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Abstract

The longitudinal invariance of jet-induced peaks in two-particle correlation functions
from relativistic lead-lead collisions is experimentally explored. The data were col-
lected at a center-of-mass energy per nucleon pair of 5.02 TeV in 2018 using the CMS
detector. The dataset corresponds to an integrated luminosity of 0.607nb~'. Long-
and short-range correlations are studied through two-dimensional distributions of
the separations in pseudorapidity and azimuth between particles in an event. Jets
manifest as a well-defined peak at small angular separations, and the shape of this
peak provides insight into jet medium interactions. This Letter examines the evolu-
tion of the jet peak shape, focusing on the dependence of its width and longitudinal
asymmetry on the transverse momentum, collision centrality, and pseudorapidity of
the associated charged particles. The jet-peak distributions of lower transverse mo-
mentum particles broaden in both pseudorapidity and azimuth with increasing col-
lision overlap, with the broadening in pseudorapidity being more pronounced. The
longitudinal asymmetry of the peaks is also found to increase as the average pseu-
dorapidity increases. These results are compared to proton-proton collision data that
were obtained at the same nucleon-nucleon collision center-of-mass energy with an
integrated luminosity of 252 nb ™',
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1 Introduction

In ultrarelativistic heavy ion collisions, a deconfined state of quarks and gluons, known as the
quark-gluon plasma (QGP), forms as the system reaches equilibrium [1, 2]. In the early stage of
such collisions, high-momentum transfer (hard) processes result in high-energy partons. These
lead to collimated streams of particles (jets) that interact with the QGP through “jet quenching”
phenomena [3]. Experimental evidence for jet quenching has been observed at both the BNL
RHIC [4, 5] and the CERN LHC [6-9].

While many previous studies of jet quenching have focused on reconstructing the final-state
particle distributions associated with jets at high transverse momentum (p) [10], two-particle
correlations in pseudorapidity (1) and azimuth (¢) offer a complementary method for study-
ing jet properties in heavy ion collisions. These correlations measure the relative separations
in pseudorapidity (Ar) and azimuth (A¢) of a high-pt “trigger” particle and lower-pt associ-
ated particles. Jets appear as a well-defined “near-side” peak at (A7 = 0, A¢p = 0). In these
correlations, an elongated “away-side” structure in Ay at A¢ = 7 is also typically present,
corresponding to the recoil parton in a dijet event. For specific kinematic selections of trigger
and associated particle transverse momenta, heavy ion collisions reveal a suppression of the
away-side and a moderate enhancement for the near-side correlation yields in collisions where
there is a large overlap of the nuclei, indicating medium-induced modifications [11-14]. The
shape of the jet peak arising from particle correlations within a given jet cone is also sensitive
to medium-induced modifications. Two-particle correlation measurements of jet peak shapes
allow for simple background corrections and cover a broader range of jet energies and early
stage dynamics than typically explored in studies with fully reconstructed jets [15].

In high-energy heavy ion collisions, an approximate invariance is expected of jet yields under
longitudinal boosts near midrapidity [16]. However, at forward rapidities, this invariance may
break down as a result of the longitudinal expansion of the created medium and the evolving
parton densities. Particle densities within given jets can also be affected by the longitudinal
expansion. In this study, the shapes of near-side jet peaks in two-particle angular correlations
are used to characterize the particle densities within high-py jets. By measuring this observable
over a wide 7 range, we investigate the extent to which longitudinal invariance holds and
how longitudinal dynamics modity the jet-associated yields. These measurements also provide
sensitivity to kinematic regions where initial-state effects, such as parton saturation [17], may
become increasingly relevant.

Using PbPb collision data, this Letter examines the angular distribution of associated charged
particles relative to a charged hadron trigger across the full ¢ and wide 7 coverage (|| < 2.4)
of the CMS detector at the LHC. The data are collected at a center-of-mass energy per nucleon
pair of /s = 5.02 TeV. Results are also reported for proton-proton (pp) collisions at the same
nucleon-nucleon collision center-of-mass energy to provide a reference. Using two-particle
correlations, the longitudinal (Ay) and transverse (A¢) widths of the near-side jet peak are
determined. In addition, the longitudinal invariance of this peak shape is studied for higher-
momentum trigger particles at forward rapidities.

Tabulated results are provided in the HEPData record for this analysis [18].

2 Experimental setup and data sample

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume, there is a silicon pixel and



strip tracker that measures the trajectories of charged particles in the range || < 2.5, a lead-
tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter.
For charged particles of 1 < pr < 10GeV and || < 1.4, the typical track resolution is 1.5%
in pr and 25-90 (45-150) ym in the transverse (longitudinal) impact parameter [19-21]. Steel
and quartz-fiber Cherenkov hadron forward (HF) calorimeters cover the range 2.9 < || < 5.2
on either side of the interaction region and are azimuthally divided into 20° modular wedges,
which are further segmented to form 0.175 x 0.175radians (Ay x A¢) towers. For heavy ion
collisions, centrality is defined as the fraction of the total inelastic hadronic cross section, with
0% corresponding to the full overlap of the two colliding nuclei. A detailed description of the
CMS experiment can be found in Ref. [22, 23].

The analysis is based on PbPb (pp) collisions at /s = 5.02TeV data, which were collected
by the CMS experiment in 2018 (2017) with a two-tiered trigger system. The first level trig-
ger consists of custom hardware processors and uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz [24]. The second level or high-
level trigger consists of a farm of processors running a version of the full event reconstruction
software optimized for fast processing. The PbPb and pp data sets correspond to integrated
luminosities of 0.607nb ™' [25] and 252nb ' [26-28], respectively, with approximately 4.3 bil-
lion PbPb minimum-bias (MB) events and 15 billion pp MB events.The MB events are selected
by requiring energy deposition above thresholds in the range of approximately 6-12 GeV in
both of the HF calorimeters located on either side of the interaction region [29]. Further selec-
tions are applied offline to reject events from background processes (beam-gas interactions and
non-hadronic collisions), as discussed in Ref. [30]. In the offline analysis, events are required
to have at least one interaction vertex, based on two or more reconstructed tracks, with a dis-
tance of less than 15 cm from the center of the nominal interaction point along the beam axis,
v,. The primary vertex (PV) is defined as the vertex with the highest sum of the squares of the
pr values of its associated tracks in the event, as described in Section 9.4.1 of Ref. [31]. In the
final analysis, the PbPb collision events are required to have at least two calorimeter towers
in the HF detectors on both sides of the interaction region with energy deposits of more than
4 GeV per tower. These criteria remove approximately 99% of ultraperipheral (non-hadronic)
collision events.

The selected tracks are corrected for tracking efficiency and acceptance using simulated Monte
Carlo samples produced by PYTHIA 8.212 [32] with the CP5 tune [33] for pp collisions, and
HYDJET 1.9 [34] for PbPb collisions. The HYDJET generator simulates both soft and hard com-
ponents in heavy ion collisions by combining a parametrized hydrodynamic expansion with
multiple PYTHIA /PYQUEN events. While the soft component (track pr < 5GeV) in these sim-
ulations shows approximate boost invariance, including at forward rapidity, the hard compo-
nent (track pr 2 5GeV) does not. This difference between the approximately boost-invariant
soft component and the non-invariant hard component reflects HYDJET’s internal modeling as-
sumptions rather than robust physical predictions. The response of the CMS detector to these
simulated events is modeled using GEANT4 [35].

3 Analysis procedure

High-purity [19] tracks resulting from the passage of charged particles through the detector are
selected in the range |77| < 2.4, requiring that the significances of the reconstructed longitudi-
nal distance (d,) and the transverse distance (d,,) from the beam axis satisfy |d,|/0o, < 3 and
|dyy|/ 0wy < 3, respectively, where ¢, and 0, denote the associated uncertainties in the mea-
surements of d, and d,,. Additionally, the pr resolution for each track, expressed as ¢, /pr,
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must be less than 10%. The number of layers hit in the silicon tracker must be greater than ten,
and the x? of the track fit per degree of freedom per layers hit in the silicon tracker is required
to be less than 0.18. These conditions define the nominal track selection criteria.

3.1 Longitudinal and transverse widths of the near-side jet peak

The correlation between two charged particles is calculated as a function of Ay = 1,550 — Tirig
and AP = Pase0 — Puig (defined between —7r/2 and 371/2 to visualize the back-to-back jet
peaks). The correlation is expressed in terms of the associated yield per trigger particle in a
given interval of trigger and associated particle pr. The number of trigger particles for each
interval of an event is denoted by Ny;,, which is corrected for the tracking efficiency and the
rate of misreconstructed tracks.

The signal distribution, S(Ay, A¢), is constructed using pairs of particles from the same event,
and is normalized by the number of trigger particles. It is defined as

1 d2 Nsame

S(An, Ap) = anm 1)

where N*™¢ is the number of particle pairs in the (A, A¢) bin for the event [36-38].

The mixed events distribution B(A7, A¢) is constructed by pairing the trigger particles in each
interval of an event with the particles from ten different events [36-38]. The mixed-events are
selected such that they are within the same centrality (in PbPb collisions) or track multiplicity
(in pp collisions) range as the primary event, and such that the relative difference of the PV
along the z-axis is less than 2 cm. The mixed-event distribution, B(A#, A¢), is given by

1 dZNmix
B(An, A¢p) = anm )

where N™ js the number of mixed-event pairs in a given (A5, A¢) bin [11, 36-40]. The signal
and mixed-event distributions are first calculated for each event, and then averaged over all
events within the same centrality or track multiplicity class. The correlation function, also
referred to as the per-trigger associated yield, is defined as

1 d2npair B S(An, Ap)
FrigidAT]dA¢ = Gy (An, Ap) _B(O'O)B(AU,A(p) 3)

where NP3 is the pair-acceptance corrected same-event pairs in a given (A, A¢) bin.

Figure 1 (left) shows a typical signal distribution, which has the physical correlations in the
form of a peak on the top of a triangular-shaped continuum. The mixed-event distribution,
shown in Fig. 1 (middle), reflects this continuum, which results from detector-related arti-

facts, such as the pair-acceptance effect that is also present in the signal distribution. The ratio
B(0,0)

BlanAp) ~ . . L :

this correction, a residual Ar-dependent modulation can remain in the mixed-event corrected

correlation function. Possible imperfections in the event mixing are examined by studying the
Ay distribution in the A¢ sideband region 1.2 < A¢ < 7 — 1.2. Any residual non-uniformity
observed in this region is corrected by flattening the corresponding Arn dependence. The fi-
nal pair-acceptance corrected per-trigger associated yield distribution, after all corrections, is
shown in Fig. 1 (right) [11, 36-40].

corrects for the pair-acceptance effects present in the signal distribution. After applying
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Figure 1: Average signal (left), mixed-event (middle), and pair-acceptance corrected per-trigger
associated yield (right) distributions for 0-10% centrality events, with 4 < pr;, < 8GeV and
2 < Prasso < 3GeV, in PbPb collision data at 5.02 TeV.

A long-range background contribution remains in the distribution. This background is deter-
mined using the distribution with |Azn| > 2 and is subtracted to isolate the near-side, short-
range jet correlations.

To determine the longitudinal and transverse widths of the near-side jet peak, the projections
of the two-dimensional (2D) correlations onto the Ar and A¢ axes are fitted separately using a
double-Gaussian function. The effective width (¢) of each projected distribution is defined as
the amplitude-weighted quadratic mean of the two Gaussian widths of the respective distribu-
tion. Figure 2 shows the one-dimensional (1D) A and A¢ projections along with the associated
fits for the respective ranges of |Ar| < 2 and |A¢| < 1.5.
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Figure 2: (Left) One-dimensional Az projection and (right) One-dimensional A¢ projection.

3.2 Longitudinal asymmetry of the near-side peak from mid to forward rapidity

The Longitudinal invariance of the near-side peak is investigated by studying the asymme-
try of the associated yield around Ay = 0 as a function of 7, using two-particle correla-
tions. The analysis is performed for eight trigger particle # ranges, with range boundaries
[-2,-15,—-1,-0.5,0,0.5,1,1.5,2]. For symmetric systems there should be mirror symmetry,
with the distribution for 77,;, > 0 being the mirror image of the distribution for 77, < 0.

Figure 3 shows the average of the C,(A#, Ap) distributions for 1.5 < 7, < 2 and the mirror
image of C, for —2 < 174, < —1.5, with 17,45, < 2.4, in PbPb (left) and pp (right) collisions.
The pr ranges for the trigger and associated particles are 12 < pry;; < 16GeVand 2 < pryg, <



3 GeV, respectively.

Fig. 4 shows the 1D projections in Ay with |A¢| < 1.5 after subtracting a long-range back-
ground contribution. This long-range contribution is obtained using the projected values with
|Ayy| > 2. The asymmetry of the jet peak shape is characterized by taking the ratio of associated
yields (Y) within an 77,4, range of 0.7 units on either side of the peak, Y,, -/ Yy, 0. The range

boundaries are chosen to avoid edge effects influencing the results in any of the measured 7,
ranges.
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Figure 3: Two-dimensional correlation distributions in the 0-10% centrality interval for PbPb

(left) and pp (right) collisions are shown, with 1.5 < Wtrig| < 2,12 < pryig < 16GeV, and
2 < pT,asso < 3GeV.
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Figure 4: One-dimensional Ay projection from the long-range background-subtracted averaged
2D correlation, combining 1.5 < 77y < 2 (original) and —2 < 74, < —1.5 (mirror). Three
vertical lines correspond to a Ay value of —0.7, 0 and 0.7 from left to right. The dashed line
indicates the zero level on the y-axis.

4 Systematic uncertainties

Systematic uncertainties arising from the selected vertex range, the track selection, the cen-
trality calibration, tracking efficiency, pileup, pair-acceptance corrections, and the long-range
background subtractions are studied. The near-side jet peak widths and yields are calcu-
lated for three PV v, ranges to determine any vertex acceptance effects, with |v,| < 3cm,
—15 < v, < —3cm, and 3 < v, < 15cm, where the nominal vertex-z range is |v,| < 15cm.



High-quality tracks are selected according to the criteria discussed in Section 3. These crite-
ria are varied to investigate their influence on the final results. The maximum allowed values
for |d.|/c, and |d,,| /0y, are varied from 2 to 5, respectively. The maximum allowed value for
Oy, / pr is varied from 0.05 to 0.15, and the maximum allowed normalized )(2 for tracks is varied
from 0.15 to 0.18. The centrality calibration is varied to estimate the related systematic uncer-
tainty in the width of the near-side peak for PbPb collisions. The tracking efficiency is varied
by its associated uncertainty of 5%. Pileup is negligible in PbPb and its influence is studied
in pp collisions by determining how the number of associated tracks for reconstructed vertices
varied with the distance between vertices. For the pair-acceptance correction, any residual non-
uniformity observed in the Ay distribution within the A¢ sideband region (1.2 < Ap < 7 —1.2)
is fitted with a smooth function, and the correlation function is flattened using this fitted shape.
The effect of this correction on the near-side peak widths and yields is taken as the systematic
uncertainty associated with the pair-acceptance correction. For the long-range background
subtraction, two Ay regions are considered to estimate the uncertainty: 2 < |Ay| < 2.5 and
|Ayy| > 2.5. The near-side peak width is obtained from a double-Gaussian fit in each case, and
the larger deviation between the two results is assigned as the systematic uncertainty associ-
ated with the long-range background subtraction. Individual effects for positive and negative
Nuig are considered as one of the systematic sources for longitudinal asymmetry studies. The
nominal Ay ranges are over 0.7 units for both Ay > 0 and Ay < 0. For the systematic variations,
these ranges are changed to extend over 0.6 and 0.8 units, respectively.

Systematic uncertainties from different sources are determined after accounting for statistical
fluctuations in systematic error calculations. The maximum systematic uncertainty on o, 0a,
and yield ratio is within 2%. Table 1 for PbPb and Table 2 for pp summarizes the systematic
uncertainties from different sources, with the total uncertainty for each observable calculated
as the quadratic sum of the respective individual uncertainties.

Table 1: Summary of the absolute systematic uncertainties for oy,, 05y, and the associated
yield ratio. The leftmost column lists all systematic sources, while the other columns show the
range of systematic uncertainties across all pt, 7 and centrality ranges in minimum-bias PbPb
collisions. All values are scaled by a factor of 10°.

Systematic sources Oy Opp Yays0/Yay<o
Vertex z 0.016-25 0.027-1.3 4-5
Track requirements 012-49 0.15-49 4-5
Centrality 0.03-14 0.02-0.49 4-5
Tracking efficiency 0-0.02 0-0.01 0.33-35

Pair acceptance correction 0.08 -2.4 0-0.85 —
Background subtraction 0.53-5.3 0.49-3 —

Yield Ay range — — 0.98-27
Total uncertainty 08-79 07-31 8.6-9.3
5 Results

Figure 5 shows the centrality dependence of the longitudinal 0, and transverse o, values in
different pt ranges of the triggered and the associated particles. It is observed that the near-side
jet peak shape has similar widths in Ay and A¢ for pp collisions and peripheral PbPb collisions
with 50-80% centrality. Both 0, and 0, increase toward central PbPb collisions, with the



Table 2: Summary of the absolute systematic uncertainties for Opns Ongs and the associated yield
ratio. The leftmost column lists all systematic sources, while the other columns show the range
of systematic uncertainties across all pr and 7 ranges in minimum-bias pp collisions. All values
are scaled by a factor of 10°.

Systematic sources Opy Opp Yap>0/Yan<o
Vertex z 0.036 -2.4 0-12 4-5
Track requirements 087-22 035-35 4-5
Pileup 0.04-025 0-021 —
Tracking efficiency — — 0.14-3.5
Pair acceptance correction 02-1 0.014-0.71 —
Background subtraction 031-13 017-15 —
Yield Ay range — — 1.7-26
Total uncertainty 1.6-24 1-38 7-79
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Figure 5: Centrality dependence of the longitudinal 7, (left panel) and transverse oy, (right
panel) values are presented in different pr ranges for PbPb collisions and pp collisions (right-
most points in each panel). The same symbols are used for the same pr 4, selections, with
open markers representing high pr;, and closed markers for low pr;,. The statistical uncer-
tainties of the data points are smaller than the marker size, and rectangular boxes indicate the
systematic uncertainties. Expected values from HYDJET 1.9 are represented by bands: hatched
for low pr i, and solid-filled for high pr g

longitudinal broadening in Ay being significantly larger than that in A¢. This longitudinal
broadening is most pronounced for the low-py trigger and associated particle ranges, while the



centrality dependence of both widths becomes weaker with increasing pr.

A possible explanation for these results is that longitudinal collective flow deforms the jet shape
as the soft fragments of a jet (low-momentum hadrons that carry only a small fraction of the
jet energy) interacts with the longitudinal flow of the QGP medium [41]. Alternatively, the ob-
served behavior could result from energy loss of the progenitor parton of the trigger hadron in
passing through the QGP medium [42]. In contrast, HYDJET 1.9 does not predict the centrality-
dependent broadening of the longitudinal jet peak width, reflecting limitations in its modeling
assumptions.
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Figure 6: Associated yield ratios between Ay > 0 and Ay < 0 within the range of 0 < |Ay| <
0.7 as a function of centrality in different py,g, and 7y, ranges for PbPb and pp collisions
(rightmost bin) are presented in the above panel. The above panel consists of four plots, each
corresponding to a different value of 7;,. Each plot consists of three colored markers repre-
senting different pr s, values (1.5 < pragso < 2GeV, 2 < prago < 3GeV, 3 < Pragso < 4GeV),
while pr ;g is fixed (12 < pryi; < 16 GeV). The vertical bars indicate statistical uncertainties,
while the rectangular open boxes represent systematic uncertainties.

Figure 6 shows the associated yield ratio Y,/ Ya,<o as a function of centrality for different
pr ranges of associated particles. The measurement is also presented in different # ranges of
the triggered particles, arranged from top left to bottom right. The pp results are shown in the
last bin of each plot.

A significant increase in the associated yield ratio is observed as the selection moves toward
forward pseudorapidity (high 77,). At midrapidity (low 7y;.), the associated yield ratio re-
mains close to unity and shows minimal dependence on pr .4, indicating a nearly symmetric
near-side peak structure. However, at larger 7, the ratio exhibits a significant increase, par-
ticularly for central PbPb collisions, along with a pronounced dependence on pr -

This asymmetry trend suggests a systematic shift in the jet-like correlation structure toward
positive Ay as the 77 of the trigger particle increases. One possible interpretation of this 7



dependence of the near-side jet peak asymmetry, manifested as a higher associated yield for
Ay > 0 (where 1y, is always positive by construction), is that the soft fragments of a high-p
jet experience a forward-directed push resulting from interactions with the longitudinally ex-
panding medium [41]. The increasing asymmetry with collision centrality further supports the
idea that medium effects play a significant role. This asymmetric behavior suggests a potential
breaking of the longitudinal invariance of the near-side peak across the Ay range.

6 Summary

The centrality and pseudorapidity (17) dependencies of jet peak shapes have been explored
using two-particle correlations. Lead-lead (PbPb) collision data at a center-of-mass energy
per nucleon pair of 5.02 TeV were recorded using the CMS detector at the CERN LHC. These
minimum-bias data correspond to an integrated luminosity of 0.607nb™*. Proton-proton (pp)
collision data at the same nucleon-nucleon collision energy and with an integrated luminosity
of 252nb ™! are also analyzed to provide a reference. The separations in pseudorapidity (A#)
and azimuth (A¢) of all particles within specific transverse momentum (pr) ranges are used
to form two-dimensional correlation distributions that are averaged over all events. Jets result
in a peak shaped structure corresponding to particle pairs with small angular separation. Jet
peak shapes, characterized by associated widths in Ay and A¢, are presented as functions of
centrality. The jet peak asymmetry as a function of 7 is also studied.

For PbPb collisions, both the longitudinal (O'AU) and transverse ((TM,) widths of the near-side
jet peak exhibit a centrality-dependent broadening compared to the pp reference. The effect is
more pronounced in Ay, indicating a stronger modification of the correlation structure along
the longitudinal direction. At higher particle transverse momenta, the centrality dependence
of both widths becomes weaker, approaching the pp baseline within uncertainties. Overall,
the stronger longitudinal than transverse broadening may reflect the influence of longitudinal
expansion or partonic energy loss mechanisms in the medium.

The asymmetry of the jet peak distribution in Ay is studied through the ratio of yields on the
positive and negative sides of the jet peak. This ratio is evaluated in distinct |17;,| ranges and
for various energy thresholds of the higher-py particle in each pair. The ratio is found to in-
crease with the average [7],| value. For a given |1, | range, the ratio measured in peripheral
events is found similar to that in pp collisions, but increases significantly towards more cen-
tral collisions. These results suggest that the jet properties are modified through in medium
interactions in a longitudinally expanding QGP medium.
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