PUBLISHED FOR SISSA BY 4) SPRINGER

RECEIVED: April 29, 2026
REVISED: June 18, 2026
ACCEPTED: June 24, 2026
PUBLISHED: August 6, 2026

Measurement of the top quark pair production cross
section in PbPb collisions at /s = 5.36 TeV

The CMS collaboration

Full author list at the end of the paper
E-mail: cms-publication-committee-chair@cern.ch

ABSTRACT: The inclusive cross section for top quark pair (tt) production in lead-lead (PbPb)
collisions is reported for the first time at a center-of-mass energy per nucleon pair of 5.36 TeV.
The analysis uses data corresponding to an integrated luminosity of 1.58 nb~ ! collected
by the CMS experiment at the CERN LHC in 2023. The tt production cross section,
o = 3.4217031 (stat)fgzig (syst) pb , is measured in dilepton final states using a fit to a
multivariate discriminator that combines the decay electron and muon kinematic properties
with the multiplicity of bottom quark jets. The result is consistent with perturbative quantum
chromodynamics calculations at next-to-next-to-leading order (NNLO) accuracy employing
several nuclear parton distribution functions. In addition, the Drell-Yan production cross
section (opy) for dilepton masses above 10 GeV and the ratio of tt to DY cross sections
(Rt /DY) are found to be compatible with the NNLO predictions. The observables o5, opy,
and Rt /Dy are measured separately for central and semicentral PbPb collisions to investigate
for the first time the dependence of top quark production on the collision impact parameter.

KeEywoORrDS: Heavy Ion Experiments, Top Physics

ARX1v EPRINT: 2604.27091

OPEN AccEss, Copyright CERN,

for the benefit of the CMS Collaboration. https://doi.org/10.1007/JHEP08(2026)054
Article funded by SCOAP?.


mailto:cms-publication-committee-chair@cern.ch
https://doi.org/10.48550/arXiv.2604.27091
https://doi.org/10.1007/JHEP08(2026)054

Contents

1 Introduction 1
2 The CMS detector 2
3 Monte Carlo simulations 3
4 Event selection 4
5 Background estimation 10
6 Signal extraction 12
7 Results 15
8 Summary 18
The CMS collaboration 27

1 Introduction

Extensive studies of the cross section and properties of top quark-antiquark pairs (tt) produced
in proton-proton (pp) collisions at the CERN LHC [1, 2] have improved our knowledge of
key fundamental parameters of the standard model, such as the top quark mass (my), the
strong coupling constant (ag), and the Yukawa coupling of the top quark to the Higgs boson,
through comparisons of the data with high-accuracy perturbative quantum chromodynamics
(pQCD) predictions. These measurements have also contributed to determining the parton
distribution functions (PDFs) of the proton with reduced uncertainties. In heavy ion collisions,
the production of top quarks has long been proposed as a powerful probe of the nuclear
gluon density at high virtualities [3], as encoded in nuclear PDFs (nPDFs). It has also been
proposed as a useful means to study final-state effects on top quark decay products as they
traverse the produced quark-gluon plasma (QGP), where they may experience parton energy
loss in the medium (“jet quenching”) [3, 4].

Because the top quark decays almost exclusively as t — Wb [5], a tt event contains two
b jets and the decay products of the two W bosons. Experimentally, tt events are classified
according to the W boson decay modes. About 46% of tt events are fully hadronic, but
these are difficult to isolate from quantum chromodynamics (QCD) multijet backgrounds,
which have much larger cross sections. Events in which only one W boson decays leptonically
account for roughly 45% of the total; however, their final states contain multiple jets and
are subject to systematic uncertainties from jet energy calibration, quark flavor tagging, and
combinatorial ambiguity. The dilepton decay mode, tt — (W b)(W™b) — (£1v,b)(¢"V,b),
provides the cleanest experimental signature, even though its branching fraction is about
4% when restricting ¢ to electrons and muons. This channel yields a pure (>95%) sample
with relatively loose lepton selection requirements. In pp collisions, the single lepton [6]



and dilepton [7] channels provide the most precise measurements of the tt production cross
section. Among all channels, the eﬂli final state typically provides the best sensitivity.
Owing to its higher purity and nearly twice the event yields of the same flavor (ete™ or
u+u_) channels, the ejFui final state is used to measure the tt production cross section with
lower uncertainties. In the heavy ion environment, the presence of a very large hadronic
background makes it more challenging to measure the lepton + jets decay final states. For
these reasons, the dilepton final state, including events with tau leptons that decay into an
electron or a muon, is commonly adopted to measure the tt production cross sections.

The production of top quark pairs has been measured in proton-lead collisions at a
nucleon-nucleon (NN) center-of-mass energy of /s = 8.16TeV [8, 9] and in lead-lead
(PbPb) collisions at /s = 5.02TeV [10, 11]. The early PbPb collision measurements used
data corresponding to 1.7-1.9 nb~! of integrated luminosity. They have proved useful to
establish the baseline observables and selection criteria in the dilepton channel, confirming
the feasibility of top quark measurements in events with very large particle multiplicities.
However, the ability of these studies to constrain nPDFs or the properties of QGP is limited
by the poor statistical precision of the datasets analyzed.

This paper reports the first measurement of the inclusive production cross section of
PbPb — tt at /s = 5.36 TeV, utilizing data corresponding to an integrated luminosity
of 1.58 nb™! collected in 2023. The analysis uses advanced algorithms to select leptons and
identify jets stemming from the fragmentation and hadronization of b quarks (b jets). These
improved techniques combine new variables used to characterize the isolation and prompt
production of leptons from tt events, and make use of new discriminants based on machine
learning to identify the decay leptons, as well as the b jets. By incorporating these novel
algorithms and performing a combined fit to a multivariate tt discriminant across several
event categories, the analysis improves upon previous results, reducing the uncertainty in
the o(PbPb — tt) cross section and enabling the first observation of this process in heavy
ion collisions by the CMS experiment.

The paper is structured as follows. The experimental apparatus is presented in section 2,
and the simulation and event selections are described in sections 3 and 4, respectively. The
methods used to control the backgrounds and to extract the signal are described in sections 5
and 6, respectively. The results are presented in section 7, and summarized in section 8.
Tabulated results of the analysis can be found in HEPData [12].

2 The CMS detector

The CMS apparatus [13, 14] is a multipurpose, nearly hermetic detector, designed to trigger
on [15-17] and identify electrons, muons, photons, and (charged and neutral) hadrons [18—
20]. Its central feature 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. Muons are
reconstructed using gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid. Forward calorimeters extend the pseudorapidity () coverage provided by the
barrel and endcap detectors. Two forward hadron (HF) calorimeters use steel as an absorber



and quartz fibers as the sensitive material. They are located 11.2m from the interaction
region, one on each end, and together they provide coverage in the range 3.0 < |n| < 5.2.
They also serve as luminosity monitors. In addition, two zero-degree calorimeters (ZDCs),
made of quartz fibers and plates embedded in tungsten absorbers, are used to detect neutrons
(n) from nuclear breakup events in the range |n| > 8.3 [21]. More detailed descriptions of
the CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in refs. [13, 14].

Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of up to 70kHz within a fixed latency of 4 us [15]. 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 down to 50 kHz before data storage [16, 17]. The quoted values have been
optimized for PbPb collisions.

A particle-flow (PF) algorithm [22] 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 photons is obtained from the ECAL measurement. The
energy of an electron is determined from a combination of the electron momentum at the
primary interaction vertex 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 energy of a muon is obtained from the curvature of
the corresponding track. The energy of a charged hadron is determined from a combination of
the momentum measured in the tracker and the matching ECAL and HCAL energy deposits,
corrected for the response function of the calorimeters to hadronic showers. Finally, the energy
of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energies.

3 Monte Carlo simulations

Monte Carlo (MC) simulations are used to estimate the signal acceptance and efficiency, as
well as to validate the background estimation methods. The simulations are performed using
matrix element (ME) generators based on pQCD calculations at next-to-leading order (NLO)
accuracy, emulating a mixture of pp, pn, and nn interactions in proportions corresponding to
their relative abundances in lead nuclei (mass number A = 208). The ME generators employ
the EPPS21 nlo nPDFs [23], which use the CTISANLO PDF [24] as the proton parton
density baseline. The generated events are then interfaced with the PYTHIA 8.306 [25] parton
shower (with the CP5 tune [26]) and are embedded in inelastic PbPb events simulated with
the HYDJET [27] MC generator. The HYDJET model reproduces the effects of the underlying
event (UE) measured in PbPb data. In doing so it does not alter the hard-scattering process
simulated at the ME level, nor the decay products of the generated particles. To account for
possible medium effects affecting the simulated signal and background final states, methods
based on data are employed and described in more detail at the end of section 4. The
PbPb collision “centrality” (i.e., the degree of overlap of the two Pb ions) is determined
from the sum of the transverse energy (3 Et, where Ex+ = E coshn), deposited in both HF
calorimeters and corrected with an event-by-event weighting procedure based on the average



number of NN collisions in each centrality interval as obtained with a Glauber model [28].
After this weighting, residual differences between the centrality distribution measured in
data and predicted in simulation are corrected for based on a control sample of Z — p ™~
events. All the MC samples include a simulation of the full detector response implemented in
GEANT4 [29] with realistic alignment and calibration, tuned to data.

The MC tt signal samples are generated at NLO accuracy with MADGRAPH5__aMC@QNLO
(v2.9.18) [30] and POWHEG v2 [31]. In the former case, the event generation includes up to
two extra partons at the ME level, and the merging with the parton shower is performed
via the FxFx procedure [32]. In the POWHEG case, only up to one real parton emission
is generated, with the remainder produced by the parton shower. The cross sections of
both simulated tt samples are scaled up to match the next-to-next-to-leading order (NNLO)
pQCD predictions, including soft-gluon resummation at next-to-next-to-leading logarithmic
(NNLL) accuracy, obtained with the ToP++ program [33]. In the calculation a top quark
mass of my; = 172.5 GeV is used, the nominal renormalization and factorization scales are
set to pur = pp = my, and the QCD strong coupling is set to ag(my) = 0.118. Uncertainties
of £1.0GeV and +0.001 are assumed for the m; and ag(my) values [5], respectively. The
predicted NNLO + NNLL inclusive cross section is oy,(PbPb — %) = 3.6910 13 ub, where
the uncertainty is the quadratic sum of theoretical scale, parametric (from m; and ag), and
EPPS21 nlo nPDF uncertainties.

The characteristic signature of the tt events selected in this analysis is the presence
of two leptons with large transverse momentum (pr) originating from the wWHtw™ decays.
Consequently, any process that produces a similar dilepton final state can mimic the signal
and constitutes a background to the measurement. The simulated background samples
include Drell-Yan (DY, Z/y* — ete™ /utu™/1717), W + jets, single top quark production,
diboson processes, and multijet events containing nonprompt leptons, mostly from heavy-
quark hadron decays. The inclusive DY process pp — Z + X, including up to two recoiling
jets via the FxFx merging procedure, is simulated with MADGRAPH5_aMC@NLO separately
in the low-mass (10-50 GeV) and high-mass (>50 GeV) regions, with predicted cross sections
of 287 and 83 ub, respectively. The same generator is used for the W + jets sample, with a
cross section of 899 ub . Single top quark production in association with a W boson or via
the ¢ channel is simulated with POWHEG [34], with corresponding cross sections of 0.272 and
1.27 ub. Diboson events, in particular WW are generated with POWHEG including all final
states with at least one lepton. The WW contribution is normalized to a cross section of
0.613 ub, as predicted by POWHEG. Finally, multijet processes with at least one muon or
electron are simulated with PYTHIA. The multijet samples are included in the training of the
lepton isolation discriminators, but are not used to estimate any of the backgrounds.

4 Event selection

Candidate events are first selected based on whether they pass the minimum-bias or the
single-muon HLT triggers. The minimum-bias trigger requires a coincident signal in both
HF calorimeters and the presence of at least one neutron in one of the ZDCs, whereas the
single-muon trigger requires a muon reconstructed at the HLT with pp > 7 GeV. The stability
of these triggers is verified throughout the data-taking period, and their efficiency is extracted



directly from the data. Offline, collision events are further required to have at least one
interaction vertex reconstructed with two or more tracks within a distance of 25 cm from the
nominal collision point along the beam axis and 2 cm in the transverse plane. In addition,
at least two towers (arrays of channels) on each side of the HF calorimeter must have a
total reconstructed energy larger than 4 GeV.

Events containing at least two charged leptons — where “lepton” (denoted by ¢) refers
exclusively to electrons and muons hereafter — are selected, with additional criteria applied
to target dilepton decays of the two W bosons from tt production. Lepton candidates must
have pr > 20 GeV, originate promptly from the primary collision vertex, and be isolated
from other particles in the event. Electrons are required to lie within the ECAL barrel or
endcap fiducial regions (|n| € [0,1.444] U [1.566, 2.5]), and muons are selected within |n| < 2.4.
Candidates passing these kinematic and fiducial selections are further considered in the
analysis if they satisfy two distinct sets of identification and isolation criteria. Decoupling
these two requirements enables the isolation variable to define control regions (CRs), which
are used to estimate the nonprompt-lepton background and extrapolate it to the signal region.

Electron identification relies on a dedicated boosted decision tree (BDT) discriminant that
combines several observables, including the shower shape and position of the ECAL cluster, its
matching to the associated reconstructed track, and the energy deposits in the HCAL towers
subtended by the ECAL cluster. The BDT is trained on QCD multijet and tt simulations
using XGBOOST ([35] and optimized with a grid-search cross-validation procedure [36]. An
electron candidate is considered to pass the identification requirement if the BDT discriminant
exceeds a centrality-dependent threshold corresponding to a 95% efficiency and an expected
misidentification rate below 4%. This procedure ensures a selection efficiency independent
of the collision centrality. The contamination from misidentified electron candidates is
significantly reduced with respect to the rectangular-based identification criteria used in our
previous study [10]. Muon identification is based on a set of quality requirements applied to
the global track fit, which combines information from the inner tracker and the muon system.
The selection follows the standard “tight” criterion described in ref. [19].

For the isolation criteria, a common procedure applicable to both electrons and muons
has been further developed, making use of dedicated BDTs trained separately for each lepton
type. These BDTs combine different isolation sums of PF candidate energies within cones
of radius R = V/(An)? + (A¢)? = 0.3 around the lepton direction. These isolation sums are
computed using the “soft killer” method [37] with thresholds estimated in binned ranges
of detector pseudorapidity, namely [—2.5, —2, —0.8, 0.8, 2, 2.5]. This procedure effectively
mitigates the dependence of the isolation sums on the PbPb event activity and enables a
robust multivariate discrimination, less reliant on the simulation model used. In addition,
the isolation BDT makes use of the three-dimensional impact parameter significance of
each lepton. This variable is largely uncorrelated with the isolation sums and provides
good discrimination against leptons from heavy-quark hadron decays. As for the electron
identification BDT case, the independence of the working point on centrality ensures that
the isolation requirement has a constant efficiency of 90%.

In case more than two leptons pass the selections above, priority is given to muons over
electrons. The efficiencies associated with the trigger, identification, and isolation selections



are determined using the tag-and-probe method based on Z — ¢ *¢~ events in data [18, 19]. To
improve the identification of the signal, the selected events are further categorized as follows:

e “SF/DF” labels indicate whether the leptons have the same (e e~ or u ™) or different
(eﬂ,ti) flavors. For SF final states, it is required that the acoplanarity Ay = 1 —
|IAG(£107)| /7 is larger than 0.01 to remove contributions from elastic two-photon
production (yy — £7¢7) [38].

e “SS/0S” labels indicate whether the leptons have the same or opposite electric-charge

signs.

e “on-Z/off-Z” labels indicate whether the invariant mass of the SF OS pair is |m(¢¢) —
91 GeV| < 15GeV or |m(£¢) — 91 GeV| > 15GeV. Events with SF OS dilepton invariant
mass m(£¢) < 20 GeV are excluded to remove background contributions from quarkonia
decays and the low-mass DY process.

To improve the discrimination from the main backgrounds, three additional BDT classifiers
are trained for the eTe ™, eﬂti, and u T~ final states. The BDTs make use of the following
lepton-based variables:

1. the pr of the leading (i.e., highest p) and subleading leptons: p(¢;), pr(£sy);

2. the asymmetry of the leptons’ py: [pr(€1) — pr(€y)]/[pr(€1) + pr(ls)];

3. the pt and mass of the dilepton system: pp(£€), m(44);

4. the sphericity of the dilepton system: pr(€€)/[pr(¢1) + pr(£y)];
5. the absolute pseudorapidity of the dilepton system: |n(¢f)];

6. the sum of the lepton pseudorapidities: > |n,|; and

7. the acoplanarity Ay of the dilepton system.

Among these, pr(¢¢) and m(¢¢) are found to be the most discriminating variables for the
SF channels, whereas p(¢5), >-|n¢|, and pp(€€) are the most relevant observables in the DF
final state. The relative importance of all input features has been quantified using a SHAP
ranking [39]. The corresponding distributions are shown in figures 1 and 2 for the same-
and different-flavor channels, respectively. Overall, a good agreement between data and MC
expectations is found within the statistical uncertainties, prior to the fit to data. The training
of the classifier is performed using the tt (signal) and DY (background) simulations and the
XGBOOST package. In the training we have employed a cross-validation procedure and the
OPTUNA algorithm [40] for the optimization of the hyperparameters. In order to improve
the sensitivity of the analysis to the tt signal, the BDT discriminator has been evaluated
separately for events with zero, one, or at least two b jets.

For each event, hadronic jets are clustered from the PF candidates using the anti-kt
algorithm [41, 42] with a distance parameter of 0.3. Jet energy corrections and b quark
identification are performed with a dedicated multivariate algorithm called “unified particle
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Figure 1. Distributions of dilepton pr(¢¢) (left) and invariant mass m(€¢) (right) variables in the
same-flavor (¢¢) channels. The m(¢¢) distribution is shown before applying the veto of the Z boson
resonant region. The data (black markers with error bars representing statistical uncertainties) are
overlaid on top of the stacked contributions from the expected tt (blue), nonprompt (light orange),
WW (red), single top quark (gray), and DY (violet) processes. The last bin includes the overflow
entries. In the left panel, the event counts are divided by the variable bin width.

transformer” (UPART) [43], explicitly trained for heavy ion collisions. A detailed description
of this algorithm for heavy-flavor quark identification can be found in refs. [44, 45]. Jets
with pp > 30GeV, |n| < 2.1, and separated from the lepton by a distance AR(¢,j) > 0.4 are
accepted in the analysis. Three working points are defined for the identification of b jets:
loose, intermediate, and tight; corresponding to b quark tagging efficiencies of 90, 80, and
70%, respectively. The intermediate working point is chosen as the default one in the analysis.
These working points are parameterized such that the efficiency in simulation is constant
as a function of collision centrality. The use of UPART reduces the misidentification rate
by more than an order of magnitude relative to the b jet identification algorithm employed
during Run 2 [10]. This improvement stems from the explicit exploitation of the jet PF
constituent information within a transformer architecture, in contrast to the Run-2 approach
that relied primarily on higher-level variables. In addition, the resulting jet energy scale
correction becomes largely independent of the collision centrality (ignoring potential “jet
quenching” effects) and remains robust with respect to the hadronization model, while
retaining a residual dependence on the jet flavor.

The residual jet energy scale factor has been studied using Z boson events with pp(Z) >
30 GeV and a jet recoiling in the transverse plane, |[A¢(Z,jet)| > 27/3. In this control region,
the simulation indicates that a significant fraction of the jets originates from genuine recoil
contributions, with a smaller component arising from UE jets. Figure 3 shows the results
of fits to the x; = py(jet)/pp(Z) variable for such Z + jet events in the 0-10% (left) and
10-90% (right) PbPDb centrality bins. The distribution of recoil jets is modeled using a Crystal
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Ball function [46] (black dashed curves), with parameters determined directly from the fit.
The UE contribution (gray histograms) dominates in events in which the jet is found in the
near-side, or “toward,” region relative to the Z boson direction, |A¢(Z,jet)| < /3. The
corresponding x; = pp(jet)/pr(Z) distribution is modeled with the sum of a Crystal Ball and
an exponential function. In the fit of z; = py(jet)/pr(Z), the UE-jets probability density
function is fixed and its normalization floats with a Gaussian constraint. The combined
recoil + UE-jets model (blue solid curves) reproduces well the data.
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Among all the parameters of the fit, the mean of the Crystal-Ball function is used as a
measurement of the average jet energy response, (x;). The (z;) profile provides a measure of
the residual jet energy response dependence on the collision centrality (figure 4), and a direct
estimate from data of the average jet-quenching effect at detector level. The extrapolation
to peripheral collisions (centrality > 60%) shows that, in the absence of final-state medium
effects, the data-to-simulation ratio is compatible with unity, indicating good agreement of
the simulation with data. For central collisions (centrality < 10%), this ratio is reduced by
>20%, given that medium effects are absent in the simulation.

The training of UPART has been performed considering separate classes for UE jets and
jets from the hard process. This results in an inefficiency of the algorithm in selecting UE
jets. Using Z + jet events, the UPART efficiencies have been measured separately for UE and
jets recoiling against the Z boson. In the regime considered in the analysis, UPART is fully
efficient for recoil jets, while being inefficient for UE jets with pp < 70 GeV. Data-to-MC
scale factors for these efficiencies are parameterized as functions of the collision centrality and
the uncorrected jet pr, and are applied to the baseline simulation as event weights to more
accurately reproduce the UPART performance observed in data. The scale factors account
for up to 20% differences between data and MC simulations, being larger for UE jets and
in the 0-10% centrality bin. In the analysis, the simulated jet pr is additionally corrected
using the measured (z;) profile. The uncertainties associated with this procedure range from
2 to 20%, depending on the centrality and pp bins and jet origin.

The adopted procedure is expected to provide a consistent description of the jets in data;
any inconsistency would manifest as significant discrepancies in the number of reconstructed
inclusive and/or bottom-quark jets. We therefore validate the approach by fitting the jet
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and b jet multiplicities in Z boson events. The results of these fits are displayed in figure 5
for central (left) and semicentral (right) PbPb collisions, and show a very good description
of the inclusive jet (upper) and b jet (lower) multiplicities.

5 Background estimation

After the selection of dilepton pairs as described in section 4, two main sources of background
remain: DY production, which enters into the SF categories, and nonprompt leptons, which
contribute mainly to the DF category.

The normalization of the DY background is left to float freely in the signal extraction fit
described in section 6. Prior to the fit, the counting of on-Z events shows good agreement
between data and expectations within the uncertainties in the integrated luminosity and
theoretical cross section. The data/theory ratios amount to 1.08 £ 0.04 (stat) for the ete”
and 1.09 £ 0.04 (stat) for the wtu~ channels. As illustrated in section 6, good agreement is
found between the measurements and the theoretical predictions in the BDT regions where
DY production is expected to dominate.

The second main source of background is nonprompt and misidentified leptons from
multijet QCD events. Given the large cross section for the production of heavy-flavor jets,
the probability for these processes to mimic a tt dilepton event is not necessarily negligible
for the working points used for identification and isolation of the lepton candidates. However,
when pairing two leptons in the event, their properties are expected to be mostly uncorrelated
with each other, particularly if the leptons had their origin in different partonic interactions.
This background is estimated based on an event-mixing technique which pairs leptons from
different events as if they were produced in a single PbPb collision.
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Figure 5. Multiplicities of inclusive (upper) and b-tagged (lower) jets in Z boson candidate events in
the 0-10% (left) and 10-90% (right) centrality bins measured in the data (black markers) compared
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quark (gray), and DY (violet) contributions. The lower panels show the data-to-expectation ratios
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The selection of events to be mixed is performed by identifying the nearest neighbors
in the three-dimensional space defined by the centrality, pr(¢¢), and m(¢¢) bins. The
distances between events are evaluated using a k-D tree algorithm, which efficiently partitions
the phase space in these variables and retrieves the closest matches [47, 48]. For each
event, four alternative dilepton candidates are constructed in this way, and the distribution
of their kinematic variables is used to obtain an alternative estimate of the nonprompt
(combinatorial) background contribution. The final estimate is an average of the four with
the normalization assigned based on the number of SS events selected in each channel. This
technique significantly improves the statistical uncertainty associated with this background.
Using simulated events, the accuracy of this method has been tested and ascribed an intrinsic
uncertainty of 20-40%, depending on the final state.

Finally, other less relevant backgrounds include single top quark and diboson (notably
WW) processes. These backgrounds are irreducible and estimated from the corresponding MC
simulations described in section 3 with the relevant data-to-MC corrections applied to them.

6 Signal extraction

The tt signal strength g = 01,6as/0tn (Where 0,606 and oy, are the measured and theoretical
cross sections, respectively) is extracted from a fit to the BDT output of the ete, u+u_
(SF/oft-Z/0S), and eTu® (DF/OS) channels, analyzed in events with zero, one, or at least
two b-tagged jets. Two additional categories (Z — ete” and Z — ;.LJFLL* in the on-Z/0S
class) are added to the fit to control the normalization of the DY background. In each
category, the fit is performed to the BDT output in events with zero, one, or at least two
b-tagged jets. The impact of the systematic uncertainties on the signal and background
expectations, detailed below, is modeled through a set of dedicated nuisance parameters [49].
The fitted BDT distributions are displayed in figure 6. In addition to the signal strength and
the corresponding breakdown of statistical and systematic uncertainties, the significance of
the tt process is also extracted. The statistical analysis is performed using the COMBINE
tool [50] based on the ROOFIT [51] and ROOSTATS [52] frameworks. The best-fit signal
strength and its approximate 68% confidence level (CL) interval are extracted following the
procedure outlined in section 3.2 of [53], while the significance (Z score) is evaluated using
an asymptotic approximation and validated with pseudo-experiments [54]. The experimental
uncertainties can affect the modeling of both signal and backgrounds in the fit. They can be
broadly grouped into those associated with the selection and calibration of physics objects,
and those arising from the background estimation, as discussed below.

The efficiency of the trigger and lepton selections is corrected for the differences between
data and simulation using scale factors derived from events in the Z — ¢7¢~ CRs. The
uncertainties associated with these scale factors are propagated to the analysis by varying the
event weights used in the simulation, resulting in different predictions for the cross sections
for the signal, single top, and diboson processes. The difference between these alternative
predictions and the nominal one is parameterized as a function of several nuisance parameters
depending on the type of lepton and the associated efficiency (trigger, identification, or
isolation).
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Figure 6. Distributions of the final BDT discriminator after the fit for the same-flavor ¢¢ (upper)
and different-flavor e:FI,LjE (lower) channels. The discriminator output is shown for 0, 1, and > 2
b-tagged jet events. The left (right) figures correspond to events reconstructed in the 0-10% (10-90%)
centrality bin. The data (black markers) are compared with the stacked histograms corresponding to
the tt signal (blue), and the nonprompt (light orange), WW (red), single top quark (gray), and DY
(violet) background processes normalized to their post-fit expectations. The hatched gray bands show
the total uncertainty in the predicted yields after the fit is performed.
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The impact of jet reconstruction inefficiencies in regions where CMS subdetectors suffer
from aging or malfunctioning components is evaluated. These areas are mapped in the n—¢
plane, and simulated jets with hadronic activity inside them are removed from the event.
The resulting differences in the BDT shapes, relative to the nominal simulation, are assigned
as a systematic uncertainty. Additional sources of jet selection inefficiency may arise from the
UPART application, as discussed in section 4. To assess this effect, the data-to-simulation
scale factors associated with the UPART efficiency are independently varied for UE jets and
for jets matched to the hard process in the simulation. The corresponding variations in the
BDT distributions are taken as a systematic uncertainty.

The impact of the jet energy scale uncertainty on the final observables is broken down into
four main contributions: parton type, hadronization, process dependence, and uncertainty
in the residual scale. The parton type uncertainty is estimated from simulation based on
the different responses of b, and light-quark or gluon jets with respect to the mixed-flavor
response. The hadronization uncertainty is evaluated from the difference in detector response
obtained when using PYTHIA versus HERWIG 7 [55, 56] as parton shower and hadronization
models. The process-dependent uncertainties result from the fact that UPART has been
trained using tt events, and it may thereby exhibit residual response differences when applied
to other final states with different jet kinematics. This effect is evaluated from the jet response
in the Z 4 jets MC sample. Finally, the residual scale uncertainty is subdivided into two
sources: jet quenching and extrapolation to the vacuum or peripheral collision regime. Both
are estimated from the average x; ratio measured in data over the MC prediction (figure 4).
The deviation from unity when extrapolating the relative response to peripheral events is
considered as a ~5% systematic uncertainty. The systematic uncertainty associated with
jet quenching is evaluated by comparing the final observables with and without applying
the parameterized energy loss shown in figure 4 on a jet-by-jet basis in the simulation. This
procedure leads to a substantial loss of efficiency for reconstructing jets with pp > 30 GeV,
thereby affecting the jet multiplicity in the b-tagged analysis. Finally, the impact of b tagging
on the predicted distributions shown in figure 6 is assessed by varying the b tagging working
point, i.e. using loose or tight instead of intermediate, such that the signal efficiency changes
by £10%. These variations correspond to an expected change of the misidentification rate
by more than a factor of two [44].

Beyond the uncertainties affecting the reconstruction of physics objects, the normalization
of the event yields is impacted by a 6.4% uncertainty in the total PbPb integrated luminosity
obtained from a preliminary analysis of van der Meer scan data collected during the PbPb
run, following the same methodology of ref. [57].

All simulated signal and background samples are affected by the experimental uncertainties
described above. In the signal extraction fit, these uncertainties are treated as fully correlated
between signal and background processes, with the exception of the b tagging uncertainties.
The latter are kept uncorrelated to reflect the different parton type and kinematics between
the on-Z CR and the tt signal region. Theoretical uncertainties from missing higher-order
corrections in the ME predictions are evaluated by varying the up and ug scales within factors
of two (excluding variations in opposite directions). The nuisance parameters associated
with these scale uncertainties are treated as uncorrelated between the background and signal
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samples. The normalization of the dominant DY background is left unconstrained in the fit,
but an additional model uncertainty is introduced from the difference between the shape of the
POWHEG and MADGRAPH5__aMC@NLO predictions. For the nonprompt-lepton background,
uncertainties arise from its normalization (20-40%), and from differences in shape between
the event-mixing method and the SS and nonisolated sidebands. An uncertainty of 30% in
the absolute normalization of other backgrounds (single top and W W) has been included
in the fit. Statistical uncertainties in the simulated background differential cross sections
are also incorporated via a Barlow—Beeston “lite” treatment [58].

Finally, the signal MC samples include two classes of modeling uncertainties. First, differ-
ences between the signal BDT shapes predicted by POWHEG and MADGRAPH5__aMC@NLO
are included as a ME generator uncertainty. Although this variation is nominally one-sided, a
symmetrized uncertainty is used in the statistical analysis. Additional modeling uncertainties
are introduced by varying the top quark mass by +1GeV (implemented through generator-
level reweighting using relativistic Breit—Wigner ratios) and by modifying the top quark
pr spectrum through an empirical reweighting that reproduces the softer pt distribution
observed in the pp data [59]. Second, uncertainties from the parton densities are evaluated
by reweighting the tt events using all eigenvectors of the EPPS21_nlo set — a total of 106
variations — and propagating the resulting changes in the BDT output. The final nPDF
plus ag uncertainties are determined following the PDF4LHC prescription [60].

7 Results

The distributions of the dilepton BDT discriminators in the different b-tagged jet multiplicity
categories are shown in figure 6. In all plots, the event yields of the processes are normalized
to the values determined by the fit. Fair agreement between data and post-fit expectations is
obtained in the regions dominated by the backgrounds. In high-purity signal regions, the
statistical fluctuations remain sizeable. The BDT discriminator exhibits strong separating
power between the signal and the various background processes throughout all spectra.
The inclusion of the b tag multiplicity yields additional discriminating power, improving
separation even in low-purity regions.

Through the data fitting procedure described in section 6, the tt yield is extracted
with a signal strength of u(tt) = 0.937013 (stat)fgﬁg (syst), corresponding to an observed
significance exceeding five standard deviations relative to the background-only hypothesis [61].
The likelihood scan is shown in figure 7. The statistical uncertainty remains slightly larger
than the systematic component. Systematic uncertainties, particularly those associated with
object efficiencies and background modeling, are expected to decrease further as larger data
samples become available in the future.

The main systematic uncertainties arise from the b tagging, integrated luminosity, and
the normalization in the DY and nonprompt-lepton backgrounds. The impact of each source
of systematic uncertainty in the extracted signal strength is quantified by evaluating the
shift induced when the corresponding nuisance parameter is varied up or down by its post-fit
uncertainty [50]. Figure 8 shows the resulting impact magnitudes for the dominant sources of
uncertainty. The p-value associated with the goodness-of-fit is estimated to be 10%. Several
cross-checks have been performed to assess the robustness of the fit, including separate
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Figure 7. Scan of the profile likelihood as a function of the tt signal strength. The expected (orange)
and observed (black) scans are displayed with (solid curve) and without (dashed curve) accounting for
systematic uncertainties. The horizontal dashed lines indicate the likelihood values used to extract
the 68% and 95% CL intervals on the parameter of interest.

analyses of the different final states, the omission of b tagging requirements, the exclusion of
the Z boson CRs from the fit, and measurements performed in exclusive centrality categories.
In all cases, the results are found to be compatible with the signal strength derived in
the default analysis.

From the signal strength, a cross section oz = 3.42170 3 (stat)fgzig (syst) ub is derived,

which is in agreement with the pQCD predictions at NNLO + NNLL accuracy. The DY
cross section, measured in a phase space where m(¢¢) > 10 GeV, is found to be opy = 397 £+
3 (stat)fgg (syst) ub, with uncertainties dominated by the PbPb integrated luminosity, also
in agreement with the theoretical expectations (agly = 370 ub for the central NNLO value
obtained with EPPS21 nlo). Partial reduction of some of the main systematic uncertainties,
such as the integrated luminosity and lepton efficiencies, can be achieved by measuring
the ratio of the tt over the DY cross sections. In addition, given that tt is preferentially
produced via gluon-gluon fusion, whereas DY pairs through quark-antiquark annihilation,
this ratio directly probes the relative gluon and quark content of the nuclear PDFs. The
ratio of the two cross sections is evaluated in the full phase space for the tt process and
for pair masses m(¢¢) > 10GeV for the DY process. The extrapolation of the visible
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signal strength of each process to the full phase space results in an intrinsic uncertainty of

J_rgjgg‘z, estimated using NLO pQCD predictions. The measured ratio amounts to R ¢ /DY =

0.0086" 00013 (stat)fgjggié (syst) in agreement with the theoretical ratio at NNLO accuracy,
R py = 0.010825:0055 (nPDF+scales), obtained with the EPPS21_nlo nPDFs using ToP++
and DYTURBO [62] for the numerator and denominator, respectively.

Figure 9 compares the experimental tt (upper) and DY (middle) cross section as well
as B¢ py ratio (lower) with the theoretical predictions obtained at NLO or NNLO pQCD
accuracy (as indicated in parentheses in the legends) using different PDFs: EPPS21_nlo [23],
nNNPDF10_(n)nlo [63], nNNPDF30_ nlo [64], and TUJU21 (n)nlo [65] nuclear sets, as
well as NNPDF30_nlo [66], and CT18_(n)nlo proton PDF sets. The statistical and total
experimental uncertainties are shown as orange and blue bands in the plots, respectively. The
black error bars denote the total theoretical uncertainty; the inner bars indicate the contribu-
tion from nPDF plus parametric (ag and my) uncertainties. Overall, the measurements are
in good agreement with the theoretical predictions within uncertainties for all observables.
Considering the theoretical predictions for the tt production cross sections, several features
are noteworthy. First, for any given (n)PDF set, the NNLO predictions are larger than
their NLO counterparts. Second, again for the same (n)PDF input, the NNLO calculations
exhibit reduced uncertainties — particularly those associated with theoretical scale variations
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Centrality bin ot [ub] opy [pb] Rt by

Inclusive 3.42503% (stat) T039 (syst) 397 + 3 (stat) Tor (syst)  0.008670 0015 (stat) T 0015 (syst)
0-10 % 1.4970:32 (stat) T05L (syst)  173.0 + 1.7 (stat) 155 (syst)  0.008270:0030 (stat) o017 (syst)
10-90 % 1.9070:32 (stat) 1052 (syst)  228.6 + 1.8 (stat) T127 (syst)  0.008370: 0015 (stat) To-ors (syst)

Table 1. Measured tt cross section, DY cross section, and R,; /Dy Tratio for three different PbPb
centrality selections. For each measurement, the statistical and systematic uncertainty components
are shown separately.

— relative to the NLO results. Third, the cross sections obtained using proton PDFs are a
few percent smaller than those derived with nuclear PDFs, reflecting a mild antishadowing
effect in the nuclear parton densities [3]. Finally, the substantially larger uncertainties of
nNNPDF1.0 compared with the more recent nNNPDF3.0 set are expected, since the former
relies solely on legacy fixed-target nuclear data, whereas the latter incorporates a broad range
of modern LHC measurements. Although the current experimental precision of the tt cross
section does not yet allow discrimination among predictions based on different nPDF sets, it
is worth noting that the corresponding theoretical uncertainties are of comparable magnitude
to the combined measurement presented here. In contrast, for the DY cross section and
the R ¢ /DY observable, the uncertainties on the theoretical predictions are, in several cases,
larger than the experimental ones. These measurements are therefore expected to provide
new and meaningful constraints in future global nPDF fits, particularly by probing kinematic
regions that have not been accessible in previous analyses.

In addition, the tt and DY cross sections, as well as their ratio, are measured separately
for 0-10% central and 10-90% semicentral PbPb collisions. Table 1 summarizes all the
experimental results obtained. Figure 10 shows the different observables measured in the three
PbPb centrality selections (10-90%, 0-10% and inclusive) compared with the corresponding
theoretical predictions obtained at NNLO + NNLL pQCD accuracy with the EPPS21_ nlo
set. In all cases, the measurements are consistent with the pQCD NNLO predictions. The
ratio Rt /DY is observed to be independent of the centrality, as expected.

8 Summary

The first measurement of the inclusive production of top quark pairs (tt) in lead-lead
(PbPb) collisions at a nucleon-nucleon center-of-mass energy of \/s_ = 5.36 TeV has been
presented, extending earlier studies performed at lower collision energies. The analysis is
based on dilepton events selected from the 2023 dataset recorded by the CMS experiment,
corresponding to an integrated luminosity of 1.58 nb . Several improvements have been
implemented — including enhanced electron identification and lepton isolation, refined
heavy-flavor jet identification, and a dedicated calibration of the b jet energy scale — which
collectively provide a substantial gain in precision compared with previous analyses.

The cross sections o,¢ =3.4210%¢ (Stat)fgiig (syst) ub, and UDYz397:I:3(Stat)J_r§g(syst) ub
for the Drell-Yan process, along with their ratio Rz /py = 0.008670 0013 (stat)fgzggié (syst),

have been measured. The o and R /DY measurements have total uncertainties of ~20% and
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Figure 9. Experimental measurements (colored bands) of the tt cross section (upper), DY cross
section (middle), and Rz py ratio (lower) in inclusive PbPb collisions at /s~ = 5.36 TeV compared
with the corresponding NLO (red bars) or NNLO + NNLL (black bars) theoretical predictions obtained
with the EPPS21_nlo, nNNPDF10_ (n)nlo, nNNPDF30_nlo, and TUJU21_(n)nlo nPDF sets. The
error bars represent the theoretical uncertainties, and the blue (orange) area shows the total (statistical)
uncertainties of the measurements. In the upper plot a dashed line separates the theory predictions
obtained with nuclear PDFs (above the line) from those with the proton PDFs (below the line).
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Figure 10. Experimental measurements (colored bands) of the tt cross section (upper), DY cross
section (middle), and Rz py ratio (lower) in semicentral (10-90%), central (0-10%), and inclusive
PbPb collisions at \/% = 5.36 TeV compared with the corresponding NNLO + NNLL theoretical
predictions (black markers with error bars) obtained with the EPPS21 nlo [23] nPDF set. The blue
(orange) bands indicate the total (statistical) uncertainties of the measured observables, whereas the
error bars represent the uncertainties in the theory calculations.
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are consistent with perturbative quantum chromodynamics calculations at next-to-next-to-
leading-order accuracy obtained using different nuclear parton distribution functions. Results
for central and semicentral PbPb collisions are also reported for the first time to examine
the dependence of the top quark yields on the collision impact parameter. Combined with
the higher collision energy and the larger data samples anticipated for the remainder of
Run 3, these developments firmly establish top quark production as a future probe of initial-
and final-state effects in heavy ions.
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