
P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
1
9
6

Observation of top-quark pair production in
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Measurements of top-quark pairs in heavy-ion collisions are anticipated to offer new insights into
nuclear parton distribution functions and to provide unique information about the time evolution
of strongly interacting matter. We report the observation of top-quark pair production in proton-
lead (𝑝+Pb) collisions at the center-of-mass energy of 8.16 TeV with the ATLAS experiment
at the LHC. Top-quark pair is studied in the lepton+jets and dilepton channels, and the nuclear
modification factor for top-quark pairs is measured for the first time. We also present the first
observation of top-quark production in lead-lead (Pb+Pb) collisions at the center-of-mass energy
of 5.02 TeV, measured in the 𝑒𝜇 final state with a significance of 5.0 standard deviations. The
results are compared with theoretical predictions based on different nuclear PDF sets.
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1. Introduction

The heavy-ion (HI) collisions at TeV-scale energies delivered by the Large Hadron Collider
(LHC) at CERN have enabled the study of elementary particle production in lead–lead (Pb+Pb)
and proton–lead (𝑝+Pb) systems. Among the particles predicted by the Standard Model (SM), only
two remain to be directly observed in Pb+Pb collisions: the Higgs boson and the top quark. While
the Higgs boson production cross section is too low to allow its observation in Pb+Pb collisions at
the LHC, the observation of top-quark production is within reach. The top quark is the heaviest
known elementary particle, with a mass of 𝑚𝑡 = 172.52±0.33 GeV [1]. The top quark is extremely
short-lived, decaying almost exclusively via 𝑡 → 𝑊𝑏. The 𝑊 boson subsequently decays either
leptonically (𝑊 → ℓ𝜈ℓ , where ℓ = 𝑒, 𝜇) or hadronically (𝑊 → 𝑞𝑞′) [2]. At the LHC, top quarks
are predominantly produced in top quark–antiquark (𝑡𝑡) pairs via gluon–gluon fusion, as shown in
Figure 1, with their production rate significantly exceeding that of single top quarks [3].

Figure 1: Feynman diagram for top-quark pair production via gluon-gluon fusion, with subsequent decays
of the top quark and antiquark into 𝑊 bosons and 𝑏 quarks.

2. Top-quark pair production in 𝑝+Pb collisions

2.1 Analysis strategy

In 𝑝+Pb collisions, top quarks provide a novel probe of nuclear parton distribution functions
(nPDFs) in a kinematic region that remains poorly constrained by other experimental data [4, 5].
Using data collected in 2016 from 𝑝+Pb collisions at a center-of-mass energy per nucleon pair
of √

𝑠NN = 8.16 TeV with the ATLAS detector [6], corresponding to an integrated luminosity
of 165 nb−1, the 𝑡𝑡 production cross section is measured. The measurement is performed by
reconstructing top-quark pairs in both the ℓ+jets and dilepton decay channels, using final states
that include electrons, muons, and jets. Events are selected using single-electron or single-muon
triggers with a minimum transverse momentum threshold of 𝑝T > 15 GeV [7, 8]. Electrons and
muons are required to satisfy the “Medium” identification and isolation criteria [9, 10], and must
have transverse momentum 𝑝T > 18 GeV and pseudorapidity |𝜂 | < 2.47 for electrons and |𝜂 | < 2.5
for muons. Jets are reconstructed using the anti-𝑘 t algorithm [11] with a radius parameter of
𝑅 = 0.4. The reconstructed jets are required to have a transverse momentum of 𝑝T > 20 GeV and
a pseudorapidity of |𝜂 | < 2.5. Six signal regions (SRs) are defined based on the variable 𝐻

ℓ, 𝑗

T ,
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the scalar sum of the transverse momenta of the selected leptons and jets. In the ℓ+jets channel,
events are categorized according to lepton flavor and 𝑏-jet multiplicity into four SRs: 1ℓ1𝑏 𝑒+jets,
1ℓ2𝑏incl 𝑒+jets, 1ℓ1𝑏 𝜇+jets, and 1ℓ2𝑏incl 𝜇+jets. A minimum of four jets is required for these
events. In the dilepton channel, events must contain two opposite-sign leptons with an invariant
mass 𝑚ℓℓ > 15 GeV and at least two jets. These events are further divided into two SRs based on
𝑏-jet multiplicity: 2ℓ1𝑏 (exactly one 𝑏-jet) and 2ℓ2𝑏incl (at least two 𝑏-jets). The contribution from
fake leptons is estimated using the Matrix Method (MM) [12], while all other background processes
are modeled using Monte Carlo (MC) simulations [13, 14]. The signal strength 𝜇𝑡𝑡 , defined as
the ratio of the observed 𝑡𝑡 cross section to the Standard Model expectation, is measured using a
profile-likelihood fit [15] to the 𝐻

ℓ, 𝑗

T distributions. The 𝐻
ℓ, 𝑗

T distributions predicted by the fit are
shown in Figure 2 for the six SRs.

100 200 300 400 500 600 700 800 900
0.5

0.75
1

1.25
1.5

D
at

a 
/ P

re
d.

0

100

200

300

400

500

600

700

800

E
ve

nt
s 

/ G
eV

1000
ℓ

T  [GeV],j

1ℓ1b e+jets
Post-Fit

Data
tt
Single top
W +b
W +c
W +light
Z+b
Z+c
Z+light
Diboson
Fake lepton
Uncertainty

H

 = 8.16 TeV, 165 nb-1
NNs

ATLAS 
p+Pb

(a)

100 200 300 400 500 600 700 800 900
0.5

0.75
1

1.25
1.5

D
at

a 
/ P

re
d.

0

50

100

150

200

250

300

350

400

E
ve

nt
s 

/ G
eV

1000
ℓ

T  [GeV],j

1ℓ1b μ+jets
Post-Fit

Data
tt
Single top
W +b
W +c
W +light
Z+b
Z+c
Z+light
Diboson
Fake lepton
Uncertainty

H

 = 8.16 TeV, 165 nb-1
NNs

ATLAS 
p+Pb

(b)

100 200 300 400 500 600 700 800 900
0.5

0.75
1

1.25
1.5

D
at

a 
/ P

re
d.

0

10

20

30

40

50

60

70

80

E
ve

nt
s 

/ G
eV

1000
ℓ

T  [GeV],j

Post-Fit
 2ℓ1b

 = 8.16 TeV, 165 nb-1
NNs

ATLAS 
p+Pb

Data
tt
Single top
Z+b
Z+c
Z+light
Diboson
Fake lepton
Uncertainty

H

(c)

100 200 300 400 500 600 700 800 900
0.5

0.75
1

1.25
1.5

D
at

a 
/ P

re
d.

0

50

100

150

200

250

300

350

E
ve

nt
s 

/ G
eV

1000
ℓ

T  [GeV],j

1ℓ2bincl e+jets
Post-Fit

Data
tt
Single top
W +b
W +c
W +light
Z+b
Z+c
Z+light
Diboson
Fake lepton
Uncertainty

H

 = 8.16 TeV, 165 nb-1
NNs

ATLAS 
p+Pb

(d)

100 200 300 400 500 600 700 800 900
0.5

0.75
1

1.25
1.5

D
at

a 
/ P

re
d.

0

50

100

150

200

250

E
ve

nt
s 

/ G
eV

1000
ℓ

T  [GeV],j

1ℓ2bincl μ+jets
Post-Fit

Data
tt
Single top
W +b
W +c
W +light
Z+b
Z+c
Z+light
Diboson
Fake lepton
Uncertainty

H

 = 8.16 TeV, 165 nb-1
NNs

ATLAS 
p+Pb

(e)

100 200 300 400 500 600 700 800 900
0.5

0.75
1

1.25
1.5

D
at

a 
/ P

re
d.

0

10

20

30

40

50

60

70

80

90

E
ve

nt
s 

/ G
eV

1000
ℓ

T  [GeV],j

Post-Fit
2ℓ2bincl

Data
tt
Single top
Z+b
Z+c
Z+light
Diboson
Fake lepton
Uncertainty

 = 8.16 TeV, 165 nb-1
NNs

ATLAS 
p+Pb

H

(f)

Figure 2: Post-fit distributions of 𝐻ℓ 𝑗

𝑇
in the six signal regions (SRs): (a) 𝑒+jets 1ℓ1𝑏, (b) 𝜇+jets 1ℓ1𝑏, (c)

dilepton 2ℓ1𝑏, (d) 𝑒+jets 1ℓ2𝑏incl, (e) 𝜇+jets 1ℓ2𝑏incl, and (f) dilepton 2ℓ2𝑏incl. The total uncertainties are
represented by the hatched bands. The bottom panels show the data-to-prediction ratio [16].

2.2 Results

The measured value of 𝜇𝑡𝑡 is then translated into the inclusive 𝑡𝑡 production cross section,
yielding:

𝜎
𝑝+Pb
𝑡𝑡

= 58.1 ± 2.0 (stat.) +4.8
−4.4 (syst.) nb = 58.1+5.2

−4.9 (tot.) nb. (1)
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The total relative uncertainty is 9%. The nuclear modification factor 𝑅𝑝A is defined as the ratio of
the 𝑡𝑡 cross section in 𝑝+Pb collisions to that in 𝑝𝑝 collisions [18], scaled by the lead mass number
𝐴Pb = 208, and quantifies differences between the two systems. It is measured to be:

𝑅𝑝A = 1.090 ± 0.039 (stat.) +0.094
−0.087 (syst.) = 1.090 ± 0.100 (tot.). (2)

Figure 3 shows the comparison of the measured 𝜎𝑡𝑡 and 𝑅𝑝A with other experimental results and
theoretical predictions. The measured cross section is consistent with the CMS measurement in
𝑝+Pb collisions at √𝑠NN = 8.16 TeV [17], and with the precise ATLAS+CMS combination in
𝑝𝑝 collisions at

√
𝑠 = 8 TeV [18], extrapolated to the centre-of-mass energy of this measurement

and scaled by 𝐴Pb to the 𝑝+Pb system. The result of 𝑅𝑝A is also consistent with the geometric
expectation from 𝑝𝑝 collisions within uncertainties. The measured 𝜎

𝑝+Pb
𝑡𝑡

and 𝑅𝑝A values are also
compatible with theoretical predictions obtained using four different nuclear PDF sets: EPPS21 [19],
nCTEQ15HQ [20], nNNPDF3.0 [21], and TUJU21 [22].
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Figure 3: Comparison of (a) the 𝑡𝑡 production cross section and (b) the nuclear modification factor with other
measurements and theoretical predictions. The dashed line at 𝑅𝑝A = 1 represents the geometric expectation
from 𝑝𝑝 collisions [16].

3. Top-quark pair production in Pb+Pb collisions

3.1 Analysis strategy

In ultra-relativistic Pb+Pb collisions at the LHC, top quarks offer a unique opportunity to probe
the properties of the strongly interacting quark–gluon plasma (QGP) [23]. Using the full Run 2
ATLAS Pb+Pb dataset, collected in 2015 and 2018 and corresponding to an integrated luminosity of
1.9 nb−1 at a center-of-mass energy of √𝑠NN = 5.02 TeV, the first observation of top-quark pair (𝑡𝑡)
production in heavy-ion collisions is achieved. Top-quark candidates are selected in the electron–
muon (𝑒𝜇) decay channel. Electrons and muons are required to satisfy the “Loose” identification
and isolation criteria [9], with transverse momentum thresholds of 𝑝T > 18 GeV for electrons and
𝑝T > 15 GeV for muons, and pseudorapidity |𝜂 | < 2.47 for electrons and |𝜂 | < 2.5 for muons.
Jets are reconstructed using the anti-𝑘 t algorithm [11] with a radius parameter of 𝑅 = 0.4, and jet
kinematics are corrected on an event-by-event basis to account for contributions from the underlying

4
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event (UE). Events are required to contain exactly one electron and one muon of opposite charge, and
at least two jets. Two signal regions (SR1 and SR2) are defined based on the transverse momentum
of the dilepton system, 𝑝𝑒𝜇T . SR1 includes events with 𝑝

𝑒𝜇

T > 40 GeV, while SR2 corresponds to
events with 𝑝

𝑒𝜇

T ≤ 40 GeV. To suppress contributions from photon-induced processes, events are
selected within the 0–80% centrality interval. Backgrounds arising from fake leptons are estimated
using data-driven techniques. Additionally, the invariant mass of the 𝑒𝜇 pair, 𝑚𝑒𝜇, is required to be
at least 30 GeV to further reduce the fake-lepton background. The signal strength 𝜇𝑡𝑡 is obtained
using a profile-likelihood fit [15] from a combined fit to the 𝑚𝑒𝜇 distributions. The invariant mass
distributions predicted by the fit in the two signal regions are shown in Figure 4.
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Figure 4: Post-fit distributions of 𝑚𝑒𝜇 in the two signal regions (SRs): (a) 𝑆𝑅1: 𝑝
𝑒𝜇

T > 40 GeV, and (b) 𝑆𝑅2:
𝑝
𝑒𝜇

T ≤ 40 GeV. The total uncertainties are represented by the hatched bands. The bottom panels show the
data-to-prediction ratio [24].

3.2 Results

The measured 𝜇𝑡𝑡 value is translated into an inclusive top-quark pair production cross section
𝜎𝑡𝑡 , using the theoretical prediction 𝜎th

𝑡𝑡
derived for the 0–100% centrality interval. The theoretical

cross section is calculated in 𝑝𝑝 collisions at √𝑠NN = 5.02 TeV and scaled by the square of the lead
mass number (𝐴2

Pb). The measured inclusive 𝑡𝑡 production cross section in Pb+Pb collisions is:

𝜎Pb+Pb
𝑡𝑡

= 3.6+1.0
−0.9 (stat.) +0.8

−0.5 (syst.) 𝜇b = 3.6+1.2
−1.0 (tot.) 𝜇b. (3)

The total relative uncertainty is 31%, dominated by the statistical component of 26%. Figure 5
shows the measured 𝜎𝑡𝑡 compared with the CMS measurement in Pb+Pb collisions at √𝑠NN =

5.02 TeV [25], and with the ATLAS measurement in 𝑝𝑝 collisions at the same energy, scaled
by 𝐴2

Pb [26]. All experimental results are consistent within their uncertainties. The measured
cross section is also compared with theoretical predictions using four different nuclear PDF sets:
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EPPS21 [19], nCTEQ15HQ [20], nNNPDF3.0 [21], and TUJU21 [22], with good agreement
observed across all predictions.
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Figure 5: Measurements of the 𝑡𝑡 production cross section compared to other experimental measurements
and the theoretical predictions based on four different nuclear PDF sets [24].

4. Conclusion

Top-quark production has been observed in heavy-ion collisions using the ATLAS detector. In
𝑝+Pb collisions, the top-quark pair production cross section is measured with a relative uncertainty
of 9%, making it the most precise determination of a cross section in nuclear collisions reported to
date. The nuclear modification factor for the 𝑡𝑡 process is measured for the first time by ATLAS in
𝑝+Pb collisions. Additionally, top-quark production is observed in Pb+Pb collisions using the 𝑒𝜇

channel, with a significance of 5𝜎, marking the first observation of this process in such collisions.
These results open new avenues for the study of nuclear PDFs and the properties of the QGP.
With the upcoming High-Luminosity LHC (HL-LHC) runs, significantly larger datasets, along
with major improvements in instrumentation, triggers, and reconstruction, will allow differential
measurements of top-quark production in heavy-ion collisions.
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