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Abstract

The jet axis decorrelation in inclusive jets is studied using lead-lead (PbPb) collisions
at a center-of-mass energy per nucleon pair of 5.02 TeV. The jet axis decorrelation is
defined as the angular difference between two definitions of the jet axis. It is obtained
by applying two recombination schemes on all the constituents of a given jet recon-
structed by the anti-kT sequential algorithm with a distance parameter of R = 0.4.
The data set, corresponding to an integrated luminosity of 0.66 nb−1, was collected in
2018 with the CMS detector at the CERN LHC. The jet axis decorrelations are exam-
ined across collision centrality selections and intervals of jet transverse momentum.
A centrality dependent evolution of the measured distributions is observed, with a
progressive narrowing seen in more central events. This narrowing could result from
medium-induced modification of the internal jet structure or reflect color charge ef-
fects in energy loss. This new measurement probes jet substructure in previously
unexplored kinematic domains and show great promise for providing new insights
on the color charge dependence of energy loss to jet-quenching models.
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1 Introduction
Jets have been used as versatile tools for probing the properties of quark-gluon plasma (QGP)
created in high-energy collisions [1, 2]. Jets are collimated streams of particles that form when
energetic quarks and gluons (partons) produced in high-momentum-transfer (hard) processes
fragment into lower-energy (soft) partons and subsequently hadronize into particles. During
the evolution of the jet shower, the outgoing partons can interact with the QGP, resulting in a
range of physical phenomena collectively known as “jet quenching.” Experimental evidence of
jet quenching is provided by many observables at the BNL RHIC [3, 4] and the CERN LHC [5–
8]. Jet-medium interactions in the QGP modify the jet shower properties as compared to jets
produced in collisions of elementary particles. Various jet substructure observables are em-
ployed to study radiation patterns inside jets and the effects of QGP on those distributions.
There have been numerous experimental measurements indicating a modification of jet sub-
structure in heavy ion collisions as compared to proton-proton (pp) collisions [9–11]. A recent
review of CMS measurements on the subject can be found in Ref. [12].

Energy scale differences between the initial parton and final-state shower constituents, as well
as nonperturbative hadronization effects, pose challenges for theoretical predictions of jet quench-
ing. Additional complications arise from the response of the medium to the propagating jet and
how this response could further modify the jet shower. Perturbative and nonperturbative con-
tributions, which arise from different energy scales and processes, are treated differently in
various theoretical approaches, with a greater degree of variation and uncertainty for the non-
perturbative components. It is therefore critical to map out jet modification at different scales
and to probe the internal jet substructure with observables that have different sensitivities to
the perturbative and nonperturbative domains.

In this paper, a search for possible modifications to jet substructure is conducted using mea-
surements of the jet axis decorrelation between two different jet axes within a given jet, which
are expected to have different sensitivities to soft-gluon radiation [13]. The jet axis decorre-
lation, ∆j, is defined as the angular separation between the axes found using the traditional
anti-kT energy-weighted (E-scheme) recombination and the winner-take-all (WTA) recombina-
tion schemes [13]:

∆j =
√
(ηE-scheme − ηWTA)2 + (ϕE-scheme − ϕWTA)2, (1)

where each jet axis direction is characterized by its pseudorapidity (η) and azimuthal angle (ϕ).
In the E-scheme recombination algorithm, the four-vector sum of constituents determines the
jet axis at each clustering step. This definition includes contributions from soft constituents and
provides the momentum-averaged direction of the energy flow. On the other hand, the WTA
recombination scheme follows the direction of the hardest prong at each clustering iteration
and is more sensitive to collinear radiation inside the jet [13]. The WTA axis is insensitive to
soft radiation at leading order, allowing for a more direct interpretation in terms of perturba-
tive quantum chromodynamics (QCD) calculations. Since these two algorithms have different
sensitivities to soft radiation, studies of axis decorrelations can provide information about ra-
diative energy loss in QGP. These decorrelations are also sensitive to the details of the parton
shower and can reflect modifications of fragmentation patterns as well as their dependence on
the parton flavor.

Experimental measurements of ∆j provide significant advantages for tuning the parton shower
in event generators and for gaining insight on medium effects in heavy ion collisions because of
the availability of analytical calculations at next-to-leading logarithmic accuracy [13]. Success-
ful applications for the former can be found in comparisons of numerical calculations for pp
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collisions at a center-of-mass energy
√

s = 13 TeV with PYTHIA 8.2 simulations, where excellent
agreement has been demonstrated for transverse momenta (pT) above 100 GeV [13]. However,
at lower pT, discrepancies have been observed, likely attributable to nonperturbative effects
and power-suppressed contributions, which arise from soft radiation and hadronization pro-
cesses that become significant at low energy scales [13].

Recently, the ALICE Collaboration measured jet-axis decorrelations in lead-lead (PbPb) and
pp collisions at a center-of-mass energy per nucleon pair (

√
s

NN
) of 5.02 TeV using E-scheme

and WTA axes with jets reconstructed from charged particle tracks [11, 14]. The measured
distributions for jets in the range 40 < pT < 80 GeV showed a narrowing of the ∆j distribu-
tions in PbPb collisions compared to the pp reference. These measurements were primarily
conducted in a kinematic region where nonperturbative effects, such as contributions from the
medium response and underlying event fluctuations, are expected to be more significant. Sim-
ilarly, the CMS Collaboration also measured jet axis decorrelations in PbPb and pp collisions at√

s
NN

= 5.02 TeV using isolated photon-tagged jet events in the 30 < pT < 100 GeV range [10].
There, a similar narrowing of the ∆j distribution in PbPb compared to pp collisions was seen
in the momentum range of 60 < pT < 100 GeV.

This paper presents a study of the jet axis decorrelation of anti-kT jets with a distance parameter
of R = 0.4 in PbPb collisions at

√
s

NN
= 5.02 TeV, using data recorded by the CMS experiment

in 2018. Measurements are carried out in four pT intervals ranging from 120 to 300 GeV and in
four centrality intervals from 0 to 80%, where centrality is defined as the fraction of the total
nucleus-nucleus cross section, with 0% corresponding to the maximum overlap of the colliding
nuclei. Measurements are corrected for detector resolution effects by employing an unfolding
procedure. The sensitivity of the ∆j distribution shape to the type of parton initiating the jet
shower is also employed to explore the potential impact of color charge effects on energy loss,
and several model scenarios are examined. Tabulated results are provided in the HEPData
record for this analysis [15].

2 Experimental setup and data sample
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scin-
tillator hadron calorimeter, each composed of a barrel and two endcap sections. Two hadron
forward (HF) steel and quartz-fiber calorimeters complement the barrel and endcap detectors,
providing coverage to |η| < 5.2. The HF calorimeters are segmented into multiple 0.175×0.175
(∆η×∆ϕ) “towers”, where ϕ is the azimuthal angle in radians. Events of interest are selected
using a two-tiered trigger system. The first level, composed of custom hardware processors,
uses information from the calorimeters and muon detectors to select events at a rate of around
100 kHz [16]. The second level, known as the high-level trigger, consists of a farm of proces-
sors running a version of the full event reconstruction software optimized for fast processing
and reducing the event rate to around 1 kHz before data storage [17]. A detailed description
of the CMS detector, together with a definition of the coordinate system used and the relevant
kinematic variables, can be found in Refs. [18, 19].

This analysis uses approximately 7 million events, corresponding to an integrated luminosity
of 0.66 nb−1 [20–22], that were recorded in 2018 using high-level triggers requiring at least one
jet with pT > 80 GeV. Background events due to beam-gas interactions and nonhadronic colli-
sions are removed offline by applying the criteria described in Ref. [23]. Events are required to
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have at least one primary interaction vertex reconstructed using two or more tracks [24] within
a distance of 15 cm from the center of the nominal interaction point along the beam axis. Each
event must have at least two calorimeter towers in each HF detector, with energy deposits ex-
ceeding 4 GeV per tower, effectively removing the ultraperipheral collision events. The shapes
of the clusters in the pixel detector are required to be compatible with those expected in PbPb
collisions to prevent contamination from events with multiple collisions [25]. The collision cen-
trality is determined using the total sum of transverse energy (ET) from calorimeter towers in
the HF region (covering 2.9 < |η| < 5.2). The measured HF energy distribution is used to
divide the event sample into bins, each representing 0.5% of the total nucleus-nucleus hadronic
interaction cross section. A detailed description of centrality determination can be found in
Ref. [26].

A sample of simulated events is used to correct reconstruction and detector resolution effects
and to construct template distributions for jets from different types of partons in modeling
studies. The PYTHIA 8.226 [27] event generator with tune CP5 [28] and NNPDF3.1 parton dis-
tribution functions at next-to-next-to-leading order [29] is used to describe the hard scattering,
parton showering, and hadronization processes for the interaction producing jets of interest.
These events are embedded into simulated minimum bias PbPb collisions produced with the
HYDJET 1.9 [30] event generator to account for the soft underlying event produced in PbPb
collisions. The HYDJET generator is tuned to mirror global PbPb event properties such as the
charged-hadron pT spectrum and particle multiplicity. The combined sample of hard PYTHIA

interactions and soft HYDJET underlying event is referred to as the PYTHIA+HYDJET sample.
Simulation of the CMS detector response is performed using the GEANT4 [31] toolkit.

In PbPb collisions, the frequency of jet production is higher in central events due to the in-
creased number of binary nucleon-nucleon collisions per nuclear interaction. Conversely, the
PYTHIA+HYDJET sample exhibits a uniform distribution of jets (from PYTHIA) across central-
ity bins. Therefore, a centrality-based weighting is applied to the minimum bias MC sample
to align its centrality distribution with the jet-triggered PbPb data. Another weighting step is
performed to match the distributions of the primary vertex position along the beam direction
in the simulated and data samples.

3 Jet reconstruction
In PbPb collisions, jets are reconstructed using the anti-kT algorithm [32] with a distance param-
eter of R = 0.4, implemented in the FASTJET framework [33]. A particle-flow (PF) algorithm,
optimized to combine information from various elements of the CMS detector, is used to recon-
struct leptons, photons, and charged and neutral hadrons [34]. These PF candidates are the in-
put for reconstructing the jets analyzed in this study. The constituent subtraction method [35] is
employed to subtract the contributions of the underlying event. Charged-hadron PF candidates
are assumed to have the pion mass. The jets are clustered using the E-scheme recombination
scheme [33], wherein particle pairs are iteratively combined to form pseudo-jets. These pseudo-
jets are objects that combine particles or other pseudo-jets. The direction of the new pseudo-jet
is determined by the vector sum of the four-momenta of its constituent particles. When using
E-scheme recombination scheme, the direction of the resulting four-vector is the E-scheme jet
axis, expressed in (η, ϕ) coordinates. To calculate the other axis relevant to this work, the WTA
axis, the jet is reclustered using the winner-take-all recombination scheme [36, 37] combined
with the anti-kT algorithm and the same input PF constituents. During each iteration, the di-
rection of the new pseudo-jet aligns with that of the highest-pT particle or pseudo-jet being
combined. Consequently, the WTA axis typically coincides with the direction of the hardest jet
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constituent.

Jet energy corrections are derived from simulation studies so that the average measured en-
ergy of jets becomes identical to that of particle-level jets. In situ measurements of the momen-
tum balance using dijet events from pp collisions are used to determine any residual differ-
ences between the jet energy scale (JES) in data and simulation, and appropriate corrections
are made [38]. Additional selection criteria are applied to each jet to remove jets potentially
dominated by instrumental effects or reconstruction failures [39].

After jet reconstruction and energy correction, all selected jets are required to have pT >
120 GeV and |η| < 1.6. In this kinematic range, the jet trigger is fully efficient, and the jet energy
response and resolution are optimal. The study is performed in four intervals of jet pT, specifi-
cally 120 < pT < 150 GeV, 150 < pT < 190 GeV, 190 < pT < 230 GeV, and 230 < pT < 300 GeV.

4 Analysis method
The jet axis decorrelation between the E-scheme and WTA axes is calculated according to
Eq.( 1). The measured ∆j distributions are normalized by the total number of jets within each
jet pT interval, denoted as N(pjet

T ), yielding the following expression:

1

N(pjet
T )

dN(pjet
T )

d∆j
.

Measurements are unfolded to the particle level to correct detector resolution effects and un-
derlying event fluctuations, facilitating comparisons with other experiments and theoretical
predictions. The unfolding process employs the iterative D’Agostini’s unfolding method [40–
42] with early stopping, which is implemented in the ROOUNFOLD software package [43] and
requires a response matrix. This matrix is derived from simulated samples and captures the
correspondence between the ∆j and jet pT at both the generator and detector levels. To cap-
ture bin-migration effects, response matrices were constructed using the detector-level pT in
the range 80–500 GeV. Within the kinematic range studied, jet reconstruction is fully efficient
even in the most central PbPb collisions. Thus, the unfolding procedure does not include ad-
ditional scaling factors for missed jets. Additionally, erroneous jet contributions from random
background fluctuations were found to be negligible for jets above 120 GeV, so no corrections
for this effect are applied.

The ∆j distributions in the simulated samples exhibit substantial shape differences between
quark- and gluon-initiated jets across all pT intervals investigated in this analysis. These generator-
level distributions are subsequently used for template fitting to estimate the potential limits of
color charge effects in jet energy loss.

5 Systematic uncertainties
The systematic uncertainties are determined by individually varying each analysis criterion, as
discussed below.

Event centrality is determined in the data by the ET sum in the HF calorimeters, which in-
volves inherent uncertainties. The boundaries of ET sums in HF for each centrality interval are
varied according to these uncertainties to assess their impact on the final result. The resulting
difference is taken as a systematic uncertainty.
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The systematic uncertainty associated with jet energy resolution (JER) arises from possible dis-
crepancies in the JER between data and simulation. In the nominal analysis, these differences
are accounted for by applying a jet-η dependent smearing to the jet pT in the simulation when
constructing response matrices. To estimate the systematic uncertainty, new response matrices
are generated by adjusting the smearing amount (both up and down) to reflect the uncertainty
in the data-to-simulation discrepancy. The unfolding procedure is then performed using these
modified response matrices. Additionally, a centrality-dependent systematic uncertainty due
to JER is examined to account for potential differences in the background energy density be-
tween data and simulation. This uncertainty is estimated by shifting the centrality in the simu-
lation up and down by 2%, which accounts for the observed particle density variations between
data and MC. The systematic uncertainty due to the JES correction is calculated by shifting the
jet pT up and down in the data according to the JES uncertainties [38] and comparing the shifted
and nominal results.

In the nominal jet reconstruction method, the constituent subtraction method [35] is used to
subtract the contributions of the underlying event from the jet energy. An alternative back-
ground subtraction technique, accounting for the effects of hydrodynamical flow via event-by-
event Fourier fits to the ϕ distribution of PF candidates [44], is used for the systematic evalua-
tion.

The optimal number of unfolding iterations is determined by analyzing the convergence be-
havior and the bias-variance trade-off through cross-unfolding different MC samples (unfold-
ing reweighted MC samples using response matrices from nominal MC and vice versa). The
iterative procedure is stopped when, for all bins, the magnitude of the bias becomes smaller
than the statistical uncertainty, ensuring a balance between accuracy and overfitting. Based on
this criterion, the optimal number of iterations is three. Results obtained using two and four
iterations are compared to assess the systematic uncertainty associated with the iteration count.
The response matrices used in the unfolding procedure are derived from the PYTHIA+HYDJET

sample, which has limited statistical precision. The statistical uncertainty inherent in these re-
sponse matrices can influence the unfolding process. To account for the resulting uncertainty,
fifty alternative response matrices are constructed by randomly varying each response matrix
bin content according to the statistical uncertainty of the nominal response matrix and repeat-
ing the unfolding process. The resulting systematic uncertainty is determined by calculating
the root-mean-square value from the fifty unfolding outputs and evaluating the differences
from the nominal values. To study the systematic effect of the response matrix populated from
a specific MC sample, a new response matrix is obtained by varying the quark- and gluon-like
fractions in the simulation based on limits obtained from data and performing the unfolding.
The PYTHIA+HYDJET sample, where the jet pT is weighted to match the data, is used to con-
struct the nominal response matrices. The unfolding procedure is repeated with a new response
matrix constructed using the unweighted jet pT distribution to evaluate the uncertainty related
to the prior shape.

The energy scale uncertainty of PF candidates was checked by scaling the four-momenta of the
charged hadron and photon PF candidates by ±1% and of neutral hadron PF candidates by
±3% [9]. The impact of these variations was found to be negligible.

When multiple variations are considered for a single uncertainty source, the maximum devia-
tion from the nominal value is used. The total systematic uncertainty is obtained by summing
the uncertainties from each source in quadrature. In this analysis, systematic uncertainties are
categorized as either correlated or uncorrelated.

The systematic uncertainties due to the JER and JES are treated as correlated sources, while all
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other uncertainties are treated as uncorrelated. The systematic variations due to JER and the
JES affect the jet pT, which is anti-correlated with ∆j. The dominant systematic uncertainty in
this analysis is from the JES. The absolute contributions from each source, as well as the total
systematic uncertainties, are summarized in Table 1 for ∆j distributions.

Table 1: Summary of absolute systematic uncertainties, averaged over the ∆j distributions for
different centrality intervals. The range of uncertainty values reflects the maximum variation
across different pT intervals.

Uncertainty source
Centrality

50–80% 30–50% 10–30% 0–10%
Centrality 0.001–0.011 0.001–0.004 0.000–0.002 0.000–0.002
JER 0.053–0.088 0.068–0.123 0.054–0.180 0.189–0.290
JES 0.304–0.574 0.355–0.443 0.407–0.487 0.423–0.498
Background subtraction 0.006–0.041 0.023–0.048 0.037–0.068 0.067–0.091
Iteration choice 0.007–0.053 0.009–0.041 0.020–0.057 0.017–0.086
Response matrix event count 0.000–0.001 0.000–0.001 0.000–0.001 0.000–0.001
Scaled flavor fraction in sim. 0.000–0.002 0.001–0.002 0.003–0.006 0.005–0.012
Prior choice 0.001–0.002 0.001–0.002 0.001–0.003 0.006–0.013

Total correlated uncertainty 0.316–0.581 0.362–0.459 0.443–0.490 0.463–0.534
Total uncorrelated uncertainty 0.015–0.066 0.026–0.054 0.065–0.072 0.088–0.110

6 Results and discussion
Figure 1 shows the unfolded normalized ∆j distributions in different jet pT intervals ranging
from 120 < pT < 150 GeV to 230 < pT < 300 GeV. Each plot consists of four distributions
corresponding to four centrality intervals, distinguished by different marker colors. The lower
panels show ratios of ∆j distributions in a given centrality range to that of the 50–80% central-
ity interval. Correlated systematic uncertainties, the dominant sources of uncertainty in this
analysis, are mitigated in the ratios by dividing each distribution by the corresponding distri-
bution from the 50–80% centrality interval. The ∆j distributions dip towards the smallest ∆j
values (∆j ≈ 0), indicating a low probability of finding both the E-scheme and WTA axes of a
jet aligned in the same direction. These distributions peak between 0.01 < ∆j < 0.03, and then
decline sharply with increasing ∆j.

A progressive narrowing of the ∆j distributions, evident in the enhancement of small-∆j yields
and a compensating suppression at higher ∆j values, is observed from peripheral to central col-
lisions across all pT intervals. The narrowing is most significant in the most central events and
could be attributed to modifications of the internal structure of the jet induced by interactions
with the QGP medium. However, one could expect some broadening because of in-medium
gluon radiation influencing the direction of the jet axes (particularly the E-scheme axis). It
has also been argued in another substructure measurement that such narrowing in inclusive
jets could be a consequence of a selection bias [9], with different amounts of energy loss experi-
enced by jets with different internal structures due to, e.g., color coherence effects. Additionally,
as higher pT jets have narrower ∆j distributions compared to lower-pT jets across all central-
ity intervals, the apparent narrowing could be an artifact of out-of-cone partonic energy loss
affecting the JES. That is, the reconstruction of the quenched jet does not preserve the same
correspondence to the initial parton energy as the jets that fragmented in the vacuum, causing
a momentum selection bias that would be present in the heavy ion data.
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Figure 1: The unfolded normalized ∆j distributions are measured across different centrality and
pT intervals. Each panel displays distributions for four centrality intervals within a specific pT
bin, with pT ranges (indicated in each panel) increasing from left to right. In each panel, the
black circles show measurements for 0–10% centrality interval, the red squares for 10–30%, and
the blue-up and green-down triangles for 30–50% and 50–80% centrality intervals, respectively.
The vertical solid lines represent the statistical uncertainties, while the rectangles and shaded
areas represent the correlated and uncorrelated systematic uncertainties, respectively.
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While a direct comparison to the ALICE results [11] from the same collision system and energy
is precluded by the differences in the technical aspects of jet reconstruction and jet axis defini-
tions, the physics observations related to the narrowing of jet axis decorrelation are consistent
between the two experiments within the overlapping kinematic range.

The new results are compared with the PYTHIA8 MC generator using the CP5 tune [27, 28] and
HERWIG7 using the CH3 tune [45–48], represented by the pink and orange bands in Figs. 2–5,
respectively, to investigate potential medium-induced jet substructure modifications compared
to the perturbative QCD estimation for vacuum fragmentation. The ratios between data and
simulation are shown in the lower panels. The comparison presented in Figs. 2–5 shows that the
PYTHIA predictions align well with the measured data for all pT intervals of the most peripheral
events studied, while HERWIG expects wider distributions at each pT. Larger discrepancies be-
come evident across all pT ranges from the centrality interval of 10–30%, and HERWIG exhibits a
consistently larger deviation from data as compared to PYTHIA. The level of agreement contin-
ues to deteriorate toward more central events, as the data distributions become progressively
narrower.

The prediction from the JEWEL 2.2.0 model [49], represented by hatched lines for the 0–10%
centrality interval, is shown in Fig. 5. The JEWEL model is a dynamic framework for jet evo-
lution in a dense background, based on perturbative QCD. However, the model qualitatively
fails to describe the 0–10% centrality collision data across all pT intervals. While differences
exist with and without medium recoil effects, these primarily influence the yield of recoiling
jets rather than the distribution shape.
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Figure 2: The unfolded ∆j distributions (black circles) are compared with simulations from
PYTHIA, HERWIG, and a two-component, represented as colored bands, for the 50–80% cen-
trality range across different pT intervals. The vertical solid lines represent the statistical un-
certainties, while the rectangles and shaded areas represent the correlated and uncorrelated
systematic uncertainties, respectively. Only statistical uncertainties are shown for the simu-
lated distributions.

The predicted color charge dependence of partonic energy loss should result in a more sig-
nificant migration of gluon-initiated jets toward lower final-state energy values compared to
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Figure 3: The unfolded ∆j distributions (black circles) are compared with simulations from
PYTHIA, HERWIG, and a two-component, represented as colored bands, for the 30–50% cen-
trality range across different pT intervals. The vertical solid lines represent the statistical un-
certainties, while the rectangles and shaded areas represent the correlated and uncorrelated
systematic uncertainties, respectively. Only statistical uncertainties are shown for the simu-
lated distributions.
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Figure 4: The unfolded ∆j distributions (black circles) are compared with simulations from
PYTHIA, HERWIG, and a two-component, represented as colored bands, for the 10–30% cen-
trality range across different pT intervals. The vertical solid lines represent the statistical un-
certainties, while the rectangles and shaded areas represent the correlated and uncorrelated
systematic uncertainties, respectively. Only statistical uncertainties are shown for the simu-
lated distributions.
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quark jets. This is because of the higher color charge associated with gluons, which allows
them to interact more strongly with the medium [12, 50]. Since the ∆j distributions of gluon
jets are significantly broader than those of quark jets, differences in energy loss could also lead
to the narrowing of jet axis decorrelations. To illustrate this effect, the data are compared to
a PYTHIA-based ∆j distribution constructed using predictions from phenomenological mod-
els [51, 52], where medium-induced modifications of jet functions result in changes to the frac-
tion of quark- and gluon-initiated jets in PbPb collisions compared to elementary collisions.
Such a model, labeled as “medium q/g” in Fig. 5, describes the most central data points (for
which predictions were available) across the majority of the measured ∆j range. At higher ∆j in
the higher pT bins, the PYTHIA-based ∆j distributions are above the data, even when consider-
ing mostly narrow (quark-initiated) jets in simulation. This suggests that while the bulk of the
distribution is well described by the model, the large-∆j behavior cannot be reconciled through
changes in quark/gluon composition of the sample alone, indicating the need to account for
medium-induced substructure changes.

In Figs. 2–5, we have added a set of curves labeled “two-component”, based on a simple model.
These curves correspond to a fit of PYTHIA8 with the CP5 tune to the unfolded data, aimed at
further testing whether the modified quark/gluon fractions from the model discussed above
provide an optimal description of the measured data. In this study, all quark flavors are com-
bined into a single quark template (with different flavor contributions varied for uncertainty
evaluations), and a two-component PYTHIA-based quark/gluon template fit is performed on
the fully unfolded measured distributions. This simple model attributes the entire modification
to changes in the flavor composition of the sample, thereby providing only a lower limit for the
broadest (gluon-like) contribution. The gluon-like jet fraction preferred by the fit aligns with
PYTHIA expectations in the 50–80% centrality range, but a preference for a much lower fraction
is observed in more central events. Notably, the estimated limit on the gluon fraction for 0–10%
central collisions from this simplified model is in excellent agreement with predictions from the
“medium q/g” model [51, 52] (as shown in Appendix A), as also indicated by the ratio of the
∆j distributions with the best fit in the lower panel.

7 Summary
This paper presents the first measurement of jet axis decorrelation (∆j) between two types of
jet axes for inclusive jets from lead-lead (PbPb) collision data collected with the CMS detec-
tor at the LHC, at a nucleon-nucleon center-of-mass energy of 5.02 TeV. These measurements
are performed using anti-kT jets with a radius parameter R = 0.4 and with pseudorapidity
|η| < 1.6 in four centrality intervals and four transverse momentum pT intervals ranging from
120 to 300 GeV. Significant modifications of ∆j distributions are observed in central compared
to peripheral collisions, with a progressive narrowing of the distributions toward more central
events. This narrowing behavior could result from medium-induced modifications of the in-
ternal jet structure, although the possibility of a selection bias towards a less-quenched sample
should be considered. Such a bias could arise from the predicted color charge dependence of
partonic energy loss, with gluon jets expected to lose more energy than quark jets. The mea-
sured distributions from peripheral collisions are described by the PYTHIA8 event generator
without any jet quenching effects. Progressive narrowing of the ∆j distribution is observed
toward more central events for all pT intervals studied. Comparisons with phenomenological
and simple simulation-based models indicate that the observed narrowing in the ∆j distribu-
tions in central PbPb collisions may be largely described by a decrease in the relative gluon jet
abundance, except for higher jet pT intervals. Deviations at high pT suggest that accounting for
jet substructure modifications or a more sophisticated implementation of color charge effects
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in energy loss is needed to fully describe the data. These new measurements explore jet sub-
structure in previously unexplored kinematic domains and show great promise for providing
new insights into the color charge dependence of energy loss.
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grants K 131991, K 133046, K 138136, K 143460, K 143477, K 146913, K 146914, K 147048, 2020-
2.2.1-ED-2021-00181, TKP2021-NKTA-64, and 2021-4.1.2-NEMZ KI-2024-00036 (Hungary); the
Council of Science and Industrial Research, India; ICSC – National Research Center for High
Performance Computing, Big Data and Quantum Computing and FAIR – Future Artificial
Intelligence Research, funded by the NextGenerationEU program (Italy); the Latvian Coun-
cil of Science; the Ministry of Education and Science, project no. 2022/WK/14, and the
National Science Center, contracts Opus 2021/41/B/ST2/01369 and 2021/43/B/ST2/01552
(Poland); the Fundação para a Ciência e a Tecnologia, grant CEECIND/01334/2018 (Por-
tugal); the National Priorities Research Program by Qatar National Research Fund; MI-
CIU/AEI/10.13039/501100011033, ERDF/EU, ”European Union NextGenerationEU/PRTR”,



14

and Programa Severo Ochoa del Principado de Asturias (Spain); the Chulalongkorn Academic
into Its 2nd Century Project Advancement Project, and the National Science, Research and
Innovation Fund via the Program Management Unit for Human Resources & Institutional De-
velopment, Research and Innovation, grant B39G670016 (Thailand); the Kavli Foundation; the
Nvidia Corporation; the SuperMicro Corporation; the Welch Foundation, contract C-1845; and
the Weston Havens Foundation (USA).

References
[1] L. Apolinário, Y.-J. Lee, and M. Winn, “Heavy quarks and jets as probes of the QGP”,

Prog. Part. Nucl. Phys. 127 (2022) 103990, doi:10.1016/j.ppnp.2022.103990,
arXiv:2203.16352.

[2] L. Cunqueiro and A. M. Sickles, “Studying the QGP with jets at the LHC and RHIC”,
Prog. Part. Nucl. Phys. 124 (2022) 103940, doi:10.1016/j.ppnp.2022.103940,
arXiv:2110.14490.

[3] PHENIX Collaboration, “Suppression of hadrons with large transverse momentum in
central Au+Au collisions at

√
s

NN
= 130 GeV”, Phys. Rev. Lett. 88 (2002) 022301,

doi:10.1103/PhysRevLett.88.022301, arXiv:nucl-ex/0109003.

[4] STAR Collaboration, “Centrality dependence of high pT hadron suppression in Au+Au
collisions at

√
s

NN
= 130 GeV”, Phys. Rev. Lett. 89 (2002) 202301,

doi:10.1103/PhysRevLett.89.202301, arXiv:nucl-ex/0206011.

[5] CMS Collaboration, “First measurement of large area jet transverse momentum spectra
in heavy-ion collisions”, JHEP 05 (2021) 284, doi:10.1007/JHEP05(2021)284,
arXiv:2102.13080.

[6] CMS Collaboration, “In-medium modification of dijets in PbPb collisions at√
s

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

arXiv:2101.04720.

[7] ATLAS Collaboration, “Measurement of suppression of large-radius jets and its
dependence on substructure in Pb+Pb collisions at

√
s

NN
= 5.02 TeV with the ATLAS

detector”, Phys. Rev. Lett. 131 (2023) 172301,
doi:10.1103/PhysRevLett.131.172301, arXiv:2301.05606.

[8] ALICE Collaboration, “Measurement of the radius dependence of charged-particle jet
suppression in Pb–Pb collisions at

√
s

NN
= 5.02 TeV”, Phys. Lett. B 849 (2024) 138412,

doi:10.1016/j.physletb.2023.138412, arXiv:2303.00592.

[9] CMS Collaboration, “Girth and groomed radius of jets recoiling against isolated photons
in lead-lead and proton-proton collisions at

√
s

NN
= 5.02 TeV”, 2024.

arXiv:2405.02737. Accepted by Phys. Lett. B,
doi:10.48550/arXiv.2405.02737.

[10] CMS Collaboration, “First measurement of jet axis decorrelation with photon-tagged jets
in pp and PbPb collisions at 5.02 TeV”, CMS Physics Analysis Summary
CMS-PAS-HIN-21-019, 2024.

http://dx.doi.org/10.1016/j.ppnp.2022.103990
http://www.arXiv.org/abs/2203.16352
http://dx.doi.org/10.1016/j.ppnp.2022.103940
http://www.arXiv.org/abs/2110.14490
http://dx.doi.org/10.1103/PhysRevLett.88.022301
http://www.arXiv.org/abs/nucl-ex/0109003
http://dx.doi.org/10.1103/PhysRevLett.89.202301
http://www.arXiv.org/abs/nucl-ex/0206011
http://dx.doi.org/10.1007/JHEP05(2021)284
http://www.arXiv.org/abs/2102.13080
http://dx.doi.org/10.1007/JHEP05(2021)116
http://www.arXiv.org/abs/2101.04720
http://dx.doi.org/10.1103/PhysRevLett.131.172301
http://www.arXiv.org/abs/2301.05606
http://dx.doi.org/10.1016/j.physletb.2023.138412
http://www.arXiv.org/abs/2303.00592
http://www.arXiv.org/abs/2405.02737
http://dx.doi.org/10.48550/arXiv.2405.02737
https://cds.cern.ch/record/2904759
https://cds.cern.ch/record/2904759


References 15

[11] ALICE Collaboration, “Measurement of the angle between jet axes in PbPb collisions at√
s

NN
= 5.02 TeV”, 2023. arXiv:2303.13347. Submitted to Phys. Rev. Lett.,

doi:10.48550/arXiv.2303.13347.

[12] CMS Collaboration, “Overview of high-density QCD studies with the CMS experiment
at the LHC”, 2024. arXiv:2405.10785. Accepted by Phys. Rept.,
doi:10.48550/arXiv.2405.10785.

[13] P. Cal, D. Neill, F. Ringer, and W. J. Waalewijn, “Calculating the angle between jet axes”,
JHEP 04 (2020) 211, doi:10.1007/JHEP04(2020)211, arXiv:1911.06840.

[14] ALICE Collaboration, “Measurement of the angle between jet axes in pp collisions at√
s = 5.02 TeV”, JHEP 07 (2022) 201, doi:10.1007/JHEP07(2023)201,

arXiv:2211.08928.

[15] HEPData record for this analysis, 2024. doi:10.17182/hepdata.156182.

[16] CMS Collaboration, “Performance of the CMS level-1 trigger in proton-proton collisions
at

√
s = 13 TeV”, JINST 15 (2020) P10017, doi:10.1088/1748-0221/15/10/P10017,

arXiv:2006.10165.

[17] CMS Collaboration, “The CMS trigger system”, JINST 12 (2017) P01020,
doi:10.1088/1748-0221/12/01/P01020, arXiv:1609.02366.

[18] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[19] CMS Collaboration, “Development of the CMS detector for the CERN LHC Run 3”,
JINST 19 (2024) P05064, doi:10.1088/1748-0221/19/05/P05064,
arXiv:2309.05466.

[20] CMS Collaboration, “Precision luminosity measurement in proton-proton collisions at√
s = 13 TeV in 2015 and 2016 at CMS”, Eur. Phys. J. C 81 (2021) 800,

doi:10.1140/epjc/s10052-021-09538-2, arXiv:2104.01927.

[21] CMS Collaboration, “CMS luminosity measurement for the 2017 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-17-004, 2018.

[22] CMS Collaboration, “CMS luminosity measurement for the 2018 data-taking period at√
s = 13 TeV”, CMS Physics Analysis Summary CMS-PAS-LUM-18-002, 2019.

[23] CMS Collaboration, “Charged-particle nuclear modification factors in PbPb and pPb
collisions at

√
s

NN
= 5.02 TeV”, JHEP 04 (2017) 039, doi:10.1007/JHEP04(2017)039,

arXiv:1611.01664.

[24] CMS Collaboration, “Description and performance of track and primary-vertex
reconstruction with the CMS tracker”, JINST 9 (2014) P10009,
doi:10.1088/1748-0221/9/10/p10009, arXiv:1405.6569.

[25] CMS Collaboration, “Transverse-momentum and pseudorapidity distributions of
charged hadrons in pp collisions at

√
s = 0.9 and 2.36 TeV”, JHEP 02 (2010) 041,

doi:10.1007/JHEP02(2010)041, arXiv:1002.0621.

[26] CMS Collaboration, “Observation and studies of jet quenching in PbPb collisions at√
s

NN
= 2.76 TeV”, Phys. Rev. C 84 (2011) 024906,

doi:10.1103/PhysRevC.84.024906, arXiv:1102.1957.

http://www.arXiv.org/abs/2303.13347
http://dx.doi.org/10.48550/arXiv.2303.13347
http://www.arXiv.org/abs/2405.10785
http://dx.doi.org/10.48550/arXiv.2405.10785
http://dx.doi.org/10.1007/JHEP04(2020)211
http://www.arXiv.org/abs/1911.06840
http://dx.doi.org/10.1007/JHEP07(2023)201
http://www.arXiv.org/abs/2211.08928
http://dx.doi.org/10.17182/hepdata.156182
http://dx.doi.org/10.1088/1748-0221/15/10/P10017
http://www.arXiv.org/abs/2006.10165
http://dx.doi.org/10.1088/1748-0221/12/01/P01020
http://www.arXiv.org/abs/1609.02366
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1748-0221/19/05/P05064
http://www.arXiv.org/abs/2309.05466
http://dx.doi.org/10.1140/epjc/s10052-021-09538-2
http://www.arXiv.org/abs/2104.01927
https://cds.cern.ch/record/2621960/
https://cds.cern.ch/record/2621960/
https://cds.cern.ch/record/2676164
https://cds.cern.ch/record/2676164
http://dx.doi.org/10.1007/JHEP04(2017)039
http://www.arXiv.org/abs/1611.01664
http://dx.doi.org/10.1088/1748-0221/9/10/p10009
http://www.arXiv.org/abs/1405.6569
http://dx.doi.org/10.1007/JHEP02(2010)041
http://www.arXiv.org/abs/1002.0621
http://dx.doi.org/10.1103/PhysRevC.84.024906
http://www.arXiv.org/abs/1102.1957


16
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A Expected gluon fraction in inclusive jets in vacuum and medium
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Figure A.1: Expected gluon fraction in inclusive R = 0.4 jet sample in the vacuum (based on
PYTHIA8 with tune CP5) and in medium (based on Refs. [51, 52]).
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G. Abbiendia , C. Battilanaa,b , D. Bonacorsia,b , P. Capiluppia ,b , A. Castro†a,b ,
F.R. Cavalloa , M. Cuffiania,b , G.M. Dallavallea , T. Diotalevia,b , F. Fabbria ,
A. Fanfania,b , D. Fasanellaa , P. Giacomellia , L. Giommia,b , C. Grandia ,
L. Guiduccia,b , S. Lo Meoa,49 , M. Lorussoa,b , L. Lunertia , S. Marcellinia ,
G. Masettia , F.L. Navarriaa,b , G. Paggia,b , A. Perrottaa , F. Primaveraa,b ,
A.M. Rossia,b , S. Rossi Tisbenia,b , T. Rovellia,b , G.P. Sirolia,b

INFN Sezione di Cataniaa, Università di Cataniab, Catania, Italy
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P. Barriaa , C. Basilea,b , F. Cavallaria , L. Cunqueiro Mendeza,b , D. Del Rea,b ,

https://orcid.org/0000-0002-5152-9006
https://orcid.org/0000-0002-1738-8676
https://orcid.org/0000-0002-4662-3305
https://orcid.org/0000-0002-6396-622X
https://orcid.org/0000-0003-3010-4516
https://orcid.org/0000-0003-3232-9380
https://orcid.org/0000-0003-1947-3396
https://orcid.org/0000-0002-4952-3799
https://orcid.org/0000-0001-7997-0306
https://orcid.org/0000-0002-3763-5267
https://orcid.org/0009-0004-5528-3914
https://orcid.org/0000-0002-4098-3502
https://orcid.org/0000-0002-6927-8807
https://orcid.org/0000-0001-7297-2624
https://orcid.org/0000-0002-9161-3990
https://orcid.org/0000-0003-3592-9509
https://orcid.org/0000-0002-0791-3350
https://orcid.org/0000-0002-1909-6343
https://orcid.org/0000-0002-2363-8889
https://orcid.org/0000-0002-8300-4124
https://orcid.org/0000-0002-8233-7277
https://orcid.org/0000-0001-5404-543X
https://orcid.org/0000-0003-4296-7028
https://orcid.org/0000-0002-7663-0805
https://orcid.org/0000-0001-9038-4500
https://orcid.org/0000-0002-7275-9193
https://orcid.org/0000-0003-1124-8450
https://orcid.org/0000-0001-9523-6451
https://orcid.org/0000-0002-3061-1553
https://orcid.org/0000-0001-5927-8865
https://orcid.org/0000-0002-8575-7250
https://orcid.org/0000-0001-7375-4899
https://orcid.org/0000-0001-5269-8517
https://orcid.org/0000-0001-8359-3734
https://orcid.org/0000-0002-8184-7953
https://orcid.org/0000-0002-0227-1301
https://orcid.org/0000-0002-3086-8260
https://orcid.org/0000-0002-7497-7450
https://orcid.org/0000-0001-6794-8419
https://orcid.org/0000-0002-0218-4910
https://orcid.org/0000-0002-0782-0883
https://orcid.org/0000-0002-9918-1686
https://orcid.org/0000-0002-8387-762X
https://orcid.org/0000-0003-2461-275X
https://orcid.org/0009-0009-1025-6337
https://orcid.org/0000-0003-2414-4175
https://orcid.org/0009-0002-5210-6213
https://orcid.org/0000-0003-1692-6206
https://orcid.org/0000-0001-8219-2074
https://orcid.org/0000-0001-6262-4685
https://orcid.org/0000-0001-9526-556X
https://orcid.org/0000-0002-8801-9894
https://orcid.org/0000-0003-1327-9058
https://orcid.org/0000-0001-9821-4151
https://orcid.org/0000-0002-3798-1135
https://orcid.org/0000-0001-6471-5492
https://orcid.org/0000-0002-8773-4781
https://orcid.org/0000-0002-0807-8772
https://orcid.org/0000-0001-8348-2962
https://orcid.org/0000-0002-3129-828X
https://orcid.org/0000-0002-2205-5737
https://orcid.org/0000-0002-2359-8477
https://orcid.org/0000-0002-5360-1454
https://orcid.org/0000-0001-5924-4286
https://orcid.org/0000-0001-7915-1650
https://orcid.org/0000-0002-8312-1531
https://orcid.org/0000-0002-1659-8727
https://orcid.org/0000-0002-1315-563X
https://orcid.org/0000-0002-7253-2669
https://orcid.org/0000-0001-8791-7978
https://orcid.org/0000-0003-1797-4330
https://orcid.org/0000-0003-3970-6986
https://orcid.org/0000-0002-5861-8140
https://orcid.org/0000-0002-5441-7755
https://orcid.org/0000-0002-1118-6205
https://orcid.org/0000-0001-7002-2051
https://orcid.org/0000-0003-3466-7500
https://orcid.org/0000-0003-4050-1769
https://orcid.org/0000-0001-5140-9154
https://orcid.org/0000-0002-8938-2193
https://orcid.org/0000-0003-4281-4582
https://orcid.org/0000-0003-3953-5996
https://orcid.org/0000-0003-0380-1172
https://orcid.org/0000-0003-3075-2679
https://orcid.org/0000-0002-9606-5604
https://orcid.org/0000-0002-1162-2505
https://orcid.org/0000-0002-7104-257X
https://orcid.org/0000-0001-9647-9420
https://orcid.org/0000-0003-0697-3420
https://orcid.org/0000-0003-0165-3962
https://orcid.org/0000-0001-9207-7256
https://orcid.org/0000-0003-0037-5032
https://orcid.org/0000-0001-9247-7778
https://orcid.org/0000-0002-2726-2858
https://orcid.org/0000-0002-4159-9123
https://orcid.org/0000-0002-0843-4108
https://orcid.org/0000-0002-9007-629X
https://orcid.org/0000-0001-7108-8116
https://orcid.org/0000-0002-9004-735X
https://orcid.org/0000-0002-7676-3106
https://orcid.org/0000-0002-2031-2955
https://orcid.org/0000-0002-9770-2249
https://orcid.org/0000-0002-2991-6384
https://orcid.org/0000-0002-7125-2905
https://orcid.org/0000-0003-0449-4717
https://orcid.org/0000-0003-4981-2790
https://orcid.org/0000-0003-2379-9903
https://orcid.org/0000-0002-1717-5654
https://orcid.org/0000-0003-4298-1620
https://orcid.org/0000-0002-7575-8639
https://orcid.org/0000-0002-6598-6865
https://orcid.org/0000-0002-9930-9299
https://orcid.org/0000-0002-2303-2588
https://orcid.org/0000-0001-7248-2967
https://orcid.org/0000-0003-0146-845X
https://orcid.org/0000-0003-0002-5462
https://orcid.org/0000-0002-0151-4439
https://orcid.org/0000-0002-7342-2592
https://orcid.org/0000-0003-1414-9343
https://orcid.org/0000-0001-7646-4977
https://orcid.org/0000-0001-9428-2296
https://orcid.org/0000-0002-1549-7107
https://orcid.org/0000-0003-2351-0487
https://orcid.org/0000-0003-2514-6930
https://orcid.org/0000-0001-7551-5613
https://orcid.org/0000-0002-3510-4833
https://orcid.org/0000-0003-4671-815X
https://orcid.org/0000-0001-7938-5684
https://orcid.org/0000-0002-9380-8919
https://orcid.org/0000-0002-6361-438X
https://orcid.org/0000-0002-4543-2718
https://orcid.org/0000-0002-0635-274X
https://orcid.org/0000-0001-5742-5593
https://orcid.org/0000-0003-0582-4167
https://orcid.org/0000-0002-4338-6332
https://orcid.org/0000-0001-7962-5203
https://orcid.org/0000-0003-3469-9377
https://orcid.org/0000-0003-2574-4383
https://orcid.org/0000-0003-2606-9156
https://orcid.org/0000-0002-9395-5230
https://orcid.org/0009-0008-8227-0755
https://orcid.org/0000-0002-0249-4142
https://orcid.org/0000-0002-0042-9507
https://orcid.org/0000-0002-3924-7380
https://orcid.org/0000-0003-4486-6482
https://orcid.org/0000-0002-1061-3877
https://orcid.org/0000-0001-6764-5370
https://orcid.org/0000-0003-0870-5796


26

E. Di Marcoa ,b , M. Diemoza , F. Erricoa,b , R. Gargiuloa ,b, E. Longoa,b ,
L. Martikainena,b , J. Mijuskovica,b , G. Organtinia ,b , F. Pandolfia , R. Paramattia,b ,
C. Quarantaa,b , S. Rahatloua,b , C. Rovellia , F. Santanastasioa,b , L. Soffia ,
V. Vladimirova,b
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J. Babbara ,b , S. Belfortea , V. Candelisea,b , M. Casarsaa , F. Cossuttia , K. De Leoa ,
G. Della Riccaa,b

Kyungpook National University, Daegu, Korea
S. Dogra , J. Hong , J. Kim, D. Lee, H. Lee, S.W. Lee , C.S. Moon , Y.D. Oh , M.S. Ryu ,
S. Sekmen , B. Tae, Y.C. Yang

Department of Mathematics and Physics - GWNU, Gangneung, Korea
M.S. Kim

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
G. Bak , P. Gwak , H. Kim , D.H. Moon

Hanyang University, Seoul, Korea
E. Asilar , J. Choi57 , D. Kim , T.J. Kim , J.A. Merlin, Y. Ryou

Korea University, Seoul, Korea
S. Choi , S. Han, B. Hong , K. Lee, K.S. Lee , S. Lee , J. Yoo

Kyung Hee University, Department of Physics, Seoul, Korea
J. Goh , S. Yang

Sejong University, Seoul, Korea
Y. Kang , H. S. Kim , Y. Kim, S. Lee

Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi , J. Choi, W. Jun , J. Kim , Y.W. Kim , S. Ko , H. Lee ,
J. Lee , J. Lee , B.H. Oh , S.B. Oh , H. Seo , U.K. Yang, I. Yoon

University of Seoul, Seoul, Korea
W. Jang , D.Y. Kang, S. Kim , B. Ko, J.S.H. Lee , Y. Lee , I.C. Park , Y. Roh, I.J. Watson

Yonsei University, Department of Physics, Seoul, Korea
S. Ha , K. Hwang , B. Kim , K. Lee , H.D. Yoo

Sungkyunkwan University, Suwon, Korea
M. Choi , M.R. Kim , H. Lee, Y. Lee , I. Yu

College of Engineering and Technology, American University of the Middle East (AUM),

https://orcid.org/0000-0002-5920-2438
https://orcid.org/0000-0002-3810-8530
https://orcid.org/0000-0001-8199-370X
https://orcid.org/0000-0001-6238-6787
https://orcid.org/0000-0003-1609-3515
https://orcid.org/0009-0009-1589-9980
https://orcid.org/0000-0002-3229-0781
https://orcid.org/0000-0001-8713-3874
https://orcid.org/0000-0002-0080-9550
https://orcid.org/0000-0002-0042-6891
https://orcid.org/0000-0001-9794-3360
https://orcid.org/0000-0003-2173-7530
https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0009-0009-2769-5950
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-0770-269X
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0003-2743-4119
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-7746-9868
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0003-2209-2527
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0003-2437-013X
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6233-0513
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0001-5793-526X
https://orcid.org/0000-0002-4080-4156
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0002-0812-0758
https://orcid.org/0000-0002-9463-4922
https://orcid.org/0000-0002-1028-3468
https://orcid.org/0000-0001-8229-7829
https://orcid.org/0000-0002-7219-9931
https://orcid.org/0000-0002-1855-180X
https://orcid.org/0000-0003-1726-5681
https://orcid.org/0000-0003-1009-4621
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-0095-8185
https://orcid.org/0009-0009-7347-1480
https://orcid.org/0000-0001-8019-9387
https://orcid.org/0000-0002-5628-9187
https://orcid.org/0000-0001-5680-599X
https://orcid.org/0000-0002-6024-0992
https://orcid.org/0000-0002-8336-9182
https://orcid.org/0000-0001-8336-2434
https://orcid.org/0000-0001-6225-9876
https://orcid.org/0000-0002-2259-9929
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-9257-9643
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-1129-2083
https://orcid.org/0000-0001-6905-6553
https://orcid.org/0000-0001-6079-3434
https://orcid.org/0000-0002-6543-9191
https://orcid.org/0000-0002-2483-5104
https://orcid.org/0009-0001-5122-4552
https://orcid.org/0000-0001-9876-6642
https://orcid.org/0000-0002-4856-5989
https://orcid.org/0000-0003-4377-9969
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0001-6753-3731
https://orcid.org/0000-0002-5351-7201
https://orcid.org/0000-0002-9539-7789
https://orcid.org/0000-0003-0710-4956
https://orcid.org/0000-0002-3932-0605
https://orcid.org/0000-0002-3491-8026
https://orcid.org/0000-0002-1571-9072
https://orcid.org/0000-0002-8015-7379
https://orcid.org/0000-0002-2153-1519
https://orcid.org/0000-0001-5572-5947
https://orcid.org/0000-0003-4510-6776
https://orcid.org/0000-0003-2141-3413
https://orcid.org/0000-0003-2538-1551
https://orcid.org/0009-0000-3828-3032
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0003-0808-4184
https://orcid.org/0000-0002-3892-3500
https://orcid.org/0000-0002-4811-626X
https://orcid.org/0000-0002-2289-2527
https://orcid.org/0000-0001-6954-9964
https://orcid.org/0000-0003-1567-5548


27

Dasman, Kuwait
T. Beyrouthy , Y. Gharbia

Kuwait University - College of Science - Department of Physics, Safat, Kuwait
F. Alazemi

Riga Technical University, Riga, Latvia
K. Dreimanis , A. Gaile , C. Munoz Diaz , D. Osite , G. Pikurs, A. Potrebko ,
M. Seidel , D. Sidiropoulos Kontos

University of Latvia (LU), Riga, Latvia
N.R. Strautnieks

Vilnius University, Vilnius, Lithuania
M. Ambrozas , A. Juodagalvis , A. Rinkevicius , G. Tamulaitis

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
I. Yusuff58 , Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez , A. Castaneda Hernandez , H.A. Encinas Acosta, L.G. Gallegos Marı́ñez,
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H. Bialkowska , M. Bluj , M. Górski , M. Kazana , M. Szleper , P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski , K. Doroba , A. Kalinowski , M. Konecki , J. Krolikowski ,
A. Muhammad

Warsaw University of Technology, Warsaw, Poland
P. Fokow , K. Pozniak , W. Zabolotny
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