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Abstract

The first study of the shapes of jets arising from bottom (b) quarks in heavy ion col-
lisions is presented. Jet shapes are studied using charged hadron constituents as a
function of their radial distance from the jet axis. Lead-lead (PbPb) collision data at
a nucleon-nucleon center-of-mass energy of

p
s

NN
= 5.02 TeV were recorded by the

CMS detector at the LHC, with an integrated luminosity of 1.69 nb�1. Compared to
proton-proton collisions, a redistribution of the energy in b jets to larger distances
from the jet axis is observed in PbPb collisions. This medium-induced redistribution
is found to be substantially larger for b jets than for inclusive jets.
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1 Introduction
A hot dense partonic state of strongly interacting matter was discovered in relativistic heavy
ion collisions over two decades ago [1–4]. Since then, its properties have been under intense
study. One of the most exciting windows into this system (commonly called the quark-gluon
plasma, QGP), and its properties is revealed by using jets as tomographic probes of the created
medium. Jets, collimated streams of particles produced by hadronization of hard-scattered par-
tons, have long been studied in proton-proton (pp) collisions. In the case of lead-lead (PbPb)
collisions, energetic partons are known to lose energy while traversing the QGP, leading to
modified jet spectra as compared to those from pp collisions. Similarly, interactions of the ini-
tial hard-scattered and the fragmentation partons with the medium have been found to modify
the final-state jet showers [5–8]. These phenomena, collectively called ”jet quenching”, pro-
vide invaluable input to theoretical calculations of medium properties. Substantial progress
has been made in understanding the experimental results. Of particular interest are unsettled
questions involving details of the jet quenching, specifically the color-charge, flavor and par-
ton mass dependence of the energy loss. There are also open questions about the details of
the medium response to the evolving jet. Thus, jets initiated by bottom quarks (b jets) provide
unique experimental means to investigate the mass and parton flavor dependence of quench-
ing effects. Recent measurements show that the suppression of heavy-flavor mesons and jets
in heavy ion collisions, with respect to a pp collision reference scaled by the average number
of binary nucleon-nucleon interactions per PbPb collision, is different from that from inclusive
(all flavors) measurements [9–11]. These results confirm theoretical expectations that the en-
ergy loss depends on the type of parton involved. As jet shapes are especially sensitive to the
details of the parton shower evolution, such measurements for b jets provide an opportunity
to further explore parton transport and energy loss in the medium.

The transverse momentum profile of charged particles in the jets is defined as

P(Dr) =
1

Drb � Dra

1
Njet

SjetsStrk2(Dra,Drb)
p

trk
T , (1)

where the radial distance between a track and the jet axis is defined in pseudorapidity (h)
and azimuthal angle (f) as Dr =

p
(hjet � htrk)2 + (fjet � ftrk)2, Dra and Drb are the edges

of rings in Dr, defining the radial binning for the analysis, and p
trk
T is the charged particle’s

transverse momentum (pT) with respect to the beam. This profile is normalized to unity within
the measured range of Dr < 1 to produce the jet shape:

r(Dr) =
P(Dr)

SjetsStrk2(Dr<1)p
trk
T

, (2)

which indicates how the pT of charged particles is distributed with respect to the jet axis. Jet
shapes are measured by the jet-track correlation technique, which can reliably separate the jet
structure from the underlying event (UE) and extend the measurement from the jet cone region
(Dr < 0.4) to a larger Dr region (0.4 < Dr < 1) [6, 12].

This Letter reports the first bottom-quark jet shape measurement with charged particles studied
in the QGP environment created by relativistic heavy ion collisions. The study is performed
using PbPb collisions at a center-of-mass energy per nucleon-nucleon pair of

p
s

NN
= 5.02 TeV.

Data, corresponding to an integrated luminosity of 1.69 nb�1, were collected in 2018 using the
CMS detector [13–15] at the CERN LHC. Results reported in this Letter are also compared with
shapes of inclusive jets, and with b jet shapes measured in pp collisions at the same center-of-
mass energy [16]. Tabulated results are provided in the HEPData record for this analysis [17].
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2 CMS Detector
The CMS apparatus is a multipurpose, nearly hermetic detector, designed to trigger on [18, 19]
and identify electrons, muons, photons, and charged and neutral hadrons [20–23]. A global
reconstruction ”particle-flow” (PF) algorithm [24] combines the information provided by the
all-silicon inner tracker and by the crystal electromagnetic, and brass and scintillator hadron
calorimeters, operating inside a 3.8 T superconducting solenoid, with data from gas-ionization
muon detectors interleaved with the solenoid flux-return yoke, to build t leptons, jets, missing
transverse momentum, and other physics objects [25–27]. Events of interest are selected using
a two-tiered trigger system: a hardware-based level-one trigger, and High-Level Trigger, which
uses partial online event processing for relevant physics objects (such as jets, in this case) [18,
19]. The primary vertex (PV) is taken to be the vertex with the highest particle multiplicity,
evaluated using tracking information alone, as described in Section 9.4 of Ref. [28]. The hadron
forward (HF) calorimeter uses steel as an absorber and quartz fibers as the sensitive material.
The two halves of the HF are located 11.2 m from the interaction region, one on each side,
and together they provide coverage in the range 3.0 < |h| < 5.2. The HF calorimeters are
azimuthally subdivided into 20� modular wedges and further segmented to form 0.175⇥0.175
(Dh⇥Df) “towers”. They also serve as the luminosity monitors.

3 Event Selection and Analysis Technique
The PbPb data used in this analysis were selected with two calorimeter-based triggers that
use an anti-kT jet clustering algorithm [29, 30] with a radius parameter of R = 0.4. These
two triggers require at least one jet with pT greater than 80 GeV or 100 GeV, respectively, after
subtracting the UE background contribution iteratively [31]. The data selected by these two
triggers combined are used to extract the P(Dr) signals. Additional data collected with a min-
imum bias trigger [32] are used to correct for the limited jet and track acceptance via an event
mixing technique, which correlates jets with tracks from different events and thus produces a
reference correlation containing only detector and acceptance effects [6]. Vertex and noise fil-
ters [33, 34] are applied to reduce contamination of noncollision events, including calorimeter
noise and beam-gas collisions. These filters require that at least one HF tower on each side of
the interaction point have energy above 4 GeV and that the PV position along the beam direc-
tion lies within 15 cm of the nominal interaction point. The collision centrality, expressed as a
percentile of the total inelastic hadronic cross section, is determined based on the total energy
deposited in both HF calorimeters [34]. The events with 0% centrality have the largest overlap
of the two colliding nuclei.

Monte Carlo (MC) simulated event samples are used to evaluate the performance of the event
reconstruction, the track reconstruction efficiency, and the jet energy response and resolution.
The PYTHIA (version 8.226) event generator [35] with the CP5 tune [36] and parton distribution
function set NNPDF3.1 at next-to-next-to-leading order [37] was used to simulate the hard
scattering, the parton showering, and the hadronization of the partons, as well as the UE. For
comparison to PbPb data, these PYTHIA events are embedded into samples from the HYDJET
event generator [38] to simulate the background contribution for heavy ion events. The jet
flavors in simulations are determined at the event generator level by the presence of b or c
hadrons in the jet cone [39]. Those jets containing at least one b hadron are defined as b jets,
therefore, the jets from the gluon splitting processes (GSP) which generate bb pairs are also
considered as b jets. The GEANT4 [40] toolkit is used to simulate the CMS detector response.
An additional reweighting procedure is performed to match the distribution of the PV along
the beam direction to that observed in the data to ensure the best possible agreement between
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data and simulations.

In both data and simulation, charged particles are reconstructed using an iterative tracking
method [23] based on hit information from the silicon subdetectors, permitting the reconstruc-
tion of charged particles within |h| < 2.4. The tracking efficiency ranges from approximately
60 to 90%, depending on kinematic region and collision centrality, with higher values in more
peripheral events and for higher pT particles. Tracks with pT > 1 GeV and |h| < 2.4 are used in
this study.

Jets are reconstructed offline from PF candidates [24], clustered using the anti-kT algorithm
with a radius parameter of R = 0.4 and a constituents merging scheme that sums their 4-
momentum directly (E-scheme). Simulation-derived corrections have been applied to the re-
constructed jets to correct for the measured energy distortion arising from the limited detector
resolution [26, 41]. Dedicated background subtraction iterations are applied to subtract the soft
UE from the measured jet energy in PbPb collisions [42]. Furthermore, a different jet axis def-
inition, known as the “winner-takes-all” (WTA), is used for the jet shape analysis. The WTA
axes are defined primarily by the leading constituents and reconstructed by reclustering the
E-scheme jets using the WTA combination rules [43, 44]. The default E-scheme axis definition
is not optimal for studying jet-track correlations because of an artificial feature that results in
a substantial depletion of particles just outside the jet cone radius. The choice of the WTA axis
definition avoids the need to correct for this artifact, thereby leading to smaller uncertainties.

A combined secondary vertex (CSV) discriminator is used to select b jet candidates from the
inclusive jets that have pT > 120 GeV and |h| < 1.6. This discriminator is a multivariate classi-
fier that makes use of information of reconstructed secondary vertices and the associated tracks
to discriminate b jets from charm and light-flavor quark jets, as well as gluon jets [23, 39, 45].
The working point selected for this analysis leads to an overall 75% b jet selection efficiency
and 45% purity (i.e. true b jet fraction of the tagged sample) as determined from an inclusive
multijet sample. The selection is motivated by the balance between statistical and systematic
uncertainties.

The b jet shapes rb(Dr) are extracted following the jet-track correlation method [16] for six bins
of p

trk
T with boundaries 1, 2, 3, 4, 8, 12, and 300 GeV, which are the same as the binning scheme

used in Ref [16]. Corrections for detector and jet-track pair acceptance effects are derived by
using the event-mixing technique. The background is then subtracted from measured corre-
lations in a data-driven manner using the measured signal in a data sideband far from the jet
axis in a large-Dh region [6]. The purity of the b jets is evaluated using MC simulations with
adjustment by a data-to-MC difference evaluated from a negative-tagging technique [39]. The
residual contamination of light-flavor and c jets mistagged as b jets is removed using the tem-
plates derived from the measured inclusive jet shape signals rincl.(Dr), as described in Ref. [16].
Inefficiencies and nonlinearities in the tagging algorithm result in differences between the sam-
ples of all b jets and tagged b jets. The effects of this selection bias are estimated as functions of
p

trk
T , Dr, and centrality using the MC samples, and the resulting three-dimensional weighting

is used to correct the raw b jet shapes. Finally, simulation-based corrections are derived and
applied following the method described in Refs. [6, 46] to account for the jet axis resolution,
tracking reconstruction efficiency, and background fluctuations.

4 Systematic Uncertainties
Several sources of systematic uncertainties are considered, including trigger efficiency, tracking
efficiency, b tagging bias corrections, light flavor decontamination procedure, jet reconstruc-
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tion, pair acceptance corrections, and underlying event background subtraction. The system-
atic uncertainties, summarized in Table 1 as a function of centrality, are treated as uncorrelated,
and the total systematic uncertainty is calculated by adding the contributions from individual
sources in quadrature. The evaluation of each source of uncertainty is discussed below.

Table 1: Systematic uncertainties in percentage for jet shape measurements for the various
sources and collision centralities. Columns correspond to different centrality selections as
marked. Where an uncertainty range is given, the upper edge of the range corresponds to
the bin with the smallest p

trk
T values. The sources from the decontamination and tagging bias

are exclusive for b jets.

Sources
b jets Inclusive jets

Centralities Centralities
30–90% 10-30% 0-10% 30–90% 10–30% 0–10%

Trigger efficiency 3.0 3.0 3.0 3.0 3.0 3.0
Tracking efficiency 5.8 5.8 5.8 5.8 5.8 5.8
Tagging bias corrections 5.0 5.0 5.0 — — —
Decontamination procedure 8.0 8.0 8.0 — — —
Jet energy scale/resolution 4.2 4.2 4.2 4.2 4.2 4.2
Pair-acceptance corrections 1.0–2.0 1.0–4.0 1.0–5.0 1.0–2.0 1.0–3.0 1.0–4.0
Background subtraction 1.0 2.0 3.0 1.0 2.0 3.0

Total 12.3–12.4 12.3–12.9 12.3 –13.2 7.8–8.0 7.8–8.3 7.8–8.7

The jet trigger is not fully efficient for jets with pT < 160 GeV and about 5% of jets with
120 < pT < 160 GeV are lost in PbPb collisions. To estimate the uncertainty due to this trigger
inefficiency, the analysis was repeated by using the data selected by a trigger with a threshold
at 60 GeV. A 3% uncertainty, which is the maximum observed difference relative to the nominal
jet shape results, is assigned for this source.

Comparing the tracks associated with inclusive jets, more tracks from b jets are far from a PV,
which caused at most 4% worse tracking reconstruction efficiency for b jets. The full magni-
tude of the observed difference is assigned as a conservative estimate of the tracking recon-
struction uncertainty. An additional uncertainty of 4% accounts for data-to-simulation track
reconstruction differences, and is estimated from a study of D meson decays [47]. These two
tracking-related uncertainties are added in quadrature, leading to a combined value of 5.8%.

The fraction of b jets originating from the gluon splitting mechanism in MC is less than what
was observed in data by 15–20% [39, 48]. This is the dominant source of uncertainty for correct-
ing the bias induced by the CSV discriminator. Varying the GSP fraction in the jet candidates
by 20% leads to less than a 5% difference in the results, which is propagated as the uncertainty.
Using the negative-tagging method, the uncertainty in the purity scale factor, caused by differ-
ences between data and simulated events, is estimated and ranges between 10–20%, depending
on the jet pT region. This uncertainty is propagated to the final observables, resulting in an 8%
uncertainty for the decontamination procedure described in Ref. [16]. The overall jet energy
scale (JES) is sensitive to the sample’s relative fraction of quark and gluon jets. The differences
of the JES for quark and gluon jets were studied, and the jet energy scaling for inclusive jets
has been varied by the largest observed differences in the JES corrections. For b-tagged jets,
the largest observed difference between inclusive and tagged jets was used. The differences
found in the measured correlation distributions, defined by Eq. 2, are assigned as the system-
atic uncertainties due to this quark/gluon effect. These uncertainties are found to be below
3%, since the in-jet multiplicity and the jet fragmentation function change slowly with the jet
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pT. A similar procedure is used for the b-to-inclusive jet shape ratios, and the observed 1.5%
difference is assigned as the JES uncertainty. The jet energy resolution (JER) data-to-simulation
difference, based on g+jet studies [41], is 20% or below. The corresponding uncertainty was
evaluated by smearing the reconstructed jet pT to worsen the JER by the maximum value of
20% and repeating the study. The resulting yield variation compared to the nominal results
was found to be below 3%. A similar study is made for b-to-inclusive jet shape ratios. It shows
that the JER uncertainty is fully correlated and hence is canceled in the ratios. In total, the
JES- and JER-related systematic uncertainties assigned for the b jet shapes (extracted using the
particle yields) and b-to-inclusive ratios are 4.2 and 1.5%, respectively.

The uncertainties of the pair acceptance correction are estimated from the difference between
positive and negative Dh sideband regions. Theoretically, there should be no Dh dependence
in the regions 1.5 < |Dh| < 2.5, which are far away from the jet axis. Any deviations from this
expectation are used to quantify the related systematic error. This uncertainty amounts to 1.0–
5.0%, depending on the centrality, the track p

trk
T bin, and the Dr bin. Uncertainties associated

with the background subtraction are evaluated by considering the variations between the two
sideband regions (1.5 < |Dh| < 2.0 and 2.0 < |Dh| < 2.5) on each side of the detector after the
background subtraction. The statistical uncertainties on the background level determination
are also added in quadrature to get the final background subtraction uncertainty ranging from
1.0 to 3.0%, depending on the centrality.

5 Results
The shapes of b jets and inclusive jets, measured using charged particles with p

trk
T > 1 GeV

from PbPb collisions, are shown in the upper row of Fig. 1. For comparison, the results from
pp collisions in Ref. [16] are also shown in each panel. The b jets are observed to have a broader
shape than that of inclusive jets. In PYTHIA studies, this difference could be primarily explained
by contributions from the GSP producing b jet pairs. The ratios of jet shapes measured in PbPb
collisions to those from pp data from Ref. [16] are shown in the second row of Fig. 1. Both
the b and inclusive jet shape ratios show a redistribution of the transverse momentum of jet
constituents from small to large distances from the jet axis. This is evident in the depletion of
charged-particle tracks in the range of about 0.05 . Dr . 0.4, followed by a strong enhance-
ment above Dr ⇡ 0.4 seen for both ratios. For PbPb collisions, the observed large Dr enhance-
ments are centrality dependent and are most significant in central collisions, consistent with
expectations based on jet-medium interactions for partons traversing the QGP. Figure 1 shows
an even larger PbPb to pp ratio for b jets than for inclusive jets in the large-Dr region. This
QGP-induced excess of transverse momentum at large Dr could result from the response of
the medium to the propagating jet, with the excited portion of the medium hadronizing into
additional particles around the jet direction. The presented measurement may then imply that
b jets can cause a larger medium response than inclusive jets. We find that charged particles
with 1 < p

trk
T < 4 GeV carry almost all of the observed momentum excess. The differences of

the transverse momentum profiles (as opposed to the ratios of the shapes) between the PbPb
and pp measurements characterize the magnitude of the measured excess momentum and are
plotted in the third row of Fig. 1 for both the b and inclusive jets. Unlike b-to-inclusive jet
shape ratios, which could be affected by the changes in both the numerator and denominator,
the difference of the momentum profiles represents an absolute change in the momentum from
pp to PbPb data. A more significant absolute momentum excess in PbPb collisions with respect
to the pp reference is found for b jets than for inclusive jets.

To quantify the difference between the shapes of b and inclusive jets within a given system,
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Figure 1: Upper row: jet shape distributions r(Dr) for inclusive (solid red squares) and b jets
(solid blue circles) with pT > 120 GeV in three centrality bins (left to right) for PbPb collisions atp

s
NN

= 5.02 TeV, as well as in pp collisions (open red and blue symbols) from Ref. [16], which
are identical in all three panels. Second row: ratio of PbPb to pp jet shape results for inclu-
sive (red) and b jets (blue). Third row: the difference between the charged-particle transverse
momentum profile, defined by Eq. 1, between PbPb and pp collisions for 1 < p

trk
T < 4 GeV

for inclusive (red) and b jets (blue). Lower row: ratio of b to inclusive jet shapes for several
PbPb centrality bins (green), as well as pp collisions from Ref. [16] (grey), which are identical
in all three panels. In all panels, the vertical bars and shaded boxes represent the statistical and
systematic uncertainties, respectively.
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the lower row of Fig. 1 presents the shape ratios for b jets divided by inclusive jets for both
pp and different centralities of PbPb collisions. Previous studies in pp collisions [16] have
demonstrated that the b jet shapes are broader than inclusive jet shapes in the case of vacuum
fragmentation (no QGP). For comparison, PbPb ratios are overlaid with the pp baseline mea-
surement from Ref. [16]. These ratios also show a centrality-dependent enhancement of the
large-Dr distributions for b over inclusive jets. The small Dr region shows another interesting
finding: a depletion is seen in the b to inclusive jet ratios for roughly Dr . 0.05 for all centrality
bins without apparent centrality dependence. It is argued that in pp collisions this dip could be
interpreted as a manifestation of the ”dead-cone” effect, resulting from a larger suppression of
collinear parton radiation from a heavy bottom quark than from light partons [16] . Comparing
PbPb to pp results, no significant difference is seen in this small Dr dead-cone-like structure at
any centrality.

6 Summary
In summary, the first jet shape measurement for bottom quark (b) jets in lead-lead (PbPb) colli-
sions at a nucleon-nucleon center-of-mass energy of

p
s

NN
= 5.02 TeV are presented. A jet-track

correlation technique was used with b jets of pT > 120 GeV and charged particles of transverse
momenta p

trk
T > 1 GeV to measure jet shapes as a function of radial distance Dr between the jet

axes and particle tracks. The measured b jet shapes show a depletion of transverse momenta
at small radial distances from the jet axis compared to inclusive jet shapes. This depletion is
already present in proton-proton (pp) events at the same center-of-mass energy and does not
notably change looking at PbPb collisions at different centralities. This observation may pro-
vide a quantitative measurement of the expected dead-cone effect for b jets. Comparisons of jet
shapes from PbPb and pp data show that the presence of the quark-gluon plasma modifies the
energy flow around b jets. These modifications include a depletion of the transverse momenta
in the range of about Dr . 0.4 and an enhancement at larger radial distances from the jet axis.
Furthermore, the large Dr enhancement is found to be greater than that previously reported
for inclusive jets in PbPb collisions. This observation is consistent with an increased medium
response to the propagation of a heavier quark. The enhancement is centrality dependent and
is largest in the most central collisions. This measurement provides new constraints for theo-
retical calculations of parton flavor dependence of energy loss and jet-medium interactions in
the quark-gluon plasma.

Acknowledgments
We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other
CMS institutes for their contributions to the success of the CMS effort. In addition, we grate-
fully acknowledge the computing centers and personnel of the Worldwide LHC Computing
Grid and other centers for delivering so effectively the computing infrastructure essential to
our analyses. Finally, we acknowledge the enduring support for the construction and oper-
ation of the LHC, the CMS detector, and the supporting computing infrastructure provided
by the following funding agencies: BMBWF and FWF (Austria); FNRS and FWO (Belgium);
CNPq, CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES and BNSF (Bulgaria); CERN;
CAS, MoST, and NSFC (China); MINCIENCIAS (Colombia); MSES and CSF (Croatia); RIF
(Cyprus); SENESCYT (Ecuador); MoER, ERC PUT and ERDF (Estonia); Academy of Finland,
MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany);
GSRI (Greece); NKFIH (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN



8

(Italy); MSIP and NRF (Republic of Korea); MES (Latvia); LAS (Lithuania); MOE and UM
(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MOS (Mon-
tenegro); MBIE (New Zealand); PAEC (Pakistan); MES and NSC (Poland); FCT (Portugal);
MESTD (Serbia); MCIN/AEI and PCTI (Spain); MOSTR (Sri Lanka); Swiss Funding Agen-
cies (Switzerland); MST (Taipei); MHESI and NSTDA (Thailand); TUBITAK and TENMAK
(Turkey); NASU (Ukraine); STFC (United Kingdom); DOE and NSF (USA).

Individuals have received support from the Marie-Curie program and the European Re-
search Council and Horizon 2020 Grant, contract Nos. 675440, 724704, 752730, 758316, 765710,
824093, 884104, and COST Action CA16108 (European Union); the Leventis Foundation; the
Alfred P. Sloan Foundation; the Alexander von Humboldt Foundation; the Belgian Federal
Science Policy Office; the Fonds pour la Formation à la Recherche dans l’Industrie et dans
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[35] T. Sjöstrand et al., “An introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159, doi:10.1016/j.cpc.2015.01.024, arXiv:1410.3012.

[36] CMS Collaboration, “Extraction and validation of a new set of CMS PYTHIA8 tunes from
underlying-event measurements”, Eur. Phys. J. C 80 (2020) 4,
doi:10.1140/epjc/s10052-019-7499-4, arXiv:1903.12179.

[37] NNPDF Collaboration, “Parton distributions from high-precision collider data”, Eur.

Phys. J. C 77 (2017) 663, doi:10.1140/epjc/s10052-017-5199-5,
arXiv:1706.00428.

[38] I. P. Lokhtin et al., “Heavy ion event generator HYDJET++ (HYDrodynamics plus JETs)”,
Comput. Phys. Commun. 180 (2009) 779, doi:10.1016/j.cpc.2008.11.015,
arXiv:0809.2708.

[39] CMS Collaboration, “Identification of heavy-flavour jets with the CMS detector in pp
collisions at 13 TeV”, JINST 13 (2018) P05011,
doi:10.1088/1748-0221/13/05/P05011, arXiv:1712.07158.

[40] GEANT4 Collaboration, “GEANT4—a simulation toolkit”, Nucl. Instrum. Meth. A 506
(2003) 250, doi:10.1016/S0168-9002(03)01368-8.

[41] CMS Collaboration, “Determination of jet energy calibration and transverse momentum
resolution in CMS”, JINST 6 (2011) P11002,
doi:10.1088/1748-0221/6/11/P11002, arXiv:1107.4277.

[42] CMS Collaboration, “In-medium modification of dijets in PbPb collisions at
p

s
NN

= 5.02
TeV”, JHEP 05 (2021) 116, doi:10.1007/JHEP05(2021)116, arXiv:2101.04720.

[43] D. Bertolini, T. Chan, and J. Thaler, “Jet observables without jet algorithms”, JHEP 04
(2014) 013, doi:10.1007/JHEP04(2014)013, arXiv:1310.7584.

[44] A. J. Larkoski, D. Neill, and J. Thaler, “Jet shapes with the broadening axis”, JHEP 04
(2014) 017, doi:10.1007/JHEP04(2014)017, arXiv:1401.2158.

[45] CMS Collaboration, “Identification of b-quark jets with the CMS experiment”, JINST 8
(2013) P04013, doi:10.1088/1748-0221/8/04/P04013, arXiv:1211.4462.

[46] CMS Collaboration, “Decomposing transverse momentum balance contributions for
quenched jets in PbPb collisions at

p
s

NN
= 2.76 TeV”, JHEP 11 (2016) 055,

doi:10.1007/JHEP11(2016)055, arXiv:1609.02466.

[47] CMS Collaboration, “Measurement of tracking efficiency”, CMS Physics Analysis
Summary CMS-PAS-TRK-10-002, CERN, 2010.

[48] CMS Collaboration, “Comparing transverse momentum balance of b jet pairs in pp and
PbPb collisions at

p
s

NN
= 5.02 TeV”, JHEP 03 (2018) 181,

doi:10.1007/JHEP03(2018)181, arXiv:1802.00707.

http://dx.doi.org/10.1016/j.physletb.2012.04.058
http://www.arXiv.org/abs/1202.5022
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://www.arXiv.org/abs/1410.3012
http://dx.doi.org/10.1140/epjc/s10052-019-7499-4
http://www.arXiv.org/abs/1903.12179
http://dx.doi.org/10.1140/epjc/s10052-017-5199-5
http://www.arXiv.org/abs/1706.00428
http://dx.doi.org/10.1016/j.cpc.2008.11.015
http://www.arXiv.org/abs/0809.2708
http://dx.doi.org/10.1088/1748-0221/13/05/P05011
http://www.arXiv.org/abs/1712.07158
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1088/1748-0221/6/11/P11002
http://www.arXiv.org/abs/1107.4277
http://dx.doi.org/10.1007/JHEP05(2021)116
http://www.arXiv.org/abs/2101.04720
http://dx.doi.org/10.1007/JHEP04(2014)013
http://www.arXiv.org/abs/1310.7584
http://dx.doi.org/10.1007/JHEP04(2014)017
http://www.arXiv.org/abs/1401.2158
http://dx.doi.org/10.1088/1748-0221/8/04/P04013
http://www.arXiv.org/abs/1211.4462
http://dx.doi.org/10.1007/JHEP11(2016)055
http://www.arXiv.org/abs/1609.02466
https://cds.cern.ch/record/1279139
http://dx.doi.org/10.1007/JHEP03(2018)181
http://www.arXiv.org/abs/1802.00707


12



13

A The CMS Collaboration
Yerevan Physics Institute, Yerevan, Armenia
A. Tumasyan1

Institut für Hochenergiephysik, Vienna, Austria
W. Adam , J.W. Andrejkovic, T. Bergauer , S. Chatterjee , K. Damanakis , M. Dragice-
vic , A. Escalante Del Valle , P.S. Hussain , M. Jeitler2 , N. Krammer , L. Lechner ,
D. Liko , I. Mikulec , P. Paulitsch, F.M. Pitters, J. Schieck2 , R. Schöfbeck , D. Schwarz ,
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W.L. Aldá Júnior , M. Alves Gallo Pereira , M. Barroso Ferreira Filho , H. Bran-
dao Malbouisson , W. Carvalho , J. Chinellato5, E.M. Da Costa , G.G. Da Silveira6 ,
D. De Jesus Damiao , V. Dos Santos Sousa , S. Fonseca De Souza , J. Martins7 ,
C. Mora Herrera , K. Mota Amarilo , L. Mundim , H. Nogima , A. Santoro ,
S.M. Silva Do Amaral , A. Sznajder , M. Thiel , F. Torres Da Silva De Araujo8 ,
A. Vilela Pereira

Universidade Estadual Paulista, Universidade Federal do ABC, São Paulo, Brazil
C.A. Bernardes6 , L. Calligaris , T.R. Fernandez Perez Tomei , E.M. Gregores ,
P.G. Mercadante , S.F. Novaes , Sandra S. Padula

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia,
Bulgaria
A. Aleksandrov , G. Antchev , R. Hadjiiska , P. Iaydjiev , M. Misheva , M. Rodozov,
M. Shopova , G. Sultanov

University of Sofia, Sofia, Bulgaria

https://orcid.org/0009-0000-0684-6742
https://orcid.org/0000-0001-9099-4341
https://orcid.org/0000-0002-5786-0293
https://orcid.org/0000-0003-2660-0349
https://orcid.org/0000-0001-5389-2872
https://orcid.org/0000-0003-1967-6783
https://orcid.org/0000-0002-9702-6359
https://orcid.org/0000-0002-4825-5278
https://orcid.org/0000-0002-5141-9560
https://orcid.org/0000-0002-0548-0985
https://orcid.org/0000-0002-3065-1141
https://orcid.org/0000-0002-3380-473X
https://orcid.org/0000-0003-0385-2746
https://orcid.org/0000-0002-1058-8093
https://orcid.org/0000-0002-2332-8784
https://orcid.org/0000-0002-3821-7331
https://orcid.org/0000-0003-0510-7010
https://orcid.org/0000-0003-3137-5692
https://orcid.org/0000-0002-6215-7228
https://orcid.org/0000-0001-9226-5812
https://orcid.org/0000-0003-2894-2377
https://orcid.org/0000-0002-3998-4081
https://orcid.org/0000-0002-8731-9051
https://orcid.org/0000-0002-8564-8732
https://orcid.org/0000-0002-9598-6241
https://orcid.org/0000-0001-5964-1935
https://orcid.org/0000-0001-8206-1787
https://orcid.org/0000-0001-8894-2390
https://orcid.org/0000-0003-3984-9987
https://orcid.org/0000-0002-6612-3420
https://orcid.org/0000-0002-9919-3492
https://orcid.org/0000-0002-1752-4527
https://orcid.org/0000-0003-1505-1743
https://orcid.org/0000-0002-6792-9522
https://orcid.org/0000-0002-2747-5095
https://orcid.org/0000-0001-8547-8211
https://orcid.org/0000-0001-5124-7693
https://orcid.org/0000-0003-1645-7454
https://orcid.org/0000-0002-4760-1597
https://orcid.org/0000-0003-3885-6608
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-8265-3595
https://orcid.org/0000-0002-8553-4508
https://orcid.org/0000-0001-8645-9282
https://orcid.org/0000-0001-8487-9603
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-2756-3853
https://orcid.org/0009-0000-7725-7945
https://orcid.org/0000-0003-3392-7294
https://orcid.org/0000-0002-7931-4496
https://orcid.org/0000-0003-0012-4866
https://orcid.org/0000-0002-4781-5704
https://orcid.org/0000-0001-9108-1560
https://orcid.org/0000-0001-5745-2567
https://orcid.org/0000-0002-6469-959X
https://orcid.org/0000-0002-1160-0621
https://orcid.org/0000-0002-3990-2074
https://orcid.org/0000-0003-2973-4991
https://orcid.org/0000-0001-6952-891X
https://orcid.org/0000-0003-0252-3609
https://orcid.org/0000-0001-8857-8197
https://orcid.org/0000-0002-3077-2090
https://orcid.org/0000-0001-7522-4808
https://orcid.org/0000-0001-9260-9371
https://orcid.org/0000-0001-8707-6021
https://orcid.org/0000-0001-7485-412X
https://orcid.org/0000-0001-9640-8294
https://orcid.org/0000-0001-7419-4248
https://orcid.org/0000-0001-5078-3689
https://orcid.org/0000-0001-5967-1245
https://orcid.org/0000-0002-5119-6280
https://orcid.org/0000-0003-3060-350X
https://orcid.org/0000-0002-7088-8557
https://orcid.org/0000-0002-8645-3670
https://orcid.org/0000-0002-8369-1446
https://orcid.org/0000-0001-6114-9907
https://orcid.org/0000-0001-8874-7624
https://orcid.org/0000-0002-5157-5686
https://orcid.org/0000-0001-9029-8506
https://orcid.org/0000-0001-5855-9817
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0003-3904-0571
https://orcid.org/0000-0002-1326-318X
https://orcid.org/0000-0003-0738-6615
https://orcid.org/0000-0002-5016-6434
https://orcid.org/0000-0003-3514-7056
https://orcid.org/0000-0002-3769-1680
https://orcid.org/0000-0002-4681-9340
https://orcid.org/0000-0001-7830-0837
https://orcid.org/0000-0002-2120-2782
https://orcid.org/0000-0003-3915-3170
https://orcid.org/0000-0003-1707-3348
https://orcid.org/0000-0001-9964-7805
https://orcid.org/0000-0001-7705-1066
https://orcid.org/0000-0002-0568-665X
https://orcid.org/0000-0002-0209-9687
https://orcid.org/0000-0001-6998-1108
https://orcid.org/0000-0001-7139-7963
https://orcid.org/0000-0002-4785-3057
https://orcid.org/0000-0003-3177-4626
https://orcid.org/0000-0001-5790-9563
https://orcid.org/0000-0002-9951-9448
https://orcid.org/0000-0002-1809-5226
https://orcid.org/0000-0003-0205-1672
https://orcid.org/0000-0001-8333-4302
https://orcid.org/0000-0003-0471-8549
https://orcid.org/0000-0003-3071-0559
https://orcid.org/0000-0001-6934-2541
https://orcid.org/0000-0003-3210-5037
https://orcid.org/0000-0003-1824-1737
https://orcid.org/0000-0001-6330-0607
https://orcid.org/0000-0003-4854-5301
https://orcid.org/0000-0001-6664-2493
https://orcid.org/0000-0002-8030-3866


14

A. Dimitrov , T. Ivanov , L. Litov , B. Pavlov , P. Petkov , A. Petrov , E. Shumka

Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7 D, Arica, Chile
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S. Mitra , Th. Müller , M. Neukum, M. Oh , G. Quast , K. Rabbertz , J. Rauser,
M. Schnepf, D. Seith, I. Shvetsov , H.J. Simonis , N. Trevisani , R. Ulrich , J. van der Lin-
den , R.F. Von Cube , M. Wassmer , S. Wieland , R. Wolf , S. Wozniewski , S. Wunsch,
X. Zuo

Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi,
Greece
G. Anagnostou, P. Assiouras , G. Daskalakis , A. Kyriakis, A. Stakia

National and Kapodistrian University of Athens, Athens, Greece

https://orcid.org/0009-0004-8867-0881
https://orcid.org/0000-0002-5115-8487
https://orcid.org/0000-0001-9494-4317
https://orcid.org/0000-0001-5844-8156
https://orcid.org/0000-0002-1653-1303
https://orcid.org/0000-0003-4932-7162
https://orcid.org/0000-0002-2926-2691
https://orcid.org/0000-0002-3900-3482
https://orcid.org/0000-0002-9736-266X
https://orcid.org/0000-0002-2008-8148
https://orcid.org/0000-0002-2388-5548
https://orcid.org/0000-0002-4430-1695
https://orcid.org/0000-0003-2081-7141
https://orcid.org/0000-0001-9598-6623
https://orcid.org/0000-0003-0153-7590
https://orcid.org/0000-0001-6341-9982
https://orcid.org/0000-0002-0176-2360
https://orcid.org/0000-0002-0389-5896
https://orcid.org/0000-0003-3478-9081
https://orcid.org/0000-0001-9794-8292
https://orcid.org/0000-0003-4409-702X
https://orcid.org/0000-0003-2711-8984
https://orcid.org/0000-0002-5295-1460
https://orcid.org/0000-0003-0713-811X
https://orcid.org/0000-0002-4692-9304
https://orcid.org/0000-0001-9806-0244
https://orcid.org/0000-0003-3681-9272
https://orcid.org/0000-0003-1491-0446
https://orcid.org/0000-0002-2702-8201
https://orcid.org/0000-0002-3522-5926
https://orcid.org/0000-0001-6445-6160
https://orcid.org/0000-0002-8369-7506
https://orcid.org/0000-0003-1697-2130
https://orcid.org/0000-0002-1320-1712
https://orcid.org/0009-0005-6482-7466
https://orcid.org/0000-0003-1533-0945
https://orcid.org/0009-0008-4191-6716
https://orcid.org/0009-0002-9905-0667
https://orcid.org/0000-0002-4238-0991
https://orcid.org/0000-0001-8822-4727
https://orcid.org/0000-0002-3197-0048
https://orcid.org/0000-0002-2988-9830
https://orcid.org/0000-0002-7366-7098
https://orcid.org/0000-0003-1111-249X
https://orcid.org/0000-0001-9518-0435
https://orcid.org/0000-0003-4439-5748
https://orcid.org/0000-0003-1803-0999
https://orcid.org/0009-0008-7130-100X
https://orcid.org/0000-0002-1383-1837
https://orcid.org/0000-0001-6232-3591
https://orcid.org/0000-0002-5804-6226
https://orcid.org/0000-0003-4900-5227
https://orcid.org/0000-0002-7366-6562
https://orcid.org/0000-0001-6195-3102
https://orcid.org/0000-0001-9850-6170
https://orcid.org/0000-0001-7200-5175
https://orcid.org/0000-0003-0355-102X
https://orcid.org/0000-0003-4423-2631
https://orcid.org/0000-0003-0748-8494
https://orcid.org/0000-0003-3240-7393
https://orcid.org/0000-0002-3974-589X
https://orcid.org/0000-0001-7327-1870
https://orcid.org/0000-0001-9127-7408
https://orcid.org/0000-0002-1194-2306
https://orcid.org/0000-0002-0429-2448
https://orcid.org/0000-0002-3273-5859
https://orcid.org/0000-0002-9017-9504
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0003-1610-8844
https://orcid.org/0009-0009-8755-3698
https://orcid.org/0000-0002-8427-3748
https://orcid.org/0000-0002-8705-0857
https://orcid.org/0000-0003-2375-1563
https://orcid.org/0000-0001-7707-919X
https://orcid.org/0000-0002-6506-5177
https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0002-2047-951X
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-7876-3134
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0003-2167-498X
https://orcid.org/0000-0003-0823-447X
https://orcid.org/0000-0002-7385-3317
https://orcid.org/0000-0002-9932-7622
https://orcid.org/0000-0002-9952-9267
https://orcid.org/0000-0001-9494-2151
https://orcid.org/0000-0003-3409-6584
https://orcid.org/0000-0003-4802-6990
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0003-3510-2093
https://orcid.org/0000-0002-2240-6699
https://orcid.org/0000-0003-4301-2688
https://orcid.org/0000-0001-8596-2812
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0003-3233-6636
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0001-8584-9705
https://orcid.org/0000-0003-1014-8677
https://orcid.org/0000-0002-8724-9604
https://orcid.org/0000-0002-4423-4461
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0000-0001-9955-9258
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0001-9302-3102
https://orcid.org/0000-0001-6004-6180
https://orcid.org/0000-0002-5960-6803
https://orcid.org/0000-0001-9094-482X
https://orcid.org/0000-0001-9387-7407
https://orcid.org/0000-0001-5135-7489
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0003-2500-1061
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0001-5094-2256
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0003-2444-1014
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0001-8017-5502
https://orcid.org/0000-0002-7004-0214
https://orcid.org/0000-0003-1985-3807
https://orcid.org/0000-0002-1870-9443
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0002-5376-0877
https://orcid.org/0000-0001-7379-4540
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0002-2310-9266
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-2208-5178
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0003-2360-351X
https://orcid.org/0000-0003-0797-2606
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0009-0006-6551-0660
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0001-5746-7371
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0003-3002-2430
https://orcid.org/0000-0001-8988-2035
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-5502-9412
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0000-0002-3190-7962
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0002-7069-9019
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-2535-402X
https://orcid.org/0000-0002-7174-781X
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0003-3887-5358
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0001-8563-0412
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0000-0002-5152-9006
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0001-6277-7171


17

M. Diamantopoulou, D. Karasavvas, P. Kontaxakis , A. Manousakis-Katsikakis , A. Pana-
giotou, I. Papavergou , N. Saoulidou , K. Theofilatos , E. Tziaferi , K. Vellidis ,
I. Zisopoulos

National Technical University of Athens, Athens, Greece
G. Bakas , T. Chatzistavrou, K. Kousouris , I. Papakrivopoulos , G. Tsipolitis,
A. Zacharopoulou

University of Ioánnina, Ioánnina, Greece
K. Adamidis, I. Bestintzanos, I. Evangelou , C. Foudas, P. Gianneios , C. Kamtsikis,
P. Katsoulis, P. Kokkas , P.G. Kosmoglou Kioseoglou , N. Manthos , I. Papadopoulos ,
J. Strologas
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S. Abu Zeida,53 , C. Aimèa,b , A. Braghieria , S. Calzaferria ,b , D. Fiorinaa,b ,
P. Montagnaa ,b , V. Rea , C. Riccardia,b , P. Salvinia , I. Vaia , P. Vituloa,b

INFN Sezione di Perugiaa, Università di Perugiab, Perugia, Italy
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G. Mantovania,b, V. Mariania,b , M. Menichellia , F. Moscatellia,54 , A. Piccinellia,b ,
M. Presillaa,b , A. Rossia,b , A. Santocchiaa ,b , D. Spigaa , T. Tedeschia,b
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lez Caballero , J.R. González Fernández , E. Palencia Cortezon , C. Ramón Álvarez ,
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
D. Agyel , F. Boran , Z.S. Demiroglu , F. Dolek , I. Dumanoglu66 , E. Eskut ,
Y. Guler67 , E. Gurpinar Guler67 , C. Isik , O. Kara, A. Kayis Topaksu , U. Kiminsu ,
G. Onengut , K. Ozdemir68 , A. Polatoz , A.E. Simsek , B. Tali69 , U.G. Tok ,
S. Turkcapar , E. Uslan , I.S. Zorbakir

Middle East Technical University, Physics Department, Ankara, Turkey
G. Karapinar70, K. Ocalan71 , M. Yalvac72

Bogazici University, Istanbul, Turkey
B. Akgun , I.O. Atakisi , E. Gülmez , M. Kaya73 , O. Kaya74 , S. Tekten75

Istanbul Technical University, Istanbul, Turkey
A. Cakir , K. Cankocak66 , Y. Komurcu , S. Sen76

Istanbul University, Istanbul, Turkey
O. Aydilek , S. Cerci69 , B. Hacisahinoglu , I. Hos77 , B. Isildak78 , B. Kaynak ,
S. Ozkorucuklu , C. Simsek , D. Sunar Cerci69

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkiv,
Ukraine
B. Grynyov

National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
D. Anthony , E. Bhal , J.J. Brooke , A. Bundock , E. Clement , D. Cussans ,
H. Flacher , M. Glowacki, J. Goldstein , G.P. Heath, H.F. Heath , L. Kreczko ,
B. Krikler , S. Paramesvaran , S. Seif El Nasr-Storey, V.J. Smith , N. Stylianou79 ,
K. Walkingshaw Pass, R. White

Rutherford Appleton Laboratory, Didcot, United Kingdom
A.H. Ball, K.W. Bell , A. Belyaev80 , C. Brew , R.M. Brown , D.J.A. Cockerill ,
C. Cooke , K.V. Ellis, K. Harder , S. Harper , M.-L. Holmberg81 , Sh. Jain , J. Linacre ,
K. Manolopoulos, D.M. Newbold , E. Olaiya, D. Petyt , T. Reis , G. Salvi , T. Schuh,
C.H. Shepherd-Themistocleous , I.R. Tomalin , T. Williams

Imperial College, London, United Kingdom
R. Bainbridge , P. Bloch , S. Bonomally, J. Borg , C.E. Brown , O. Buchmuller, V. Cacchio,
V. Cepaitis , G.S. Chahal82 , D. Colling , J.S. Dancu, P. Dauncey , G. Davies , J. Davies,
M. Della Negra , S. Fayer, G. Fedi , G. Hall , M.H. Hassanshahi , A. Howard, G. Iles ,
J. Langford , L. Lyons , A.-M. Magnan , S. Malik, A. Martelli , M. Mieskolainen ,
D.G. Monk , J. Nash83 , M. Pesaresi, B.C. Radburn-Smith , D.M. Raymond, A. Richards,
A. Rose , E. Scott , C. Seez , R. Shukla , A. Tapper , K. Uchida , G.P. Uttley ,
L.H. Vage, T. Virdee26 , M. Vojinovic , N. Wardle , S.N. Webb , D. Winterbottom

Brunel University, Uxbridge, United Kingdom
K. Coldham, J.E. Cole , A. Khan, P. Kyberd , I.D. Reid

Baylor University, Waco, Texas, USA
S. Abdullin , A. Brinkerhoff , B. Caraway , J. Dittmann , K. Hatakeyama , A.R. Kanu-
ganti , B. McMaster , M. Saunders , S. Sawant , C. Sutantawibul , J. Wilson

https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0003-3563-2959
https://orcid.org/0000-0002-1797-8844
https://orcid.org/0000-0002-3611-390X
https://orcid.org/0000-0001-7977-7127
https://orcid.org/0000-0001-7092-5517
https://orcid.org/0000-0002-0039-5503
https://orcid.org/0000-0001-8328-3314
https://orcid.org/0000-0001-7598-5252
https://orcid.org/0000-0002-6172-0285
https://orcid.org/0000-0002-7977-0811
https://orcid.org/0000-0002-3169-4573
https://orcid.org/0000-0001-6940-7800
https://orcid.org/0000-0002-6274-4254
https://orcid.org/0000-0002-0103-1488
https://orcid.org/0000-0001-9516-0821
https://orcid.org/0000-0002-9074-2256
https://orcid.org/0000-0002-7447-5602
https://orcid.org/0000-0002-3039-021X
https://orcid.org/0000-0003-2608-0494
https://orcid.org/0000-0002-2472-0526
https://orcid.org/0000-0002-5962-2221
https://orcid.org/0000-0002-8419-1400
https://orcid.org/0000-0003-4915-9162
https://orcid.org/0000-0001-8888-3562
https://orcid.org/0000-0002-9231-7464
https://orcid.org/0000-0002-6353-518X
https://orcid.org/0000-0003-2890-4493
https://orcid.org/0000-0002-8485-3822
https://orcid.org/0000-0002-9624-5525
https://orcid.org/0000-0002-8627-7689
https://orcid.org/0000-0002-3829-3481
https://orcid.org/0000-0002-7084-030X
https://orcid.org/0000-0001-7325-1087
https://orcid.org/0000-0002-2567-6766
https://orcid.org/0000-0002-8702-6152
https://orcid.org/0000-0002-2646-1230
https://orcid.org/0000-0002-7678-1101
https://orcid.org/0000-0002-0283-5234
https://orcid.org/0000-0003-3857-2496
https://orcid.org/0000-0001-5153-9266
https://orcid.org/0000-0002-7359-8635
https://orcid.org/0000-0002-5412-4688
https://orcid.org/0000-0003-1700-0173
https://orcid.org/0000-0001-5889-7410
https://orcid.org/0000-0002-5016-8886
https://orcid.org/0000-0003-4494-628X
https://orcid.org/0000-0003-2529-0684
https://orcid.org/0000-0002-2916-6456
https://orcid.org/0000-0003-3412-4004
https://orcid.org/0000-0001-8192-0826
https://orcid.org/0000-0002-5371-941X
https://orcid.org/0000-0003-1591-6014
https://orcid.org/0000-0001-6576-9740
https://orcid.org/0000-0003-2341-8330
https://orcid.org/0000-0001-9712-0030
https://orcid.org/0000-0003-4748-8296
https://orcid.org/0000-0003-4543-2547
https://orcid.org/0000-0002-0113-6829
https://orcid.org/0000-0001-5793-526X
https://orcid.org/0000-0002-2294-5860
https://orcid.org/0000-0002-1733-4408
https://orcid.org/0000-0001-6595-8365
https://orcid.org/0000-0002-6728-0153
https://orcid.org/0000-0003-2427-5765
https://orcid.org/0000-0003-3730-4895
https://orcid.org/0000-0002-2965-6973
https://orcid.org/0000-0001-5637-2653
https://orcid.org/0000-0002-9473-5985
https://orcid.org/0000-0003-1770-5309
https://orcid.org/0000-0001-7555-652X
https://orcid.org/0000-0002-9015-9634
https://orcid.org/0000-0002-2369-4469
https://orcid.org/0000-0003-3703-6624
https://orcid.org/0000-0002-2787-1063
https://orcid.org/0000-0003-0551-6949
https://orcid.org/0000-0003-2419-4439
https://orcid.org/0000-0002-8724-4678
https://orcid.org/0000-0001-9157-4832
https://orcid.org/0000-0001-6716-979X
https://orcid.org/0000-0002-7716-7621
https://orcid.org/0000-0002-7766-6615
https://orcid.org/0000-0002-4809-4056
https://orcid.org/0000-0003-0320-4407
https://orcid.org/0000-0001-9959-4977
https://orcid.org/0000-0001-6839-9466
https://orcid.org/0000-0001-8668-5001
https://orcid.org/0000-0001-6497-8081
https://orcid.org/0000-0001-9101-2573
https://orcid.org/0000-0002-6299-8385
https://orcid.org/0000-0001-6634-4517
https://orcid.org/0000-0002-1219-5859
https://orcid.org/0000-0002-3931-4379
https://orcid.org/0000-0001-7945-9188
https://orcid.org/0000-0002-4266-1646
https://orcid.org/0000-0003-3530-2255
https://orcid.org/0000-0001-8893-7401
https://orcid.org/0000-0002-8377-1999
https://orcid.org/0000-0003-0607-6519
https://orcid.org/0000-0003-1488-9675
https://orcid.org/0000-0002-9773-550X
https://orcid.org/0000-0003-0352-6836
https://orcid.org/0000-0002-1637-5494
https://orcid.org/0000-0001-5670-5497
https://orcid.org/0000-0003-4543-864X
https://orcid.org/0000-0003-0742-2276
https://orcid.org/0009-0002-6248-6467
https://orcid.org/0000-0001-7429-2198
https://orcid.org/0000-0001-8665-2808
https://orcid.org/0000-0003-1344-3356
https://orcid.org/0000-0003-4749-8814
https://orcid.org/0000-0003-4582-150X
https://orcid.org/0000-0001-5638-7599
https://orcid.org/0000-0002-7353-7090
https://orcid.org/0000-0002-9235-779X
https://orcid.org/0000-0003-4885-6935
https://orcid.org/0000-0002-4819-7995
https://orcid.org/0000-0002-6088-2020
https://orcid.org/0000-0002-1911-3158
https://orcid.org/0000-0002-6012-2451
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-4494-0446
https://orcid.org/0000-0003-1572-9075
https://orcid.org/0000-0002-1981-7753
https://orcid.org/0000-0003-0600-0151
https://orcid.org/0000-0002-5672-7394


24

Catholic University of America, Washington, DC, USA
R. Bartek , A. Dominguez , R. Uniyal , A.M. Vargas Hernandez

The University of Alabama, Tuscaloosa, Alabama, USA
S.I. Cooper , D. Di Croce , S.V. Gleyzer , C. Henderson , C.U. Perez , P. Rumerio84 ,
C. West

Boston University, Boston, Massachusetts, USA
A. Akpinar , A. Albert , D. Arcaro , C. Cosby , Z. Demiragli , C. Erice ,
E. Fontanesi , D. Gastler , S. May , J. Rohlf , K. Salyer , D. Sperka , D. Spitzbart ,
I. Suarez , A. Tsatsos , S. Yuan

Brown University, Providence, Rhode Island, USA
G. Benelli , B. Burkle , X. Coubez21, D. Cutts , M. Hadley , U. Heintz , J.M. Hogan85 ,
T. Kwon , G. Landsberg , K.T. Lau , D. Li , J. Luo , M. Narain , N. Pervan ,
S. Sagir86 , F. Simpson , E. Usai , W.Y. Wong, X. Yan , D. Yu , W. Zhang

University of California, Davis, Davis, California, USA
J. Bonilla , C. Brainerd , R. Breedon , M. Calderon De La Barca Sanchez , M. Chertok ,
J. Conway , P.T. Cox , R. Erbacher , G. Haza , F. Jensen , O. Kukral , G. Mocellin ,
M. Mulhearn , D. Pellett , B. Regnery , Y. Yao , F. Zhang

University of California, Los Angeles, California, USA
M. Bachtis , R. Cousins , A. Datta , D. Hamilton , J. Hauser , M. Ignatenko ,
M.A. Iqbal , T. Lam , E. Manca , W.A. Nash , S. Regnard , D. Saltzberg , B. Stone ,
V. Valuev

University of California, Riverside, Riverside, California, USA
R. Clare , J.W. Gary , M. Gordon, G. Hanson , G. Karapostoli , O.R. Long ,
N. Manganelli , W. Si , S. Wimpenny

University of California, San Diego, La Jolla, California, USA
J.G. Branson , P. Chang , S. Cittolin , S. Cooperstein , D. Diaz , J. Duarte ,
R. Gerosa , L. Giannini , J. Guiang , R. Kansal , V. Krutelyov , R. Lee , J. Letts ,
M. Masciovecchio , F. Mokhtar , M. Pieri , B.V. Sathia Narayanan , V. Sharma ,
M. Tadel , E. Vourliotis , F. Würthwein , Y. Xiang , A. Yagil

University of California, Santa Barbara - Department of Physics, Santa Barbara, California,
USA
N. Amin, C. Campagnari , M. Citron , G. Collura , A. Dorsett , V. Dutta ,
J. Incandela , M. Kilpatrick , J. Kim , A.J. Li , P. Masterson , H. Mei , M. Oshiro ,
M. Quinnan , J. Richman , U. Sarica , R. Schmitz , F. Setti , J. Sheplock , P. Siddireddy,
D. Stuart , S. Wang

California Institute of Technology, Pasadena, California, USA
A. Bornheim , O. Cerri, I. Dutta , A. Latorre, J.M. Lawhorn , N. Lu , J. Mao ,
H.B. Newman , T. Q. Nguyen , M. Spiropulu , J.R. Vlimant , C. Wang , S. Xie ,
R.Y. Zhu

Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
J. Alison , S. An , M.B. Andrews , P. Bryant , T. Ferguson , A. Harilal , C. Liu ,
T. Mudholkar , S. Murthy , M. Paulini , A. Roberts , A. Sanchez , W. Terrill

University of Colorado Boulder, Boulder, Colorado, USA
J.P. Cumalat , W.T. Ford , A. Hassani , G. Karathanasis , E. MacDonald, F. Marini ,

https://orcid.org/0000-0002-1686-2882
https://orcid.org/0000-0002-7420-5493
https://orcid.org/0000-0001-7345-6293
https://orcid.org/0000-0002-8911-7197
https://orcid.org/0000-0002-4618-0313
https://orcid.org/0000-0002-1122-7919
https://orcid.org/0000-0002-6222-8102
https://orcid.org/0000-0002-6986-9404
https://orcid.org/0000-0002-6861-2674
https://orcid.org/0000-0002-1702-5541
https://orcid.org/0000-0003-4460-2241
https://orcid.org/0000-0001-7510-6617
https://orcid.org/0000-0003-2369-9507
https://orcid.org/0000-0001-9457-8302
https://orcid.org/0000-0003-0352-6561
https://orcid.org/0000-0001-8521-737X
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0009-0000-7307-6311
https://orcid.org/0000-0002-6351-6122
https://orcid.org/0000-0001-6423-9799
https://orcid.org/0000-0002-6957-1077
https://orcid.org/0000-0002-4624-2019
https://orcid.org/0000-0003-2025-2742
https://orcid.org/0000-0002-5374-6995
https://orcid.org/0000-0001-8310-8911
https://orcid.org/0000-0002-2029-024X
https://orcid.org/0000-0003-4461-8905
https://orcid.org/0000-0003-1645-822X
https://orcid.org/0000-0003-1041-7099
https://orcid.org/0000-0002-7068-4327
https://orcid.org/0000-0002-7590-3058
https://orcid.org/0000-0002-8604-3452
https://orcid.org/0000-0001-9594-6277
https://orcid.org/0000-0002-4184-9380
https://orcid.org/0000-0003-1371-8575
https://orcid.org/0000-0003-0890-8948
https://orcid.org/0000-0002-4108-8681
https://orcid.org/0000-0002-7857-7403
https://orcid.org/0000-0002-8153-8464
https://orcid.org/0000-0002-2614-5860
https://orcid.org/0000-0001-8944-9629
https://orcid.org/0000-0001-9323-2107
https://orcid.org/0000-0002-6426-0560
https://orcid.org/0000-0001-5921-5231
https://orcid.org/0000-0002-6982-6121
https://orcid.org/0000-0002-9552-1006
https://orcid.org/0000-0001-5314-7581
https://orcid.org/0000-0001-9835-4349
https://orcid.org/0000-0002-2729-6273
https://orcid.org/0000-0003-2719-5779
https://orcid.org/0000-0003-1218-2828
https://orcid.org/0000-0001-7170-8944
https://orcid.org/0009-0001-1326-3956
https://orcid.org/0000-0003-3769-9081
https://orcid.org/0009-0007-3858-6659
https://orcid.org/0000-0002-1531-3478
https://orcid.org/0000-0003-1145-6436
https://orcid.org/0009-0000-0389-8571
https://orcid.org/0000-0003-1539-923X
https://orcid.org/0000-0002-5990-4245
https://orcid.org/0000-0002-6158-2468
https://orcid.org/0000-0003-3110-0701
https://orcid.org/0000-0002-5963-0467
https://orcid.org/0000-0003-2695-7719
https://orcid.org/0000-0002-5408-169X
https://orcid.org/0000-0002-9781-4873
https://orcid.org/0000-0001-8258-5863
https://orcid.org/0000-0001-8664-1949
https://orcid.org/0000-0002-0862-7348
https://orcid.org/0000-0001-8946-655X
https://orcid.org/0009-0004-3633-8967
https://orcid.org/0000-0002-9818-6725
https://orcid.org/0000-0003-0658-9146
https://orcid.org/0000-0002-9397-5231
https://orcid.org/0000-0002-0783-6703
https://orcid.org/0000-0003-3293-5305
https://orcid.org/0000-0003-0175-5731
https://orcid.org/0000-0002-7273-4009
https://orcid.org/0000-0002-4280-2541
https://orcid.org/0000-0002-2180-7634
https://orcid.org/0000-0002-3398-4531
https://orcid.org/0000-0002-5879-6326
https://orcid.org/0000-0003-0505-4908
https://orcid.org/0009-0009-5683-4614
https://orcid.org/0000-0002-2095-6320
https://orcid.org/0000-0002-0922-9587
https://orcid.org/0000-0003-0262-3132
https://orcid.org/0000-0001-6834-1176
https://orcid.org/0000-0002-5076-7096
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-5621-7706
https://orcid.org/0000-0002-2155-8260
https://orcid.org/0000-0003-2445-1060
https://orcid.org/0000-0002-1386-0232
https://orcid.org/0009-0000-4634-0797
https://orcid.org/0000-0002-0156-1251
https://orcid.org/0000-0002-8200-9425
https://orcid.org/0000-0003-2533-3402
https://orcid.org/0000-0003-3303-6301
https://orcid.org/0000-0003-2076-5126
https://orcid.org/0000-0003-1736-8795
https://orcid.org/0000-0001-8800-0045
https://orcid.org/0000-0002-2270-0492
https://orcid.org/0000-0001-5912-6124
https://orcid.org/0000-0003-4112-7457
https://orcid.org/0000-0002-6108-4004
https://orcid.org/0000-0002-8978-8177
https://orcid.org/0000-0001-6250-8465
https://orcid.org/0000-0002-4160-1844
https://orcid.org/0000-0001-5349-3011
https://orcid.org/0000-0001-5958-829X
https://orcid.org/0000-0001-9850-2030
https://orcid.org/0000-0002-2602-0566
https://orcid.org/0000-0002-2072-6082
https://orcid.org/0000-0002-3895-717X
https://orcid.org/0000-0002-6890-7624
https://orcid.org/0000-0002-9838-8327
https://orcid.org/0000-0002-2200-7516
https://orcid.org/0000-0003-2902-5597
https://orcid.org/0000-0002-5189-146X
https://orcid.org/0000-0002-1557-4424
https://orcid.org/0000-0003-2328-677X
https://orcid.org/0000-0001-9800-7822
https://orcid.org/0000-0002-8752-1946
https://orcid.org/0000-0002-4965-0747
https://orcid.org/0000-0001-7887-1728
https://orcid.org/0000-0002-0128-0871
https://orcid.org/0000-0003-0953-4503
https://orcid.org/0000-0002-8597-9259
https://orcid.org/0000-0002-2631-6770
https://orcid.org/0009-0002-8988-9987
https://orcid.org/0000-0003-0964-1480
https://orcid.org/0000-0003-3954-5131
https://orcid.org/0000-0001-8172-7081
https://orcid.org/0000-0002-9705-101X
https://orcid.org/0000-0002-0117-7196
https://orcid.org/0000-0003-2509-5731
https://orcid.org/0000-0003-3091-7461
https://orcid.org/0000-0003-0843-1641
https://orcid.org/0000-0002-9740-1622
https://orcid.org/0000-0001-5537-4518
https://orcid.org/0000-0001-8145-6322
https://orcid.org/0000-0001-5822-3731
https://orcid.org/0000-0001-9625-1987
https://orcid.org/0000-0002-3100-7294
https://orcid.org/0000-0002-9352-8140
https://orcid.org/0000-0002-1277-9168
https://orcid.org/0000-0002-6714-5787
https://orcid.org/0000-0002-5139-0550
https://orcid.org/0000-0002-5431-6989
https://orcid.org/0000-0002-2078-8419
https://orcid.org/0000-0002-6032-5857
https://orcid.org/0000-0001-8703-6943
https://orcid.org/0009-0008-4322-7682
https://orcid.org/0000-0001-5115-5828
https://orcid.org/0000-0002-2374-6433


25

A. Perloff , C. Savard , N. Schonbeck , K. Stenson , K.A. Ulmer , S.R. Wagner ,
N. Zipper

Cornell University, Ithaca, New York, USA
J. Alexander , S. Bright-Thonney , X. Chen , D.J. Cranshaw , J. Fan , X. Fan ,
D. Gadkari , S. Hogan , J. Monroy , J.R. Patterson , D. Quach , J. Reichert ,
M. Reid , A. Ryd , J. Thom , P. Wittich , R. Zou

Fermi National Accelerator Laboratory, Batavia, Illinois, USA
M. Albrow , M. Alyari , G. Apollinari , A. Apresyan , L.A.T. Bauerdick , D. Berry ,
J. Berryhill , P.C. Bhat , K. Burkett , J.N. Butler , A. Canepa , G.B. Cerati ,
H.W.K. Cheung , F. Chlebana , K.F. Di Petrillo , J. Dickinson , V.D. Elvira , Y. Feng ,
J. Freeman , A. Gandrakota , Z. Gecse , L. Gray , D. Green, S. Grünendahl ,
D. Guerrero , O. Gutsche , R.M. Harris , R. Heller , T.C. Herwig , J. Hirschauer ,
L. Horyn , B. Jayatilaka , S. Jindariani , M. Johnson , U. Joshi , T. Klijnsma ,
B. Klima , K.H.M. Kwok , S. Lammel , D. Lincoln , R. Lipton , T. Liu , C. Madrid ,
K. Maeshima , C. Mantilla , D. Mason , P. McBride , P. Merkel , S. Mrenna ,
S. Nahn , J. Ngadiuba , D. Noonan , V. Papadimitriou , N. Pastika , K. Pedro ,
C. Pena87 , F. Ravera , A. Reinsvold Hall88 , L. Ristori , E. Sexton-Kennedy ,
N. Smith , A. Soha , L. Spiegel , J. Strait , L. Taylor , S. Tkaczyk , N.V. Tran ,
L. Uplegger , E.W. Vaandering , I. Zoi

University of Florida, Gainesville, Florida, USA
P. Avery , D. Bourilkov , L. Cadamuro , V. Cherepanov , R.D. Field, M. Kim,
E. Koenig , J. Konigsberg , A. Korytov , E. Kuznetsova , K.H. Lo, K. Matchev ,
N. Menendez , G. Mitselmakher , A. Muthirakalayil Madhu , N. Rawal , D. Rosen-
zweig , S. Rosenzweig , K. Shi , J. Wang , Z. Wu

Florida State University, Tallahassee, Florida, USA
T. Adams , A. Askew , R. Habibullah , V. Hagopian , T. Kolberg , G. Martinez,
H. Prosper , O. Viazlo , M. Wulansatiti , R. Yohay , J. Zhang

Florida Institute of Technology, Melbourne, Florida, USA
M.M. Baarmand , S. Butalla , T. Elkafrawy53 , M. Hohlmann , R. Kumar Verma ,
M. Rahmani, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, Illinois, USA
M.R. Adams , H. Becerril Gonzalez , R. Cavanaugh , S. Dittmer , O. Evdokimov ,
C.E. Gerber , D.J. Hofman , D. S. Lemos , A.H. Merrit , C. Mills , G. Oh , T. Roy ,
S. Rudrabhatla , M.B. Tonjes , N. Varelas , X. Wang , Z. Ye , J. Yoo

The University of Iowa, Iowa City, Iowa, USA
M. Alhusseini , K. Dilsiz89 , L. Emediato , R.P. Gandrajula , G. Karaman ,
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