\sqrt {s} = 8\,\text {TeV}$


$pp$


$140\,\text {fb}^{-1}$


$\sqrt {s} = 13\,\text {TeV}$


$pp$


$\sigma B (W \to e \nu )$


$\sigma B (Z^0 \to e^+ e^-)$


$\bar {p}p$


$\sqrt {s} = 1800$


$++$


$++$


$t\bar {t}$


$W\gamma \gamma $


$\sqrt {s} = 13\,\text {TeV}$


$b$


$t\bar {t}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$c$


$t\bar {t}$


$pp$


$\sqrt {s} = 13\,\text {TeV}$


$b$


$Z$


$139\,\text {fb}^{-1}$


$\sqrt {s} = 13\,\text {TeV}$


$t\bar {t}$


$t\bar {t\xspace }\gamma $


$\sqrt {s}$


$t\bar {t}$


$t\bar {t\xspace }\gamma $


$t\bar {t}$


$t\bar {t\xspace }\gamma $


$t\bar {t}$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$W$


$W$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t}$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t}$


$t\bar {t\xspace }H$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t}$


$p_{\rm {T}\xspace }$


$b$


$b$


$p_{\rm {T}\xspace }$


$\sqrt {s}=13$


$b$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$4\pi $


$z$


$x$


$y$


$(r,\phi )$


$\phi $


$z$


$\theta $


$\eta = -\ln \tan (\theta /2)$


$y = \frac {1}{2} \ln \left ( \frac {E + p_z}{E - p_z} \right )$


$\Delta R \equiv \sqrt {(\Delta y)^{2} + (\Delta \phi )^{2}}$


$2$


$\mathrm {T}$


$|\eta | < 2.5$


$|\eta |< 3.2$


$|\eta | < 1.7$


$|\eta | = 4.9$


$2.0$


$6.0$


$\mathrm {T{\kern -0.7pt}m}$


$|\eta | = 2.7$


$|\eta | = 2.4$


$100$


$\mathrm {kHz}$


$1.25$


$\mathrm {kHz}$


$172.5$


$\mathrm {GeV}$


$t\bar {t\xspace }\gamma \gamma $


$2\to 8$


$t\bar {t}$


$0.5\times \sum _i \sqrt {m^2_i+p^2_{\text {T},i}}$


$m_i$


$p_{\text {T},i}$


$\pT > 15$


$\delta _0=0.1$


$\epsilon _{\gamma }=0.1$


$n=2$


$2\to 8$


$t\bar {t\xspace }\gamma \gamma $


$K$


$pp \rightarrow $


$t\bar {t\xspace }\gamma \gamma $


$2\rightarrow 4$


$2\rightarrow 8$


$t\bar {t\xspace }\gamma \gamma $


$2\rightarrow 4$


$t\bar {t\xspace }\gamma \gamma $


$0.733^{+0.073}_{-0.080}(\text {scale})^{+0.016}_{-0.008}(\text {PDF})\,\text {fb}$


$0.423^{+0.070}_{-0.090}(\text {scale})^{+0.009}_{-0.004}(\text {PDF})\,\text {fb}$


$2\to 4$


$K$


$t\bar {t\xspace }\gamma \gamma $


$b$


$b$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$2 \to 3$


$t\bar {t\xspace }\gamma $


$2 \to 2$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$K$


$t\bar {t}$


$t$


$s$


$t\bar {t}$


$h_{\rm {damp}\xspace }$


$p_{\rm {T}\xspace }$


$t\bar {t}$


$tW\gamma $


$2 \to 3$


$2 \to 2$


$\pT > 15$


$|\eta | < 5.0$


$\Delta R>0.2$


$tW\gamma $


$t\bar {t}$


$W$


$Z$


$t\bar {t}V$


$t\bar {t\xspace }H$


$t\bar {t\xspace }H$


$V$


$Z$


$W$


$V\gamma $


$V\gamma \gamma $


$V$


$V\gamma \gamma $


$V\gamma $


$V$


$t\bar {t\xspace }\gamma \gamma $


$V\gamma \gamma $


$t\bar {t\xspace }\gamma $


$tW\gamma $


$V\gamma $


$\pT > 15$


$\Delta R>0.2$


$t\bar {t}$


$V$


$t\bar {t\xspace }\gamma $


$V\gamma $


$t\bar {t\xspace }\gamma \gamma $


$V\gamma \gamma $


$V\gamma $


$\sqrt {s} = {13}$


$^{-1}$


$t\bar {t\xspace }\gamma $


$\pT $


$p_{\rm {T}\xspace }$


$>0.5$


$\sum $


$p_{\rm {T}}^{2}$


$\left . E_{\mathrm {T}}^{\mathrm {iso}} \right |_{\Delta R = 0.4} < 0.022 \cdot E_{\mathrm {T}}(\gamma ) + {2.45}$


$\left . \pT ^{\mathrm {iso}} \right |_{\Delta R = 0.2} < 0.05 \cdot E_{\mathrm {T}}(\gamma )$


$\left . E_{\mathrm {T}}^{\mathrm {iso}} \right |_{\Delta R = 0.4}$


$\Delta R = 0.4$


$\left . \pT ^{\mathrm {iso}} \right |_{\Delta R = 0.2}$


$\Delta R = 0.2$


$E_{\mathrm {T}}(\gamma )$


$E_{\mathrm {T}}(\gamma )>$


$|\eta _{\text {cluster}}|<2.37$


$|\eta _{\text {cluster}}|\not \in [1.37,1.52]$


$|\eta _{\text {cluster}}|<2.47$


$|\eta _{\text {cluster}}|\not \in [1.37,1.52]$


$|\eta | < 2.5$


$\pT >$


$k_{t}$


$R=0.4$


$\pT > {25}$


$|\eta | < 2.5$


$\pT < {60}$


$|\eta | < 2.4$


$b$


$b$


$b$


$b$


$t\bar {t}$


$E_{\rm {T}\xspace }^{\rm {miss}\xspace }$


$p_{\rm {T}\xspace }$


$25$


$27$


$28$


$p_{\rm {T}\xspace }$


$> 7$


$Z \to ee$


$b$


$V$


$t\bar {t\xspace }H$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$\gamma $


$t\bar {t}V$


$t\bar {t}H$


$t\bar {t}$


$\gamma \gamma $


$V$


$t\bar {t\xspace }H$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$Z\rightarrow e^+e^-$


$e\gamma $


$p_{\rm {T}\xspace }$


$\eta $


$p_{\rm {T}\xspace }$


$\eta $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$tW\gamma $


$t\bar {t}$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$tW\gamma $


$t\bar {t}$


$\alpha _{\rm {s}\xspace }$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t}$


$\alpha _{\rm {s}\xspace }$


$(m_Z)$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t}$


$h_{\rm {damp}\xspace }$


$t\bar {t}$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t}$


$t\bar {t}H$


$V\gamma \gamma $


$V\gamma $


$W\gamma $


$t\bar {t}V$


$V\gamma $


$V+\mathrm {jets}$


$tW\gamma $


$t\bar {t\xspace }\gamma $


$Z$


$t\bar {t}$


$t\bar {t\xspace }\gamma $


$\eta $


$b$


$b$


$c$


$p_{\rm {T}\xspace }$


$p_{\rm {T}\xspace }$


$b$


$E_{\rm {T}\xspace }^{\rm {miss}\xspace }$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$V\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$p_{\rm {T}\xspace }$


$\eta $


$\Delta R$


$b$


$E_{\rm {T}\xspace }^{\rm {miss}\xspace }$


$b$


$p_{\rm {T}\xspace }$


$\Delta R$


$p_{\rm {T}\xspace }$


$\gamma \gamma $


$t\bar {t}V$


$t\bar {t}H$


$t\bar {t}$


$t\bar {t\xspace }\gamma \gamma $


$K$


$p_T > {20}$


$|\eta | < {2.37}{}$


$\Delta R \leq $


$p_{\rm {T}\xspace }$


$\Delta R <0.1$


$k_{t}$


$b$


$\pT > {5}$


$b$


$p_{\rm {T}\xspace }$


$>$


$|\eta |<$


$\Delta R < 0.4$


$\Delta R = 0.4$


$\Delta R$


$b$


$p_{\rm {T}\xspace }$


$> 7$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$\gamma \gamma $


$t\bar {t}V$


$t\bar {t}H$


$t\bar {t}$


$p$


\begin {equation}\qquad \quad \qquad \sigma _{t\bar {t}\gamma \gamma } = 2.42^{+0.58}_{-0.53}\, \text {fb} = 2.42^{+0.46}_{-0.38} \, ({ \text {stat}})\, ^{+0.35}_{-0.38} ({\mathrm {syst}})\, \text {fb}.\end {equation}


$\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$R_{t\bar {t}\gamma \gamma /t\bar {t}\gamma }$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$1.53^{+0.40}_{-0.52} ({ \text {scale}})^{+0.05}_{-0.03} ({\text {PDF}})\, \text {fb}$


$K$


$t\bar {t\xspace }\gamma \gamma $


$\sigma _{t\bar {t}\gamma \gamma } = 2.51^{+0.62}_{-0.58}\, \text {fb}$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t}\gamma $


$t\bar {t}\gamma $


$t\bar {t}\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t}$


$tW\gamma $


$t\bar {t\xspace }V$


$V\gamma $


$V$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$b$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$K$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$R_{t\bar {t}\gamma \gamma /t\bar {t}\gamma } = (3.30^{+0.70}_{-0.65}) \times 10^{-3} = (3.30^{+0.63}_{-0.55}\textrm { (stat)}^{+0.32}_{-0.34}\textrm { (syst)}) \times 10^{-3}$


$b$


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$t\bar {t\xspace }\gamma $


$K$


$(2.46 ^{+0.73}_{-0.94}\,({ \text {scale}})^{+0.10}_{-0.06} \,({\text {PDF}})) \times 10^{-3}$


$K$


$t\bar {t\xspace }\gamma $


$\sqrt {s}$


$^{-1}$


$2.42^{+0.58}_{-0.53}\,\text {fb}$


$t\bar {t\xspace }\gamma \gamma $


$t\bar {t\xspace }\gamma $


$b$


$(3.30^{+0.70}_{-0.65})\times 10^{-3}$

mailto:atlas.publications@cern.ch
https://doi.org/10.1016/j.physletb.2026.140195
https://doi.org/10.1016/j.physletb.2026.140195
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2026.140195&domain=pdf
http://creativecommons.org/licenses/by/4.0/


The ATLAS Collaboration

Fig. 1. Examples of leading-order Feynman diagrams for 𝑡𝑡𝛾𝛾 production in the single-lepton 𝑡𝑡 final state, where the photons are radiated by (a) an off-shell top 
quark and the charged lepton and (b) an initial-state quark and the charged lepton, respectively.

cluding at least one 𝑏-jet, closely following the kinematic requirements 
at reconstruction level. Additionally, the ratio of the 𝑡𝑡𝛾𝛾 to 𝑡𝑡𝛾 cross sec-
tions is extracted from a simultaneous measurement, incorporating data 
and simulation inputs from the 𝑡𝑡𝛾 analysis described in Ref. [13]. This 
measurement is expected to yield better precision than the cross section 
owing to the cancellation of normalisation uncertainties.

2.  ATLAS detector

The ATLAS experiment [20] at the LHC is a multipurpose particle 
detector with a forward–backward symmetric cylindrical geometry and 
a near 4𝜋 coverage in solid angle.1 It consists of an inner tracking detec-
tor (ID) surrounded by a thin superconducting solenoid providing a 2 T
axial magnetic field, electromagnetic and hadronic calorimeters, and a 
muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |𝜂| < 2.5. It consists of silicon pixel, silicon microstrip, and 
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements 
with high granularity within the region |𝜂| < 3.2. A steel/scintillator-tile 
hadronic calorimeter covers the central pseudorapidity range (|𝜂| < 1.7). 
The endcap and forward regions are instrumented with LAr calorimeters 
for EM and hadronic energy measurements up to |𝜂| = 4.9. The muon 
spectrometer surrounds the calorimeters and is based on three large su-
perconducting air-core toroidal magnets with eight coils each. The field 
integral of the toroids ranges between 2.0 and 6.0 Tm across most of the 
detector. The muon spectrometer includes a system of precision tracking 
chambers up to |𝜂| = 2.7 and fast detectors for triggering up to |𝜂| = 2.4. 
The luminosity is measured mainly by the LUCID–2 [21] detector, which 
is located close to the beampipe. A two-level trigger system is used to se-
lect events [22]. The first-level trigger is implemented in hardware and 
uses a subset of the detector information to accept events at a rate be-
low 100 kHz. This is followed by a software-based trigger that reduced 
the accepted rate of complete events to 1.25 kHz on average in Run 2 
depending on the data-taking conditions. A software suite [23] is used 
in data simulation, in the reconstruction and analysis of real and simu-

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

2
ln
(

𝐸+𝑝𝑧
𝐸−𝑝𝑧

)

 in the relativistic limit. Angular distance is measured in units of 
Δ𝑅 ≡

√

(Δ𝑦)2 + (Δ𝜙)2.

lated data, in detector operations, and in the trigger and data acquisition 
systems of the experiment.

3.  Modelling of signal and background processes

The signal and background processes are modelled using Monte 
Carlo (MC) simulation samples. The ATLAS detector response is sim-
ulated [24] with Geant4 [25], and some alternative samples for 
evaluating systematic uncertainties are processed with a fast simu-
lation (AtlFast-II) relying on calorimeter response parameterisation. 
All the MC samples described in the following that were generated 
with either Powheg-Box [26–29] or MadGraph5_aMC@NLO [30] 
were interfaced to Pythia 8 [31] to simulate the PS, fragmentation, 
and underlying event. The A14 set of tuned parameters (tune) [32] 
and the NNPDF2.3lo parton distribution function (PDF) set [33] 
were used in Pythia. The heavy-flavour hadron decays were mod-
elled by EvtGen [34]. Samples generated with Sherpa [35,36] used 
the Sherpa parton shower with a dedicated tune provided by the
authors [37].

The top quark mass was set to 172.5GeV in the samples. Pile-up ef-
fects, additional pp collisions in the same or neighbouring bunch cross-
ings, were simulated by overlaying minimum bias events using Pythia
8 [38] with the A3 tune [39]. The MC events were reweighted to match 
the observed number of interactions per bunch crossing. Additionally, 
corrections for trigger, reconstruction and selection efficiencies, and en-
ergy scales are applied to MC events to improve the description of the 
data.

The signal 𝑡𝑡𝛾𝛾 process was simulated as a 2 → 8 process2 with
MadGraph5_aMC@NLO 2.9.9 at leading-order (LO) in quantum chro-
modynamics (QCD) with the NNPDF3.0nlo set of PDFs [40]. Diagrams 
where photons are radiated from the initial state, the top quarks, or their 
charged decay products are considered. The event generation is inter-
faced to Pythia 8.306 [41]. The renormalisation and factorisation scales 
were set to 0.5 ×∑

𝑖

√

𝑚2
𝑖 + 𝑝2T,𝑖, where 𝑚𝑖 and 𝑝T,𝑖 are the masses and 

transverse momenta of the particles generated from the ME calculation. 
Photons were required to have 𝑝T > 15 GeV and to be isolated according 
to a smooth-cone hadronic isolation criterion with 𝛿0 = 0.1, 𝜖𝛾 = 0.1 and 
𝑛 = 2, defined in Ref. [42], to avoid infrared divergences. Leptons and 
quarks at the ME level are required to have a minimum transverse mo-
mentum of 4 GeV and 1 GeV respectively. The normalisation of the LO 
2 → 8 𝑡𝑡𝛾𝛾 sample is rescaled using a 𝐾-factor calculated from two 𝑝𝑝 →

2 The 8 final-state particles correspond to the 6 decay products of the 𝑡𝑡 system 
and the 2 photons.
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𝑡𝑡𝛾𝛾 samples (2 → 4), in which photons are emitted from either off-shell 
top quarks or initial-state particles. This process can also be simulated at 
next-to-leading-order (NLO) in QCD with MadGraph5_aMC@NLO, un-
like the 2 → 8 𝑡𝑡𝛾𝛾 sample. The NLO and LO 2 → 4 𝑡𝑡𝛾𝛾 samples are sim-
ulated using MadGraph5_aMC@NLO interfaced with Pythia 8, with 
the same parameters as the nominal sample. The expected cross sections 
in the fiducial phase space at particle level described in Section 6 are 
0.733+0.073−0.080(scale)

+0.016
−0.008(PDF) fb and 0.423+0.070−0.090(scale)

+0.009
−0.004(PDF) fb for the 

NLO and LO 2 → 4 simulations, respectively, corresponding to a 𝐾-factor 
of 1.7.

Top-quark-related processes constitute a background to the 𝑡𝑡𝛾𝛾 sig-
nal, as their final states result in topologies with a lepton, jets, 𝑏-jets, and 
either genuine photons or fake photons from misreconstructed objects. 
The production of vector bosons in association with photons constitutes 
a background as well, as these events may include 𝑏-jets from initial-
state radiation. These processes are simulated as described below.

The 𝑡𝑡𝛾 events were simulated as two complementary samples using 
also the MadGraph5_aMC@NLO generator. The first, referred to as ‘𝑡𝑡𝛾
production sample’, models photon production from the off-shell top 
quark or initial-state radiation in a 2 → 3 process at NLO in QCD, with 
top quark decays at LO using MadSpin [43,44]. The second, the ‘𝑡𝑡𝛾
decay sample’, simulates photon production from on-shell top quarks 
and their decay products as a 2 → 2 process at LO. Both samples use 
the NNPDF3.0nlo PDF set. The same photon requirements and renor-
malisation and factorisation scales as in the 𝑡𝑡𝛾𝛾 sample are set in these 
samples. The 𝑡𝑡𝛾 production sample is normalised to the NLO cross sec-
tion given by the MC simulation, while the normalisation of the 𝑡𝑡𝛾 decay 
sample is corrected by an NLO/LO inclusive 𝐾-factor of 1.5, as obtained 
in Ref. [14].

The production of 𝑡𝑡 and single-top-quark events (𝑡- and 𝑠-channels) 
was modelled at NLO in QCD using Powheg-Box [26–29]. For the 𝑡𝑡
sample, the ℎdamp parameter, which controls the 𝑝T of the first addi-
tional emission, was set to 1.5 times the top quark mass [45]. The 𝑡𝑡
and single-top-quark simulation samples are normalised to the cross sec-
tions calculated at next-to-next-to-leading-order (NNLO) in QCD includ-
ing the resummation of next-to-next-to-leading-logarithmic (NNLL) soft-
gluon terms [46] at NNLO or approximated NNLO [47–49], respectively. 
The 𝑡𝑊 𝛾 events were generated at LO with MadGraph5_aMC@NLO in 
the five-flavour scheme as two samples: one as a 2 → 3 process with a 
stable top quark and the other as a 2 → 2 process with photon radia-
tion from final-state charged particles. To avoid infrared divergences, 
the photon was required to have 𝑝T > 15 GeV and |𝜂| < 5.0 and to be 
separated by Δ𝑅 > 0.2 from any parton. Both 𝑡𝑊 𝛾 samples use the 
NNPDF2.3lo PDF set and are normalised to MC-predicted cross sections. 
Events with a 𝑡𝑡 pair produced in association with a 𝑊  or 𝑍 boson (𝑡𝑡𝑉 ) 
were simulated at NLO in QCD with MadGraph5_aMC@NLO using the 
NNPDF3.0nlo PDF set. The simulation of 𝑡𝑡𝐻 events, with the Higgs 
boson decaying into two photons, was also performed at NLO in QCD 
with MadGraph5_aMC@NLO using the NNPDF3.0nlo PDF set and in-
terfaced to Pythia 8.230. The sample is normalised to the total 𝑡𝑡𝐻
NLO cross section times the branching fraction of Higgs boson decays 
into two photons [50].

Events with 𝑉  (𝑍 and 𝑊 ) bosons produced in association with one or 
two photons simulated at ME level, 𝑉 𝛾 and 𝑉 𝛾𝛾, and the production of 
𝑉+jets and diboson processes were simulated with different versions of
Sherpa [35,36] at NLO in QCD using the NNPDF3.0nnlo PDF set. The 
simulations of 𝑉 𝛾𝛾 and 𝑉 𝛾 are normalised to the cross section provided 
by the MC simulations, the diboson processes are normalised to cross 
sections at NLO accuracy in QCD [51], while the 𝑉  boson samples are 
normalised to cross sections at NNLO accuracy in QCD [52].

The analysis combines multiple MC samples where the photons are 
generated either at the ME or the PS step. In particular, the 𝑡𝑡𝛾𝛾 and 
𝑉 𝛾𝛾 samples include two photons generated at the ME level with cer-
tain kinematic requirements on the photons. A second set of samples — 
𝑡𝑡𝛾 production and decay, 𝑡𝑊 𝛾, and 𝑉 𝛾 — contain one photon simulated 
at the ME level and the second one at PS. Additionally, inclusive sam-

ples are used in which photons are generated only during the PS step. 
To avoid the double-counting of events among samples corresponding to 
the same physics process, the overlapping events in the samples without 
explicit photon inclusion at ME are removed. The overlap among events 
is considered for those with photons at parton level with 𝑝T > 15 GeV 
and separated by Δ𝑅 > 0.2 from any charged lepton, referred to as the 
overlap region. First, events from the inclusive samples without any pho-
tons at ME (𝑡𝑡, 𝑉+jets) are vetoed if there is only one candidate photon 
which falls into the overlap region. No events from those samples are 
found in the overlap region with the samples with two photons at ME. 
Events from samples with one photon simulated at ME (𝑡𝑡𝛾 production 
and decay and 𝑉 𝛾) are discarded if both photons fall into the overlap 
region with 𝑡𝑡𝛾𝛾 and 𝑉 𝛾𝛾. This approach removes the overlap among 
events with photons generated in the same phase space, while keeping 
the events from such samples that might satisfy the event selection at 
reconstruction level because a candidate object is a fake photon. For in-
stance, an event from the 𝑉 𝛾 samples with a genuine photon at ME in 
the overlap region and a fake photon at reconstruction level would not 
be removed.

4.  Event selection and background estimate

The measurement is performed using the proton–proton collision 
data collected at the LHC between 2015 and 2018 at √𝑠 = 13TeV with 
the ATLAS detector, which corresponds to an integrated luminosity of 
140 fb−1 [19]. The event reconstruction, object identification and event 
selection follow closely that of the 𝑡𝑡𝛾 cross-section measurement [13]. 
In the following, a brief description of the event selection and back-
ground estimate is given. Further details can be found in Ref. [13] and 
references therein.

Single-lepton triggers with electron and muon 𝑝T thresholds between 
20 and 27 GeV depending on the data-taking period and various identifi-
cation and isolation criteria [53–56] are used to select the events. Events 
are required to have at least one reconstructed collision vertex with two 
or more associated tracks with 𝑝T > 0.5 GeV. The primary vertex is de-
fined as the vertex with the largest ∑ 𝑝2T of the associated tracks [57] 
and consistent with the average beamspot position.

Photon candidates are reconstructed from energy deposits (clusters) 
in the electromagnetic calorimeter. Photons are required to satisfy a 
tight identification criterion and fulfil calorimeter and track isolation 
criteria [13,58] defined as 𝐸iso

T
|

|

|Δ𝑅=0.4
< 0.022 ⋅ 𝐸T(𝛾) + 2.45 GeV and 

𝑝isoT
|

|

|Δ𝑅=0.2
< 0.05 ⋅ 𝐸T(𝛾). Here, 𝐸iso

T
|

|

|Δ𝑅=0.4
 corresponds to the calorime-

ter isolation within a cone of radius Δ𝑅 = 0.4 in the direction of the pho-
ton candidate. The term 𝑝isoT

|

|

|Δ𝑅=0.2
 is the track isolation within Δ𝑅 = 0.2

and 𝐸T(𝛾) represents the transverse energy of a photon. Photon candi-
dates are selected if they satisfy 𝐸T(𝛾) > 20 GeV, |𝜂cluster| < 2.37, exclud-
ing those in the transition region between the barrel and the endcap 
calorimeters (|𝜂cluster| ∉ [1.37, 1.52]). Photon candidates are classified as 
unconverted if the cluster is not matched to any reconstructed track in 
the ID system, or as converted if the cluster is matched to reconstructed 
tracks that are consistent with originating from a photon conversion and 
have a reconstructed conversion vertex.

Electron candidates are reconstructed from energy deposits in the 
electromagnetic calorimeter associated with reconstructed tracks from 
the ID system. They are identified with a combined likelihood tech-
nique and required to satisfy the MediumLH identification criteria [58] 
and have a pseudorapidity of |𝜂cluster| < 2.47, excluding candidates in 
the transition region (|𝜂cluster| ∉ [1.37, 1.52]). Muon candidates are re-
constructed by combining track segments in various layers of the 
muon spectrometer and tracks in the ID system. Muons are required 
to satisfy the Medium identification quality criteria and to have |𝜂| <
2.5 [59]. Both electron and muon candidates are required to have 
𝑝T > 7 GeV and meet the loose working point (WP) requirement of 
the prompt-lepton isolation discriminant [60]. The transverse impact 
parameter divided by its estimated uncertainty is required to be less 
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than five (three) for electron (muon) candidates and the longitudi-
nal impact parameter must be smaller than 0.5 mm for both lepton
flavours.

Jets are reconstructed based on particle-flow objects using the anti-𝑘𝑡
algorithm [61] based on the FastJet implementation [62] with a ra-
dius parameter 𝑅 = 0.4 [63]. The jet energy scale (JES) and resolu-
tion are calibrated using simulations with in situ corrections obtained 
from data [64]. They are required to have 𝑝T > 25 GeV and |𝜂| < 2.5. 
To reject jets from pile-up or other primary vertices, a jet vertex tagger
(JVT) discriminant [65] is required to be larger than 0.59 for jets with 
𝑝T < 60 GeV and |𝜂| < 2.4. Jets arising from 𝑏-quark hadronisation, are 
identified using the DL1r 𝑏-tagging algorithm [66]. The 𝑏-tagged jets are 
required to satisfy a WP that corresponds to a 70% per-jet efficiency for 
identifying 𝑏-quark-initiated jets in 𝑡𝑡 simulated events.

The missing transverse momentum vector, with magnitude 𝐸miss
T , 

corresponds to the negative sum of the transverse momenta of the re-
constructed and calibrated physical objects, with a ‘soft term’ built from 
all other tracks associated with the primary vertex but not matched to 
a reconstructed object [67].

Events are selected if they have exactly two isolated photons and ex-
actly one isolated electron or muon that must be matched to the corre-
sponding trigger-level object. The 𝑝T thresholds for the matched leptons 
are 25 GeV for 2015 data, 27 GeV for 2016 data, and 28 GeV for 2017 
and 2018 data. Events are rejected if additional lepton candidates with 
𝑝T > 7 GeV are present. Furthermore, events where the invariant mass 
of the electron and any photon is within the range 86.19–96.19 GeV 
are removed, to suppress the background from 𝑍 → 𝑒𝑒 events, where an 
electron is misidentified as a photon. The last requirement for retaining 
an event is that it must contain at least four reconstructed jets, with at 
least one of them tagged as a 𝑏-jet.

After applying the full event selection, the background contribution 
accounts for roughly 50% of the total events. Based on the photon origin, 
the background processes are divided into prompt photon background, 
where both photons are prompt, and fake photon background, where at 
least a photon is mimicked by another object, such as a misreconstructed 
hadron or electron. The contribution from events with misidentified lep-
tons or leptons from heavy flavour decays is negligible and not further 
considered.

The prompt photon background is estimated by using MC simula-
tions. The fraction of these background events is about 15% of the total 
expected events. The largest prompt photon background contribution 
arises from 𝑉  boson events with two photons, and 𝑡𝑡𝐻 events. In the 
following, 𝑡𝑡𝛾 events passing the overlap removal are referred to as ‘𝑡𝑡𝛾
(prompt 𝛾)’ and prompt photon background events from the single-top 
quark, single and diboson samples, 𝑡𝑡𝑉 , 𝑡𝑡𝐻 and 𝑡𝑡 simulated samples 
as the ‘Other 𝛾𝛾 ’ background category. The largest contributions to this 
category arise from 𝑉  boson events with two photons (35%), and 𝑡𝑡𝐻
events (22%).

In this paper, the MC estimate of events with fake photons is cor-
rected using the data-driven scale factors measured in dedicated control 
regions in Ref. [13]. The contribution from processes with at least one 
electron mimicking a photon signature, ‘e-fake’, originates mainly from 
dilepton 𝑡𝑡𝛾 events where an electron from a top-quark decay is iden-
tified as a photon yielding the same signature as the single-lepton 𝑡𝑡𝛾𝛾
channel. In particular, those events amount to 80% of the total events 
in this category. The e-fake background is estimated in data from the 
fraction of electron–positron candidates from 𝑍 → 𝑒+𝑒− decays that are 
reconstructed as 𝑒𝛾 pairs [68]. The ratio of the e-fake rates in data and 
simulation is used to correct the e-fake background predicted by the 
simulation in the signal region. The scale factors are applied per photon 
as a function of the fake photon 𝑝T and 𝜂, separately for converted and 
unconverted photons. After applying the data-driven corrections, this 
background category represents about 20% of the total number of se-
lected events. The background contribution from events where at least 
one photon candidate arises from misidentified hadrons or from hadron 
decays, referred to as ‘h-fake’, was estimated from data using the ‘ABCD’ 

data-driven method [69] in Ref. [13]. It is also measured as a function 
of photon 𝑝T, 𝜂 and conversion type. This category corresponds to about 
10% of the events, where 80% of them correspond to 𝑡𝑡𝛾 events with a 
fake photon. The contribution of events with one e-fake and one h-fake 
photon represents about 1% of the events and is included in the e-fake 
contribution. Example variables illustrating the description of the data 
by the simulation after the event selection are shown in Section 6.

5.  Systematic uncertainties

The measurements are affected by systematic uncertainties owing to 
theoretical assumptions and detector effects and uncertainties arising 
from the limited number of events in the MC simulations. The determi-
nation of the modelling and normalisation uncertainties associated with 
the background samples and the experimental uncertainties follows the 
same prescriptions as in Ref. [13].

The signal and background modelling uncertainties include effects 
due to the choice of renormalisation and factorisation scales, PDF set, 
parton shower, amount of QCD initial-state radiation (ISR) and final-
state radiation (FSR). Modelling uncertainties are treated as uncorre-
lated sources of uncertainty between different processes because they 
are simulated using different generators or at different accuracy in QCD. 
The effect of the QCD scale uncertainty for the 𝑡𝑡𝛾𝛾, 𝑡𝑡𝛾 production and 
decay, 𝑡𝑊 𝛾 and 𝑡𝑡 processes is evaluated independently by separately 
halving and doubling the renormalisation and factorisation scales rela-
tive to the nominal scale choice. The uncertainty in the PDFs for the 𝑡𝑡𝛾𝛾
signal and the main background processes, 𝑡𝑡𝛾 production and decay, 
are obtained using the 30 PDF variations of the PDF4LHC15 prescrip-
tion [70]. The uncertainty from the parton shower and hadronisation 
for 𝑡𝑡𝛾𝛾, 𝑡𝑡𝛾 production and decay, 𝑡𝑊 𝛾 and 𝑡𝑡 processes is estimated 
by comparing the nominal simulated samples interfaced with Pythia 8 
with alternative samples interfaced to Herwig 7.2.1  [71,72]. Uncer-
tainties due to the value of 𝛼s used in the ISR parton shower modelling 
are estimated by comparing the nominal 𝑡𝑡𝛾𝛾, 𝑡𝑡𝛾, and 𝑡𝑡 simulations 
to alternative samples generated with varied radiation parameter set-
tings in the A14 tune, controlled by the var3c parameter implemented 
in Pythia 8  [32]. This parameter is varied within its uncertainties cor-
responding to variation of 𝛼s (𝑚𝑍 ) between 0.115 and 0.140. The impact 
of the FSR uncertainties in 𝑡𝑡𝛾𝛾 is evaluated by varying the renormali-
sation scale for QCD emission in the FSR in Pythia 8 by factors of 0.5 
and 2.0, respectively. For the 𝑡𝑡 process, an additional ISR uncertainty is 
obtained by comparing the nominal sample with an additional one with 
the ℎdamp parameter varied by a factor of two [73] and the impact of the 
ME corrections applied to all emissions is evaluated by comparing the 
nominal 𝑡𝑡 sample to a dedicated Powheg + Pythia 8 sample with the 
corrections turned off.

Additionally, normalisation uncertainties are considered for the 
different prompt-photon background processes. A normalisation
uncertainty of 7% is considered separately for the 𝑡𝑡𝛾 production and 𝑡𝑡𝛾
decay samples, which is based on the measured uncertainties for those 
processes in Ref. [13]. A 6% normalisation uncertainty is assigned to the 
𝑡𝑡 simulation [46], which corresponds to the uncertainty of the NNLO in 
perturbative QCD, including soft-gluon resummation to next-to-next-to-
leading-log. A 10% uncertainty is assigned to the 𝑡𝑡𝐻 process based on 
the calculations from Ref. [50]. For 𝑉 𝛾𝛾 and 𝑉 𝛾 events a 50% normal-
isation uncertainty is assigned. While the processes are measured with 
a 20% precision or better [74], this normalisation uncertainty accounts 
for the possible mismodelling of the heavy flavour jets. The value is 
based on the differences between data and simulation observed in ded-
icated 𝑊 𝛾 validation regions in Ref. [14]. For the small background 
processes, single top quark (t- and s-channel), 𝑡𝑡𝑉 , 𝑉 𝛾, 𝑉 + jets, 𝑡𝑊 𝛾
and diboson processes, a 50% uncertainty is assigned, following the 
prescription of the latest 𝑡𝑡𝛾 cross-section measurement [13]. For the 
backgrounds estimated with data-driven methods, i.e., e-fakes and h-
fakes, the corresponding uncertainties of the scale factors applied to the 
simulation are considered [13]. The sources of systematic uncertainty in 
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the e-fake background estimate are related to the choice of the function 
describing the 𝑍 boson mass peak, the mass range considered, and from 
the assumed function used to describe the background. The systematic 
uncertainties in the h-fake background include the modelling of the 𝑡𝑡
process, which accounts for most of the h-fake events in the dedicated 
control regions in the 𝑡𝑡𝛾 measurement, and the normalisation of the 
e-fake and prompt background processes.

The experimental systematic uncertainties account for uncertainties 
related to the reconstruction and identification of the physics objects, 
the integrated luminosity and the simulation of pile-up events. Photon 
and lepton identification and isolation efficiencies, momentum scale and 
resolution [58,59,68], and lepton trigger efficiencies in the simulation 
are corrected using scale factors to improve the description of the data. 
The associated systematic uncertainties are obtained by varying the cor-
rections within their uncertainties.

The JES uncertainty is derived from a combination of simulations, 
test-beam data and in situ measurements [64] resulting in 30 uncorre-
lated JES uncertainty subcomponents, which take into account effects 
from jet-flavour composition, 𝜂-intercalibration, punch-through, single-
particle response, calorimeter response to different jet flavours, and pile-
up. The jet energy resolution in simulation is smeared by its correspond-
ing uncertainty [64] split into 13 uncorrelated sources. The uncertainty 
associated with the JVT discriminant for pile-up jet rejection is obtained 
by varying the efficiency correction factors [65].

The uncertainties in the 𝑏-jet tagging calibration are determined sep-
arately for 𝑏-jets, 𝑐-jets and light-flavour jets [75–77]. For each jet cate-
gory, the uncertainties are decomposed into several uncorrelated com-
ponents. Additionally, a 50% normalisation uncertainty is applied to 
events with high-𝑝T jets above the 𝑝T limit where the 𝑏-jet tagging algo-
rithm is calibrated.

The uncertainty in 𝐸miss
T  results from the propagation of the uncer-

tainties in the energy scales and resolutions of photons, leptons and jets, 
and the modelling of its soft term [67].

The uncertainty in the total integrated luminosity, using the LUCID-
2 detector [21] for the primary luminosity measurements, is estimated 
to be 0.83% [19]. The uncertainty arising from the modelling of pile-up 
is determined by varying the pile-up reweighting applied to correct the 
simulation to better describe the data within its uncertainties.

6.  Measurement of the 𝒕𝒕𝜸𝜸 cross section and 𝒕𝒕𝜸𝜸/𝒕𝒕𝜸
cross-section ratio

A multivariate analysis using a BDT is performed to separate the 𝑡𝑡𝛾𝛾
signal from the background processes. The training is performed with 
the eXtreme Gradient Boosting classifier from the XGBoost library [78]. 
A 4-fold cross-validation was performed, where the events were ran-
domly split into four equally sized subsets. For each fold, three subsets 
were used for training the BDT configuration, and the remaining one 
was used for testing. The event weights are applied to the events in the 
training and testing samples. Events with negative weights in samples 
generated at NLO are included in the training using the absolute value 
of their weights. It was verified that the shape of the input variables is 
not significantly affected. The training uses simulated events from the 
𝑡𝑡𝛾𝛾, 𝑡𝑡𝛾 production and decay and 𝑉 𝛾𝛾 samples, with the correspond-
ing data-driven scale factors applied to the fake photon events. The 𝑡𝑡𝛾𝛾
signal and the total background contributions are rescaled to be equally 
represented in the training. A total of 19 variables are selected for the 
training based on their good agreement between data and MC simula-
tion, balanced correlations among them, yielding good separation and 
best expected significance. They are related to the properties of the pho-
tons, such as photon conversion type, 𝑝T and 𝜂, invariant masses and 
angular separations of different objects in the event (e.g. to the invari-
ant mass and Δ𝑅 of the two photons, the lepton and each photon and 
the photons and the closest 𝑏-tagged jet), to the 𝐸miss

T  and to the jet 
properties, such as the number of 𝑏-tagged jets. It was checked that the 
simulation accurately describes the data within the uncertainties for all 
input variables. Example variables with the most separation power are 
shown in Fig. 2 before the fit.

The measurements are performed at particle level in a fiducial phase 
space, which is defined based on the requirements used in Ref. [13] 
and closely follows the kinematic requirements at reconstruction level. 
Photons are required to not originate from a hadron decay, to have 
𝑝𝑇 > 20 GeV and |𝜂| < 2.37 and to be isolated such that the sum of trans-
verse momenta of all charged particles surrounding the photon within 
Δ𝑅 ≤ 0.2 must be smaller than 5% of its 𝑝T. Electrons and muons are 
dressed with nearby photons, which do not originate from hadrons, in 
a Δ𝑅 < 0.1 cone around the lepton. Only leptons not originating from 

Fig. 2. Example of input variables with large separation power, before the fit to data: (a) conversion type of the photon leading in 𝑝T, (b) Δ𝑅 between the lepton and 
the subleading photon in 𝑝T and (c) their invariant mass. The uncertainty band corresponds to the total uncertainties before the fit to data. The lower part of the plot 
shows the ratio of the data to the prediction. If present, overflow events are included in the last bin of the distribution. The ‘Other 𝛾𝛾 ’ category includes simulated 
events with two prompt photons from single-top quark, single and diboson processes, 𝑡𝑡𝑉 , 𝑡𝑡𝐻 , and 𝑡𝑡 samples. The normalisation of the 𝑡𝑡𝛾𝛾 sample is rescaled using 
the NLO/LO 𝐾-factor described in Section 3.
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hadron decays are selected. Jets are clustered with the anti-𝑘𝑡 algorithm 
with a radius of R = 0.4. All stable particles are considered in the clus-
tering, except for the selected electrons, muons and photons, and the 
neutrinos originating from the top quarks. A particle-level jet is iden-
tified as a 𝑏-jet if a hadron with 𝑝T > 5 GeV containing a 𝑏-quark is 
matched to the jet through a ghost-matching method [79]. Lepton and 
jets are required to have 𝑝T > 25GeV and |𝜂| < 2.5. Additionally, lep-
tons within Δ𝑅 < 0.4 from a jet are excluded and jets are removed if 
they are within Δ𝑅 = 0.4 of an isolated photon candidate. Events are 
additionally required to satisfy that the Δ𝑅 distance between the lepton 
and any photon and between the photons is larger than 0.4. The fidu-
cial phase space is defined by requiring exactly two photons, exactly one 
electron or muon, and at least four jets among which at least one is a 
𝑏-jet. Events are rejected if there are additional leptons with 𝑝T > 7 GeV. 
The fraction of simulated 𝑡𝑡𝛾𝛾 signal events that pass the event selection 
at reconstruction level over the number of events in the fiducial region 
at particle level is 19% and the fraction of signal events that fulfil the 
selection at reconstruction level and the particle-level requirements is 
79%.

The fiducial cross section at particle level is measured using a pro-
file likelihood fit to the BDT output that profiles nuisance parameters 
and minimises the negative log-likelihood [80]. The normalisation of 
the 𝑡𝑡𝛾𝛾 signal template is treated as the parameter of interest in the 
fit. The resulting normalisation factor is then used to extract the ob-
served cross section by scaling the predicted cross section in the fiducial 
phase space at particle level. Background processes are modelled using 
MC simulation and data-driven methods, with normalisation and shape 
uncertainties included as nuisance parameters in the likelihood fit. All 
MC samples used to evaluate signal modelling uncertainties are scaled 
to the same cross section in the fiducial phase space. Each source of 
systematic uncertainty, including those affecting the signal, is incorpo-
rated as a Gaussian prior in the likelihood function. The variations are 
symmetrised, taking half the difference between the upward and down-
ward variations as the uncertainty. If both variations have the same 
sign, the average of the difference between each variation and the nom-
inal value is chosen as the two-sided uncertainty. If only one variation 
is available (e.g. the uncertainty from the parton shower or the PDF 
uncertainties) the difference between the nominal and alternative pre-
diction is taken as the size of the uncertainty. A pruning procedure is 
implemented to remove uncertainties that are too small to meaningfully 
impact the results, improving the fit’s convergence and reducing com-
puting time. In addition, a smoothing procedure is applied, where nec-
essary, to reduce the impact of statistical fluctuations in the systematic 
templates. The impact of these procedures on the precision of the results 
is negligible. The output of the BDT after the fit is shown in Fig. 3. The 
binning is optimised to enhance signal-to-background separation while 
ensuring smooth templates for the small background contributions. The 
fraction of background events after the fit corresponds to 47%. Good 
agreement is observed between the data and the prediction. The global 
goodness of fit, evaluated with a saturated model [81], yields a 𝑝-value
of 49%.

The fiducial cross section at particle level is found to be
𝜎𝑡𝑡𝛾𝛾 = 2.42+0.58−0.53 fb = 2.42+0.46−0.38 (stat)

+0.35
−0.38(syst) fb. (1)

The total relative uncertainty of the measurement is approximately 23%, 
with the dominant contribution coming from the statistical uncertainty 
of the data, which is about 17%. Systematic uncertainties contribute 
approximately 15% to the total relative uncertainty. The systematic 
uncertainties are dominated by the experimental uncertainties related 
to the jets and the photons, and the uncertainties in the fake-photon 
background estimates, followed by the normalisation uncertainties of 
the other 𝛾𝛾 background contribution. The impact of the different cat-
egories of systematic uncertainties is summarised in Table 1 (left col-
umn). None of the nuisance parameters are significantly constrained by 
the fit. Their best-fit values are well within one standard deviation of 
their initial estimates. The prediction for the fiducial 𝑡𝑡𝛾𝛾 cross section 

Fig. 3. BDT distribution output after the fit to data. The uncertainty band cor-
responds to the total uncertainties with correlations among uncertainties taken 
into account as determined in the fit. The lower part of the plot shows the ratio 
of the data to the prediction. The ‘Other 𝛾𝛾 ’ category includes simulated events 
with two prompt photons from single-top quark, single and diboson processes, 
𝑡𝑡𝑉 , 𝑡𝑡𝐻 , and 𝑡𝑡 samples.

given by the nominal 𝑡𝑡𝛾𝛾 MadGraph5_aMC@NLO +Pythia 8 LO sim-
ulation is 1.53+0.40−0.52(scale)

+0.05
−0.03(PDF) fb. The observed significance with re-

spect to the background-only hypothesis is 5.2 standard deviations. The 
expected significance evaluated with the LO simulation is 3.8 standard 
deviations, assessed with toy experiments. The expected significance is 
5.7 standard deviations with the approximate 𝐾-factor of 1.7, described 
in Section 3, which is used for the prior normalisation of the 𝑡𝑡𝛾𝛾 sam-
ple in the distributions before the fit to data. An additional check was 
performed by fitting the number of events instead of the BDT output. 
The result, 𝜎𝑡𝑡𝛾𝛾 = 2.51+0.62−0.58 fb, is consistent with the one from the default
fit.

The ratio of the cross sections of the 𝑡𝑡𝛾𝛾 process and the 𝑡𝑡𝛾 process 
(𝑡𝑡𝛾 production and decay) in the single-lepton channel is additionally 
extracted at particle level. The input distributions used to measure the 
𝑡𝑡𝛾 cross sections are taken from Ref. [13]. The event reconstruction 
and selection are designed to avoid any statistical overlap with the 𝑡𝑡𝛾𝛾
measurement. The selection criteria at reconstruction level and particle-
level phase space definition are analogous to those of the 𝑡𝑡𝛾𝛾 analy-
sis, except that exactly one isolated photon is required instead of two. 
Neural networks (NNs) are used to enhance the separation of 𝑡𝑡𝛾 pro-
duction and the various background processes. A four-class NN is used 
to define a signal region enriched in 𝑡𝑡𝛾 production events and three 
control regions enriched in 𝑡𝑡𝛾 decay, photon fakes and other events 
with prompt photons, respectively. The same object selection and the 
same sources of systematic uncertainties are considered in both mea-
surements. Therefore, the uncertainties related to the object reconstruc-
tion, luminosity and pile-up modelling are kept fully correlated between 
the measurements. The uncertainties related to the modelling and the 
normalisation of the common processes, which are estimated with the 
same set of MC samples (𝑡𝑡𝛾 production, 𝑡𝑡𝛾 decay, 𝑡𝑡, 𝑡𝑊 𝛾, t-channel 
and s-channel single top quark, 𝑡𝑡𝑉 , 𝑉 𝛾, 𝑉+jets, inclusive diboson sam-
ples) are also correlated among the two measurements. Common back-
ground normalisation uncertainties and the uncertainties in the data-

Physics Letters B 874 (2026) 140195 

6 



The ATLAS Collaboration

Table 1 
Summary of the relative impact of all the systematic uncertainties, in percentage, on the 
𝑡𝑡𝛾𝛾 fiducial inclusive cross section and 𝑅𝑡𝑡𝛾𝛾∕𝑡𝑡𝛾 grouped into different categories. The 
category ‘Jet’ corresponds to the effect of JES, jet resolution and JVT uncertainties, 
‘Photon’ and ‘Leptons’ include all experimental uncertainties related to photons and 
leptons (including trigger uncertainties), respectively.
 Source Δ𝜎𝑡𝑡𝛾𝛾∕𝜎𝑡𝑡𝛾𝛾 [%] Δ𝑅𝑡𝑡𝛾𝛾∕𝑡𝑡𝛾∕𝑅𝑡𝑡𝛾𝛾∕𝑡𝑡𝛾 [%]
𝑡𝑡𝛾𝛾 modelling  1.4  1.3
 Prompt-photon background norm. & modelling  4.4  5.8
 Fake-photon background estimates  6.5  0.5
 Fake-lepton background estimate  –  0.9
 Jet  9.7  5.9
 Photon  6.5  4.0
𝑏-tagging  3.4  1.0
 Leptons  1.5  0.3
 Luminosity  1.4  0.1
𝐸miss

T  0.4  1.1
 Pile-up  1.6  1.4
 MC statistical uncertainties  2.5  2.8
 Total systematic uncertainty  15.0  10.0

driven e-fake and h-fake are also correlated. Modelling uncertainties 
between different processes (e.g. PS uncertainties between 𝑡𝑡𝛾 produc-
tion and decay and 𝑡𝑡𝛾𝛾) are considered uncorrelated as in the individual
analyses.

The ratio of 𝑡𝑡𝛾𝛾 to 𝑡𝑡𝛾 cross section is obtained by fitting simulta-
neously the 𝑡𝑡𝛾𝛾 BDT output and the variables used in the four regions 
of the 𝑡𝑡𝛾 measurement. In particular, the output of the corresponding 
NN classifiers are the input distributions in the 𝑡𝑡𝛾 production and the 
𝑡𝑡𝛾 decay regions, while the distributions of the second largest pseudo-
continuous 𝑏-tagging score are used in the regions enriched in photon 
fakes and in other prompt photons [13]. In the measurement, the cross-
section ratio is treated as the parameter of interest, while the 𝑡𝑡𝛾 cross 
section is profiled using data. The 𝑡𝑡𝛾 production and 𝑡𝑡𝛾 decay templates 
are added together, and the normalisation of the combined template is 
free floating in the fit. A 20% normalisation uncertainty is considered 
for the 𝑡𝑡𝛾 decay template, which is the pre-fit uncertainty associated 
with the normalisation of 𝑡𝑡𝛾 decay in the total 𝑡𝑡𝛾 measurement [13]. 
This value is based on the estimated uncertainty in the NLO 𝐾-factor 
used to correct the normalisation of 𝑡𝑡𝛾 decay LO sample, as obtained in 
Ref. [14]. This nuisance parameter allows the fit to adjust the fraction 
of 𝑡𝑡𝛾 production and 𝑡𝑡𝛾 decay events.

The measurement yields 𝑅𝑡𝑡𝛾𝛾∕𝑡𝑡𝛾 = (3.30+0.70−0.65) × 10−3 =
(3.30+0.63−0.55 (stat)+0.32−0.34 (syst)) × 10−3. The precision of the measure-
ment of about 20% is dominated by the statistical uncertainty of the 
data, which is approximately 18%, while the total systematic uncer-
tainty is about 10%. The impact of correlated systematic uncertainties 
partially cancels in the ratio. Specifically, systematic uncertainties that 
cancel significantly include experimental sources associated with jets, 
𝑏-tagging, photons, and luminosity, and those arising from data-driven 
estimates of fake-photon backgrounds. As expected, the relative impact 
of 𝑡𝑡𝛾 production and decay modelling uncertainties increases compared 
with the measurement of the 𝑡𝑡𝛾𝛾 cross section, as shown in Table 1 
(right column). The measured value and total uncertainty of the 𝑡𝑡𝛾
cross section agree with the result from Ref. [13].

There are no available calculations of the ratio that would allow for 
a direct comparison with the measured value. As a reference, using the 
nominal MadGraph5_aMC@NLO +Pythia 8 samples, the ratio of the 
fiducial 𝑡𝑡𝛾𝛾 LO cross section to the 𝑡𝑡𝛾 cross section—defined as the sum 
of the NLO 𝑡𝑡𝛾 production and 𝑡𝑡𝛾 decay contributions, including the 
NLO/LO 𝐾-factor—yields (2.46+0.73−0.94 (scale)

+0.10
−0.06 (PDF)) × 10−3. The scale 

and PDF uncertainties are evaluated assuming uncorrelated uncertain-
ties between the individual cross sections. This value and its uncertainty 
should be treated as illustrative, as they are based on a combination of 
LO and NLO predictions, and no uncertainty is assigned to the 𝐾-factor 
applied to the 𝑡𝑡𝛾 decay contribution.

7.  Conclusion

This paper presents the observation of the production of top quark 
pairs in association with two photons. The measurement is performed 
using a data sample of proton–proton collisions collected with the AT-
LAS detector at the LHC at √𝑠 = 13TeV, corresponding to a total inte-
grated luminosity of 140 fb−1. The cross-section measured in a fiducial 
phase space defined at particle level, with kinematic requirements on 
the photons, lepton, and jets, yields 2.42+0.58−0.53 fb, with an observed sig-
nificance of 5.2 standard deviations. The available MC prediction at LO 
underestimate the cross section as expected. In the measurement of the 
ratio of the 𝑡𝑡𝛾𝛾 and the 𝑡𝑡𝛾 processes, several systematic uncertainties–
particularly those related to jets, 𝑏-tagging, photons, and luminosity–
partially cancel out. The ratio, measured in the fiducial phase space, is 
found to be (3.30+0.70−0.65) × 10−3.
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