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ABSTRACT: Short-range correlations between charged particles are studied via two-particle
angular correlations in pp collisions at /s = 13 TeV. The correlation functions are measured as
a function of the relative azimuthal angle Ay and the pseudorapidity separation A for pairs
of primary charged particles within the pseudorapidity interval |n| < 0.9 and the transverse-
momentum range 1 < pp < 8 GeV/c. Near-side (|Ap| < 1.3) peak widths are extracted
from a generalised Gaussian fitted over the correlations in full pseudorapidity separation
(|An| < 1.8), while the per-trigger associated near-side yields are extracted for the short-range
correlations (|An| < 1.3). Both are evaluated as a function of charged-particle multiplicity
obtained by two different event activity estimators. The width of the near-side peak decreases
with increasing multiplicity, and this trend is reproduced qualitatively by the Monte Carlo
event generators PYTHIA 8 AMPT, and EPOS. However, the models overestimate the
width in the low transverse-momentum region (pr < 3GeV/c). The per-trigger associated
near-side yield increases with increasing multiplicity. Although this trend is also captured
qualitatively by the considered event generators, the yield is mostly overestimated by the
models in the considered kinematic range. The measurement of the shape and yield of the
short-range correlation peak can help us understand the interplay between jet fragmentation
and event activity, quantify the narrowing trend of the near-side peak as a function of
transverse momentum and multiplicity selections in pp collisions, and search for final-state
jet modification in small collision systems.
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1 Introduction

In high-energy particle collisions, measurements of particle correlations provide information on
a wide range of physics effects, leading to quantitative and qualitative understanding of diverse
phenomena in elementary (e.g. electron—positron), small (proton—proton and proton—nucleus),
and large (nucleus—nucleus) collision systems. In fact, one of the first surprising results
from the Large Hadron Collider (LHC) physics programme was the conclusive observation of
correlations in the transverse plane between particles across a wide range of pseudorapidity in
pp collisions [1]. This was reminiscent of similar long-range correlations that had previously
been observed in nucleus—nucleus (AA) collisions, and which had been attributed to the
expansion of a hot and dense strongly-interacting medium produced in such interactions, the
quark—gluon plasma (QGP) [2-6]. In heavy-ion collisions, measurements of correlations in
momentum space give insight into both the collective bulk dynamics of the system expansion
as well as the interactions of hard and soft probes with the surrounding medium [7]. Searches
for similar signals in small collision systems are an active area of research. Current research
in small collision systems focuses on varying system sizes to explore and identify the onset
of signatures that are attributed to the formation of a QGP [8, 9].

In heavy-ion collisions, two- and multi-particle angular correlation [10-13] measurements
demonstrate that the produced medium exhibits strong collectivity [14], in which many parti-
cles show correlated behaviour despite being far apart in (pseudo)rapidity. The anisotropies in
the azimuthal-angle distribution of the emitted final-state particles have been extensively stud-
ied in nucleus—nucleus collisions from below 1004 MeV up to Super Proton Synchrotron (SPS)
energies (see refs. [15-17] and references therein); in Au-Au, Cu—Cu, Zr—Zr, Ru-Ru, and
U-U collisions in the centre-of-mass energy range 4.5 < /snN < 200 GeV at the Relativistic
Heavy Ion Collider (RHIC) [2-5, 18-22]; and in Pb-Pb and Xe-Xe collisions at /syn = 2.76,
5.02, and 5.44 TeV at the LHC [6, 23-26]. The anisotropy in the final-state momentum-
space particle distribution is commonly explained as emerging from the initial-state spatial



anisotropy through the pressure-driven expansion of strongly interacting matter, which in the
SPS/RHIC/LHC energy regime is expected to be the QGP. Models that describe the QGP
expansion with hydrodynamic equations, such as iEBE-VISHNU [27] and MUSIC [28], are
particularly successful in reproducing experimental measurements [29-32] of anisotropic flow.
While hydrodynamic models suggest that anisotropic flow arises predominantly from final-
state interactions, models of the initial conditions indicate that momentum-space anisotropies
may also arise in the initial state. In particular, the interaction of dense colour fields in
the colliding nuclei can produce a state known as the colour glass condensate (CGC) in
the early moments of the collision [33-35]. The resulting colour flux tubes may evolve to
preferentially emit particles anisotropically in the azimuthal direction [36, 37]. To what extent
these initial-state effects persist throughout the evolution of the collision, and contribute to
the experimentally-observed final-state anisotropies, remains an open question.

Long-range correlations have been also observed in smaller collision systems such as
proton—proton (pp) [1, 38-43], proton—nucleus (pA) [44-47], and light nucleus—nucleus [48, 49]
collisions. These results were surprising, as it was not expected that pp and pA collisions
could produce the high energy density spread over a large spatial volume that is necessary for
a QGP medium to form. However, the origin of these long-range correlations in small systems
is still not understood and is not clear whether they emerge due to the same underlying
mechanisms as in the large collision systems.

Hydrodynamic models which were developed to describe heavy-ion collisions, such as
superSONIC [50], iEBE-VISHNU [51], and MUSIC [32], also find success in describing the
observed anisotropies in small collision systems. Phenomenological Monte Carlo (MC) models
based on Lund strings, such as PYTHIA [52, 53], are able to generate pp collisions with a large
number of particles in the final state (high multiplicity) with colour reconnection, strangeness
enhancement [54] and isotropic (radial) expansion with colour rope fragmentation [55, 56|, and
anisotropy in the final-state momentum distributions by interactions of colour strings via a
mechanism called string shoving [57]. However, they are not yet able to qualitatively describe
the full range of QGP-like behaviour observed in small collision systems (see, for example,
ref. [58]). While the contributions from initial state momentum correlations described by
gluon saturation models are expected to be more important in small collision systems than
in large systems, initial state effects alone are not able to fully describe the systematic
trends observed in experimental data (see, for example, ref. [48]). However, hybrid models
comprising CGC-based initial state momentum correlations followed by a hydrodynamic
evolution do provide good description of the data [32], and new differential observables are
promising for disentangling initial- and final-state effects [59].

Flow measurements in small collision systems present a significant experimental challenge
due to the contribution of non-flow correlations (processes that produce correlated particles
which are not collective, namely jet fragmentation, as described below). In contrast to the case
of heavy-ion collisions, in pp and pA collisions the relative amount of particles from the bulk
(underlying event) is small, and therefore the characterisation of the jet fragmentation in small
collision systems is necessary to accurately subtract non-flow effects and quantify potential
biases in flow measurements. Several methods for removing non-flow contributions from
measurements of v, rely on a subtraction of correlations in low-multiplicity events from those



in high multiplicity collisions, and incorporate different assumptions about the multiplicity
dependence of non-flow correlations. For example, a straight subtraction of the correlation
functions measured in low-multiplicity events from those in high-multiplicity events is sufficient
for extracting flow correlations, assuming that non-flow does not depend significantly on
multiplicity and the low-multiplicity events are dominated by non-flow correlations [44].
Meanwhile, template fit methods [39, 41, 45] allow for some multiplicity-dependence of non-
flow by scaling the low-multiplicity correlation function before subtraction, but typically rely
on alternative assumptions in order to constrain the scaling factors. Thus, an investigation
into the multiplicity-dependence of the near-side jet peak, and therefore non-flow correlations,
is important for non-flow subtraction techniques.

In the hot and dense environment of a heavy-ion collision, the products of hard (high
momentum transfer) parton—parton scatterings, known as jets, undergo strong interactions
with the medium. The result is that the jet energy is redistributed to low-momentum particles,
leading to a reduction in the number of high-pr reconstructed jets and a modification of the
momentum distribution of the jet fragments in AA collisions compared to pp collisions, a
phenomenon known as jet quenching [60-62]. The first demonstration of this jet modification
with two-particle correlations was observed in Au—Au collisions measured by the STAR
experiment at RHIC [63]. Further studies of hadron—hadron and jet—hadron correlations
at RHIC [64-69] and the LHC [70-76] have been used to quantitatively examine the jet
structure in both pp and AA collisions to gain insight into the mechanisms of jet quenching
in heavy-ion collisions (for a review, see ref. [77]). Models which do not include a hot and
dense medium like the QGP are currently unable to fully describe the jet suppression and
momentum redistribution of jet fragments observed in nucleus—nucleus collisions [78, 79].

Anisotropic flow, which describes the bulk evolution of the medium, and jet quenching,
which represents the interactions between the hard and soft components of the collision, are
typically viewed as signatures of the strongly-interacting medium produced in heavy-ion
collisions [80, 81]. However, while flow-like signals have been measured in small collision
systems, the effects of jet quenching are expected to be small in pp and p—Pb collisions [82—
88], and have not been observed within experimental uncertainties [89-98]. Experimental
and theoretical efforts are essential to understand these two observations within the same
underlying physics picture in collisions of small nuclei.

As an alternative approach to jet suppression measurements, in this work the angular
distributions and per-trigger associated yields from jet fragmentation are studied as a function
of charged-particle multiplicity in pp collisions at the centre-of-mass energy of /s = 13 TeV.
Thus, this work is a complementary search for jet quenching effects in small collision systems,
in which the modification of the jet fragmentation is quantified as a function of multiplicity
and compared to MC models. Model comparisons are necessary to draw conclusions on
whether the multiplicity-dependence of the jet fragmentation, examined via the yield of jet
particles and the pseudorapidity width, are due to kinematic selections or presence of the
QGP medium. Furthermore, this work provides input for studies of anisotropic flow by
measuring the presence of non-flow as a function of relative pseudorapidity.

This article is organised into the following sections. First, the experimental setup and
analysis method are described in section 2 and section 3, respectively. Section 4 discusses



the systematic uncertainties. The results and their comparison with model calculations are
presented and discussed in section 5. Finally, the results are summarised in section 6.

2 Experimental setup and data samples

Here a brief description of the ALICE detector is given while a more comprehensive illustration
of the ALICE detector and its performance can be found in refs. [6, 99, 100]. The analysis
utilises the VO detector [101], the Inner Tracking System (ITS) [102], and the Time Projection
Chamber (TPC) [103]. The VO detector consists of two arrays located on both sides of the
interaction point, named VOA and VOC, each comprising 32 plastic scintillator tiles, having full
azimuthal acceptance within the pseudorapidity intervals 2.8 < n < 5.1 and —3.7 <7 < —1.7,
respectively. The ITS is a silicon tracker with six layers of silicon sensors. The two innermost
layers of the ITS are called the Silicon Pixel Detector (SPD) [104]. The middle two layers are
the Silicon Drift Detector, and the two outermost layers are the Silicon Strip Detector. The
TPC is a gas-filled cylindrical tracking detector providing up to 159 reconstruction points for
charged-particle tracks traversing the entire radial extent of the detector. The TPC and ITS
have a pseudorapidity coverage of —0.8 < n < 0.8 and —0.9 < n < 0.9, respectively.

The VO provides a minimum bias (MB) trigger in pp collisions. A time coincidence of
VOA and VOC signals triggers the data collection. The amplitudes of VOA and VOC signals
are proportional to charged-particle multiplicity and their sum is denoted as VOM. The VOM
amplitude is utilised to define the multiplicity class. In addition to VOM, the multiplicity
can be classified using the number of clusters in the outer layer of the SPD, which covers
the acceptance |n| < 1.4 to measure the number of produced charged tracks at midrapidity,
Nen [38, 105, 106]. The N, determined by the use of SPD clusters is corrected for detector
acceptance as well as reconstruction and selection efficiency. The present paper utilises these
two different multiplicity estimators covering different pseudorapidity ranges.

The analysed data samples of MB pp events at /s = 13 TeV were recorded during the
LHC Run 2 period from 2016 to 2018 and correspond to an integrated luminosity (Lin) of
about 19 nb~! [107]. The positions of primary vertices are reconstructed from track segments
measured by the SPD. The reconstructed primary vertices are required to be within 8 cm
of the nominal interaction point along the beam direction. Pileup events are identified as
the events with multiple reconstructed primary vertices. These events are rejected if the
longitudinal distance between any of the vertices to the primary vertex is greater than 0.8 cm.
The relative rate of residual pileup events is estimated to range from 1073 to 1072 for MB
events in pp collisions [105].

Charged-particle tracks are reconstructed in the pseudorapidity range |n| < 0.9 over the
full azimuth with the TPC and ITS detectors, which are located inside a large solenoidal
magnet, providing a uniform magnetic field of 0.5 T oriented along the beam axis. To
guarantee good track momentum resolution, the reconstructed tracks are required to have
crossed at least 70 readout pad rows in the TPC and have at least two associated hits in
the ITS, with at least one in the SPD. The distances of closest approach (DCA) of the
track to the primary vertex in the longitudinal (d,) and transverse (dyy) directions are
required to be |d,| < 2 cm and |dyxy| < (0.0105 + 0.0350 xpp'!) cm (with pp in GeV/c),
respectively, to suppress contamination from secondary charged particles originating from



weakly decaying hadrons and interactions with the material. Due to the kinematics boosts
that act in the longitudinal direction and geometry of SPD pixels, DCA cuts are kept looser
in the longitudinal direction. The contamination is strongest at low pr and decreases from 9%
for pr < 1GeV/c to less than 1% for pr > 10 GeV/c [108]. The efficiency of charged-particle
reconstruction is approximately 65% [109] at pp ~ 0.15 GeV /c and increases to about 80%
for particles with pp > 1 GeV/c. The pr resolution is approximately 1% for primary charged
particles [110] with pp < 1 GeV /¢, and it linearly increases to 6% at pp ~ 50 GeV/c in pp
collisions [108]. In this article, charged-particle refers to a primary charged particle with a
mean proper lifetime greater than 1 cm/c. This particle is either produced directly in the
interaction or results from the decay of particles with a lifetime shorter than 1 cm/c, limited
to decay chains leading to the initial collision (see ref. [110]).

3 Analysis procedure

The two-particle angular correlations are measured as a function of the relative azimuthal
angle (Ayp) and the relative pseudorapidity (An) of two charged particles, referred to as
trigger and associated particles, and is divided by the number of trigger particles Niig.
The per-trigger yield is corrected for pair acceptance B(An, Ay), which is calculated by
associating trigger particles in a given event with particles from other events (event-mixing).
The acceptance-corrected two-particle angular correlation can be expressed as

1 d2Ng,
P2 = B(0,0)

e -l 3.1
Niig dAndAp ’ (3.1)

PT, trig> PT, assoc

S(An, Ap) ‘
B(An, Ayp)

where the number of trigger and associated particle pairs is denoted as Npair. The transverse
momenta of trigger and associated particles are denoted as pr trig and pr, assoc, Where pr. rig
is required to be higher than pr agssoc. All tracks are within |n| < 0.9. The pair yield measured
in the same event is represented by S(An, Ag). The longitudinal positions of the primary
vertices of events to be mixed are required to be within the same, 2 cm wide, zyx interval
for each multiplicity class used in this analysis.

The final correlation function is calculated by taking the weighted average of eq. (3.1)
results obtained in these individual bins [73, 111]. In addition, all primary tracks are corrected
for the single-particle tracking efficiency in a given multiplicity class as a function of pr,
7, and zytx. The corrections for tracking efficiency and acceptance are constructed with
MC simulations and are based on events generated with PYTHIA 8.3 with the Monash
tune [53] and the GEANT3 transport package [112], which is employed to simulate the
detector response.

Figure 1 presents the fully corrected two-particle angular correlation functions in pp
collisions at /s = 13TeV for different multiplicity classes, which are classified with the
mean number of reconstructed charged tracks at midrapidity ((NVik)), referred to as the
Midrapidity Multiplicity Estimator. In order to correct for the effects of the tracking efficiency
on the average multiplicity (Ng,), a correlation between the reconstructed and simulated
multiplicities in the simulated samples is formed, which is then randomly sampled to obtain
a new multiplicity value from the generated distribution corresponding to the reconstructed
value [38, 106]. The prominent near-side jet fragmentation peak around (An, Ap) ~ (0,0) is



ALICE pp Vs =13 TeV, [n| < 0.9, 1 < pr, assoc < P, trig < 2 GeV/c
(Nep) = 3.8 (Nep) =9.6 (Nep) = 19.5 (Nep) = 29.4

(1/Ntrig)d2Npair/dAr7dA¢

(1/Ntrig)d2Npair/dAr7dA(p

N
m \@6

o

Figure 1. Two-particle angular correlation functions as a function of An and Ay in pp collisions at
/s = 13 TeV for various multiplicity classes selected with the Midrapidity Multiplicity Estimator and
characterised by the mean number of corrected tracks, (Nen) (|7 < 1.0, pr > 0.2 GeV/¢), with the
minimum-bias multiplicity at (Ng,) = 11.3. All correlation functions are shown for 1 < pr. agsoc <
T, wig < 2GeV/e.

mostly dominated by particle pairs coming from the same jet while the away-side region (Ap ~
7 and extended in the An direction) is populated mostly by back-to-back jet correlations.

The shape of the jet fragmentation peak is quantified through a projection of the
correlation function on to its An-axis

1 dNpair / 1 d? Npair 1
Qpair _ dAp, 3.2
Nuig dAn |Ap|<1.3 (Ntrig dAndAy ) dae 4 (3:2)

where dp, = 2.6 is the normalisation constant for the projection range, which is also used in
a previous publication [73]. In order to characterise the near-side peak shape, the projected
distribution is fitted with the generalised Gaussian function as shown in figure 2. This
is pragmatic choice to characterise the shape without direct physics implications. The
generalised Gaussian is given by

Gy, () = Viwexp [— (m)%} + A, (3.3)
e 2w, T'(1/7z) Wy

where w, is the scale and ~, the shape parameter. These parameters can be used to

quantify the width of the near-side peak and provide information on the jet fragmentation

pattern. Furthermore, I' represents the Gamma function and A is a constant background

pedestal. It is worth mentioning that v, = 2 and v, = 1 return Gaussian and Laplace
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Figure 2. Near-side one-dimensional A7 correlation function in pp collisions at /s = 13 TeV obtained
using eq. (3.2). The correlation is fitted with a generalised Gaussian distribution parameterised by
eq. (3.3). The projected correlation function is presented after the baseline subtraction (see text for
details). The statistical uncertainties are smaller than the marker size, and the systematic uncertainties
are not shown.

distributions, respectively. The standard deviation (o) of the generalised Gaussian function
can be analytically expressed as 0% = w?I'(3/7;)/T(1/7,). Compared to the ordinary
Gaussian, the generalised Gaussian function provides a better description of the projected
correlation functions, especially in the region of large An tails, which allows one to fit over
the entire An-range. Compared to the jet fragmentation peak, the small contribution of the
near-side long-range correlations to the characterisation of its shape is considered negligible.

near
frag

measured short-range An correlations over |An| < 1.3 [38, 58], which can be expressed as

The near-side per-trigger associated yield ( ) is measured by directly integrating the

1 dN,u;
Vieg. = / P ) dAn — day Dzvan. 3.4
froe |An|<1.3 (Ntrig dAn ) n An YZYAM ( )

Dyzyanm defines the baseline of the ZYAM (Zero-Yield-at-Minimum) background subtrac-
tion [113], and is taken to be equal to the pedestal term of the fit, i.e. Dyyam = A, where
A is from eq. (3.3).

The same analysis procedure is used also for the other event-class definition used in this
analysis based on the VOM amplitude, referred to as the Forward Multiplicity Estimator. The
mean charged-particle multiplicity density ((Ng,)) within |n| < 1.0 and pp > 0.2 GeV/c for
a given VOM percentile class is derived based on the corresponding (N,) for |n| < 0.5 and
pr > 0GeV/c from ref. [105]. This value is then scaled to match the kinematic ranges of
the particles at midrapidity using PYTHIA 8 with the Monash tune [53] (the comparison
can be found in ref. [114]). This was repeated for all VOM amplitude percentiles. These
values are corrected for acceptance and tracking efficiency, as well as for contamination
by secondary particles.



4 Systematic uncertainties

The systematic uncertainties are evaluated by varying different selection criteria including
the primary vertex position range, DCA selection range, track selection criteria, constraints
on the particle charges, and efficiency correction, and looking for the deviations of the
extracted observables with respect to the default setup. Unlike in the measurements of
long-range correlations [38, 58], the An and Ay ranges are not varied, as these ranges are
in the definition of the observable.

The sensitivity to detector acceptance effects is evaluated by varying the primary vertex
position range for the event selection from |zyix| < 8 cm to |zyix| < 10 cm. This effect is very
small, of the order of 0-2% for the majority of the observables. The uncertainty emerging
from the secondary track contributions is estimated by applying a tighter DCA selection
in the beam direction, the DCA limits were changed from 2 cm to 0.3 cm. The resulting
systematic uncertainty ranges from 0% to 2%. Different track selection criteria were tested.
The uncertainty related to this choice, referred to as tracking mode, is obtained by changing
track selection criteria to those used in refs. [115, 116], which yield a more uniform azimuthal
distribution of tracks. This uncertainty is found to be mostly between 1% to 3%. The possible
impact of the contamination by resonance decays on the near-side peak width is tested by
correlating two particles with the same charge (like-sign pair). The corresponding relative
deviations of the observables between the default and like-sign pair analysis is below 3% at
low pr (pr < 1.5GeV/c) and increases up to 5-10% at high pp (pr ~ 6 GeV/c). Finally, the
systematic uncertainty from the efficiency correction is evaluated from simulated data by
comparing the results obtained with MC generated-level particles with those obtained with
the corrected reconstruction-level particles. The resulting uncertainty is broadly around 5%
for pr < 1.5 GeV/c and increases up to 10% at py ~ 6 GeV/c or multiplicity (V) 2 50. The
relative uncertainty resulting from the discrepancies in this closure test is the only source of
uncertainty that differs significantly between the near-side jet width and yield observables,
with the uncertainty on the width being typically much lower by 1-3% in all bins. The total
systematic uncertainty is calculated by summing up each source in quadrature assuming no
correlations between them. The total systematic uncertainty ranges between 3% and 15%,
with mostly smaller values being achieved for lower prt bins.

5 Results

Figure 3 presents the width of the near-side peak as a function of charged-particle multiplicity
in pp collisions at /s = 13 TeV for various pr, trig and P, assoc intervals. The event activity
is classified at midrapidity (left panel) and forward rapidity (right panel). For a given pr trig,
the measured width decreases monotonously with increasing pr, assoc due to the boost of jet
fragments. The decreasing trend is observed for both multiplicity estimators using charged
particles at midrapidity and forward rapidity. The peak width also decreases as a function
of (Nen) for pr, assoc < 2GeV/ec.

The narrowing trend of the near-side peak with increasing multiplicity is opposite to that
observed in heavy-ion collisions for low pr, iz and P, assoc intervals, where a broadening of
the near-side peak is measured [73]. This happens only for the low associated-pr intervals
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Figure 3. Near-side peak widths as a function of (Ng) for all pr, trig and pr, assoc intervals. Results
with event activity measured at midrapidity (forward rapidity) are shown on the left (right). The
statistical and systematic uncertainties are displayed with error bars and boxes, respectively.

(pr < 2GeV/c), where the trend is strong. This trend as a function of multiplicity cannot
be attributed solely to jet-quenching effects, which in heavy-ion collisions are considered
to produce the broadening of the near-side peak. There may be kinematic biases from the
multiplicity selection, which could obscure the clear identification of a possible jet-quenching
signature in pp collisions. Additionally, other comprehensive studies, which have used jet
reconstruction methods [94, 117], have independently reached similar conclusions.

Figure 4 shows the near-side peak yields as a function of charged-particle multiplicity at
midrapidity in pp collisions at /s = 13 TeV for various pr, trig and pr, assoc intervals and for
the two event activity classifiers. The near-side yield increases with increasing multiplicity
for both midrapidity and forward rapidity event multiplicity estimators. The trend increases
more significantly as a function of the midrapidity than the forward rapidity multiplicity
estimator due to auto-correlations [118].

5.1 Comparisons with models

The measured data are compared with several MC event generators, namely PYTHIA 8,
AMPT, and EPOS LHC. PYTHIA 8 [52] is a versatile event generator which can be used to
simulate pp as well as heavy-ion collisions [78]. Some parameters of the PYTHIA 8 model,
mostly the ones associated with the non-perturbative regime of quantum chromodynamics,



06F T T T T T T T T
| Midrapidity Multiplicity Estimato 1 Forward Multiplicity Estimator
* ;.<pT,aSSOC§f(33T,§;ig <1ZGeV/c S ooy T 573 < Pr.1rig < 4GEV/C, 1 < Pr. assoc < 2 GV
L & 2<pT,trig< eV/c, 3<G,0\T/,assoc< eV/c 1 53 < pr.uig < 4 GEV/C, 2 < Pr. assoc < 3GeV/C
0577 €2 < Pr1,assoc < PT, trig < eV/c ,ﬁ, 53 < Prassoc < Prtig < 4 GeV/e _|
ALICE + | 014 < pr,trig < 8GeV/c, 1 <Pt assoc < 2GeV/c
pp Vs =13 Tev 1 674 < pr g <8GeV/c, 2 < <3GeV/c
AN <1.3, |Ag| <1.3 B o ¢ P, trig Ic, PrT, assoc /
T 014 < pr,trig < 8GeV/c, 3 <Pr,assoc < 4GeV/c
0.4 i o ° - ii ® 14 < Pr,assoc < P, trig < 8 GeV/c N
° ©
[} o d] 1 3ol [0 @ o © [} ©
[} O m 1 o
g o3l © 8 —+ -
S ; - B
o] o & > g 5 o o] o] o] o]
o ] & ]
° g Qe ¢
L o o 1 S &> > 4
o & o e
027 o P > oo ® o J <><><> —
e ) L 1 i
: “ © ¢ m ﬁ : o o @ © e
> ° 9 g @ @ o] 5 © o ©
| - g ® 1 E]
0.1 o g © o L m ® W % -1 o @ B oa E 8] § —
o} o = B . + mE E [*
o = & & . ‘8Irg o @ O o [o]
:3? R
™
> * & T ™ * @ 0
[ "¢ Tt i i asse=sxm BT ] a0t T & H
00, . . o v v b b e e b e e e e T
0 15 30 45 60 75 0 15 30 45 60 75
(Nch) (0| < 1.0, pr>0.2GeV/c) (Ncn) (In| < 1.0, pr>0.2GeV/c)

Figure 4. Per trigger normalised yield of associated particles in the near-side as a function of (Ny)
for all pr, trig and Pr, assoc intervals. Results with event activity measured at midrapidity (forward
rapidity) are shown on the left (right). The statistical and systematic uncertainties are displayed with
error bars and boxes, respectively.

are tuned to reproduce experimental data. The default parameter set of PYTHIA 8 is called
the Monash tune. It was adjusted based on a large set of LHC measurements and can describe
the production of soft particles relatively well [53]. Its predecessor, the tune 4C, which is
tuned to the first LHC measurements [119], is used in this analysis for comparison to the
more recent versions. In the default PYTHIA 8 versions, long-range correlations are not
expected to emerge as there are no final-state partonic or hadronic interactions included. To
describe these long-range correlations in HM pp collisions, string shoving can be enabled
in PYTHIA 8 [57, 120]. This mechanism gives rise to a repulsive force acting between
colour strings which yields a microscopic transverse pressure. The string shoving approach
in PYTHIA 8 reproduces the experimental measurements by ALICE [58] and CMS [41]
of the long-range near-side (|Ap| < 1.3) ridge yield in high-multiplicity (HM) pp events.
One of the features of this model is that strings produced from hard scatterings are also
affected by the repulsive force, which then leads to the observed long-range correlations even
in low-multiplicity events with PYTHIA 8 [121].

The EPOS model uses a core—corona approach to describe the evolution of heavy-ion
collisions [122]. The core is subject to hydrodynamic expansion, while the corona simulates the
hadrons from string decays. Finally, UrQMD [123, 124] is used to model hadronic interactions
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Figure 5. Multiplicity-dependence of near-side peak yields for all pr trig and pr, assoc intervals
measured in pp collisions at /s = 13 TeV, compared with MC models. Multiplicities are estimated at
midrapidity. The model results are shown as coloured bands with the width of the band denoting the
statistical uncertainties. The error bars (boxes) represent the statistical (systematic) uncertainties in
the experimental data. The AMPT calculations are scaled by a factor of 0.6 in all panels for visibility.



of all hadrons coming from the corona or the hadronisation of the core. A version called
EPOS LHC, which includes a different parameterisation of flow in the case of a small and
dense system, can successfully describe the long-range correlations in HM pp events [58].

While models like EPOS [122] use a causal hydrodynamic framework in describing the
collective phenomena in small collision systems, the AMPT model with string melting [125]
does this by modelling the evolution of the medium as a collection of interacting partons and
hadrons [126]. The applicability of the model in reproducing flow results in small systems is
studied in ref. [127]. The model can explain the long-range correlations for Pb—Pb collisions
by introducing fluid-like and particle-like excitations with kinetic theory [128-130]. This
study uses the same parton-interaction cross section value of 3 mb that is used in larger
system studies [125]. This is important for the results to be comparable, as the partonic
cross sections affect the final-state observables.

Figure 5 displays MC model comparisons with the measured near-side peak yields for
the multiplicity classes selected with the midrapidity estimator. The models reproduce
qualitatively the growth of the yields as a function of multiplicity. However, in lower pr
intervals for (N.,) < 10, the models predict a much steeper rise with increasing multiplicity.
For the higher pr intervals, the models agree better with the data. Similarly to the case
of jet widths, the models overestimate the data for most pp intervals with the exception
of EPOS LHC, which underestimates the measured yields in all pp intervals. Only in the
highest pr interval, the different PYTHIA 8 tunes can describe the data within uncertainties.
The AMPT model (scaled by a factor of 0.6 in all panels for visibility) overestimates the
yields in all pt intervals , but captures the multiplicity dependence well in general.

Figure 6 compares the measured near-side peak widths with the MC model expectations
for the multiplicity selection based on the midrapidity estimator. In all pt intervals, except
the two with pr, assoc > 3 GeV/c reported in the bottom panels of the figure, the simulated
jet peaks get narrower with increasing multiplicity. The trend is stronger in the lower prp
intervals, while in the highest pr intervals the multiplicity dependence becomes more flat.
Interestingly, all models show similar multiplicity dependence with large overestimations of
the near-side peak widths in the low multiplicity event classes. Furthermore, there is a subtle
qualitative difference between the default PYTHIA 8 and PYTHIA 8 with string shoving,
which suggests that the decreasing trend in the jet widths as a function of multiplicity might
be connected to the final-state anisotropic particle distribution. In addition, the multiplicity
dependence becomes weaker for the higher-multiplicity events, which is more prominent at
lower pr. All the models describe qualitatively the trend of the data, but overestimate the
measured near-side peak widths in lower multiplicity classes and low pr intervals. The largest
discrepancy is observed for the AMPT model, which is for convenience scaled by a factor of 0.6
to fit in each of the panels. Yet, the AMPT model captures the multiplicity dependence of the
near-side peak width. The PYTHIA 8 predictions and the data agree within uncertainties for
DT, assoc > 3 GeV /¢, where the trend is flat. Although, the model uncertainties are larger in the
highest pr interval, the best description of the data is provided by the 4C-tune. EPOS LHC
presents a roughly similar magnitude and multiplicity dependence as the PYTHIA 8 models.

For all the considered PYTHIA 8 tunes, the predictions agree better with the data
at higher pr, specifically when pr ass0c > 3GeV/c. PYTHIA 8 tends to provide a better
description of the data in higher pr intervals because in this region the perturbation theory
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Figure 6. Multiplicity-dependence of near-side peak widths for all pr g and pr, assoc intervals
measured in pp collisions at /s = 13 TeV, compared with MC models. Multiplicities are estimated at
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the experimental data. The AMPT calculations are scaled by a factor of 0.6 in all panels for visibility.

,13,



becomes more relevant. This shows that improvement is needed in the non-perturbative
(lower-pr) regions. These results can be used as critical constraints for further model
improvements, especially in studying differences in the equilibrium and non-equilibrium
descriptions [131-137].

6 Conclusions

The multiplicity dependence of short-range correlations for pairs of charged particles is
measured with the technique of two-particle angular correlations to search for jet-quenching
effects in pp collisions at /s = 13TeV. The shape and yield extracted from short-range
correlations are measured as a function of the relative azimuthal angle Ay and the pseudora-
pidity separation An for pairs of primary charged particles within the pseudorapidity interval
In] < 0.9 and the transverse-momentum interval 1 < pr g (assoc) < 8 GeV/c.

The near-side peak width and per-trigger associated yield, which are both related to
jet fragmentation patterns, are extracted by fitting and integrating the short-range An
correlations within |An| < 1.3 and |Ayp| < 1.3, in different multiplicity classes and pr
intervals. The near-side peak width monotonically decreases with increasing pt due to the
boost of evolving jet fragments. The near-side peak also gets narrower with increasing
multiplicity for the low associated-pr intervals (pp < 2GeV/c). As discussed, the bias
introduced by the measurement does not allow us to conclude on possible jet-fragmentation
changes introduced by jet quenching. The jet fragmentation yield is significantly dependent
on the transverse momenta of trigger and associated particles and are found to increase
with increasing multiplicity.

The experimental data are compared with calculations from three event generators. All
generators describe qualitatively the decreasing trend of the near-side jet peak width as a
function of charged particle density, which manifests itself in lower pr intervals, suggesting
that the decreasing trend is attributed to kinematic selections rather than collective-like
effects. Better descriptions are obtained from the models in higher pr intervals, because
there the system can be described more consistently with the perturbation theory. The
narrowing trend of the near-side peak width toward HM events in experimental data and MC
models suggests a potential bias in flow extraction methods that assume the independence
of the near-side peak shape with multiplicity, such as the low-multiplicity (LM) template
method [39, 46, 138]. Except for the EPOS LHC shown at the lowest pr interval, the near-side
yield is overestimated by the other generators, although the considered PYTHIA 8 tunes
describe the data better as pr increases.

The measurement of the shape and yield of the near-side jet fragmentation peak is
expected to provide a better understanding of particles emerging from jets and shows the
narrowing trend of the peak width arising from kinematic selections in pp collisions. Such
findings will help constrain models, provide information on biases in flow extraction methods,
and contribute to the search for jet-quenching effects in small collision systems.
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