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Abstract

The pseudorapidity (η) distributions of charged hadrons are measured using data col-
lected at the highest ever nucleon-nucleon center-of-mass energy of

√
s

NN
= 5.36 TeV

for collisions of lead-lead ions. The data were recorded by the CMS experiment at the
LHC in 2022 and correspond to an integrated luminosity of 0.30 ± 0.03 µb−1. Using
the CMS silicon pixel detector, the yields of primary charged hadrons produced in
the range |η| < 2.6 are reported. The evolution of the midrapidity particle density
as a function of collision centrality is also reported. In the 5% most central collisions,
the charged-hadron η density in the range |η| < 0.5 is found to be 2032 ± 91 (syst),
with negligible statistical uncertainty. This result is consistent with an extrapolation
from nucleus-nucleus collision data at lower center-of-mass energies. Comparisons
are made to various Monte Carlo event generators and to previous measurements of
lead-lead and xenon-xenon collisions at similar collision energies. These new data
detail the dependence of particle production on the collision energy, initial collision
geometry, and the size of the colliding nuclei.
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1 Introduction
A hot medium of deconfined quarks and gluons, known as the quark-gluon plasma (QGP), is
created in high-energy heavy ion collisions [1]. These collisions provide a unique avenue for
the experimental study of matter whose properties are dictated by quantum chromodynamics
(QCD).

One of most interesting aspects of the QGP is its behavior as an “almost perfect” liquid, i.e.,
having a very low shear viscosity to entropy density ratio, and the ability of hydrodynamic
models to describe the evolution of the system. Charged-hadron pseudorapidity (η) distribu-
tions and overall multiplicities (Nch) can be used to constrain the initial conditions and sub-
sequent evolution of the medium in these models [2]. Furthermore, information regarding
nuclear shadowing and gluon saturation effects [3] can be extracted by studying the depen-
dence of the Nch on the initial geometry and center-of-mass energy of the collision system.
Other interesting questions regarding the relative contributions to particle production of hard
and soft scattering processes [4] and the modeling of these various processes [5] can be studied
using these observables. Therefore, these measurements of the Nch and its η dependence are
important observables for understanding the formation and properties of the QGP in heavy
ion collisions.

In 2022, the CMS experiment collected a sample of lead-lead (PbPb) collision events at the high-
est ever nucleon-nucleon center-of-mass energy of

√
s

NN
= 5.36 TeV, corresponding to an inte-

grated luminosity of 0.30 ± 0.03 µb−1. The collection of these data marked the beginning of the
Run 3 era (2022–2025) at the CERN LHC for heavy ion collisions and provides an opportunity
to examine the center-of-mass energy dependence of charged-particle production. Previous
measurements of copper-copper (CuCu) [6] and gold-gold (AuAu) [7, 8] collisions at lower en-
ergies at RHIC, as well as xenon-xenon (XeXe) collisions at 5.44 TeV [9, 10] and PbPb collisions
at 2.76 TeV [11, 12] and 5.02 TeV [13] at the LHC, have indicated an approximate power-law
scaling of charged-particle production as a function of the center-of-mass energy. This scaling
law, as well as models that have been tuned at lower energies [14–16], can be tested using the
new higher-energy data to determine how far the extrapolations from these empirical formulae
and models can extend to other systems.

In this Letter, measurements of the pseudorapidity density, dNch/dη, of primary charged hadrons
having |η| < 2.6 are reported for PbPb collisions at

√
s

NN
= 5.36 TeV. Primary charged hadrons

are defined as prompt charged hadrons and decay products of all particles with proper decay
length cτ < 1 cm, where c is the speed of light in vacuum and τ is the proper lifetime of the
particle. The same definitions were used in previous analyses of proton-proton (pp) collisions
at 0.9–13 TeV [17–21], pPb collisions at 5.02 and 8.16 TeV [22], and PbPb and XeXe collisions
at 2.76 and 5.44 TeV [9, 12], respectively. Contributions from prompt leptons, decay products
of longer-lived particles, and secondary interactions are excluded. The measurements are re-
ported as functions of charged hadron η and the amount of overlap between the two incoming
ions in the collision. The data are also compared to theoretical predictions from modern event
generators. Tabulated results are provided in the HEPData record for this analysis [23].

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
strip tracker covering the range |η| < 2.5, a lead tungstate crystal electromagnetic calorimeter,
and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sec-
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tions. Forward calorimeters (HF), made of steel and quartz-fibers and located on either side
of the interaction point, extend the pseudorapidity coverage provided by the barrel and end-
cap detectors to |η| < 5.2. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid. The beam pickup timing for experiments (BPTX)
devices are located around the beam pipe at a distance of 175 m from the interaction point on
either side and provide precise information on the timing of the incoming beams. A more de-
tailed description of the CMS detector, together with a definition of the coordinate system used
and the relevant kinematic variables, can be found in Ref. [24].

Charged hadrons are reconstructed using the silicon pixel detector installed during the Phase-
1 upgrade [25], which consists of four concentric cylindrical shells (layers) in the barrel region
(BPIX) and three disks on each sides of the interaction point in the forward region (FPIX). The
BPIX and FPIX consist of a total of 1184 and 672 modules, respectively, and provide excellent
position resolution with their 100×150 µm pixels. In this Letter, the layers of the BPIX are
denoted in increasing order of their radial distance from the beam axis, i.e., the layer closest
to the beam axis is referred to as layer 1, the next closest layer is referred to as layer 2, and so
on, while the disks of the FPIX are referred to in increasing order of their longitudinal distance
from the nominal interaction point.

3 Event selection
Online, events were selected using a trigger that required a coincidence of signals from both
BPTX detectors and at least one energy deposit above 3 GeV in each HF calorimeter. Offline,
events were required to have at least two energy deposits above 4 GeV in each of the HF
calorimeters and at least one reconstructed primary vertex using the tracklet-based vertexing
algorithm described in Ref. [12]. The tracklet reconstruction procedure is described in Section 4.
A total of 50,000 events that pass these selections were used for the analysis. Analyzing data
collected during the crossing of noncolliding ion bunches, the event selection requirements
were found to successfully reject all backgrounds not arising from lead ion interactions. Thus,
beam backgrounds, beam-halo effects, and cosmic ray sources have a negligible impact on this
analysis.

Although this analysis is predominantly focused on hadronic collisions, some interactions be-
tween the lead ions result from the electromagnetic (EM) force and must be accounted for. The
EM contribution is studied with simulated events generated by STARLIGHT 2.2 [26] interfaced
with DPMJET-III 3.0-5 [27]. Single-diffractive events may also pass the event selections. Their
contribution is subtracted using simulated events generated by EPOS LHC v3400 [15, 28], in bins
of tracklet multiplicity. The total hadronic event selection efficiency is calculated by comparing
the total transverse energy distribution in the HF calorimeter with a template extracted from
simulated EPOS LHC events [12]. The EM contamination rate is also factored into the total event
selection efficiency uncertainty.

Because heavy ions are extended objects, their collisions can be characterized using the concept
of “centrality,” which is related to the collision impact parameter. This analysis estimates colli-
sion centrality by summing the transverse energy in the HF calorimeters, a procedure typically
used in CMS analyses [12, 29]. After correcting for the total event selection efficiency, the trans-
verse energy distribution is partitioned into equal sections, which are labeled with a centrality
percentage. This percentage corresponds to a fraction of the total hadronic nuclear interaction
cross section [12]. By convention, the most central collisions, i.e., the ones having the smallest
impact parameter, are labeled with small percentiles. This analysis is restricted to collisions in
the 0–80% range, where the event selection efficiency is 100% and EM contamination effects are
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small (<1% contribution). The collision centrality is correlated with the number of participat-
ing nucleons Npart in the event. A Glauber model calculation [30, 31] is used to determine the
average Npart that a given centrality range corresponds to. These values are available in tab-
ulated form in Appendix A. For the purpose of this calculation, the nucleon-nucleon inelastic
cross section is taken to be 68.0± 1.2 mb [31]. The nuclear radius and skin depth [32] of the lead
nucleus are set to 6.69 ± 0.03 and 0.56 ± 0.03 fm [33], respectively.

4 Analysis
The dNch/dη measurement uses pairs of pixel clusters from two different layers (disks) of the
silicon pixel detector. These clusters are formed from adjacent pixels with a charge above the
readout threshold. These pairs, known as tracklets, have clusters with relatively small differ-
ences in η and azimuthal angle ϕ (in radians) with respect to the primary vertex when they
originate from a single charged particle. The correlations in η and ϕ can be used to select track-
lets that correspond to primary charged hadrons. Reference [12] contains more information on
the tracklet and vertex reconstruction algorithms.

This analysis uses nine different types of tracklets, which are distinguished by the layers in
the pixel detector that are used to form the cluster pair. Six types result from using clusters
in all possible combinations of the four barrel detector layers, and the remaining three come
from combining pairs of the three forward disks. The combinations between barrel layers and
forward disks are not used as they are sensitive to looper background from low transverse mo-
mentum (pT) charged particles, which can have looping trajectories in the strong magnetic field
and therefore leave multiple clusters in any given pixel layer. The dNch/dη distributions from
all nine tracklet types, after applying the corrections discussed below, are averaged and sym-
metrized around η = 0 to yield the final dNch/dη result. dNch/dη distributions coming from
each individual tracklet type have different sensitivities to the charged-hadron pT spectrum
and can therefore be used as a systematic check.

A small fraction of detector modules were found to exhibit a significantly different response
in the data when compared to Monte-Carlo (MC) simulations. These detector modules are
identified and excluded from subsequent analysis procedures.

From the two clusters in a tracklet pair, a measure of angular distance

∆r =

√(
ηi − ηj

)2
+

(
ϕi − ϕj

)2
(1)

is defined. Here, ηi(j) is the pseudorapidity of the cluster in the i(j)th layer or disk with respect
to the primary vertex position, and ϕi(j) is defined similarly for the azimuthal angle. Tracklets
caused by combinatorial background are reconstructed from clusters originating from different
charged particles and are found to be dominant at ∆r > 0.5 in the simulation. To increase the
purity of the tracklet sample and to reduce the sensitivity to the modeling of combinatorial
background effects, only tracklets having ∆r < 0.5 are used in the analysis. This selection also
suppresses the looper background related to low-pT charged particles. After the tracklet selec-
tion, the background rate (including misreconstructed tracklets and the particles that are not
primary charged hadrons), geometric acceptance, reconstruction efficiency, and event selection
efficiency of the detector are taken into account. These corrections include an extrapolation to
a tracklet pT of zero to remove the effect of the minimum reconstructed charged-hadron pT.
The minimum charged-hadron pT that can be reconstructed with this method is 40 MeV, corre-
sponding to the tracklets formed using the inner two barrel pixel layers. The correction factors



4

are calculated using samples of the previously discussed MC generators that have been inter-
faced with GEANT4 [34] to emulate the detector response. The typical size of the corrections is
between 0.3–1.3.

The ∆r spectrum calculated with the EPOS LHC sample is found to most closely match the
data in the region where combinatorial background is significant (i.e., 0.4 < ∆r < 0.5), so
this sample is used for calculating the corrections for the nominal result in this analysis. The
simulated samples from other event generators are used to study systematic uncertainties. The
correction factors are calculated as functions of η, primary vertex position along the beam axis
vz, and tracklet multiplicity.

5 Systematic uncertainties
The uncertainties resulting from various systematic effects affecting the measurement are eval-
uated:

• Different probability of pixel cluster splitting in data and simulation. Pixel cluster splitting
refers to the condition where the charge deposit from a single charged particle is
reconstructed as two pixel clusters in close proximity. The difference in the relative
fraction of split clusters between data and simulation can be estimated by artificially
splitting the pixel clusters in simulation and comparing the resulting modified ∆r
distribution of cluster pairs in simulation to that in data. This difference in this
relative fraction is found to be at most 2%, which results in a variation of up to 2.0%
in the dNch/dη results.

• vz consistency. The potential mismodeling of the alignment of the pixel detector in
the simulations affects the correction factors. This effect is studied by comparing
events with different vz values. The variation, which depends on centrality and η,
ranges from 0.5 to 4.5%.

• Tracklet selection. The tracklet selection criteria affect the minimum pT and signal-to-
background ratio of reconstructed tracklets. The sensitivity of correction factors to
selection criteria is examined by adjusting the nominal ∆r criterion by ±0.1. This
adjustment effectively acts as a filter for the minimum pT, as particles with lower pT
exhibit larger ∆r values. Specifically, changing the ∆r cut modifies the minimum pT
by approximately 50 MeV for particles detected by combining the 1st and 4th layers
in the barrel pixel detector. This uncertainty is less than 0.5%.

• Deviation from averaged and symmetrized results. In any given η range, measurements
can be made using multiple tracklet combinations. The maximum deviation in the
measurements, obtained using each tracklet combination from the final averaged
and symmetrized result, varies as a function of centrality and η, ranging from 1.0 to
4.0%, and these values are used for the uncertainty.

• Model dependence of the corrections. The model dependence of the correction factors is
studied by using alternative sets of correction factors derived from HYDJET 1.9 [16]
and AMPT 1.26t5 [35], which have different descriptions of the particle production
mechanisms. The predicted particle pT distributions and the lepton fraction can dif-
fer significantly among the event generators, which affect the correction for leptons
and the extrapolation of the measured tracklet spectra to pT = 0. The maximum
deviation from the nominal results varies as a function of centrality and η, ranging
from 0.5 to 2.0%, and is quoted as an uncertainty.

• Centrality calibration. The determination of event centrality depends on the hadronic
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event selection efficiency, as well as the amount of contamination from EM pro-
cesses. Since the inefficiency is limited to the most peripheral collisions (events with
the largest centrality), the effect of the uncertainty in the event selection efficiency is
to shift the events into other centrality intervals. Hence, to evaluate the uncertainty
in the final results, different sets of centrality calibrations, derived after varying the
event selection efficiency by its uncertainty, are used to categorize the data. This
uncertainty increases from 0.1% in central collisions to 2.5% in peripheral events.

A summary of the systematic uncertainties affecting the measurement of charged hadron multi-
plicities as a function of the mean number of participating nucleons (⟨Npart⟩) is given in Table 1.
The individual contributions are then summed in quadrature to give the total systematic un-
certainty. At forward η, the uncertainty related to the primary vertex position is the leading
uncertainty. At midrapidity, the dominant uncertainty comes from the consistency between
tracklet combinations, except for peripheral events where the centrality calibration uncertainty
is larger.

Table 1: Sources of systematic uncertainty affecting the measurement of charged-hadron mul-
tiplicities as a function of ⟨Npart⟩ in PbPb collisions at

√
s

NN
= 5.36 TeV.

Source [%]
Pixel cluster splitting 1.4–2.0
Consistency between primary vertex position 0.5–4.5
Tracklet selection <0.5
Consistency between tracklet combinations 1.0–4.0
Model dependence 0.5–2.0
Centrality calibration 0.1–2.5

Total systematic uncertainty 2.5–6.4

6 Results
Figure 1 (left) shows the charged-hadron η distribution for the 0–80% centrality class, while
Fig. 1 (right) presents this distribution for both the 0–5% centrality class, indicating head-on
collisions, and the 50–55% class, which represents collisions with a larger impact parameter.

The results are compared to predictions from the EPOS LHC v3400, HYDJET 1.9, and AMPT 1.26t5
event generators. The EPOS generator is based on Gribov–Regge theory [36, 37] and includes
the effect of collective hadronization in hadron-hadron scatterings. The HYDJET generator treats
a heavy ion collision as a superposition of a hydrodynamically parametrized soft component
and a hard component resulting from multi-parton fragmentation. The AMPT generator com-
bines the HIJING event generator [38] with Zhang’s parton cascade procedure [39] and the ART
model [40] for the last stage of parton hadronization. For the 0–80% event class and midra-
pidity region, data match predictions from both AMPT with string melting, which transforms
all excited strings from heavy ion collisions into partons and uses a spatial quark coalescence
model for hadronization, and HYDJET.

Similar conclusions hold for 0–5% events when comparing to HYDJET, but the agreement with
AMPT with string melting seems to be better in the forward region than in the midrapidity
region for these events. The prediction of AMPT without string melting systematically over-
predicts the data for all the centrality classes in the midrapidity region, while the predictions
of EPOS LHC significantly undershoot the data for all η values and all of the centrality selec-
tions studied. The lower panels of Fig. 1 show the ratios of the MC models to data with the
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normalization set such that the ratio is unity at η = 0. It can be seen that, after normaliza-
tion differences are accounted for, EPOS LHC does the best job of all the models examined of
predicting the shape of the η distribution. Similar conclusions were found in studies of XeXe
collisions at

√
s

NN
= 5.44 TeV by the CMS [9] and ALICE [10] Collaborations. Nonetheless,

none of the MC generators examined here are able to describe both the shape and magnitude
of the charged-hadron distribution across the full range of η probed.
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Figure 1: The dNch/dη distributions in PbPb collisions at
√

s
NN

= 5.36 TeV for events in the
0–80% centrality class (left) and in the 0–5 and 50–55% centrality classes (right). The results
have been averaged and symmetrized around η = 0. Predictions from the HYDJET 1.9 [16],
AMPT 1.26t5 [35], and EPOS LHC v3400 event generators are also displayed. The ratios of the
dNch/dη distributions of simulation and data, normalized to unity at midrapidity, are shown
in the bottom panel. The gray bands denote the total systematic uncertainties and the statistical
uncertainties are negligible. In the ratio panels, the uncertainty band displayed represents the
relative uncertainty of the data.

The charged-hadron dNch/dη at midrapidity as a function of centrality is shown in Fig. 2 (left).
The value of dNch/dη is found to be 2032 ± 91 (syst) (207 ± 7 (syst)) at |η| < 0.5 for events
in the 0–5 (50–55%) centrality class. Previous measurements of PbPb collisions at

√
s

NN
=

2.76 and 5.02 TeV by the CMS [12] and ALICE [13, 41] Collaborations, as well as previously
discussed measurements of XeXe collisions at 5.44 TeV [9, 10], are also shown. In general, at
the same centrality dNch/dη is larger for the larger collision systems with heavier ions. The
PbPb data show a higher charged hadron dNch/dη at higher collision energy for central events,
as expected. The new 5.36 TeV CMS data are consistent with the ALICE data from 5.02 TeV
collisions within uncertainties.

Previous analyses have noted that dNch/dη approximately scales with 2A for collisions of dif-
ferent ion species at the same collision energy [9], where A represents the atomic number of
the colliding nuclei. Figure 2 (right) displays the normalized particle density (dNch/dη)/2A
as a function of collision centrality for the same data sets shown in Fig. 2 (left). Although the
5.36 TeV data are closer in collision energy to the 5.44 TeV XeXe data than the previous 5.02 TeV
PbPb data, they tend to have slightly higher normalized dNch/dη than 5.02 TeV PbPb, indicat-
ing that this scaling law is only approximate.

The value of (dNch/dη)/⟨Npart⟩ is shown as a function of ⟨Npart⟩ in Fig. 3 (left) to study the rel-
evance for particle production of the number of participating nucleons. In addition to the LHC
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Figure 2: Charged-hadron dNch/dη in PbPb collisions at
√

s
NN

= 5.36 TeV at midrapidity as
a function of event centrality, shown as is (left) and normalized by 2A (right), where A is the
atomic number of the nuclei. The results are compared to measurements in PbPb and XeXe
collisions by the CMS [9, 12] and ALICE [10, 13, 41] Collaborations, and to measurements in
CuCu and AuAu collisions by the PHOBOS Collaboration [42]. The bands around the data
points denote the total systematic uncertainties, while the statistical uncertainties are negligi-
ble.
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Figure 3: Average dNch/dη at midrapidity normalized by ⟨Npart⟩, shown as a function of
⟨Npart⟩ (left) and ⟨Npart⟩/2A (right), where A is the atomic number of the nuclei. The results are
compared to measurements in PbPb and XeXe collisions by the CMS [9, 12], ALICE [10, 13, 41]
Collaborations, and to measurements in CuCu and AuAu collisions by the PHOBOS Collab-
oration [42]. The bands around the data points denote the systematic uncertainties, while the
statistical uncertainties are negligible.

experiments, the results are also compared to lower energy measurements in CuCu and AuAu
collisions at

√
s

NN
= 200 GeV. It is important to note that the same number of participants

can correspond to different centrality classes across various collision systems. The measured
multiplicity per participant increases with higher collision energy for events with a similar
⟨Npart⟩. At similar collision energy, the shapes of the distributions are inconsistent between
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PbPb and XeXe collisions. This is particularly apparent when examining the behavior around
⟨Npart⟩ = 200, corresponding to the most central XeXe collisions. However, as shown in Fig. 3
(right), the per-participant Nch for different colliding nuclei is consistent within uncertainties
when the fraction of nucleons participating (⟨Npart⟩/2A) and energy of the compared systems
are the same. These data clearly suggest that the initial collision geometry is a crucial factor
when predicting particle production at LHC energies [6].
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Figure 4: Comparison of average dNch/dη at midrapidity, scaled by ⟨Npart⟩ in pPb [22, 43],
pAu [44], dAu [45–47] (pA) and central heavy ion collisions [8, 12, 41, 42, 46, 48–56], as well as
non-single-diffractive (NSD) [17, 18, 56–59] and inelastic [21, 42, 60, 61] pp collisions. The data
points for nucleus-nucleus (AA) collisions at

√
s

NN
= 2.76 TeV have been shifted horizontally

for visibility. The dashed curves, reproduced from Ref. [22], are included to guide the eye, and
correspond to a power law functional form.

Figure 4 shows the dependence of dNch/dη normalized by ⟨Npart⟩ on the collision energy for
various collision systems and event selections. Power law fits to the previous measurements re-
produced from Ref. [22] are displayed using dashed lines to guide the eye. The new CMS data,
shown by the red point at

√
s

NN
= 5.36 TeV, are consistent with this extrapolation from lower

ion-ion collision energies; the central PbPb results at 5.36 TeV are about two times larger than
non-single-diffractive (NSD) pp collisions. It has been previously noted in Ref. [22] that NSD
pPb collisions (shown by yellow markers) have a lower normalized charged-particle density
compared to NSD pp collisions (black markers) at the same energy, potentially because of the
presence of non-QGP related effects. Although such effects may also be present in ion-ion colli-
sions to some extent, the different trends of ion-ion and proton-ion data with respect to NSD pp
collisions highlight the complexity of the interplay between non-QGP and QGP-related effects
when considering soft-particle production. These data clearly indicate that ion-ion collisions
are more efficient than smaller collision systems at converting the initial collision energy into
final-state particle multiplicity, and they are not merely superpositions of pp or proton-ion
collisions.
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7 Summary
The pseudorapidity (η) distributions of charged hadrons are measured in the range |η| < 2.6
for multiple centrality intervals using data collected in lead-lead (PbPb) collisions at the highest
center-of-mass energy of

√
s

NN
= 5.36 TeV. The dependence on η and centrality are compared

to the event generators EPOS LHC v3400, HYDJET 1.9, and AMPT 1.26t5; none of these event gen-
erators are able to fully describe the measurements in terms of the magnitude, η dependence,
and centrality dependence of the dNch/dη distributions. In the 5% most central collisions,
the charged-hadron density dNch/dη for the range |η| < 0.5 is found to be 2032 ± 91 (syst),
with negligible statistical uncertainty. The results at midrapidity are also compared to previ-
ous measurements in various collision systems, including PbPb collisions at

√
s

NN
= 2.76 and

5.02 TeV, xenon-xenon collisions at 5.44 TeV, as well as copper-copper and gold-gold collisions
at

√
s

NN
= 200 GeV. These comparisons are new constraints on models and generators which

describe multiparticle production in relativistic heavy ion collisions.
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A Supplemental material: Centrality intervals and corresponding
⟨Npart⟩ values

Table A.1: Centrality intervals and corresponding ⟨Npart⟩ values for 5.36 TeV PbPb collisions.
The uncertainties in the Npart values are determined by propagating the uncertainties in the
parameters of the Glauber model.

Centrality interval [%] ⟨Npart⟩
0–5 382.3 ± 1.6

5–10 331.3 ± 1.3
10–15 283.3 ± 1.4
15–20 241.0 ± 1.4
20–25 204.1 ± 1.5
25–30 171.7 ± 1.5
30–35 143.2 ± 1.5
35–40 118.2 ± 1.4
40–45 96.3 ± 1.3
45–50 77.4 ± 1.3
50–55 61.1 ± 1.2
55–60 47.2 ± 1.2
60–65 35.7 ± 0.9
65–70 26.3 ± 0.8
70–75 18.8 ± 0.6
75–80 13.1 ± 0.4
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D. Rastorguev , J. Rübenach, L. Rygaard, A. Saggio , M. Scham30,27 , S. Schnake27 ,
P. Schütze , C. Schwanenberger26 , D. Selivanova , K. Sharko , M. Shchedrolosiev ,
D. Stafford, F. Vazzoler , A. Ventura Barroso , R. Walsh , D. Wang , Q. Wang ,
Y. Wen , K. Wichmann, L. Wiens27 , C. Wissing , Y. Yang , A. Zimermmane Castro San-
tos

University of Hamburg, Hamburg, Germany
A. Albrecht , S. Albrecht , M. Antonello , S. Bein , L. Benato , S. Bollweg,
M. Bonanomi , P. Connor , K. El Morabit , Y. Fischer , E. Garutti , A. Grohsjean ,
J. Haller , H.R. Jabusch , G. Kasieczka , P. Keicher, R. Klanner , W. Korcari ,
T. Kramer , C.c. Kuo, V. Kutzner , F. Labe , J. Lange , A. Lobanov , C. Matthies ,
L. Moureaux , M. Mrowietz, A. Nigamova , Y. Nissan, A. Paasch , K.J. Pena Rodriguez ,
T. Quadfasel , B. Raciti , M. Rieger , D. Savoiu , J. Schindler , P. Schleper ,
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Budapest, Hungary
M. Csanád , K. Farkas , A. Fehérkuti35 , M.M.A. Gadallah36 , Á. Kadlecsik ,
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J.-P. Merlo, A. Mestvirishvili87 , O. Neogi, H. Ogul88 , Y. Onel , A. Penzo , C. Snyder,
E. Tiras89

Johns Hopkins University, Baltimore, Maryland, USA
B. Blumenfeld , L. Corcodilos , J. Davis , A.V. Gritsan , L. Kang , S. Kyriacou ,
P. Maksimovic , M. Roguljic , J. Roskes , S. Sekhar , M. Swartz

The University of Kansas, Lawrence, Kansas, USA
A. Abreu , L.F. Alcerro Alcerro , J. Anguiano , S. Arteaga Escatel , P. Baringer ,
A. Bean , Z. Flowers , D. Grove , J. King , G. Krintiras , M. Lazarovits ,
C. Le Mahieu , J. Marquez , N. Minafra , M. Murray , M. Nickel , M. Pitt ,
S. Popescu90 , C. Rogan , C. Royon , R. Salvatico , S. Sanders , C. Smith , G. Wilson

Kansas State University, Manhattan, Kansas, USA
B. Allmond , R. Gujju Gurunadha , A. Ivanov , K. Kaadze , Y. Maravin , J. Natoli ,
D. Roy , G. Sorrentino

University of Maryland, College Park, Maryland, USA
A. Baden , A. Belloni , J. Bistany-riebman, Y.M. Chen , S.C. Eno , N.J. Hadley ,
S. Jabeen , R.G. Kellogg , T. Koeth , B. Kronheim, Y. Lai , S. Lascio , A.C. Mignerey ,
S. Nabili , C. Palmer , C. Papageorgakis , M.M. Paranjpe, L. Wang

Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
J. Bendavid , I.A. Cali , P.c. Chou , M. D’Alfonso , J. Eysermans , C. Freer ,
G. Gomez-Ceballos , M. Goncharov, G. Grosso, P. Harris, D. Hoang, D. Kovalskyi ,
J. Krupa , L. Lavezzo , Y.-J. Lee , K. Long , C. Mcginn, A. Novak , M.I. Park ,
C. Paus , D. Rankin , C. Roland , G. Roland , S. Rothman , G.S.F. Stephans ,
Z. Wang , B. Wyslouch , T. J. Yang

University of Minnesota, Minneapolis, Minnesota, USA
B. Crossman , B.M. Joshi , C. Kapsiak , M. Krohn , D. Mahon , J. Mans ,

https://orcid.org/0000-0001-9524-3264
https://orcid.org/0000-0003-0609-627X
https://orcid.org/0000-0003-0260-4935
https://orcid.org/0000-0002-2095-6320
https://orcid.org/0000-0002-6748-4850
https://orcid.org/0000-0002-0884-7922
https://orcid.org/0000-0002-5838-2158
https://orcid.org/0000-0001-6850-8765
https://orcid.org/0000-0001-9239-3398
https://orcid.org/0000-0003-4182-9096
https://orcid.org/0000-0002-3295-3194
https://orcid.org/0000-0001-5745-3658
https://orcid.org/0009-0007-2940-0496
https://orcid.org/0000-0003-1209-3032
https://orcid.org/0000-0002-7734-3170
https://orcid.org/0000-0002-5613-1507
https://orcid.org/0000-0001-5184-2265
https://orcid.org/0000-0003-3879-4873
https://orcid.org/0000-0001-8049-5143
https://orcid.org/0000-0003-3490-8407
https://orcid.org/0000-0002-7172-1396
https://orcid.org/0000-0001-8775-0696
https://orcid.org/0000-0002-3161-8300
https://orcid.org/0000-0002-3791-1989
https://orcid.org/0000-0002-5439-8224
https://orcid.org/0000-0002-8645-186X
https://orcid.org/0000-0003-2381-5117
https://orcid.org/0000-0002-0211-6109
https://orcid.org/0000-0002-4077-2713
https://orcid.org/0000-0001-6794-3079
https://orcid.org/0000-0002-0124-9065
https://orcid.org/0000-0002-9792-8619
https://orcid.org/0000-0003-3423-9581
https://orcid.org/0000-0001-6701-9265
https://orcid.org/0000-0001-9930-6445
https://orcid.org/0000-0003-4578-9319
https://orcid.org/0000-0001-8493-3737
https://orcid.org/0000-0001-5310-3466
https://orcid.org/0000-0001-7169-3420
https://orcid.org/0000-0003-2090-5010
https://orcid.org/0000-0002-1250-8931
https://orcid.org/0000-0002-8116-9021
https://orcid.org/0000-0002-2449-3845
https://orcid.org/0000-0002-5574-4192
https://orcid.org/0000-0003-1982-8978
https://orcid.org/0000-0003-3922-6464
https://orcid.org/0000-0001-8035-4818
https://orcid.org/0000-0003-0550-4083
https://orcid.org/0000-0003-0744-1063
https://orcid.org/0009-0000-2570-1100
https://orcid.org/0000-0002-4210-2780
https://orcid.org/0000-0001-7000-6510
https://orcid.org/0000-0001-7299-7653
https://orcid.org/0000-0002-7366-4225
https://orcid.org/0000-0002-2617-9315
https://orcid.org/0000-0002-9397-5514
https://orcid.org/0000-0002-0653-0761
https://orcid.org/0000-0001-6091-6772
https://orcid.org/0000-0002-3826-1332
https://orcid.org/0000-0002-9239-470X
https://orcid.org/0000-0003-0138-3368
https://orcid.org/0000-0002-3021-5032
https://orcid.org/0000-0001-8739-9648
https://orcid.org/0000-0001-9040-3468
https://orcid.org/0000-0002-8591-5247
https://orcid.org/0000-0002-5121-2893
https://orcid.org/0000-0002-8141-7769
https://orcid.org/0000-0003-3436-047X
https://orcid.org/0000-0002-5628-7464
https://orcid.org/0000-0003-1150-1735
https://orcid.org/0000-0001-6751-3108
https://orcid.org/0000-0001-6488-6195
https://orcid.org/0000-0002-3545-7970
https://orcid.org/0000-0002-0941-4512
https://orcid.org/0000-0002-9254-4368
https://orcid.org/0000-0002-2358-2168
https://orcid.org/0000-0001-5311-3007
https://orcid.org/0000-0001-8761-0490
https://orcid.org/0000-0002-8307-7518
https://orcid.org/0000-0002-0286-5070
https://orcid.org/0000-0002-9000-2215
https://orcid.org/0000-0001-5770-5077
https://orcid.org/0000-0002-7349-350X
https://orcid.org/0000-0002-1439-3226
https://orcid.org/0000-0002-3691-8388
https://orcid.org/0000-0001-5967-8674
https://orcid.org/0000-0001-8314-2052
https://orcid.org/0000-0002-0740-2462
https://orcid.org/0000-0001-9652-9854
https://orcid.org/0000-0002-0380-7577
https://orcid.org/0000-0002-5565-3119
https://orcid.org/0000-0001-5924-1130
https://orcid.org/0000-0003-3887-4048
https://orcid.org/0000-0003-4002-1888
https://orcid.org/0000-0001-7219-4818
https://orcid.org/0000-0003-0419-1329
https://orcid.org/0000-0003-2461-5985
https://orcid.org/0000-0002-0345-2171
https://orcid.org/0000-0002-4166-4503
https://orcid.org/0000-0002-7672-9709
https://orcid.org/0000-0002-2751-0567
https://orcid.org/0000-0002-9491-6022
https://orcid.org/0000-0003-0505-0528
https://orcid.org/0000-0003-0917-4763
https://orcid.org/0000-0002-5593-7736
https://orcid.org/0000-0003-3783-1361
https://orcid.org/0000-0002-9270-5643
https://orcid.org/0000-0003-0571-163X
https://orcid.org/0000-0002-9449-0666
https://orcid.org/0000-0001-6675-3564
https://orcid.org/0000-0002-8659-7762
https://orcid.org/0000-0002-2253-819X
https://orcid.org/0000-0002-6159-3861
https://orcid.org/0000-0002-1727-656X
https://orcid.org/0000-0002-5795-4783
https://orcid.org/0000-0003-4282-2515
https://orcid.org/0000-0002-1209-6471
https://orcid.org/0000-0002-0155-7383
https://orcid.org/0000-0001-9235-521X
https://orcid.org/0000-0002-0082-0514
https://orcid.org/0000-0002-7795-8693
https://orcid.org/0000-0001-8579-5874
https://orcid.org/0000-0001-5164-6969
https://orcid.org/0000-0002-6893-1018
https://orcid.org/0000-0002-5801-5737
https://orcid.org/0000-0003-4548-0346
https://orcid.org/0000-0003-3443-0626
https://orcid.org/0000-0002-7907-1789
https://orcid.org/0000-0002-2822-3375
https://orcid.org/0000-0002-5842-8566
https://orcid.org/0000-0002-7409-7904
https://orcid.org/0000-0001-6483-7123
https://orcid.org/0000-0002-7967-4635
https://orcid.org/0000-0003-1683-9460
https://orcid.org/0000-0002-6923-293X
https://orcid.org/0000-0003-0785-7552
https://orcid.org/0000-0002-1364-9920
https://orcid.org/0000-0003-2593-7767
https://orcid.org/0000-0003-0664-1653
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0003-4282-1969
https://orcid.org/0000-0002-6047-4211
https://orcid.org/0000-0001-8411-9620
https://orcid.org/0000-0002-7312-5854
https://orcid.org/0000-0001-8983-2169
https://orcid.org/0000-0002-1377-9119
https://orcid.org/0000-0003-3106-4894
https://orcid.org/0000-0002-3074-3767
https://orcid.org/0000-0003-3681-0649
https://orcid.org/0000-0003-4317-4660
https://orcid.org/0000-0002-2700-5085
https://orcid.org/0000-0002-4723-0968
https://orcid.org/0009-0008-7743-5316
https://orcid.org/0000-0002-1711-2506
https://orcid.org/0000-0002-2640-5941
https://orcid.org/0000-0003-2840-1087


31

B. Marzocchi , M. Revering , R. Rusack , R. Saradhy , N. Strobbe

University of Mississippi, Oxford, Mississippi, USA
L.M. Cremaldi

University of Nebraska-Lincoln, Lincoln, Nebraska, USA
K. Bloom , D.R. Claes , G. Haza , J. Hossain , C. Joo , I. Kravchenko , J.E. Siado ,
W. Tabb , A. Vagnerini , A. Wightman , F. Yan , D. Yu

State University of New York at Buffalo, Buffalo, New York, USA
H. Bandyopadhyay , L. Hay , H.w. Hsia, I. Iashvili , A. Kalogeropoulos ,
A. Kharchilava , M. Morris , D. Nguyen , S. Rappoccio , H. Rejeb Sfar, A. Williams ,
P. Young

Northeastern University, Boston, Massachusetts, USA
G. Alverson , E. Barberis , J. Dervan, Y. Haddad , Y. Han , A. Krishna , J. Li ,
M. Lu , G. Madigan , R. Mccarthy , D.M. Morse , V. Nguyen , T. Orimoto ,
A. Parker , L. Skinnari , D. Wood

Northwestern University, Evanston, Illinois, USA
J. Bueghly, S. Dittmer , K.A. Hahn , Y. Liu , Y. Miao , D.G. Monk , M.H. Schmitt ,
A. Taliercio , M. Velasco

University of Notre Dame, Notre Dame, Indiana, USA
G. Agarwal , R. Band , R. Bucci, S. Castells , A. Das , R. Goldouzian , M. Hildreth ,
K.W. Ho , K. Hurtado Anampa , T. Ivanov , C. Jessop , K. Lannon , J. Lawrence ,
N. Loukas , L. Lutton , J. Mariano, N. Marinelli, I. Mcalister, T. McCauley , C. Mcgrady ,
C. Moore , Y. Musienko17 , H. Nelson , M. Osherson , A. Piccinelli , R. Ruchti ,
A. Townsend , Y. Wan, M. Wayne , H. Yockey, M. Zarucki , L. Zygala

The Ohio State University, Columbus, Ohio, USA
A. Basnet , B. Bylsma, M. Carrigan , L.S. Durkin , C. Hill , M. Joyce , M. Nunez Or-
nelas , K. Wei, B.L. Winer , B. R. Yates

Princeton University, Princeton, New Jersey, USA
H. Bouchamaoui , P. Das , G. Dezoort , P. Elmer , A. Frankenthal , B. Greenberg ,
N. Haubrich , K. Kennedy, G. Kopp , S. Kwan , D. Lange , A. Loeliger , D. Marlow ,
I. Ojalvo , J. Olsen , A. Shevelev , D. Stickland , C. Tully

University of Puerto Rico, Mayaguez, Puerto Rico, USA
S. Malik

Purdue University, West Lafayette, Indiana, USA
A.S. Bakshi , V.E. Barnes , S. Chandra , R. Chawla , A. Gu , L. Gutay, M. Jones ,
A.W. Jung , A.M. Koshy, M. Liu , G. Negro , N. Neumeister , G. Paspalaki ,
S. Piperov , V. Scheurer, J.F. Schulte , M. Stojanovic , J. Thieman , A. K. Virdi ,
F. Wang , W. Xie

Purdue University Northwest, Hammond, Indiana, USA
J. Dolen , N. Parashar , A. Pathak

Rice University, Houston, Texas, USA
D. Acosta , T. Carnahan , K.M. Ecklund , P.J. Fernández Manteca , S. Freed, P. Gardner,
F.J.M. Geurts , W. Li , J. Lin , O. Miguel Colin , B.P. Padley , R. Redjimi, J. Rotter ,
E. Yigitbasi , Y. Zhang

https://orcid.org/0000-0001-6687-6214
https://orcid.org/0000-0001-5051-0293
https://orcid.org/0000-0002-7633-749X
https://orcid.org/0000-0001-8720-293X
https://orcid.org/0000-0001-8835-8282
https://orcid.org/0000-0001-5550-7827
https://orcid.org/0000-0002-4272-8900
https://orcid.org/0000-0003-4198-8919
https://orcid.org/0009-0001-1326-3956
https://orcid.org/0000-0001-5144-7919
https://orcid.org/0000-0002-5661-4330
https://orcid.org/0000-0003-0068-0395
https://orcid.org/0000-0002-9757-470X
https://orcid.org/0000-0002-9542-4847
https://orcid.org/0000-0001-8730-5031
https://orcid.org/0000-0001-6651-5320
https://orcid.org/0000-0002-4042-0785
https://orcid.org/0000-0001-5921-5231
https://orcid.org/0000-0001-9726-4915
https://orcid.org/0000-0002-7086-7641
https://orcid.org/0000-0003-1948-5901
https://orcid.org/0000-0003-3444-0314
https://orcid.org/0000-0002-3913-0326
https://orcid.org/0000-0002-2830-6488
https://orcid.org/0000-0002-5185-8504
https://orcid.org/0000-0002-5449-2560
https://orcid.org/0000-0003-4055-6532
https://orcid.org/0000-0002-5666-6499
https://orcid.org/0000-0001-6651-1178
https://orcid.org/0000-0002-6417-5913
https://orcid.org/0000-0003-4916-7752
https://orcid.org/0000-0002-3510-6505
https://orcid.org/0000-0002-4319-818X
https://orcid.org/0000-0001-5245-2074
https://orcid.org/0000-0002-6999-3931
https://orcid.org/0000-0001-8796-5865
https://orcid.org/0000-0002-9391-2599
https://orcid.org/0000-0003-3163-2169
https://orcid.org/0000-0003-1278-9208
https://orcid.org/0000-0002-8388-3341
https://orcid.org/0000-0002-9421-3335
https://orcid.org/0000-0002-2019-6755
https://orcid.org/0000-0002-6477-801X
https://orcid.org/0000-0002-5359-9614
https://orcid.org/0000-0001-7892-1676
https://orcid.org/0000-0002-5588-1760
https://orcid.org/0000-0002-2023-2082
https://orcid.org/0000-0002-8377-1999
https://orcid.org/0000-0003-0814-3578
https://orcid.org/0000-0002-5119-6280
https://orcid.org/0000-0002-2593-5297
https://orcid.org/0000-0003-4873-0523
https://orcid.org/0000-0003-2618-3856
https://orcid.org/0000-0001-9115-9698
https://orcid.org/0000-0002-0295-249X
https://orcid.org/0000-0002-4454-3934
https://orcid.org/0000-0003-2229-7223
https://orcid.org/0000-0002-9779-3566
https://orcid.org/0000-0003-0489-9191
https://orcid.org/0000-0002-6885-3611
https://orcid.org/0000-0002-9706-0098
https://orcid.org/0000-0001-6326-7210
https://orcid.org/0000-0003-0049-6918
https://orcid.org/0000-0002-3212-4505
https://orcid.org/0000-0001-6589-8286
https://orcid.org/0000-0002-8821-2045
https://orcid.org/0000-0002-8140-4183
https://orcid.org/0009-0006-3545-1938
https://orcid.org/0000-0001-5592-0785
https://orcid.org/0000-0002-9760-9976
https://orcid.org/0000-0003-0386-0527
https://orcid.org/0000-0002-3151-1386
https://orcid.org/0000-0002-3696-689X
https://orcid.org/0000-0001-8204-6157
https://orcid.org/0000-0003-1510-5772
https://orcid.org/0000-0001-9665-7282
https://orcid.org/0000-0001-8460-0019
https://orcid.org/0000-0003-0538-5854
https://orcid.org/0000-0002-0477-1051
https://orcid.org/0000-0003-0059-0779
https://orcid.org/0000-0003-1112-5880
https://orcid.org/0000-0003-2663-7379
https://orcid.org/0000-0001-9980-4698
https://orcid.org/0000-0001-7366-1318
https://orcid.org/0000-0002-9776-1935
https://orcid.org/0000-0002-9770-1377
https://orcid.org/0000-0002-5890-0445
https://orcid.org/0000-0001-6830-3356
https://orcid.org/0000-0002-2583-5982
https://orcid.org/0000-0002-4922-1934
https://orcid.org/0000-0002-7625-8169
https://orcid.org/0000-0001-8160-0208
https://orcid.org/0000-0002-5308-7707
https://orcid.org/0000-0002-9086-5184
https://orcid.org/0000-0002-5017-1487
https://orcid.org/0000-0002-6395-1079
https://orcid.org/0000-0003-1455-6272
https://orcid.org/0000-0002-9361-5762
https://orcid.org/0000-0003-4600-0228
https://orcid.org/0000-0003-4702-8820
https://orcid.org/0000-0001-6771-2174
https://orcid.org/0000-0002-6356-2655
https://orcid.org/0000-0002-2857-6883
https://orcid.org/0000-0001-6939-3445
https://orcid.org/0009-0000-7412-4071
https://orcid.org/0000-0003-4802-6819
https://orcid.org/0000-0002-6230-1138
https://orcid.org/0000-0002-9951-4583
https://orcid.org/0000-0003-3068-3212
https://orcid.org/0000-0001-9012-395X
https://orcid.org/0000-0002-1418-2154
https://orcid.org/0000-0003-2356-1700
https://orcid.org/0000-0001-6815-1065
https://orcid.org/0000-0002-9266-7819
https://orcid.org/0000-0003-4421-680X
https://orcid.org/0000-0002-1542-0855
https://orcid.org/0000-0001-7684-6588
https://orcid.org/0000-0002-0866-8932
https://orcid.org/0000-0002-8313-0809
https://orcid.org/0000-0003-1430-9191
https://orcid.org/0000-0003-1141-3823
https://orcid.org/0009-0009-1717-0413
https://orcid.org/0000-0001-9861-2942
https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0009-0001-8169-1020
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X


32

University of Rochester, Rochester, New York, USA
A. Bodek , P. de Barbaro , R. Demina , J.L. Dulemba , A. Garcia-Bellido ,
O. Hindrichs , A. Khukhunaishvili , N. Parmar, P. Parygin91 , E. Popova91 , R. Taus

The Rockefeller University, New York, New York, USA
K. Goulianos

Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
B. Chiarito, J.P. Chou , S.V. Clark , D. Gadkari , Y. Gershtein , E. Halkiadakis ,
M. Heindl , C. Houghton , D. Jaroslawski , O. Karacheban29 , S. Konstantinou ,
I. Laflotte , A. Lath , R. Montalvo, K. Nash, J. Reichert , H. Routray , P. Saha ,
S. Salur , S. Schnetzer, S. Somalwar , R. Stone , S.A. Thayil , S. Thomas, J. Vora ,
H. Wang

University of Tennessee, Knoxville, Tennessee, USA
H. Acharya, D. Ally , A.G. Delannoy , S. Fiorendi , S. Higginbotham , T. Holmes ,
A.R. Kanuganti , N. Karunarathna , L. Lee , E. Nibigira , S. Spanier

Texas A&M University, College Station, Texas, USA
D. Aebi , M. Ahmad , T. Akhter , O. Bouhali92 , R. Eusebi , J. Gilmore , T. Huang ,
T. Kamon93 , H. Kim , S. Luo , R. Mueller , D. Overton , D. Rathjens , A. Safonov

Texas Tech University, Lubbock, Texas, USA
N. Akchurin , J. Damgov , N. Gogate , V. Hegde , A. Hussain , Y. Kazhykarim,
K. Lamichhane , S.W. Lee , A. Mankel , T. Peltola , I. Volobouev

Vanderbilt University, Nashville, Tennessee, USA
E. Appelt , Y. Chen , S. Greene, A. Gurrola , W. Johns , R. Kunnawalkam Elayavalli ,
A. Melo , F. Romeo , P. Sheldon , S. Tuo , J. Velkovska , J. Viinikainen

University of Virginia, Charlottesville, Virginia, USA
B. Cardwell , B. Cox , J. Hakala , R. Hirosky , A. Ledovskoy , C. Neu

Wayne State University, Detroit, Michigan, USA
S. Bhattacharya , P.E. Karchin

University of Wisconsin - Madison, Madison, Wisconsin, USA
A. Aravind, S. Banerjee , K. Black , T. Bose , S. Dasu , I. De Bruyn , P. Everaerts ,
C. Galloni, H. He , M. Herndon , A. Herve , C.K. Koraka , A. Lanaro, R. Loveless ,
J. Madhusudanan Sreekala , A. Mallampalli , A. Mohammadi , S. Mondal, G. Parida ,
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