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Abstract Two-particle angular correlations probe particle
production mechanisms and the underlying event-wide phe-
nomena present in hadronic collisions. The correlations are
examined as a function of rapidity and azimuthal-angle dif-
ferences (Ay, Ag) for pairs of like- and unlike-sign pions,
kaons, and (anti-)protons produced in pp collisions at /s =
13 TeV, measured by the ALICE experiment. Two-particle
correlation functions are provided together with Ay and Ag
projections and compared to Monte Carlo (MC) model pre-
dictions. For the first time, the measurement is performed as
a function of the event’s charged-particle density. Previous
studies conducted for pp collisions at /s =7 TeV at ALICE
revealed a near-side anticorrelation for baryon—baryon and
antibaryon—antibaryon pairs, whose origin remains unre-
solved. Here, an additional approach is introduced to study
the multiplicity dependence and the expected inverse mul-
tiplicity scaling of the correlation function. This method
highlights qualitative differences in the underlying sources
of correlations, such as quantum-statistics effects, final-state
interactions, and resonance decays. The puzzling near-side
anticorrelation in baryon baryon measurements is observed
across all multiplicity classes and continues to challenge cur-
rent particle-production models. Furthermore, the multiplic-
ity dependence of the correlations between mesons provides
an independent probe of the sensitivity of current MC mod-
els to soft-QCD effects and hadronization dynamics. The
presented measurements, together with the baryon results,
enrich the experimental picture of two-particle correlations
in pp collisions and serve as valuable input for ongoing the-
oretical developments.

1 Introduction
The study of particle production mechanisms in ultrarela-

tivistic proton—proton (pp) collisions at the LHC is a corner-
stone of high-energy physics research. These mechanisms
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are typically explored through inclusive single-particle dis-
tributions and various correlation observables [1]. Among
these, two-particle angular analysis has emerged as a power-
ful tool for investigating the underlying dynamics of particle
production [2—-10]. Such studies are typically performed as a
function of the difference in azimuthal angle (A¢) and pseu-
dorapidity (An) or rapidity (Ay). These correlations provide
insights into diverse physical phenomena, including contri-
butions from (mini)jets arising from parton fragmentation,
quantum-statistical effects such as Bose—Einstein and Fermi—
Dirac, resonance decays, and event-wide effects like the con-
servation of energy, momentum, electric charge, baryon num-
ber, and others. Each of these mechanisms imprints distinct
signatures on the correlation function, enabling their charac-
terization and further description using theoretical models.
Research into particle production mechanisms in elemen-
tary collisions dates back to the work of R. Feynman and
R. Field, who introduced a model to explain the creation
of jets [11,12]. It contained rules for particle production,
energy distribution, and the constraints imposed by conser-
vation laws. Key elements of this framework are still used
today in widely adopted fragmentation models. Aligning
these theoretical implementations with experimental obser-
vations remains essential. Such investigations have primarily
been conducted in e*e™ collisions, typically at lower ener-
gies and with significantly smaller datasets than available
today [13-16]. For example, Ref. [13] examined two-particle
rapidity correlationsin eTe™ collisions at /s = 29 GeV. The
study found strong correlations between particle pairs with
opposite baryon numbers and significant anticorrelations for
pairs with the same baryon number. Additionally, it high-
lighted the importance of mechanisms ensuring local baryon
number conservation during parton fragmentation. Models
based on the Lund framework [17], such as the Lund string-
fragmentation model [13], which incorporates local baryon
number compensation, were able to accurately reproduce the
observed correlations and anticorrelations in ete™ data.
Measurements performed in 2017 by the ALICE Collab-
oration in pp collisions at /s = 7 TeV [2] have revealed
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differences in the shape of global correlations between var-
ious types of particles. In particular, correlation functions
for both the baryon—baryon and antibaryon—antibaryon pairs
exhibit a depletion around (An, Ap) ~ (0,0), which is
qualitatively similar to the effect observed earlier in e*e™
collisions [13]. To investigate this phenomenon, numerous
studies have been conducted, focusing on various ranges
of transverse momentum (pt) and energy, different bary-
onic species, and the influence of the Coulomb interaction
and Fermi—Dirac quantum-statistics [2]. Such behavior was
also observed by the STAR Collaboration at RHIC in Au—
Au collisions across multiple collision energies in the Beam
Energy Scan program [18]. These investigations consistently
revealed an anticorrelation for particle pairs with the same
baryon number. Interestingly, theoretical models which did
describe the anticorrelation effect at lower energies, such as
the Lund model, fail to do so for the RHIC and LHC energy
regime. These results challenge our current understanding of
baryon production.

Since 2017, both experimental and theoretical advances
have shed new light on the observed anticorrelation. A recent
study by the ALICE Collaboration utilized per-trigger yields
for E baryons in more detail [19]. This work provided critical
insights into baryon-number production, conservation, and
dispersion. Furthermore, the study revealed that near-side
suppression for same-baryon-number correlations and near-
side peaks for unlike-sign baryon-number correlations were
consistently observed in the E — A and E — E correlation
functions.

On the theoretical side, several advances have been made.
An investigation of the origin of the near-side suppression in
two-baryon correlations was performed within the context of
the AMPT model [20]. That study suggested that the baryon—
baryon and antibaryon—antibaryon anticorrelations in pp col-
lisions arise from a combination of initial parton-level corre-
lations, quark coalescence, and finite parton-system expan-
sion, pointing to the formation of partonic matter with strong
space-momentum correlations. In [21] it was emphasized that
the Lund string model used in the PYTHIA event genera-
tor lacks a fundamental mechanism for baryon production.
Recently, advances within the PYTHIA framework intro-
duced two ad-hoc modifications to address the baryon anti-
correlation feature [22]. These modifications, termed the one-
baryon (a string breaking can produce at most one baryon)
and always-baryon (a string breaking always has to pro-
duce a baryon) policies, qualitatively reproduce the observed
anticorrelations. The one-baryon mechanism prevents two
baryons from originating from the same string, removing for-
ward correlations but reducing the total baryon count. The
always-baryon policy compensates for this by increasing the
overall number of baryons, yielding better agreement with
ALICE experimental data [2]. These findings also suggest
that missing Pauli-principle corrections at the quark level
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may underlie the discrepancies between experimental results
and existing string-based models. Another study within the
context of the PYTHIA model was done in [23], where
the authors state that the positive baryon—baryon correlation
observed in PYTHIA might be related to the so-called gluon
kinks, i.e., changes in the direction of the color string caused
by gluon emissions during fragmentation. Suppressing this
mechanism reduces the (mini-)jet like correlation present in
the simulation.

Together, these experimental and theoretical advances
highlight the complexity of baryon production and corre-
lations in pp collisions, motivating further exploration into
the interplay of initial-state effects, hadronization mecha-
nisms, and the possible formation of partonic matter in small
collision systems, for example, in proton proton and proton
nucleus interactions.

This paper focuses on a detailed analysis of angular corre-
lation functions in the (Ay, Ag) space across different mul-
tiplicity classes, aiming to shed light on the mechanisms of
particle production and enhance our understanding of the
nature of anticorrelations. The study was performed in 13
multiplicity classes, including the class of triggered high-
multiplicity collisions, for pions, kaons, and protons, includ-
ing both like- and unlike-sign charge combinations. Under-
standing how the correlations change with multiplicity is
essential to improve the models, as high-multiplicity events
typically involve more multi-parton interactions (MPIs), cre-
ating a complex environment where subleading color effects
from QCD, such as color reconnection [24,25], become more
prominent. In these events, higher multiplicity implies higher
phase-space density, which allows for more available color
states in the same patch of phase space and in particular
increasing (or even allowing) the formation of baryonic clus-
ters and strings.

In the previous study by ALICE [2], a definition of the
correlation function was employed that inherently includes
a 1/N scaling factor, where N denotes the number of parti-
cles per event in each multiplicity class. In the present study,
to explore the underlying physics beyond the multiplicity
scaling behavior, an alternative formulation of the correla-
tion function [1,26] is adopted, where this dependence is
removed, allowing for a more detailed examination of addi-
tional effects.

2 Angular correlations

In this study, the correlation function is examined in the
angular space defined by Ay and Ag. Rapidity is preferred
for studying angular correlations between particles in rela-
tivistic collisions due to its precise incorporation of particle
kinematics. This approach is made possible by the outstand-
ing particle-identification (PID) capabilities of the ALICE
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experiment, which, together with precise tracking of trans-
verse momentum and dip angle, enables an accurate calcu-
lation of rapidity. Experimentally, the correlation function is
constructed in the (Ay, Ag) space as follows:

S(Ay, Agp)

B(Ay, Ap)

ey

where Cp is referred to as the probability ratio correlation
function. The term represents a ratio of conditional prob-
ability of production of two particles with given relative
kinematics to the product of single-particle probabilities [2].
The S(Ay, Ag) represents the distribution of correlated pairs
constructed from particles originating from the same event

signal
1 d2N51gnd

S(Ay’ A@) = signal ﬁ» (2)
Npairs Y ¢

where N3 i the total number of same-event pairs. The sig-

nal distrfggiion typically shows a peak around (Ay, Ag) =~
(0, 0). This peak is overlaid by a triangular-shaped back-
ground in Ay, resulting from the convolution of two uniform
rapidity distributions expected in a Lorentz boost-invariant
system. To isolate genuine physical correlations, S(Ay, Ag)
is divided by the reference distribution B(Ay, Ag) con-
structed using the event-mixing technique, which accounts
for non-physical correlations arising from the complexity of
single-particle acceptance. The mixed-event distribution is
defined as:
1 N
B(Ay, Ap) = N dAydAg’ (3)

pairs

where Nr‘)‘;ii’r‘:d is the total number of mixed-event pairs across
all events. To ensure that the mixed-event background closely
matches the acceptance of the signal distribution, events
are selected within bins of similar primary vertex posi-
tion (within 5 cm) and multiplicity (within 30 tracks). This
binning reduces systematic differences between mixed and
same-event pairs, improving the accuracy of background esti-
mation. Both the signal and background distributions are nor-
malized by the respective number of pairs in each distribu-
tion. This results in correlations being expressed as deviations
from unity.

The Cp definition encounters limitations when analyzing
correlations across different multiplicity classes. This is pri-
marily due to its normalization factor, which introduces a
trivial scaling by 1/N, where N represents the multiplic-
ity. Consequently, correlation functions exhibit an artificial
increase in lower multiplicity classes, resulting from the con-
volution of trivial scaling effects with underlying physical
phenomena, making it difficult to disentangle the two. To

overcome this challenge, the rescaled two-particle correla-
tion function is introduced [26]:

dN,
dy

1
Cr(Ay, Ag) = Z< >(CP — D). “

Here, % <dd1§“
ticles of type a (where a = m, K, orp) calculated within
|y] < 0.5 and corrected for efficiency. It can be noted that,
in this definition, the correlations are expressed as deviations

from zero rather than from unity.

> represents the multiplicity of charged par-

3 Data sample and experimental setup

The study utilized a data sample of pp collisions collected
by the ALICE experiment [27] in 2016, 2017, and 2018.
Particle-track reconstruction is performed using the Inner
Tracking System (ITS) [28], and the Time Projection Cham-
ber (TPC) [29], while the PID is done using the information
from TPC and the Time-of-Flight (TOF) [30] detectors. The
charged-particle multiplicity estimation is carried out using
the VO detector [31]. The ITS serves as a high-precision
tracking and vertexing system, consisting of six cylindrical
layers of coordinate-sensitive detectors, covering a pseudo-
rapidity range of || < 0.9. The two innermost layers contain
the Silicon Pixel Detector (SPD) [32], which also serves as
a trigger detector. The four outer layers include the Silicon
Drift Detector (SDD) and Silicon Strip Detector (SSD) [32],
particularly effective for reconstructing particles with low
transverse momentum.

The TPC is the primary tracking detector in ALICE’s cen-
tral barrel, structured as a cylindrical gaseous chamber with
radial dimensions from 85 cm to 247 cm from the beam and
longitudinal dimensions spanning from —250 cm to 250 cm.
Using drift-time measurements, the TPC reconstructs three-
dimensional space points for charged-particle tracks within
the pseudorapidity range of |n| < 0.9. Charged-particle iden-
tification in the TPC is based on specific energy-loss mea-
surements.

The TOF detector, located 3.7 meters from the beam-
line, has a cylindrical geometry with a polar acceptance of
[n| < 0.9, providing full azimuthal coverage in the ¢ angle.
Equipped with Multigap Resistive Plate Chamber (MRPC)
strips, it measures the time-of-flight between the collision
event and particle detection, facilitating the identification of
charged particles, particularly in the intermediate momentum
range (pt < 5 GeV/c).

The VO detector is composed of two arrays containing
32 scintillator counters each, placed on opposite sides of the
ALICE interaction point. VOA is situated at z = 3.4 m, cov-
ering the pseudorapidity range 2.8 < n < 5.1, while VOC
is positioned at z = — 0.9 m, covering the pseudorapidity
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range — 3.7 < n < — 1.7. Its capabilities include minimum
bias triggers, centrality determination, event-plane determi-
nation, and acting as a luminometer.

4 Event selection and track reconstruction

The analyzed data were recorded using both minimum bias
(MB) and high-multiplicity (HM) triggers [33,34], corre-
sponding to approximately 1.3 x 10° MB events and 2.5 x 10°
HM events. The MB trigger is designed to select inelas-
tic collisions within the detector acceptance. It is typically
implemented using the condition that requires at least one
hit in the SPD or in either of the VOA and VOC detectors,
synchronized with the LHC bunch crossing. The HM trig-
ger builds on the MB condition by requiring that the total
signal amplitude from the VO detectors (VOM) exceeds a
threshold, usually set to about five times the average VOM
value in MB events. This selection enhances the sample with
high-multiplicity events and corresponds to approximately
the top 0.17% of the inelastic event multiplicity distribution
for events with at least one charged particle within |n| < 1.
The HM trigger is used in pp collisions to study rare phe-
nomena, such as charged or neutral jets, along with addi-
tional signals. In addition, high-multiplicity pp collisions are
particularly interesting as they exhibit multiplicities compa-
rable to those found in peripheral heavy-ion collisions. The
primary vertex was reconstructed using global (ITS+TPC)
tracking, requiring a distance of |zyx| < 10 cm along the
beam axis from the center of the TPC. Pile-up events were
filtered out by rejecting multiple vertices within the readout
time of the SPD. An additional criterion in this analysis is that
each event must contain at least one particle of each required
type after all selection criteria have been applied. Events that
do not meet this requirement are excluded. The events were
analyzed across twelve multiplicity classes, which included
0-1%, 1-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%,
50—60%, 60-70%, 70-80%, 80-90%, and 90-100% of the
total interaction cross section, as measured by the VO detec-
tor using the VOM amplitude. Additionally, HM events were
considered in this analysis as a special multiplicity class cor-
responding to 0-0.17%.

The analysis uses tracks reconstructed within the kine-
matic acceptance setby || < 0.8, with the additional rapidity
cut of |y| < 0.5, within transverse-momentum (pr) ranges
0.2-2.5 GeV/c for pions and 0.5-2.5 GeV/c for kaons and
protons. Particle identification is carried out for each track
with the N, method, where o denotes the standard deviation
derived from the expected specific energy loss in the TPC or
time of flight in the TOF detector. The selection of particles
is based on the difference between the measured signal for
a given track, denoted by “a” to represent one of the three
particle type hypotheses, and the expected signals for pions,
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kaons, or protons within both the TPC and TOF detectors.
Specifically, only particle tracks satisfying N, < 2 foragiven
species hypothesis are selected. For pt < 0.5 GeV/c, only
information from the TPC is utilized, resulting in N§ PID =
N s,Tpc- For pt > 0.5 GeV/c, the selection criteria are deter-
mined by the combined information from both the TPC and
TOF detectors, with N2 PIDZ =N TOF2 + N2 TPCZ. Tracks
fulfilling the condition N app <3 for more than one particle
species hypothesis are rejécted.

The application of these criteria achieves exceptional
purity levels, exceeding 99% for both pions and protons and
exceeding 98% for kaons. Additionally, the contamination
from secondary particles, which originate from weak decays
or interactions with the detector material, was computed
using MC simulation. This calculation considers the distance
of the closest approach of the track to the primary vertex in
the transverse plane perpendicular to the beam axis (DCAy)
and longitudinal (DCA,) directions which is required to be
less than 0.010540.0350/(pt/(GeV/c)~'! cmand 3.2 cm,
respectively.

5 Systematic uncertainties

To assess the systematic uncertainty associated with the mea-
surement, modifications were made to the particle-selection
and reconstruction criteria. The various distributions were
compared using both the probability ratio (Cp) and the
rescaled two-particle correlation function (Cr) definitions.
An initial comparison was conducted between the three data
sets from the periods 2016, 2017, and 2018. To account
for any impurities, the default particle-identification method
was modified by keeping the same acceptance criteria while
varying the rejection thresholds. Specifically, if a track was
identified as belonging to more than one particle species,
it was excluded from the analysis, discarding the particle
within a 20 range. The influence of secondary contamina-
tion was verified by varying the strict default DCA selec-
tion with DCAxy < 2.4 cm and DCA; < 3.2 cm. Another
variation was obtained by excluding the electron-rejection
cut (NgleCtron < 1). Event mixing was also considered as a
source of systematic uncertainties, and the impact was esti-
mated by varying the number of z-vertex bins, with 30 bins
as default and 10 bins as the alternative. Additionally, the
effect of pile-up on the events was assessed by comparing
the default analysis with one that did not include pile-up
rejection.

All described systematic variations were estimated for
both the Cp and Cr definitions independently. In all the fig-
ures, the relative uncertainty was used for the Cp, while the
absolute uncertainty was applied to the Cr functions. The
following tables present the values obtained for all multi-
plicities and particle species analyzed. Table 1 summarizes
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Table 1 Summary of all systematic-uncertainty studies performed for all pairs of particles involved and for all multiplicity classes using the Cp
definition. In the table, for each variation listed, the range of uncertainties from the highest to the lowest multiplicity class is shown

Source atat +x ™ rtn~ KTKt+K K~ KtK~ pp+pp pp

Track selection [0.08-0.51% [0.05-0.9]% [0.5-3.25]% [03-2.11% [1.3-5.21% [1.2-1.5]%
Electron rejection [0.0015-0.005]% [0.002-0.004]% [0.04-0.2]1% [0.03-0.15]% [0.05-0.4]1% [0.05-0.3]1%
Event mixing buffer [0.009-0.025]% [0.009-0.02]% [0.1-0.6]% [0.1-1]1% [0.2-0.7]1% [0.25-1.6]%
Pile-up [0.01-0.02]% [0.01-0.03]% [0.08-0.6]% [0.09-0.7]1% [0.15-1]1% [0.1-1]1%
Particle identification [0.008-0.01]1% [0.02-0.02]% [0.07-0.4]1% [0.06-0.5]1% [0.2-0.91% [0.2-0.6]%
Dataset comparison [0.07-0.2]1% [0.08-0.25]% [0.9-71% [1.1-5.6]% [1.7-15]% [1.2-7.4]1%
Total [0.11-0.54]% [0.10-0.94]% [1.0-7.8]% [1.2-6.1]1% [2.2-15.91% [1.7-7.8]%

Table 2 Summary of all systematic-uncertainty studies performed for all pairs of particles involved and for all multiplicity classes using the Cr
definition. In the table, for each variation listed, the range of absolute error influence on the peak is estimated from the highest to the lowest

multiplicity class

Source atat 4+~ Tt~ KK +K K~ KTK~ pPP+Pp PP

Track selection [0.4-3.6]% [1.5-2.9]1% [7.9-9.71% [0.7-1.2]% [5.7-7.8]1% [2.1-2.6]%
Electron rejection [0.1-0.2]% [0.2-1.3]1% [4.3-6.1]1% [0.3-0.7]1% [4-5.6]% [1.3-2.2]%
Event mixing buffer [0.15-0.2]% [0.2-1.4]1% [4.7-6.7]1% [0.4-0.8]% [4-5.71% [1.5-2.7]%
Pile-up [0.3-0.2]% [0.4-1.4]1% [4.7-6.6]% [0.4-0.8]% [4-6.2]1% [1.4-2.4]1%
Particle identification [6-8.8]% [8.7-11.3]% [9.3-12.3]% [4.6-5.71% [15.2-11]% [9-7]1%
Dataset comparison [0.7-0.8]% [1.3-7.9]1% [13.7-22.71% [1.9-3.5]1% [11.7-22.6]% [4.6-8]%
Total [6.1-9.5]1% [8.9-14.11% [21.3-29.1]% [5.1-6.91% [22.1-28.8]% [10.9-12.4]1%

the final systematic uncertainty values for the Cp definition,
while Table 2 presents the uncertainty values for the Cr, for
clarity expressed as a percentage of the uncertainty affecting
the peak of the correlation functions.

The total systematic uncertainties for the Cp exhibit a
noticeable increase as the event multiplicity decreases. This
behavior can be attributed to the reduced number of particle
pairs available in low-multiplicity events, which amplifies the
relative impact of statistical fluctuations on the estimation of
systematic variations. In contrast, for the Cgr, the absolute
uncertainties remain approximately constant across the full
multiplicity range. This uniformity suggests that the sources
of systematic uncertainty in Cr are less dependent on event
multiplicity and are likely dominated by analysis selections
that affect all multiplicity classes similarly.

6 Results

The AyAg correlation functions for pions, kaons and pro-
tons for like and unlike-sign pairs are shown in Figs. 1 and
2 for the highest (0-0.17%), middle (30-40%), and lowest
(90-100%) multiplicity class, respectively. Due to statistical
fluctuations at high |Ay]|, the figures are plotted in a limited
range of |Ay| < 0.7. The correlations of like-sign mesons
(see Fig. 1a—1f) show a pronounced enhancement in the near-

side region (Ay, Ag) ~ (0, 0), primarily due to mini jets and
Bose—Einstein quantum-statistics. Mini jets [35,36], arise
from parton fragmentation at low momenta, emerge with
minimal difference in azimuthal and polar angles, thereby
contributing significantly to the observed signal. Addition-
ally, Bose—Einstein quantum statistics amplify the near-side
correlation for like-sign pions and kaons; their bosonic nature
allows them to occupy the same quantum state — unlike
fermions that are subject to Pauli’s exclusion principle —lead-
ing to similar values of ¢ and y. The opposite behavior is
observed for the baryon—baryon and antibaryon—antibaryon
correlation functions of identical proton pairs, as shown in
Figs. 1g—1i. Instead of a near-side peak, the correlation func-
tions exhibit a wide anticorrelation in this region, accom-
panied by a narrow peak at (Ay, Ag) = (0,0), which arises
due to final-state interactions (FSI) [37]. Additionally, a pro-
nounced away-side correlation is observed. This behavior has
previously been reported in pp collisions at /s = 7 TeV [2]
and in Au—Au collisions across energies /sy = 7.7 — 200
GeV [18].

In contrast, correlations between particle—antiparticle
pairs for mesons (Fig. 2a—2f) and baryons (Fig. 2g—21) exhibit
a mini-jet structure, as well as contributions from Coulomb
and strong final-state interactions, which further enhance
the near-side peak. While Bose—Einstein and Fermi—Dirac
quantum-statistic effects do not manifest in pairs of non-
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Fig. 1 The (Ay, Ag) correlation functions for like-sign pions, kaons, and protons pairs (top-to-bottom) in the highest (0-0.17%), the middle
(30-40%), and lowest (90—-100%) multiplicity classes (left-to-right) of pp collisions at /s = 13 TeV using the Cr definition.
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Fig. 2 The (Ay, Ag) correlation functions for unlike-sign pions, kaons, and protons pairs (top-to-bottom) in the highest (0-0.17%), the middle
(30-40%), and lowest (90-100%) multiplicity classes (left-to-right) of pp collisions at 4/s = 13 TeV using the Cr definition.
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identical particles, charge conservation and resonance decays
can significantly influence the correlation structure. In par-
ticular, the highly pronounced and narrow peak observed for
unlike-sign kaons (Fig. 2d-2f) is largely driven by the decay
of the ¢ meson and strangeness conservation. When a reso-
nance decay releases a large amount of kinetic energy, it can
produce a ridge-like structure at Ay = 0 that extends across
the entire Ag range, as observed in Fig. 2a—c for unlike-
sign pion correlations, particularly in the lower multiplicity
classes. This effect is primarily attributed to the decay of the
o meson into 777 ~, which contributes significantly to the
away-side enhancement. Additional contributions may arise
from 1 and w mesons, which decay into three-pion final states
(rt7~70), as discussed in Ref. [38].

In Figs. 3 and 4, A¢ projections integrated over the full
|Ay| < 1 acceptance range of like- and unlike-sign correla-
tion functions for the Cp and the Cr definitions, respectively,
are shown. The plots include both statistical and system-
atic uncertainties. Statistical uncertainties are represented by
error bars directly on the correlation functions, while system-
atic uncertainties are depicted as colored boxes at the bottom
of each plot. Each color corresponds to a specific correlation
function for a given multiplicity class, with the same color
scheme consistently applied across all classes. To improve
readability, the systematic uncertainties are displayed as the
absolute value of the total systematic uncertainty averaged
over all Ay bins. By using the Cp, the systematic uncertain-
ties increase for lower multiplicity classes, while in the case
of CR, similar values of the systematics are obtained across
all multiplicity classes.

This analysis, initially focused on anticorrelations, has
also revealed other distinct correlation patterns across dif-
ferent particle species and multiplicity classes. As shown
in Figs. 3 and 4, the unlike-sign pairs show a small corre-
lation in the away-side region as in the case of pions, while
almost absent in the case of unlike-sign kaons and protons.
In contrast, like-sign correlations vary significantly: kaons
display a pronounced back-to-back jet structure that is com-
parable in magnitude to the near-side peak, whereas protons
show no near-side mini jet signatures but feature a dominant
away-side jet structure.

Another important observation concerns how the correla-
tion functions evolve with multiplicity. As shown in Fig. 3,
by using the Cp definition, the correlation strength increases
at lower multiplicities.

In the case of unlike-sign pion pairs, a non-monotonic
behavior in the correlation function is observed, primarily
attributed to the decay of p° resonances. Additionally, a sig-
nificant contribution is expected from diffractive processes in
low-multiplicity events, where a flat near-side correlation is
seen. These events typically fragment in the forward direc-
tion, and their decay products can acquire sufficient trans-
verse momentum to populate opposite azimuthal regions.

@ Springer

Consequently, the near-side peak in the correlation function
is suppressed, while the away-side structure becomes sig-
nificantly enhanced. This effect is particularly pronounced
for pions due to their low mass and the possibility of events
containing only one or two pions, where the two particles
are more likely to appear in opposite hemispheres. In con-
trast, the production of heavier particles such as kaons and
protons follows different mechanisms. Unlike-sign kaons,
for instance, are predominantly produced in pairs due to
strangeness conservation, often through intermediate reso-
nances like the ¢ meson, which enhances the near-side peak
in the correlation function. For unlike-sign protons, baryon-
number conservation plays a crucial role, as they typically
originate from baryon—antibaryon pair production. Addition-
ally, the higher energy threshold required for kaon and pro-
ton production means that events containing these particles
are more likely to produce additional hadrons, leading to a
broader phase-space distribution and reducing the suppres-
sion of near-side correlations observed for pions.

After applying a rescaling factor to remove the trivial mul-
tiplicity dependence, as observed in Fig. 4, the Cr increases
with multiplicity. Notably, once the 1/N scaling is removed,
unlike-sign pions exhibit a monotonic behavior with multi-
plicity. An interesting observation is that unlike-sign kaons
show no multiplicity dependence after rescaling, suggesting
a distinct behavior compared to other species.

7 Comparison to MC models

The results obtained using the Cr definition were compared
with MC models: PYTHIAS Monash 2013 [39], PYTHIA
8.315 [40], EPOS LHC [41], and EPOS 4 [42], all generated
for pp collisions at /s = 13 TeV. Both PYTHIA versions
employ the Lund string-fragmentation model to describe
hadronization, ensuring a consistent microscopic picture of
final-state particle production. PYTHIAS8 Monash 2013 cor-
responds to a well-established tune optimized to reproduce
a broad range of LHC observables, whereas PYTHIA 8.315
includes a crucial bug fix in the parton shower but has not
been extensively retuned, which generally leads to a poorer
description of the particle yields. For EPOS, both versions
are based on the core corona framework, where the dense
medium formed in high-multiplicity events (the core) is
treated separately from the surrounding dilute region (the
corona). EPOS LHC introduces collective effects via parton-
ladder splitting but systematically underestimates the away-
side correlations, particularly in low-multiplicity events.
EPOS 4 retains the same core corona picture but implements
a more consistent treatment of multiple scatterings and satu-
ration, resulting in a somewhat improved description of the
away side compared to EPOS LHC. Figures 5 and 6 show
the two-particle correlations on the azimuthal distribution for
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like- and unlike-sign pions, kaons, and protons in the highest,
middle, and lowest multiplicity classes.

All models, when using the Cr definition, show an
increase in the correlation with growing multiplicity, which
is in agreement with the trend observed in the data. In
the utilized MC models, quantum-statistics effects are not
accounted for. This limitation becomes evident when com-
paring correlations of like-sign pions, as observed in Figs.
S5a—c, where the models underestimate correlations on the
near side compared to experimental data. For like-sign kaons,
shown in Fig. 5d—f, the model values exceed the data on
the near side, although better agreement is observed on the

away side. The models fail to reproduce the anticorrelation
observed in like-sign protons.

For unlike-sign pions in the lowest multiplicity class
(Fig. 6¢ ), the models fail to accurately describe the cor-
relation due to the lack of pairs of pions close in the
Ay, Ag space. More generally, PYTHIA simulations, bene-
fitting from their effective description of mini-jet structures,
qualitatively capture both the near- and away-side peaks
for unlike-sign pions and kaons. EPOS LHC, in contrast,
fails to describe the away side, especially at low multiplic-
ity, while EPOS 4 shows a noticeable improvement in this
region. Interestingly, EPOS 4 reproduces the unlike-sign pro-
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ton correlations both qualitatively and quantitatively, show-
ing good agreement in the highest and middle multiplicity
classes. PYTHIA 8, on the other hand, exhibits larger dis-
crepancies at high-multiplicity but approaches good agree-
ment within uncertainties in the lower multiplicity classes,
as shown in Figs. 6(g)-6(i).

The Ay projections of the near-side region (|A¢| < 0.5)
of the measured correlation function were also studied and
compared with model predictions from PYTHIAS8 Monash
2013, PYTHIA 8.315, EPOS LHC, and EPOS 4 as shown
in Figs. 7 and 8. This comparison is performed separately
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for like-sign and unlike-sign pairs across three multiplicity
classes: the highest (0-1%), the middle (30-40%), and the
lowest (90-100%).

In comparison with the results presented in Figs. 5 and 6,
which demonstrate the successful description of the corre-
lations observed in the A¢ analysis, the Ay projection for
like- and unlike-sign pions and kaons shown in Figs. 7 and 8
reveals discrepancies. For like-sign pions, none of the models
achieve a satisfactory qualitative or quantitative description
of the data. For unlike-sign pions, as well as like- and unlike-
sign kaons, PYTHIAS shows the best agreement, while the
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Fig. 9 The

(Ay, Ag)-correlation functions
for PYTHIA8-Monash2013 for
like- and unlike-sign protons
pairs in the 0-20% and
70-100% multiplicity classes in
pp collisions at /s = 13 TeV
using the Cr definition.

Cr(ao, Ay)

PYTHIA8-Monash13
pp, Is = 13 TeV

PYTHIA8-Monash13
pp, s = 13 TeV

Pp+Pp, 70-100%

Cr(Ap, Ay)

(@) (b)
PYTHIA8-Monash13 PYTHIA8-Monash13
pp, Is =13 TeV pp, s = 13 TeV
103 pp, 0-20% pp, 70-100%
X

Cr(Ag, Ay)

(©)

other models reproduce only the general correlation trends
without reaching quantitative consistency with the measure-
ments.

For protons, the situation is reversed: no agreement is
observed in the Ag projections, yet in the Ay projections
PYTHIA 8.315 describes both like- and unlike-sign correla-
tions within the systematic uncertainties. An analysis of the
2D correlation functions in Fig. 9 and 10, generated using
PYTHIAS8 (Monash 2013 tune) and EPOS LHC for 0-20%
and 70-100% multiplicity classes, highlights that neither
model reliably reproduces baryonic correlations, both qual-
itatively and quantitatively. These multiplicity ranges were
chosen to capture the full spectrum of event activity, offering
a clear and comprehensive view of the correlation functions
in both central and peripheral collisions. While EPOS LHC
exhibits a typical evolution of correlation patterns across mul-
tiplicity classes, PYTHIAS displays distinctive behavior. At
higher multiplicities, the correlation structure resembles that
of lower multiplicities, featuring a dominant away-side ridge

x10°°

Cr(Ap, Ay)

(d)

and a smaller near-side ridge, indicative of momentum con-
servation effects. In contrast, at lower multiplicities, the near-
side ridge becomes more pronounced. Finally, these distribu-
tions show that relying solely on Ay projections to compare
models with experimental data in angular correlation func-
tions can lead to misleading conclusions about their apparent
agreement.

This comparison provides valuable insights into the
limitations of current theoretical models in capturing the
observed phenomena, emphasizing the need for further
development and refinement of these models to better repro-
duce the experimental data.

8 Summary
This study focused on the two-particle angular correlation

of identified particles in Ay, Ag space, extending previous
research conducted at /s = 7 TeV across various mul-

@ Springer
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Fig. 10 The EPOS LHC EPOS LHC
(Ay, Ag)-correlation functions pp, Vs =13 TeV o pp, /s =13 TeV
for EPOS LHC for like- and 107 bp+pp, 0-20%
unlike-sign protons pairs in = ¢ N
0-20% and 70-100% x 4 D ‘ =
multiplicity classes in pp g 2 ‘\“ ‘ \\\k\ s
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tiplicity classes. To address the trivial multiplicity scaling
observed with the probability-ratio definition of the correla-
tion function, this study employed the rescaled two-particle
correlation function as well.

In pp collisions at /s = 13 TeV, the anticorrelation
observed previously persists and becomes more pronounced
at higher multiplicities when using the rescaled two-particle
correlation function definition. While this analysis was pri-
marily conducted to investigate the origin of these anticor-
relations in AyAg, it has also uncovered intriguing trends
across different particle species and multiplicity classes. In
contrast, like-sign particles show a large correlation in the
away-side region typical of back-to-back jets, with kaons
and protons exhibiting a magnitude similar to the near-side
peak. Projection on the azimuthal direction shows that the
probability ratio increases with lower multiplicities. How-
ever, the rescaled two-particle correlation function exhibits
an opposite trend, due to renormalization that removes the

@ Springer
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trivial multiplicity scaling. Notably, like-sign kaons show no
dependence on multiplicity after rescaling.

The results were compared with the predictions of
PYTHIAS and EPOS models in both the A¢ and Ay direc-
tions. Projections of the experimental data on the azimuthal
direction showed a high level of agreement with meson corre-
lations. However, the models exhibited a notable inability to
accurately reproduce the baryon—-baryon correlations. In con-
trast, the simulated correlations for the baryon—antibaryon
pairs are qualitatively similar to those observed in the exper-
imental data, but not quantitatively. Regarding projections on
the Ay axis, the PYTHIAS8 and EPOS models for meson pairs
show qualitative but not quantitative agreement. These mod-
els also fail to reproduce the two-dimensional Ay, Ag anti-
correlation for baryon—baryon pairs. These findings strongly
suggest that essential ingredients are missing in the current
PYTHIA and EPOS model descriptions, with the most criti-
cal deficiency being the inadequate treatment of baryon pro-
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duction. The measured multiplicity dependence of baryon—
baryon anticorrelations can help to further explore the possi-
ble role of the partonic phase in models such as AMPT and
EPOS.

Future experimental studies using the larger LHC Run 3
datasets would enable investigations into how particle mass,
strangeness, and charm content affect baryon baryon anticor-
relations.
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