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In relativistic heavy-ion collisions, the formation of a deconfined and thermalized state of partons,
known as quark-gluon plasma, leads to enhanced production of strange hadrons in contrast to
proton-proton (pp) collisions, which are taken as baseline. This observation is known as strangeness
enhancement in heavy-ion collisions and is considered one of the important signatures that can signify
the formation of QGP. However, in addition to strangeness enhancement, recent measurements hint
at observing several heavy-ion-like features in high-multiplicity pp collisions at the LHC energies.
Alternatively, event shape observables, such as charged particle multiplicity, transverse spherocity,
transverse sphericity, charged particle flattenicity, and relative transverse activity classifiers, can
fundamentally separate hard interaction-dominated jetty events from soft isotropic events. These
features of event shape observables can probe the observed heavy-ion-like features in pp collisions
with significantly reduced selection bias and can bring all collision systems on equal footing. In
this article, we present an extensive summary of the strange particle ratios to pions as a function of
different event classifiers using the PYTHIA 8 model with color reconnection and rope hadronization
mechanisms to understand the microscopic origin of strangeness enhancement in pp collisions and
also prescribe the applicability of these event classifiers in the context of strangeness enhancement.
Charged-particle flattenicity is found to be most suited for the study of strangeness enhancement,
and it shows a similar quantitative enhancement as seen for the analysis based on the number of

multi-parton interactions.

I. INTRODUCTION

In heavy-ion collisions at the Large Hadron Collider
(LHC) and Relativistic Heavy-Ton Collider (RHIC), suffi-
ciently high energy density and temperature are reached
where nuclear matter goes through a transition to the
deconfined state of quarks and gluons, known as quark-
gluon plasma (QGP). Enhanced production of particles
with strangeness in heavy-ion collisions with respect to
pp collisions, known as strangeness enhancement, is orig-
inally proposed as an indirect signature of the formation
of QGP [1-3]. Also, the study of strangeness production
gives an insight into quantum chromodynamics (QCD).
Before the collisions, the colliding nuclear matter con-
tained only up and down quarks, and strange quarks
were not present as valence quarks. In the early state
after the collision, the strange quarks are produced via
hard perturbative processes via flavor creation (¢gg — s5),
gluon fusion (gg — s3), and flavor excitation (gs — gs,
gs — qs). These processes are responsible for the strange
particle production with higher transverse momenta af-
ter the subsequent hadronization. The non-perturbative
processes dominate in the low transverse momenta for
the production of strange hadrons.

In heavy-ion collisions, the abundances of strange par-
ticles relative to pions (lightest meson with up and down
quarks) remain nearly constant with a change of colli-
sion centrality and collision energy [4, 5]. In elemen-
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tary collisions like eTe™ and pp collisions, based on
string fragmentation models, the production of strange
hadrons is significantly suppressed relative to hadrons,
with only up and down quarks as strange quarks are
heavier to be produced thermally (T < ms), in these
hadronic and elementary collisions. Recent measure-
ments of high multiplicity pp collisions at LHC energies
have revealed that such systems exhibit features simi-
lar to heavy-ion collisions, such as long-range near-side
angular correlation [6], non-zero vs coefficients [7], mass-
ordering in hadron pp-spectra and characterstic modifi-
cations of baryon-to-meson ratios [8], and enhanced pro-
duction of muti-strange hadrons [5]. The enhanced pro-
duction of strangeness with respect to pion yields which
is in contrast to the traditional belief of being achiev-
able in ultra-relativistic nucleus-nucleus collisions [5].
These measurements point towards a common underly-
ing physics mechanism across collision systems and en-
ergies [4, 9-21]. This enhancement feature is described
in the canonical thermal phase space suppression pic-
ture [22, 23]. However, other indirect signatures of QGP,
such as jet quenching, have been reported to be absent
in small collision systems [24]. Such behavior is quite
challenging for currently popular event generators with
relevant and contrasting physics models, like PYTHIA 8
and EPOS-LHC [25], to reproduce all the observed be-
havior simultaneously for small collision systems. Thus,
the origin of the QGP-like behavior in small systems is
still unclear, the microscopic origin of which is yet to be
understood. Several theoretical models have been pro-
posed to explain such behavior in small systems. One
such explanation comes from the multi-parton interac-



tions (MPI)-based picture with color reconnection (CR)
and ropes inherited in the PYTHIA 8 model. This model
can describe some of the QGP-like behavior by including
phenomenological final state hadronization mechanisms
such as color reconnection [26, 27], rope hadronization
(RH) [28] and string shoving [29]. However, MPI can
not be accessible directly in experiments. Thus, in ex-
periments, several measurements have been performed
as a function of final state charged-particle multiplic-
ity, which shows a significant correlation with MPI based
on MC studies. However, measurements by event selec-
tions based only on mid-rapidity multiplicity have shown
a stronger than linear increase of high-pt particles in
high multiplicity (HM) collisions relative to the yield in
minimum-bias (MB) pp collisions [5]. This indicates a
selection bias towards local fluctuations of choosing only
hard pp collisions. To reduce such biases, the event se-
lection is performed in different pseudorapidity intervals
with respect to the observable of interest. However, it is
found that such measurements are still biased by the hard
processes at high-pr [30]. Thus, such selection biases in
measurements hinder the search for the origin of QGP-
like behavior in small collision systems. To pinpoint the
origin of these phenomena with significantly reduced se-
lection bias and to bring all collision systems in equal
footings, along with charged-particle multiplicity (Ney),
lately several event shape observables such as transverse
spherocity (Sp) [31-36] and transverse sphericity (St)
[37, 38] are inherited from the usage in e™e™ collisions
since late 1970s. Also, new types of event shape observ-
ables have been constructed such as relative transverse
activity classifiers such as Ry, R®" and RR** [40-42]
and charged particle flattenicity (pcn) [43-45] to reduce
the sensitivity to hard processes compared to the classi-
fiers observed based only on charged-particle multiplicity.
The explorations using the above-mentioned observables
have been performed extensively in experiments as well
as on the phenomenological front.

Various phenomenological models based on the string
fragmentation process of hadronization in QCD form
color ropes along with the CR mechanism qualitatively
describe the strangeness enhancement at the LHC en-
ergies [28, 46, 47]. The QCD-inspired model based on
Muellers’s dipole formulation, called DIPSY rope [48]
qualitatively describes the strangeness enhancement fea-
ture for A and Kg, while this model underestimates
the production of Q and Z hyperons [5]. Furthermore,
a realistic MC model called HERWIG7 [49] based on
the cluster mechanism of hadronization incorporates a
new mechanism of color reconnection that describes the
strangeness enhancement data quite well. In this model,
the heavier hadrons, mostly baryons are produced geo-
metrically and it incorporates the non-perturbative gluon
splitting to produce more ss to explain the strange pro-
duction. On the other hand, another cluster reconnection
model was introduced which allows the reconnections be-
tween the baryonic and mesonic clusters that led to a bet-
ter agreement with the data for the production of strange

baryon [50]. Recently, the effect of the range of color re-
connection on strangeness enhancement is investigated
in PYTHIAS considering an MPI-based CR picture, fur-
ther, a comparison of MPI-based CR and QCD-based
CR is explored including color ropes [51]. Moreover,
PYTHIAS with specific tunes of RH and CR mechanism
predicts the strange hadrons to pion ratios quite well as
a function of charged particle multiplicity in pp colli-
sions at /s = 7 and 13 TeV [20]. Thus, to understand
the microscopic origin of strangeness enhancement in pp
collisions in more detail, the study of the strangeness en-
hancement as a function of other existing event shape
classifiers is necessary to get an insight into the applica-
bility of event classifiers. Therefore, in the manuscript,
we explore the strangeness enhancement as a function of
various event shape observables such as MPI, transverse
sphericity, transverse spherocity, relative transverse ac-
tivity classifiers Rr, and charged particle flattenicity pcn
using CR and RH mechanism of PYTHIAS.

In PYTHIA 8, the hadron production occurs via the
incoherent break-up of the strings, which exhibit a con-
stant energy density. This keeps the strange particle
ratios the same at different multiplicity events. How-
ever, in the rope hadronization framework, color ropes
are incorporated in the PYTHIA 8 model, which in-
volves different physical processes during the hadroniza-
tion process. In the RH framework, the description of
the interactions among the overlapping strings is given
in two steps. Firstly, it allows the nearby strings to
shove each other with an interaction potential. Then,
during the hadronization process, the color charges at
string endpoints and in gluon kinks can act together co-
herently to form a rope. This leads to an increase in the
effective string tension in the high-multiplicity events,
which explains the strangeness enhancement feature in
PYTHIA 8. This gives us an opportunity to perform the
extensive study of event shape dependence of strangeness
production using the tune of PYTHIA 8 with color ropes,
which is the default tune for this work.

The paper is organized as follows. We start with a
brief introduction in Sec. I. The discussion on the event
generation methodology and definitions of event shape
classifiers are given in Sec. II. The results are discussed
in Sec. IIT and Sec. IV provides a summary and outlook
of the study.

II. EVENT GENERATION AND
METHODOLOGY

In this section, we discuss the event generation us-
ing the Monte Carlo event generator PYTHIA 8, specific
tunes used in this study, and analysis methodology. We
start the description with the pQCD-inspired PYTHIA 8
model and then discuss different event-shape observables
such as charged particle multiplicity (Ne), transverse
sphericity (St), transverse spherocity (Sp), and relative
transverse activity classifier (Rr), and charged particle



Rope Hadronization Values

Ropewalk:RopeHadronization on

Ropewalk:doShoving on
Ropewalk:doFlavour on
Ropewalk:r0 0.5
Ropewalk:m0 0.2
Ropewalk:beta 1.0
Ropewalk:tInit 1.0
Ropewalk:deltat 0.05
Ropewalk:tShove 10.0

TABLE I: The parameter values of the rope hadronization
model used with color reconnection mechanism.
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FIG. 1: Transverse momentum spectra for minimum bias pp
collisions at /s = 13 TeV using PYTHIA 8 compared with
the experimental measurements from ALICE [56].
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A. PYTHIA 8

PYTHIA is a widely used perturbative QCD-inspired
Monte Carlo event generator to simulate hadronic, lep-
tonic, and heavy-ion collisions with emphasis on physics
related to small collision systems like pp collisions [52].
PYTHIA 8 involves soft and hard QCD processes and
contains the libraries for initial and final state parton
showers, multiple parton-parton interactions, beam rem-
nants, string fragmentation, and particle decays. A de-
tailed explanation of all physics processes involved in
PYTHIA 8 can be found in Ref. [53].

In this study, we have used PYTHIA 8.308, an ad-
vanced version of PYTHIA 6, which incorporates the
multi-partonic interactions scenario as one of the key
improvements. This analysis is performed by gener-
ating 60 million events in pp collisions at /s = 13
TeV with Monash 2013 Tune (Tune:pp = 14) [54]. We

contemplate inelastic, soft QCD simulated events (Soft-
QCD:inelastic=on), which allows all the single, double,
and central diffractive components of the total scatter-
ing cross-section. We have considered mode 1 of color
reconnection (ColourReconnection:mode = 1) along with
MPI (PartonLevel:MPI = on). This newer CR scheme is
combined with mode 1 of Beam Remnants (BeamRem-
nants:remnantMode = 1). The mode 1 of color recon-
nection is the QCD-based model which minimizes the
string length and the color rules from QCD. As a result,
the QCD multiplets can produce triplets and junctions
which produce more baryons. Furthermore, along with
CR, we employ another mechanism of hadronization for
color strings called rope hadronization. The tunings of
the rope hadronization used in this study are similar to
the string-shoving mechanism introduced in PYTHIA 8.
The details of the parameters used for rope hadroniza-
tion are given in Table I. To set impact-parameter-plane
vertices for partonic production by MPI, FSR, ISR, and
beam remnants, we use the flag partonvertex (PartonVer-
tex:setVertex = on). For the generated events, we let all
the resonances decay except the ones used in our study
with the switch HadronLevel:Decay = on. The parti-
cles originating from the MPIs and the beam remnants
form the underlying events. The Lund-string fragmen-
tation model performs the hadronisation of these par-
tons [55]. The CR picture makes sure that the string
between the partons is arranged in such a way that the
total string length is reduced, which in turn leads to re-
duced particle multiplicity of the event. Here onwards in
the manuscript, the mention of PYTHIA 8 would mean
PYTHIA 8 Monash 2013 tune with the inclusion of color
reconnection and rope hadronization mechanisms.

To check the compatibility of PYTHIA 8 with experi-
mental data, we have compared the production cross sec-
tion obtained from PYTHIA 8 as a function of transverse
momentum and pseudorapidity with the ALICE exper-
imental data [56] in pp collisions at /s = 13 TeV for
all charged particles and shown in Figs. 1 and 2, re-
spectively. As can be seen from the bottom panels, the
spectral shape prediction from PYTHIA 8 is consistent
with experimental data within 5%.

B. Event classifiers at the LHC

In this subsection, we define different event shape ob-
servables used at the LHC, recently.

1. Number of multi-partonic interactions (Nmpi)

At LHC and RHIC, the hadronic collisions create a
large number of particles in the final state. The basic un-
derstanding of particle production in such hadronic colli-
sions can be made by QCD improved parton model [57].
Here, the hadrons are described as the composite of el-
ementary particles, such as quarks and gluons, held to-
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FIG. 2: Psudorapidity distribution for minimum bias pp col-
lisions at /s = 13 TeV using PYTHIA 8 compared with the
experimental measurements from ALICE [56].

gether by strong force. This composite nature of hadrons
leads to the occurrence of events with multiple partonic
scatterings or MPI in minimum-bias hadronic collisions.
In addition to initial hard scatterings, most inelastic pro-
cesses in hadronic collisions can contain several pertur-
batively calculable QCD interactions when one extends
the pQCD theory to low pr with some distance above
Aqep [57]. These perturbatively calculable QCD interac-
tions, called semi-hard processes and contribute to MPI
significantly, are of much importance as they can affect
the final state multiplicity [57]. Thus, with an increase in
the number of semi-hard processes, the number of multi-
partonic interactions (Nmpi) rises. The events with a
large Npmpi tend to result in large final state multiplicity
and vice versa. Thus, the study of V,p; is crucial for the
understanding of particle production in the final state in
elementary hadronic collisions.

2. Charged-particle multiplicity (Ncn)

The charged particle multiplicity is considered as one
of the most common and primary observable to disen-
tangle the soft vs hard QCD-dominated events. There-
fore, studying the observable of interest as a function of
charged particle multiplicity helps us to separate these
QCD processes. In general, the events with higher
charged particle multiplicity specify the event to be more
softer as compared to the events with lower charged-
particle multiplicity. In the ALICE experiment at the
LHC, the charged particle multiplicity can be measured
at two different pseudorapidity regions. The Silicon
Pixel Detector (SPD) and the Time Projection Chamber
(TPC) measure the charged particle multiplicity at the
mid-pseudorapidity region (i.e., |n| < 0.8) and is denoted
as Ncmhid. On the other hand, the VO detector with ac-
ceptance of —3.7 < n < —1.7 and 2.8 < 7 < 5.1 measures

the charged-particle multiplicity at the forward pseudo-
rapidity region and is denoted as N¥d.

3. Transverse sphericity (St)

Another interesting set of event shape observables that
characterizes the underlying event (UE) shape based on
the momentum of the charged hadrons is estimated from
the linearized sphericity tensor [37-39];

New i /1,
g _ 2i=1 PPy /bl W

N.
Zi:df |pi

where the index 7 runs over all the charged hadrons as-
sociated with a given event, and p and v indices refer to
one of the (x, y, z) components of the momentum of a
particle. The momentum tensor S* has three eigenval-
ues A1, Az, A3. The individual eigenvalues are normalized
and ordered such that A1 > Ao > A3 with A\{ + o+ A3 =1
by definition. Using these eigenvalues, one can construct
various event shape observables such that;

e Aplanarity: A = %)\3 measures the amount of
transverse momentum in or out of the plane formed
by the two leading order eigenvectors and can be
measured by the smallest eigenvalue A3. The al-
lowed values of A lie between 0 < A < 1/2,
however the typical measured values lie between
0 < A < 0.3. The value of A close to zero indi-
cates the relatively planar events while the value of
A close to 1/2 indicates the isotropic events.

e Sphericity: S = 2(\2+A3) measures the total trans-
verse momentum with respect to the sphericity axis
defined by the four momenta used for the event
shape measurement (usually, the first eigenvector).
The allowed values lie between 0 < S < 1, but due
to the inclusion of the smallest eigenvalue A3, the
typical maximum value achieved in the experiment
is around S ~ 0.8. The value of S close to zero
indicates a dijets kind of event while the value of S
close to 1 indicates the isotropic events.

e C=3(MA2+XM A3+ 2\3) measures the events with
3 jets. The value of C tends to 0 for dijet events.

e D = 27X A2 A3 measures the events with 4 jets. The
value of D tends to 0 for dijet or trijet events.

In hadron colliders, the event shape analysis is mostly re-
stricted to the transverse plane to avoid the biases com-
ing from the boost along the beam axis [38]. There-
fore, similar to sphericity as defined above, another well-
known event shape classifier is introduced in the trans-
verse plane called transverse sphericity (St). It is one of
the widely used event shape observables at Stanford Lin-
ear Accelerator Center (SLAC) to identify the existence
of jets in leptonic collisions with collision energies up to



7.4 GeV [37]. Following Eq. 1, the transverse sphericity
can be defined in terms of the eigenvalues of the trans-
verse momentum matrix (Sgy), given as [38]:

1 pz, Dx. Dy,
S8 = o IV [GeV/. (2)
D (pyipx@- v,

Here, (p«;,py;) are the projections of transverse mo-
mentum (pr,) of ith particle in (x,y) directions. The
quadratic nature of Sf?y in the particle momenta makes

the S)% matrix to be a non-collinear safe quantity in
pQCD. To make it collinear-safe, Eq. 2 can be linearized
as follows,

X
Y Zz pr; i pr;

pxtp)/i,> (3)

Dy.Px; Dy

Similar to sphericity, the transverse sphericity can be
defined in terms of the eigenvalues of S,(gy matrix, i.e, Ay,
and Ag, with Ay > Ag, as follows.

22

Sp= 2
T A1+ Ao

(4)

By construction, St ranges between 0 and 1, where
St — 0 denotes the events are jetty or pencil-like, while
St — 1 signifies the isotropic events dominated with
the soft production of particles. Transverse sphericity, in
this work, has been estimated in the mid-pseudorapidity
region, i.e., || < 0.8 with charged hadrons having pr >
0.15 GeV/c. For the calculation of St, only the events
with NC‘Eid > 10 are considered.

4. Transverse spherocity (So)

Based on the different geometrical distributions of fi-
nal state particles produced in hadronic and nuclear col-
lisions, another event shape observable is constructed
called transverse spherocity which separates the events
based on their geometrical shapes. Transverse spheroc-
ity is defined as follows [31-35]

L <z”_ |Pr, % ﬁ|)2

= — 1Inin
So ZNhad
i=1 PT;

4 7

Here, the unit vector 7i(nr,0) is chosen in such a way
that it minimizes ratio Sy presented within the bracket
of Eq. 5. It is usually calculated using charged-particle
tracks in the mid-pseudorapidity (|n| < 0.8) that have
pr > 0.15 GeV/c. In this study, Sp is calculated with
more than 10 charged particle tracks with || < 0.8 and
pr > 0.15 GeV/c in an event to ensure a statistically
meaningful concept of topology. In Eq. 5, Np.q refers
to the total number of charged hadrons, and the multi-
plication factor of 72/4 ensures that the Sy estimator

(5)

varies from 0 to 1. The two extreme limits of sphe-
rocity correspond to the two different configurations of
event topology. The value Sy — 0 corresponds to events
with single back-to-back jets, while Sy — 1 corresponds
to events with isotropic emission of particle production.
Conventionally, the events located in the bottom 20% of
the spherocity distribution are referred to as jetty events,
while the top 20% of the spherocity distribution are re-
ferred to as isotropic events.

It is important to note that Eq. 5 is the pr weighted
definition of Sy estimator. Experimentally, this weighted
Sy estimator introduces a neutral jet bias and detector
smearing effect as discussed in Ref [36]. This issue could
be fixed by modifying the definition via a new estima-
tor called the unweighted transverse spherocity estima-
tor (SPT="). This is the unweighted transverse spherocity
estimator by setting pr = 1 for all the charged particles
in Eq. 5. Hence, the unweighted transverse spherocity
(SE™=1Y is defined as follows

2
s (B
4 n Nhad

Since the neutral jet biases were towards high-pr par-
ticles, in Eq. 6 it is removed by setting pr = 1. Fur-
thermore, the denominator of Eq. 5, i.e., ). pr, is now
replaced with the number of charged hadrons, i.e., Npaq-
It has been observed that with the unweighted trans-
verse spherocity estimator the detector smearing effect is
smaller than the weighted transverse spherocity estima-
tor [36].

It is noteworthy to mention that the transverse sphe-
rocity is harder to reach the isotropic limit than for
sphericity [34, 35], therefore, the discrimination power
between isotropic soft events and symmetric multi-jet
events might be the highest for spherocity.

5. Relative transverse activity classifier (Rr)

In recent days, a new event activity estimator has
been proposed called the relative transverse activity
classifier (Rr) to understand the selection bias intro-
duced towards the hard processes, when one selects pp
collisions with high event activity. This selection bias
may affect the measurement and observable of interest.
It is proposed that these biases can be minimized by
removing the jet contribution from the event activity
estimator, which can be achieved by identifying an axis
that allows for the event-by-event separation of the jet
contribution from the UE. In this study, the direction of
the leading charged particle with the highest transverse
momentum (trigger particle) is used as a reference axis
to build the particle correlation with the associated
particles in azimuthal angle A¢ = @9 — ¢pa9%°,

Thus, to separate the events based on the contribution



of jets from the UE, different topological regions are
defined namely called towards, transverse, and away
regions. The towards region consists of the tracks with
an azimuthal angle less than 7/3 relative to the trigger
particle, i.e., |A¢| < w/3, while the away region contains
all the tracks with relative azimuthal angle |A¢| > 37/2.
Furthermore, the transverse region is defined to be the
relative azimuthal angle within 7/3 < |A¢| < 37/2.
The towards and the away regions have the largest
contribution from the fragmentation of jets originating
from the hardest partonic interactions in an event and
are expected to be insensitive to the softer UE. However,
the transverse region is perpendicular to the leading jet
axis, it is expected to have the least contribution from
the jet and must be dominated by the UE activity, thus
a better region to build the event activity classifier Rrp.

Therefore, to estimate the value of Ry, one needs
the number of charged hadrons in the transverse regions
(N21) per event and the average charged-particle multi-
plicity analyzed in the whole sample ((N1)). Mathemat-
ically, the value of Ry is defined as follows;

Ng,
Rt = <NCTZ> (7)

In Eq. 7, the angular bracket represents the event-
average value of the observables. Ry is measured using
the charged hadrons at |n| < 0.8. For the estimation of
Ry, only the events having leading pr > 5 GeV/c at
In| < 0.8 are considered. Here, a large value of Ry im-
plies events dominated with the underlying event activity
in contrast to a smaller value of Rr.

6. Charged-particle flattenicity (pen)

For isotropic events, a near uniform distribution of
transverse momentum is expected throughout the n — ¢
phase space. To measure the uniformity of transverse
momentum distribution event-by-event, the n — ¢ region
can be divided into (10 x 10) grid. Thus, by measuring
the transverse momentum in each cell (p$!), one can de-

fine the charged particle flattenicity (pcn) as follows [43],

O-p%§11
" "
where, (p$"') denotes the mean and O peen standard de-

viation of the transverse momentum distribution.
Furthermore, Eq. 8, can be written as

. Cell,i_ cell\\2 Nce
D — \/ZZ(PT <che<f>T ))?/Neen o)

Keeping the ALICE 3 tracking and particle identifica-
tion (PID) capabilities in mind, the charged particles in

In| < 4.0 and pr > 0.15 GeV/c are considered for the
estimation of (pSe!) and Opeen. It is expected that events
with jet signals along with underlying event activity have
a larger spread along with the higher T pell - On the other
hand, events having only soft production of particles will
have lower spread in p%«eu, and corresponding O el will
be lower. Thus, the value of pg, is expected to be smaller
for isotropic events, while a large value for jetty events.

However, the current detector capabilities for PID
and tracking at ALICE at the LHC and STAR at the
RHIC experiments are limited to central rapidity region
In| < 1.0. Thus, using the above definition of charged-
particle flattenicity defined in Eq. 9, one can not estimate
the value of p., at the experiments. Furthermore, the
measurement of both the event shape and the particle
of interest in the same pseudorapidity region creates a
bias. This bias can be minimized by choosing the event
shape estimator in the forward rapidity region, which is
in the different pseudorapidity region compared to the
particle of interest [20]. Most of the present detectors
can measure the charged particle multiplicity in the for-
ward pseudorapidity. Therefore, to measure the charged
particle flattenicity with the current detector scenarios, a
redefinition of flattenicity is required, which is redefined
in Ref. [45]. According to the new definition of charged
particle flattenicity, pe, can be estimated using the fol-
lowing equation.

VNG — (V)2 /N2,
(N

Pch = (10)

In this definition, the charged particle multiplicity is
measured at the forward rapidity instead of the trans-
verse momentum of the particles. To calculate pg, the
(n—¢) phase space is divided into (8 x 8) cells. The aver-
age charged particle multiplicity in each cell 3’ (Nccfn’i)
and the average of N5 ((N$)) in an event is required
to evalute pc,. Similar to other standard event activity,
by construction, p., ranges from 0 to 1 [45]. The lower
limit of 0 indicates isotropic events while 1 indicates jetty
events. To be consistent with other event-shape observ-
ables (e.g, sphericity, spherocity, etc.), here, throughout
the manuscript, we use 1 — p.y, instead of p.,. The events
with 1 — pe, — 1 are likely to be isotropic while events
with 1 — pe, — 0 exhibit jetty topology.

Table IT shows the selection cuts used in this study
for different event classifiers in pp collisions at /s = 13
TeV using PYTHIA 8.

IIT. RESULTS AND DISCUSSIONS

In this section, we explore the event shape observable
dependence of particle production of primary strange
(K2,A,A) and multi-strange (E7,27,QF, Q) hadrons
in pp collisions at /s = 13 TeV using PYTHIA 8 with



TABLE II: Selection cuts in terms of percentiles for different event classifiers in pp collisions at /s = 13 TeV using PYTHIA 8

with CR and RH mechanisms.

Percentile] Nypi | Nypid | Niwd St So st=t | NE | 1-pa

0-0.1 |23-35|54-150(120-250{ 0.98-1 | 0.92-1 | 094-1 |26-60| 0.91-1

0.1-1 [18-23]40-54|96-120{0.96 - 0.98/0.88 - 0.92]0.91 - 0.94|20 - 26(0.90 - 0.91

1-5 |14-18/29-40| 74-96 |0.91 - 0.96/0.82 - 0.88/0.87 - 0.91|15 - 20|0.88 - 0.90

5-10 |11-14|23-29| 62-74 |0.88-0.91]0.78 - 0.82/0.84 - 0.87|13 - 15|0.87 - 0.88

10-20 |8-11]17-23| 47-62 |0.82-0.88|0.72 - 0.78]0.79 - 0.84|10 - 13|0.85 - 0.87

20-30 | 5-8 |13 -17| 37-47 |0.78 - 0.82]0.67 - 0.72|0.75 - 0.79| 9 - 10 {0.83 - 0.85

30-40 | 4-5 ]10-13| 30-37 [0.73 - 0.78/0.62 - 0.67|0.72 - 0.75| 7-9 |0.81 - 0.83

40-50 | 3-4 | 8-10 | 24-30 |0.68 - 0.73|0.56 - 0.62]0.68 - 0.72| 6 -7 |0.79 - 0.81

50-70 | 2-3 | 5-8 | 16-24 |0.59 - 0.68]0.46 - 0.56|0.59 - 0.68| 4 -6 |0.74 - 0.79

70-100 | 0-2 | 1-5 1-16 | 0-059 | 0-046 | 0-0.59 | 0-4 | 0-0.74
the mechanisms of color reconnection and ropes. As
discussed in the previous sections, the charged-particle —~ — \
multiplicity serves as a probg tg fiisentang.le the hard and E R RBEBRER X X
soft events. However, multiplicity selection is prone to 1= 10 R i
selection bias. This motivates us to study the strange to \O/ r o 0.0 000900
non-strange ratio as a function of other event shape clas- *c')' @
sifiers such as the number of multi-partonic interactions, =
transverse sphericity, transverse spherocity, relative = ‘. X X _%_g,_;.-,-v---‘-*
transverse activity classifier, and charged-particle flat- % X * ----------
tenicity. Here, we, mainly investigate 2K3 /(7 + 77), s | e
A+R)/(rt+77), @ +27)/(x +77), 26/ (x* +77), ool T ]
and (QT+Q7)/(nT +77) ratios as a function of different R T o
event shape observables. For simplicity now onwards o 2
we refer these ratios as K9/m, A/m, /7, ¢/7, and Q/m o
respectively. ¢

L
- pp, Vs=13 TeV,|y|<0.5
We begin by comparing the results of the PYTHIA 8 PYTHIA 8.3

model with CR and RH mechanisms for strange and 103k ALICE Monash (RH on) 1
multi-strange particle production yield ratio to charged R e 2K? 1
pions with the ALICE results. Figure 3 shows the pp- ®@ (A+R) x 2
integrated yield ratios to pions (7 + 7~) obtained in X - (Z4T) x6
ly| < 0.5 as a function of mean charged particle multi- . e QD) %16
plicity ((dNen/dn)) obtained at |n| < 0.5 in pp collisions L \ \
at /s = 13 TeV using PYTHIA 8. Here, (dNc,/dn)
is obtained for different event classes defined based on [dN /dnO
NEd. From the figure, it is evident that the strange ch Il < 0.5

particle yield ratio to pions increases with an increase in
(dNen/dn). The yield ratio becomes largely prominent
for particles having larger valence strange quarks. Here,
K2/ remains almost independent with an increase in
charged particle multiplicity; however, the dependence
grows when one moves from A/ to Z/7 and Q/m, which
have one, two and three valence strange quarks, respec-
tively. The results from PYTHIA 8 with rope hadroniza-
tion and colour reconnection have both quantitative and
qualitative agreement with the ALICE results. Figure 4
shows the strange and multi-strange particle yield ratios
to pions normalized to the value obtained for the mini-
mum bias events as a function of (dNu,/dn) in pp col-
lisions at /s = 13 TeV using PYTHIA 8. Here, the

FIG. 3: pr-integrated yield ratios to pions (7147 7) obtained
in |y| < 0.5 as a function of mean charged particle multiplicity
((dNen/dn)) obtained at |n| < 0.5 in pp collisions at /s = 13
TeV using PYTHIA 8, and compared with similar measure-
ments at ALICE [21].

effect of strangeness enhancement in high multiplicity
pp collisions with respect to the average minimum-bias
events is visible. Again, the hardons, which have a larger
number of strange quarks, show an increasing trend with
a higher slope, whereas, for Kg, the increasing slope is
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FIG. 4: Particle yield ratios to pions normalized to the val-
ues obtained for the minimum bias events as a function of
(dNen/dn) for different classes of NS¢ in pp collisions at
/s =13 TeV using PYTHIA 8.

nearly zero. This observation is consistent with the ex-
perimental measurements with ALICE for pp collisions at
Vs =7 TeV [5]. However, ¢ meson with zero net strange
quantum number shows a stronger enhancement trend
as compared to K2 having one strange quark, which can
make strangeness enhancement study through ¢ meson
as a function of various event shapes interesting in small
systems.

After showing the feasibility of the PYTHIA 8 model
with CR and RH mechanisms, let us now study strange
hadron production as a function of the number of multi-
parton interactions (Nmpi). The top panel of Fig. 5 shows
the role of MPI in the production of strange hadrons hav-
ing different numbers of valence strange quarks with re-
spect to pions. Here, pr-integrated yield ratios of strange
and multi-strange hadrons to pions are shown as a func-
tion of Nypi in pp collisions at /s = 13 TeV using
PYTHIA 8. As one would expect, MPI plays a pivotal
role in particle production, and it is also observed for
strange and multi-strange hadrons. Here, the produc-
tion of strange hadrons such as Kg, A, ¢, =, and  par-
ticles increases with respect to that of pions as one goes
from events having lower value of Nypi to a large Npp;
events. However, the yield ratios to pions seem to sat-
urate towards higher values of Nypi. The effects of RH
are further enhanced in the events having a large Npypi
value. A large value of Ny, implies a larger number of
color rope formations leading to enhanced production of
strange and multi-strange baryons. However, K g /7 and
¢/ show negligible dependence on Nyyp;.

In the bottom panel of Fig. 5, we show the strange
and multi-strange hadron yield ratios to pions scaled to
the values obtained for the minimum bias events as a
function of (dNe,/dn) for different classes of Nyp; in pp
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FIG. 5: Top: pr-integrated yield ratios to pions (7 +m ") ob-
tained in |y| < 0.5 as a function of number of multi-partonic
interactions (Nmpi) in pp collisions at /s = 13 TeV using
PYTHIA 8. Bottom: Particle yield ratios to pions normal-
ized to the values obtained for the minimum bias events as a
function of (dNgn/dn) in different classes of Nmp;i in pp colli-
sions at /s = 13 TeV using PYTHIA 8.

collisions at /s = 13 TeV using PYTHIA 8. Due to a
positive correlation of particle multiplicity and Ny,p;, low
Nppi corresponds to small (dNg,/dn) and events having
a large value of Ny,pi leads to a large (dNen/dn). The
strange and multi-strange hadrons show a linear increase
with the increase in log({(dNen/dn)) with events selected
based on Nypi. The effects of RH are observed to be dif-
ferent for strange baryons (A, Z, and €2) from the strange
meson (K$) and hidden strange meson (¢). Interestingly,
Q, having three valence strange quarks, shows the largest
enhancement with an increase in Ny,p; in comparison to
A, having only one valence strange quark. In contrast,
the enhancement is negligible for K?. Furthermore, the
hidden strange meson, ¢, shows a small dependence on
the event selection based on Nypi, similar to Fig. 4. Al-
though, in experiments, the estimation of Nyp; is not
possible, in this study, we try to probe the similar en-
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FIG. 6: pr-integrated yield ratios to pions (7 +7~) obtained
in |y| < 0.5 as a function of charged particle multiplicity ob-
tained in the mid-pseudorapidity (N3'9) (top) and forward
pseudorapidity (N5'?) (bottom) in pp collisions at /5 = 13
TeV using PYTHIA 8.

hancement of different strange hadron production using
different event shapes.

The top panel of Fig. 6 shows the p-integrated yield ra-
tios of strange hadrons to pions as a function of charged-
particle multiplicity obtained in the mid-pseudorapidity
(Nmid) regions in pp collisions at /s = 13 TeV using
PYTHIA 8. Similar to Figs. 3 and 5, strangeness en-
hancement is found to be proportional to the strangeness
content of the hadrons. In addition, the bottom panel of
Fig. 6 indicates a decrease in the strange to non-strange
ratios in the high multiplicity pp collisions. This behavior
is not present when one studies the strangeness as a func-
tion of MPI and forward-rapidity multiplicity selection.
This could be due to the auto-correlation bias introduced
while selecting charged-particle multiplicity in the mid-
pseudorapidity region as the particle of interest is also
studied in the mid-rapidity region. This autocorrelation
bias, where events are selected based on the charged par-
ticle multiplicity, which is mostly pions, causes the ratio

to the neutral particle to pions, such as K2/m, ¢/7 de-
crease as the particle multiplicity increases. However, for
the neutral strange baryon, A, the self-normalised yield
ratio slightly increases in 7 < (dNeh/dn) < 15, followed
by a decrease in the lower and high (dN,/dn) regions,
which can be attributed to the competing effects of RH
and autocorrelation bias due to event selection. This
effect is negligible for the charged hadron ratios to pi-
ons, such as =/ and /7, which increase with increased
charged-particle multiplicity except for the highest mul-
tiplicity class. In addition, due to this auto-correlation
bias, the linear increment of the yield ratios scaled to
the MB events with increasing log((dNen/dn)) is absent
when the events are selected based on the charged par-
ticle multiplicity at the midrapidity. Therefore, it can
be inferred that the event selection in different charged-
particle multiplicity windows plays an important role in
describing the dynamics of the strange hadron produc-
tion. Furthermore, the relative production of the hidden
strange ¢ particle slightly decreases with N(fﬁid, similar to
the production of K2. This implies that due to the auto-
correlation bias of event selection, the neutral mesons be-
have similarly irrespective of their valence strange quark
content.

The top panels of Figs. 7 and 8 show the integrated
yield ratios of strange and multi-strange hadrons to pi-
ons as a function of pr—weighted transverse spherocity
(So) and unweighted transverse spherocity (SgTzl) in pp
collisions at /s = 13 TeV using PYTHIA 8, respectively.
As discussed in the previous section, experimentally, the
original pr—weighted Sy estimator introduces a neutral
jet bias and detector smearing effect, reported in Ref [36].
This issue could be fixed by modifying the definition via
a new estimator called pr-unweighted transverse sphe-
rocity estimator (S5¥="). Tt is observed that the K%/,
A/m, 2/7, and ¢/7 ratios remains almost constant with
So and SgTzl‘ In contrast, /7 shows dependence on
both Sy and SgT:17 which increases around 15% from
lowest to highest classes of transverse spherocity. It is
important to note that, here, the yield ratios to pions
are comparable to the values in high multiplicity events
as observed in Figs. 5, and 6. This is the consequence of
event selection cut of N34 > 10 which is applied during

the definitions of Sy and SP™=".

The bottom panel of Figs. 7 and 8 show self normalized
yield ratios of the strange and multi-strange particle to
pions as a function of (dN.y/dn) obtained in the different
classes of Sy and SgTZl in pp collisions at /s = 13 TeV
using PYTHIA 8, respectively. Here, (dNg,/dn) for the
highest and lowest classes of Sy and SgTZl range only
between 10 to 20, which is very limited in comparison
to event selection with N(fgd or Nppi. This indicates a
weaker correlation of transverse spherocity with dNy, /dn
as compared to the correlation of dNe,/dn with N, (fﬁd or
Nupi- However, S2™=" covers a slightly broader range of
(dNean/dn) region as compared to Sy. For Q particle, the
double ratio has a steeper increase with (dN.,/dn), when
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FIG. 7: pr-integrated yield ratios to pions as a function of
pr—weighted transverse spherocity (So) (top) and particle
yield ratios to pions normalized to the values obtained for
the spherocity integrated events (bottom) for |y| < 0.5 in pp
collisions at /s = 13 TeV using PYTHIA 8.

the events are selected with S5™=" as compared to Sp.
For = and A, Sy provides similar double ratio values while
a distinction is observed for the SgT:1 case. Here, for
SgTZl, the ratio for = increases rapidly in comparison to
A with the increase in (dNgy, /dn), holding onto the scaling
of the strangeness quantum number of strange baryons.
Furthermore, for ¢ and K, one finds that the double ra-
tios decrease with increase in (dNep/dn) for both Sy and
SgTZl cases. However, the rate of decrease of the slope
is larger for Sy case as compared to SgTZl. These trends
for ¢ and K@g are believed to be a consequence of measur-
ing spherocity and the particles in overlapping rapidity
regions, which is absent when event shapes are obtained
in different rapidity regions, for example in Figs. 4 and 5.
Thus, we may conclude that, for the study of strangeness
production in pp collisions, SgTzl possess a small selec-
tion bias but a better observable as compared to Sy with
wider multiplicity coverage.

Figure 9 shows the pr-integrated yield ratios to pi-
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FIG. 8: pr-integrated yield ratios to pions as a function of
pr—unweighted transverse spherocity (So) (top) and particle
yield ratios to pions normalized to the values obtained for
the spherocity integrated events (bottom) for |y| < 0.5 in pp
collisions at /s = 13 TeV using PYTHIA 8.

ons normalized to spherocity-integrated events for top 1%
events as a function of SgTZl in pp collisions at /s = 13
TeV using PYTHIA 8, and is compared with the corre-
sponding experimental measurements at ALICE [36]. It
is observed that both the model predictions and experi-
mental measurements agree with each other and do not
show significant dependence on the strangeness content
of the particle.

The top panel of Fig. 10 shows the pr-integrated yield
ratios of strange and multi-strange hadrons to pions as
a function of transverse sphericity in pp collisions at
Vs = 13 TeV using PYTHIA 8. Similar to Fig. 7, one
finds negligible dependence of K2 /7, A/m, 2/, ¢/, and
Q/m on transverse sphericity (St). So, in conclusion,
we found that events with isotropic emission of particles
have almost similar behavior of strange to non-strange ra-
tios to events dominated by jets when we choose events
having Ncmhid > 10. Therefore, the transverse spheric-
ity, weighted and unweighted transverse spherocity event
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FIG. 9: Particle yield ratios to pions normalized to the values
obtained for the spherocity integrated events for top 1% N4
events as a function of S{T=" in pp collisions at /s = 13 TeV
using PYTHIA 8. The model predictions are compared with

the corresponding experimental data with ALICE [36].

classifiers are inadequate to study the strangeness sup-
pression characteristics in low-multiplicity pp collisions
using the PYTHIA 8 model; however, their applicability
in the highest multiplicity classes is worth investigating.

The bottom panel of Fig. 10 shows strange and multi-
strange hadron yield ratios to pions scaled to the values
obtained in the sphericity integrated events as a func-
tion of (dNe,/dn) obtained in different classes of St in
pp collisions at /s = 13 TeV using PYTHIA 8. In-
triguingly, St probes even smaller range of (dN.y,/dn) as
compared to Sy or SgTzl, indicating a small correlation
between St and particle multiplicity. Furthermore, sim-
ilar to Sy in Fig. 8, one finds similar enhancement trends
for Q, E, and A baryons and a suppression trends for ¢,
and K mesons with an increase in (dN,/dn) obtained
in different classes of St. Notably, the amplitudes for
these enhancement or suppression trends using St are
the smallest compared to other event shapes.

In the top panels of Fig. 11 show the K2/m, A/,
E/m, ¢/7, and Q/m ratios as a function of Rt in toward
(left) and transverse (right) regions of pp collisions at
Vs =13 TeV using PYTHIA 8. Here we have restricted
the strange hadrons pr < 5 GeV/c to avoid the bias
caused by the trigger particle selection for Ry [41, 42].
It is observed that the behavior of strange particle ra-
tios are different in toward and transverse regions. In
the toward region, where auto-correlation bias is absent,
the Q/m shows a mild increasing trend with respect to
increase in Rp. The E/m and A/m, unexpectedly does
not show significant dependence on Ryp. However, in
the transverse region, where autocorrelation bias is dom-
inated as Rt is defined in the same region, the mild /=
enhancement disappears in the ratios of strange mesons
to pions. In contrast, the neutral hadrons to pion ratios,
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FIG. 10: pr-integrated yield ratios to pions as a function of
pr—unweighted transverse sphericity (St) (top) and particle
yield ratios to pions normalized to the values obtained for the
sphericity integrated events (bottom) obtained for |y| < 0.5
in pp collisions at /s = 13 TeV using PYTHIA 8.

such as ¢/m, K2/m and A/m decrease with an increase
in Rp. This effect seems to be coming purely from au-
tocorrelation bias. Similar to sphericity and spherocity,
the strangeness enhancement feature is also found to be
weak in the relative transverse activity classifier. This
could be because of the high-pt selection of trigger par-
ticle, one always looks at high-multiplicity events, and
the multiplicity coverage is similar to spherocity selec-
tion, as can be seen in the bottom panels of Fig. 11.
The bottom panel shows the strange and multi-strange
hadron yield ratios to pions normalized to that for Rp-
integrated events as a function of (dNg,/dn) in different
classes of events selected via Rt distributions in pp col-
lisions at /s = 13 TeV using PYTHIA 8. The double
ratio of ¢, K3 and A decrease with increase in (dNep, /dn)
when the events are selected Rt indicating the presence
of strong autocorrelation bias.

The charged particle flattenicity dependence of the ra-
tios K3/m, A/m, /7, ¢/m, and Q/m is shown in top
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FIG. 11: pr-integrated yield ratio to pions (top) and particle yield ratios to pions normalized to the values obtained for the
minimum bias event (bottom) obtained in |y| < 0.5 as a function of Rt in toward (left) and transverse (right) regions of pp

collisions at /s = 13 TeV using PYTHIA 8.

panel of Fig. 12 for pp collisions at /s = 13 TeV using
PYTHIA 8. It is interesting to note that these ratios in-
crease as a function of 1-pg, for all considered strange and
multi-strange hadrons, except for K g. A sudden increase
in the slope of the ratios is observed in Fig. 12 for the
higher values of 1 — pe, (0.75 < 1— pen < 0.95) compared
to the lower values of 1 — pep, (0.35 <1 — pen, < 0.75). It
is found that the rate of increase of the strange to non-
strange particle ratios is strange quantum number de-
pendent; the triple-strange baryons such as {2 have more
slope compared to the single and double strange baryons
such as E, and A. In addition, the hidden strange me-
son, ¢ shows a small dependence on event selection based
on 1 — pcy. Here, the values of yield ratios of the multi-
strange hadrons to pions for the lowest and highest 1—pcy,
classes are comparable to corresponding classes of Npyp;
and N4 in Figs. 4 and 5, respectively.

The bottom panel of Fig. 12 shows the strange hadron
yield ratios to pions scaled to those obtained in flattenic-
ity integrated events as a function of (dN.,/dn) obtained
in different classes of (1-pc) in pp collisions at /s = 13

TeV using PYTHIA 8. Here, one finds that the cover-
age of (dNc,/dn) for highest and lowest classes of (1-
Peh) is similar to that observed in the lower panel of
Fig. 4 using Ngl‘fd. In addition, the double ratios for all
strange and multi-strange hadrons increase linearly with
log({dNen/dn)). The rate of increase of the double ra-
tio with log({dN.n/dn)) is highest for 2, while the slope
decreases and becomes almost zero for K9. The hid-
den strange, ¢, lies between K2 and A, which is close to
the observations in Fig. 5 where events are selected with
Nmpi- The close resemblance between strange hadron
production with Ny and pen, makes charged particle
flattenicity one of the ideal choices among the existing
event shapes for the study of strangeness production in
pp collisions at the LHC.

IV. SUMMARY

We present an extensive summary of the strange par-
ticle ratios to pions as a function of different event classi-
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FIG. 12: pr-integrated yield ratio to pions (top) and particle
yield ratios to pions normalized to the values obtained for the
minimum bias events (bottom) in |y| < 0.5 as a function of
charged particle flattenicity (pen) in pp collisions at /s = 13
TeV using PYTHIA 8.

fiers using the PYTHIA 8 model with color reconnection
and rope hadronization mechanisms to understand the
microscopic origin of strangeness enhancement in pp col-
lisions and also prescribe the applicability of these event
classifiers in the context of strangeness enhancement. Let
us now summarize the conclusions from each event clas-
sifier.

e Number of multi-parton interactions: MPI
plays a pivotal role in particle production, and
it is also observed for strange and multi-strange
hadrons. A clear strangeness enhancement (sup-
pression) is seen for high (low) multiplicity pp col-
lisions when studied as a function of the number of
multi-parton interactions.

e Charged-particle multiplicity in mid-
rapidity: Multiplicity measured in mid-rapidity
shows strangeness enhancement, but the results
are significantly prone to autocorrelation bias. The
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strangeness suppression in low multiplicity is not
seen except for €.

e Charged-particle multiplicity in forward-
rapidity:  Multiplicity measured in forward-
rapidity significant reduction of autocorrelation
bias, but it is prone to a selection bias of choosing
high-momentum particles. The model describes the
observed strangeness enhancement by the ALICE
experiment.

e Transverse spherocity: Due to an implicit cut
on the minimum number of charged particles be-
ing larger than 10, the multiplicity reach for the
studies based on spherocity selection is limited to-
wards high-multiplicity. Even at high-multiplicity,
the isotropic events show larger enhancement com-
pared to jetty events. The usage of pr-unweighted
definition of spherocity definition results in larger
enhancement in high-multiplicity collisions.

e Transverse sphericity: A similar behavior of
spherocity is seen when studied as a function of
transverse sphericity. However, quantitatively the
strangeness enhancement is lesser compared to
transverse spherocity.

e Relative transverse activity classifier: With
a high transverse momentum cut for trigger par-
ticle, one probes high-multiplicity events with Rr.
The studies based on Ry in the transverse region
show significant autocorrelation bias while towards
the region, which is free from biases, shows mild
strangeness enhancement for €.

e Charged-particle flattenicity: The most recent
event shape observable, charged-particle flattenic-
ity, is found to be most suited for the study of
strangeness-enhancement and at high multiplicity
It shows a similar quantitative enhancement as seen
for the study-based on number of multi-parton in-
teractions.

As, significantly higher statistics would be available
in Run 3 of the LHC with respect to Run 1 and Run
2, all the above discussed event-classifiers can be exper-
imentally used to probe strangeness with a high level
of precision. This manuscript will provide a baseline
for such studies and the comparison of experimental re-
sults will give a clear insight into the microscopic origin
of strangeness enhancement (suppression) in high (low)
multiplicity pp collisions at the LHC.

V. ACKNOWLEDGMENT

S.P. acknowledges the doctoral fellowships from the
University Grants Commission (UGC), Government of
India. S.T. acknowledges the CERN Research Fel-
lowship.  The authors acknowledge the DAE-DST,



Government of India funding under the Mega-Science
Project—*“Indian participation in the ALICE experiment

14

at CERN” bearing Project No.
IITI (E-37123).

SR/MF/PS-02/2021-

[1] J. Rafelski and B. Muller, Phys. Rev. Lett. 48, 1066
(1982).

[2] P. Koch, B. Muller and J. Rafelski, Phys. Rept. 142, 167
(1986).

[3] J. Rafelski, Phys. Lett. B 262, 333 (1991).

[4] B. B. Abelev et al. [ALICE], Phys. Lett. B 728, 216
(2014). [erratum: Phys. Lett. B 734, 409 (2014)].

[5] J. Adam et al. [ALICE], Nature Phys. 13, 535 (2017).

[6] V. Khachatryan et al. [CMS], JHEP 09, 091 (2010).

[7] V. Khachatryan et al. [CMS], Phys. Lett. B 765, 193
(2017).

[8] S. Chatrchyan et al. [CMS], Eur. Phys. J. C 72, 2164
(2012).

[9] E. Andersen et al. [WA97], Phys. Lett. B 449, 401 (1999).

0] F. Antinori et al. [NA57], J. Phys. G 37, 045105 (2010).

1] F. Antinori et al. [NA57], J. Phys. G 32, 427 (2006).

9] C. Alt et al. [NA49], Phys. Rev. Lett. 94, 192301 (2005).

3] C.

4] J.

Alt et al. [NA49], Phys. Rev. C 78, 034918 (2008).
Adams et al. [STAR], Phys. Rev. Lett. 92, 182301

(2004).

[15] B.I. Abelev et al. [STAR], Phys. Lett. B 673, 183 (2009).

[16] J. Adams et al. [STAR], Phys. Rev. Lett. 98, 062301
(2007).

[17]) B. 1. Abelev et al. [STAR], Phys. Rev. C 77, 044908
(2008).

[18] B. B. Abelev et al. [ALICE], Phys. Lett. B 728, 25
(2014).

[19] J. Adam et al. [ALICE], Phys. Lett. B 758 , 389 (2016).

[20] S. Acharya et al. [ALICE], Phys. Rev. C 99, 024906
(2019).

[21] S. Acharya et al. [ALICE], Eur. Phys. J. C 80, 693 (2020).

[22] S. Hamieh, K. Redlich and A. Tounsi, Phys. Lett. B 486,
61 (2000).

[23] K. Redlich and A. Tounsi, Eur. Phys. J. C 24 (2002),
589-594

[24] J. L. Nagle and W. A. Zajc, Ann. Rev. Nucl. Part. Sci.
68, 211 (2018).

[25] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko and
K. Werner, Phys. Rev. C 92, 034906 (2015).

[26] T. Sjostrand, S. Ask, J. R. Christiansen, R. Corke, N. De-
sai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen and
P. Z. Skands, Comput. Phys. Commun. 191, 159 (2015).

[27] A. Ortiz Velasquez, P. Christiansen, E. Cuautle Flores,
I. Maldonado Cervantes and G. Paié, Phys. Rev. Lett.
111, 042001 (2013).

[28] C. Bierlich, G. Gustafson, L. Lonnblad and A. Tarasov,
JHEP 03, 148 (2015).

[29] C. Bierlich, G. Gustafson
[arXiv:1612.05132 [hep-ph]].

[30] S. Acharya et al. [ALICE], Phys. Lett. B 843, 137649
(2023).

[31] E. Cuautle, R. Jimenez, I. Maldonado, A. Ortiz, G. Paic

1
1
1
1
1

and L. Loénnblad,

and E. Perez, arXiv:1404.2372 [hep-ph].

[32] A. Ortiz, G. Paic and E. Cuautle, Nucl. Phys. A 941, 78
(2015).

[33] A. Khuntia, S. Tripathy, A. Bisht and R. Sahoo, J. Phys.
G 48, 035102 (2021).

[34] A. Banfi, G. P. Salam and G. Zanderighi, JHEP 06, 038
(2010).

[35] A. Ortiz, Adv. Ser. Direct. High Energy Phys. 29, 343
(2018).

[36] S. Acharya et al. [ALICE], JHEP 05, 184 (2024).

[37] G. Hanson, G. S. Abrams, A. Boyarski, M. Breidenbach,
F. Bulos, W. Chinowsky, G. J. Feldman, C. E. Friedberg,
D. Fryberger and G. Goldhaber, et al. Phys. Rev. Lett.
35, 1609 (1975).

[38] B. Abelev et al. [ALICE], Eur. Phys. J. C 72, 2124
(2012).

[39] A. M. Sirunyan et al. [CMS], Eur. Phys. J. C 79, 123
(2019).

[40] T. Martin, P. Skands and S. Farrington, Eur. Phys. J. C
76, 299 (2016).

[41] G. Bencedi, A. Ortiz and A. Paz, Phys. Rev. D 104,
016017 (2021).

[42] P. Palni, A. Khuntia and P. Bartalini, Eur. Phys. J. C
80, 919 (2020).

[43] A. Ortiz and G. Paic, Rev. Mex. Fis. Suppl. 3, 040911
(2022).

[44] S. Acharya et al. [ALICE], arXiv:2407.20037 [hep-ex].

[45] A. Ortiz, A. Khuntia, O. Véazquez-Rueda, S. Tripathy,
G. Bencedi, S. Prasad and F. Fan, Phys. Rev. D 107,
076012 (2023).

[46] C. Bierlich, Nucl. Phys. A 982, 499 (2019).

[47] C. Flensburg, G. Gustafson and L. Lonnblad, JHEP 08,
103 (2011).

[48] C. Bierlich and J. R. Christiansen, Phys. Rev. D 92,
094010 (2015).

[49] C. B. Duncan and P. Kirchgaefler, Eur. Phys. J. C 79,
61 (2019).

[50] S. Gieseke, P. Kirchgaeer and S. Platzer, Eur. Phys. J.
C 78, 99 (2018).

[61] H. Hushnud and K. Dey, Nucl. Phys. A 1046, 122868
(2024).

[62] T. Sjostrand, S. Mrenna and P. Z. Skands, Comput. Phys.
Commun. 178, 852 (2008).

[653] PYTHIA 8 online manual:
latest-manual/Welcome.html.

[64] P. Skands, S. Carrazza and J. Rojo, Eur. Phys. J. C 74,
3024 (2014).

[65] B. Andersson, G. Gustafson, G. Ingelman and T. Sjos-
trand, Phys. Rept. 97, 31 (1983).

[56] J. Adam et al. [ALICE], Phys. Lett. B 753, 319 (2016).

[57] T. Sjostrand and P. Z. Skands, JHEP 03, 053 (2004).

https://pythia.org/


https://pythia.org/latest-manual/Welcome.html
https://pythia.org/latest-manual/Welcome.html

	Introduction
	Event generation and methodology
	PYTHIA 8
	Event classifiers at the LHC
	Number of multi-partonic interactions (Nmpi)
	Charged-particle multiplicity (Nch)
	Transverse sphericity (ST)
	Transverse spherocity (S0)
	Relative transverse activity classifier (RT)
	Charged-particle flattenicity (ch)


	Results and discussions
	Summary
	Acknowledgment
	References

