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Event classifiers based either on the charged-particle multiplicity or the event shape have been
extensively used in proton-proton (pp) collisions by the ALICE Collaboration at the LHC. The use of
these tools became very instrumental since the observation of fluidlike behavior in high-multiplicity pp
collisions. In particular, the study as a function of the charged-particle multiplicity registered in the
forward VO ALICE detector allowed for the discovery of strangeness enhancement in high-multiplicity
pp collisions. However, one drawback of the multiplicity-based event classifiers is that requiring a high
charged-particle multiplicity biases the sample towards hard processes like multijet final states. These
biases make it difficult to perform jet-quenching searches in high-multiplicity pp collisions. In this
context, the present paper explores the use of the new event classifier, flattenicity; which uses the
multiplicity calculated in the forward pseudorapidity region. To illustrate how this tool works, pp
collisions at /s = 13.6 TeV simulated with PYTHIA 8 are explored. The sensitivity of flattencity to
multipartonic interactions as well as to the “hardness” of the collision are discussed. PYTHIA 8 predictions
for the transverse momentum spectra of light- and heavy-flavored hadrons as a function of flattenicity are
presented.
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High-multiplicity proton-proton (pp) and proton-lead
(p-Pb) collisions, hereinafter referred to as small-collision
systems, at ultrarelativistic energies have unveiled similar-
ities with heavy-ion collisions [1-3]. The origin of these
effects in small-collision systems is still an open question
in the heavy-ion community, where there is no evidence of
jet quenching in such collisions [4]. According to event
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generators like PYTHIA 8 [5], a high activity at midpseu-
dorapidity (high-multiplicity pp collisions) can be origi-
nated by two mechanisms; either by several semihard
parton-parton interactions occurring within the same pp
collision, a phenomenon that is known as multipartonic
interactions (MPI) [6], or by multijet final states [7]. Since
the goal of the study is to establish whether a small drop of
strongly-interacting quark-gluon plasma (sQGP) is formed
in small collision systems, one has to isolate high-
multiplicity pp collisions originated by soft partonic
processes.

Multipartonic interactions offer an alternative approach
to explain the observed fluidlike phenomena in high-
multiplicity pp collisions. For instance, color reconnec-
tion (CR) can mimic radial flow patterns in pp collisions
with a large number of MPI (N ;) [8]. Models based on
the QCD theory of MPI can partially explain collectivity
from interference effects in hadronic collisions with
Nppi parton-parton scatterings [9,10]. PYTHIA 8 with the
rope hadronization model [11], which assumes the for-
mation of ropes due to overlapping of strings in a high-
multiplicity environment (high N,;), describes the
strangeness enhancement [12]. Regarding the phenomena
at large transverse momentum (pr), the model also
produces some features that are present in data from
heavy-ion collisions [13-15].

One of the most common event classifiers in ALICE is
based on the measurement of the charged-particle multi-
plicity in a different pseudorapidity interval to that where
the observable of interest is measured. Different charged-
particle multiplicity classes are defined based on the total
charge deposited in the VO detector, hereinafter referred to
as VOM multiplicity. The VO consists of two arrays of
scintillating tiles placed on each side of the interaction point
covering the full azimuthal acceptance and the pseudor-
apidity intervals of 2.8 <5 < 5.1 (VOA) and —3.7 <5 <
—1.7 (VOC). With this approach, the strangeness enhance-
ment was discovered in pp collisions [16].

Alternative studies that use event-shape observables like
transverse sphericity [17], transverse spherocity [18,19],
and the relative transverse activity classifier [20,21] have
tried to isolate the soft-particle production. However, these
event-shape observables are still sensitive to biases origi-
nating due to hard gluon radiation which makes it difficult
to interpret the results [22,23]. Another event shape, called
event isotropy (introduced recently in Ref. [24]) was
designed to robustly identify isotropic radiation patterns
in collider events which need to be explored in the future.
Moreover, given that they rely on tracking and with the
existing experiments it is only possible at midpseudora-
pidity, the event selection based on charged-particle activity
in a narrow pseudorapidity interval at midrapidity biases
the charge-particle yield due to the autocorrelation [25].
This effect was studied by the ALICE Collaboration [25]
and this motivated the use of a multiplicity estimator based

on the activity in the forward region. With this approach,
the reduction of the biases was notable; however, other
biases towards multijet final states were found. For exam-
ple, the attempt to search for jet-quenching effects in pp
collisions has not been successful [26,27]. Although a
significant broadening is observed in the acoplanarity
distribution of high-multiplicity events, consistent with
jet quenching, the same effect is present in models that
do not include the effects of a medium. The simulations
suggest that the enhanced acoplanarity results from the bias
induced by the high-multiplicity selection towards multijet
final states.

In this paper, flattenicity is explored; it is intended to be
sensitive to soft multipartonic interactions, and it is
accessible to experiments at the LHC. All results presented
in this paper correspond to p p collisions at /s = 13.6 TeV
simulated with PYTHIA 8.307 [28]. The PYTHIA 8 tunes used
in the paper are described in Sec. II. In Sec. III flattenicity is
defined and tested under variations in the segmentation
used to calculate it. In Sec. IV a comparison between the
widely used VOM estimator and flattenicity is discussed.
Section V presents studies of light- and heavy-flavor
production as a function of flattenicity. Finally, we sum-
marize our results with an outlook for the upcoming ALICE
run 3 and 4 measurements in Sec. VL.

II. THE pyTHIA 8 EVENT GENERATOR:
MONASH VS CR MODE 2

PYTHIA 8 simulations with the models Monash and the
QCD-based color reconnection mode 2 (CR2) are used in
the present study. The main features of the models are
briefly described in this section.

PYTHIA 8 [29] is one of the most widely used
Monte Carlo event generators for high-energy collider
physics with particular emphasis on physics related to
small collision systems such as pp collisions. It is a parton-
based microscopic event generator, where the main event of
a pp collision is represented with hard parton scatterings
via 2 — 2 matrix elements defined at leading order. It is
then complemented by the leading-logarithm approxima-
tion of parton showers that includes initial- and final-state
radiation. The underlying event is formed by particles
originating from MPI as well as from beam remnants. The
hadronization from partons is performed using the Lund
string-fragmentation model [30]. In the CR picture [31], the
strings between partons can be rearranged in a way that the
total string length is reduced, by which the total charged-
particle multiplicity of the event is also reduced. The
Monash 2013 tune of PYTHIA 8 [32], created for a better
description of minimum-bias and underlying-event observ-
ables in pp collisions at the LHC energies, includes the
MPI-based color-reconnection scheme. In this scheme, the
color flow relies on the parton showerlike color configu-
ration of the beam remnants, and partons are classified
based on their origin from the MPI system. However, the
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color rules of QCD in the beam remnant are not considered
in the MPI-based color reconnection scheme. Recently, a
newer QCD-based CR scheme is introduced, which encom-
passes the minimization of the string length as well as the
color rules from QCD [11]. This new CR scheme intro-
duces several tuneable parameters and it has been recently
shown that the baryon-to-meson ratio from p p collisions at
the LHC is better explained by a set of parameters, referred
to as CR2 [11,33,34].

III. FLATTENICITY

Inspired by the recently introduced flattenicity [35],
proposed as a new observable to be measured in the
next-generation heavy-ion experiment at CERN (ALICE
3) in the LHC Run 5 [36], the present work explores the
feasibility of flattenicity measurement using the existing
experiments at RHIC and at the LHC. For the definition of
flattenicity, the # — ¢ phase space was divided into N =
80 elementary cells. Given the expected tracking capabil-
ities of ALICE 3, charged particles within || < 4 and pr >
0.15 GeV/c were considered in the calculation of flatte-

nicity. In cell i, the average transverse momentum was

calculated (pS'™). Event-by-event, the relative standard

deviation defines flattenicity as follows:

VP = (55 Near
p= :

cell

<PT )

(1)

Events with jet signals on top of the underlying event are
expected to have a large spread in the pS values, the
opposite is expected in the case in which particles with lower
momenta would be isotropically distributed. However, the
main LHC experiments, and even the STAR experiment at
RHIC, only have tracking detectors at the central pseudor-

apidity region. The absence of these detectors in the forward

1T T T T 1
- pp Vs=13.6 TeV
r PYTHIA 8.244 (Monash)

08 [ Primary charged particles F
= | [Jrelative standard deviation _: ® lr
c - 1=
3 : 10 ‘v‘c
5 0.6— "
g I =
Y o4 022
£ B )

- ©
R 3
2 o2 a
i 10°°
0 W T O .
0 0.2 0.4 0.6 0 1
1-p_. (n<4)

FIG. 1.

pseudorapidity region makes it impossible to use the defi-
nition provided in Eq. (1). Moreover, the calculation of both
the event activity (or event shape) and the observable of
interest within the same narrow pseudorapidity interval
introduces selection biases. The biases are reduced if the
activity is determined at forward pseudorapidity [25]. Since
most of the experiments can measure the charged-particle
multiplicity at forward pseudorapidity, the aim of this work is
to redefine flattenicity in such a way that it can be measured
using the existing detectors. Therefore, charged-particle
multiplicity is used instead of the average transverse momen-
tum per cell. In order to guarantee values of flattenicity
between 0 and 1, like the standard event shapes (see
e.g., [37]), the event shape is defined as follows:

(NG)2/NG

\/Zi (NZEUJ' - cell

(V& ’

(2)

Pnch =

where, N zf’lu’" is the average multiplicity in the elementary cell

i and (N) is the average of N in the event. Flattenicity is

calculated in the pseudorapidity intervals specified along the
paper and using primary charged particles with pp > 0. The
additional factor 1/4/N guarantees flattenicity to be
smaller than unity. Moreover, in order to have a similar
meaning of the limits of the new event shape to those used so
far (e.g., spherocity), this paper reports results as a function of
1 — pyan 1In such a way that events with 1 —p,q, — 1 are
associated with the isotropic topology, whereas those with
1 — poen — 0 are associated with jet topologies.

In the following studies, the so-called reference flattenicity
was calculated considering 16 bins in pseudorapidity (bin
size 0.5) and 8 bins in ¢ (bin size 27/8 ~ 0.79 rad). In order
to check the stability of flattenicity with the change of the cell
size, a comparison between the reference flattenicity and two
variations was cross-checked. The wide cell case consists of
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One minus flattenicity calculated using a narrow (wide) binning in 7 — ¢ (read the text for more details) as a function of the

reference one minus flattenicity. Results for pp collisions at /s = 13.6 TeV simulated with PYTHIA are displayed. The colored region
represents the distribution of events whereas the solid black line is the average value of the y variable over all events with a particular
value of the x variable. The boxes around zero indicate the relative standard deviation as a function of the reference flattenicity.
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TABLE 1. Pseudorapidity intervals covered by the different
rings of the VO detector of ALICE.

Ring vocC VOA

1 -37<n<-=-32 45<n<5.1
2 -32<n< =27 39<n <45
3 27 <n<-22 34<n<39
4 —22<n<-1.7 28 <n<34

8 and 6 equal-sized intervals in pseudorapidity (—4 < 5 < 4)
and ¢ (0 < ¢ < 2nx), respectively. For the narrow-cell case,
32 and 25 equal-sized intervals were considered for  and ¢,
respectively. Figure 1 shows the correlation between the
flattenicity obtained using a narrow (or wide) binning inn — ¢
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FIG. 2. One minus flattenicity calculated using the experimen-
tal accessible segmentation of ALICE (-3.7<np< —-1.7,
7] < 0.8, and 2.8 <5 < 5.1) as a function of the reference
one minus flattenicity. Results for pp collisions at /s =
13.6 TeV simulated with pyTHIA are displayed. The boxes
around zero indicate the relative standard deviation as a function
of the reference flattenicity.
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and the reference flattenicity. Results for nondiffractive pp
collisions at /s = 13.6 TeV simulated with PYTHIA 8 tune
Monash [32] are shown. The relative spread is within 5%, and
the average values are consistent within a few percentages.
This result shows the stability of flattenicity against variations
in the size of the cells. This makes feasible the flattenicity
measurement in experiments like ALICE, which would rely
on detectors with a given segmentation in # and ¢.

Regarding the current capabilities of ALICE, several
results as a function of the VOM charged-particle multi-
plicity have been reported. Each VO subdetector is seg-
mented into four rings covering the pseudorapidity
intervals listed in Table 1. Each ring is divided into eight
equal-sized intervals in the azimuth. This yields 64 sectors
and the multiplicity in each sector can be used to calculate
flattenicity. In addition, the charged-particle multiplicity at
midpseudorapidity (|57| < 0.8) which is measured using the
TPC of ALICE can be used to constrain the flattenicity of
the events. Therefore, a grid defined by the 64 VO sectors
can be complemented with an additional grid within || <
0.8 and 0 < ¢ < 2z formed by 32 equal-sized cells of side
length 0.5 in pseudorapidity and 2z/8 rad in azimuth [38].
Figure 2 shows the correlation between the flattenicity
obtained using such a segmentation (—3.7 <75 < —1.7,
7] < 0.8, and 2.8 < 5 < 5.1) and the reference flattenicity
(In] < 4). The experimentally accessible flattenicity is
shifted by up to 5% with respect to the reference flatte-
nicity. For a fixed value of reference flattenicity, the relative
standard deviation goes from 10% to less than 1% from low
to high 1 — p,, values.

The measurement of flattenicity using the segmentation
previously defined can be a bit tricky, because the VO
detector provides charge amplitude. Of course, one can
develop a strategy to combine the information from the two
detectors. However, it would be straightforward to deter-
mine flattenicity in a detector-independent way. To this
end, Fig. 3 explores the correlation between flattenicity

1= — T T T T
- pp Vs=13.6 TeV
I PYTHIA 8.244 (Monash)
08 [_Primary charged particles %\';‘
S L relative standard deviation =
> =
6 : 10 5
o - o
= 06 N —_
° x
(0] - =
g T z
o 041 102 =
g [ 3
~ - Qo
s F Q
02l o
0

(n<4)

nch

Left (right): one minus flattenicity calculated in the pseudorapidity interval covered by the ALICE VO (TPC) detector (read the

text for more details) as a function of one minus reference flattenicity. Results for pp collisions at /s = 13.6 TeV simulated with
PYTHIA are displayed. The boxes around zero indicate the relative standard deviation as a function of the reference flattenicity.
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calculated in the pseudorapidity region covered by the VO
detector and the reference flattenicity. The figure also
displays the situation in which flattenicity is calculated
at midpseudorapidity and V0. The combined flattenicity is
given by the average of the flattenicity values obtained in
each case and it is termed as average TPC + V0. The
average flattenicity values obtained in the acceptance of the
VO (VO 4 TPC) detector are shifted down by up to 10%
(40%) with respect to the reference flattenicity values. On
the other hand, for low 1 —p,y values obtained in the
acceptance of the VO (VO + TPC) detector the relative
standard deviation is around 10% (40%) and decreases to
less than 1% at high 1 — p,,. The effect is explained as due
to a bias towards hard p p collisions when the event activity
is calculated at midpseudorapidity. In this case, most of the
events are associated with multijet final states [7]. The
result suggests that a measurement of flattenicity in the VO
acceptance would be the best to enhance the sensitivity to
the global event shape. This is the approach that is followed
in the present work.

IV. VOM VS FLATTENICITY

Given the definition of flattenicity, the event classifier is
expected to be strongly multiplicity dependent. This means
that the limit 1 — p,, — 1 can be easily reached by high-
multiplicity events, whereas for jetlike events, 1 — p,, = 0
would be easily reached by low-multiplicity events.

This feature of flattenicity is illustrated in Fig. 4 where
the correlation between 1 — p,, and multiplicity is shown
for pp collisions simulated with PYTHIA 8 tune Monash. As
in the previous sections, for a fixed multiplicity value the
relative standard deviation is displayed. If the multiplicity is
determined in the pseudorapidity interval covered by the VO
detector, 1 — p,, exhibits a rise even at high multiplicities,
where it reaches values above 0.9. The dependence with
multiplicity at midpseudorapidity shows saturation at 1 —
Poch = 0.9 which is reached for intermediate multiplicities

1 1
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TABLE 1II. Average charged-particle multiplicity density
((dN,/dn)) at midpseudorapidity (|| < 0.8) for different per-
centile classes defined using flattenicity and VOM.

Event class L = pren VOM
0-1% 25.0 27.1
1-5% 22.9 23.0
5-10% 18.4 18.7
10-20% 15.6 15.3

(dNg,/dn ~ 38). However, in this case the distribution is
slightly wider. The effects can be factorized by performing an
analysis both as a function of multiplicity and flattenicity.

Different event classes will be studied based on percen-
tiles of either multiplicity or flattenicity both of them
calculated in the pseudorapidity region covered by the
VO detector of ALICE. Table II shows the average charged-
particle multiplicity density at midpseudorapidity for differ-
ent event classes defined with flattenicity or VOM multi-
plicity classes. Here, the notation 0—1% means the 1% of
the events with the largest values of 1 — p,, or VOM. For
similar percentiles, the average multiplicity values are very
close to each other. However, as will be shown later, the
characteristics of the events are very different.

Table II hints that one can select pp collisions with
similar charged-particle multiplicity at midpseudorapidity
but originated from different processes. The left-hand side
plot shown in Fig. 5 displays the correlation between the
average number of multipartonic interactions and the
charged-particle multiplicity density at || < 0.5. A com-
parison of the correlation obtained either using event
selection based on flattenicity or VOM multiplicity is
displayed. In both cases, the average number of multi-
partonic interactions increases with the increase of the
event activity estimator (VOM multiplicity or 1 — p,p)-
Moreover, both selections give a very similar linear
correlation; however, slightly higher (M) values are

1 1
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FIG. 4. One minus flattenicity calculated in the pseudorapidity region covered by the VO detector. The event shape is plotted as a
function of the charged-particle multiplicity in the same pseudorapidity interval (left) and at midpseudorapidity (right). The width of the

distribution is shown as boxes around zero.
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The average number of multipartonic interactions (transverse momentum of the primary partonic scattering) as a function of

the charged-particle multiplicity density at midpseudorapidity, || < 0.5, is shown in the left-(right-)hand side panel. Results for pp
collisions at \/s = 13.6 TeV simulated with PYTHIA 8 tune Monash are displayed. The solid line indicates the correlation when the event
selection is done in 1 — p,, classes, whereas, the dotted line indicate the correlation when the event classification is performed as a

function of the VOM estimator.

observed when the event selection is done with flattenicity.
In order to study the “hardness” of the samples, the right-
hand side of Fig. 5 shows the average transverse momen-
tum of the primary parton-parton scattering (pr) as a
function of the charged-particle multiplicity density. For
(dN,/dn) < 15 both estimators give the same result. In
both cases a fast increase of (pr) is observed for multi-
plicity densities below 5, this behavior is followed by a
reduction in the slope of (pr) as a function of the
multiplicity density. However, for higher multiplicities a
clear deviation is observed between the two event classi-
fiers. The selection in terms of VOM gives a steeper rise of
(pr) with the charged-particle density than that observed
for the selection based on flattenicity. The average pr is
expected to increase with the increase of the multiparton
interaction activity. The more the number of semihard
scatterings the higher the probability to pick a slightly
harder parton-parton scattering. At (dN,/dn) = 30 the

pp (s = 13.6 TeV PYTHIA 8 (Monash)
0-1% 1-p_ (dN _/dn)=25)

N o/ dAndAQ
A OO

2
2

average hard pr is 16% higher for events selected with
VOM than that for events selected with flattenicity. The
difference seems to increase at higher-multiplicity den-
sities. The results suggest that VOM and flattenicity are
nearly equally sensitive to MPI, but flattenicity reduces the
bias towards hard pp collisions.

Figure 6 shows the angular correlations between the
leading particle and associated particles. The leading particle
is the one with the largest transverse momentum of the event.
If p?g is the transverse momentum of the leading particle,
then the associated particles are all those charged particles
whose transverse momentum is lower than ptT”g. InFig. 6, the
charged-particle yield is reported as a function of Agp =
@ — "2 and An = 5 — "¢, where 5 and ¢ are the pseudor-
apidity and azimuthal angle of the associated particles,
respectively. The left-hand (right-hand) side plot shows
the angular correlation for the 0-1% 1 — p,, (VOM) class
in pp collisions at /s = 13.6 TeV. According to Table II,

pp s = 13.6 TeV PYTHIA 8 (Monash)
0-1% VOM ((dN,, /dn)=27)

FIG. 6. Angular correlations between associated charged particles and the leading charged particle. The charged-particle yield is
presented as a function of the angular separation Ag and Ay for pp collisions at /s = 13.6 TeV simulated with PYTHIA 8 tune Monash.
The correlation for the 0-1% 1 — p,, (VOM) event class is shown in the left (right) panel.
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the charged-particle multiplicity density at midpseudorapid-
ity is around 26 for these event classes. While the selection
based on VOM gives prominent jet structures at Ag = 0 and
A@ = =, for the pp sample selected with flattenicity, the
near- and away-side peaks are significantly smaller than
those observed when the selection is done in terms of VOM.
This result is consistent with the isolation of more isotropic
pp collisions in flattenicity classes than in VOM classes.
Therefore, the event classifier is able to select high-multi-
plicity pp collisions originated by several soft parton-parton
scatterings producing a nearly homogeneous distribution of
particles in both An and Ag. In PYTHIA 8 there are always
2 — 2 processes, therefore rather small near- and away-side
peaks are observed. The size of the peaks are significantly
smaller than those observed for pp collisions with similar
charged-particle multiplicities but originated from harder
processes.

In summary, the sensitivity to MPI is still kept if
multiplicity is used instead of average transverse momen-
tum in the calculation of flattenicity. Moreover, with the
actual detectors of the ALICE experiment, the analysis as a
function of flattenicity seems to be feasible. In the next
section, the light- and heavy-flavored hadron productions
are studied for different 1 — p,, event classes.

V. LIGHT- AND HEAVY-FLAVOR HADRON
PRODUCTION AS A FUNCTION OF
FLATTENICITY

In this section, results using the color reconnection mode
2 of PYTHIA 8 are used to generate p p collisions at the LHC
energies. This model is chosen given that it better describes
the identified particle production than the Monash tune.
The CR2 model includes junctions, which fragment into
baryons, leading to an increased baryon production as
compared to Monash tune. For example, Fig. 7 (left panel)

— T
15 | pp, Vs =13 TeV (VOM: 0-1%), Charged particle |
[ —e— ALICE Data |
| - PYTHIA 8-CR2 4
% |l —— PYTHIA 8-Monash i
5 L -
< o ]
Ay -
e | — _
i) 3 bk —h—
= i i
o 5 L i
0 N S B
0 5 10 15 20
P, (GeV/c)

shows the ratio between the pr spectrum of charged
particles in the 0—1% VO multiplicity class to the one
measured in minimum bias pp collisions at /s = 13 TeV
by ALICE [18]. The data are compared with predictions
from PYTHIA 8 Monash and color reconnection mode 2
(CR2). Both the models qualitatively reproduce the data
very well, which shows the evolution of the spectral shape
up to pr=~5GeV/c and the ratio is flat at high pr.
Figure 7 (right panel) shows the measured pr-differential
AZ /DO ratio in minimum bias collisions [39] along with
model predictions. In particular, the CR2 model shows a
very good agreement with the data.

Figure 8 shows the charged-pion pt spectrum in the 0-1%
VOM multiplicity class normalized to the charged-pion pr
spectrum in minimum-bias collisions. A comparison with the
0-1% 1 — py, class is shown. While at low transverse
momentum the ratios are very close to each other showing
an increase up to pr~2 GeV/c, at higher transverse
momentum the ratios follow different trends. On one hand,
the ratio for the 0—1% VOM class exhibits a continuous rise
with increasing pr; on the other hand, the ratio for the 0-1%
1 — puen class reaches a maximum that is followed by a
reduction reaching a constant value of around 6. The ratios,
as a function of 1 — p,,, show a similar behavior as those
reported as a function of the number of multipartonic
interactions [40]. The effect has been attributed to color
reconnection, which according to Ref. [8] should originate a
mass effect. The mass effect is tested using protons instead of
pions. Figure 8 shows analogous ratios for protons. For
similar event classes the effect gets significantly enhanced.
Moreover, for the 0-1% 1 — p,, class a prominent bump
structure is observed at intermediate transverse momentum.
The effect is hidden in the 0-1% VOM class given the
presence of harder processes that produce a small increase of
the ratio for py > 6 GeV/c. The bump structure has not been

12—
i pp, Vs = 13 TeV, Min. bias ]
1E —e— ALICE Data .
3 —o— PYTHIA 8-CR2
i —o— PYTHIA 8-Monash
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[ o
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FIG. 7. The ratio of charged particle spectra in 0—1% VOM class to minimum bias in pp collisions with ALICE at /s = 13 TeV are
compared with the PYTHIA 8 Monash and CR2 predictions (left). The A} /D ratios in pp collisions with ALICE are compared to

PYTHIA 8 Monash and CR2 tunes (right).
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FIG. 8. Transverse momentum differential yield in the 0-1%

1 — puen (full markers) and 0-1% VOM multiplicity (empty
markers) class normalized to the yield in minimum-bias pp
collisions. Results for pions and protons are displayed in round
and square markers, respectively. The pt spectra were calculated
at midrapidity (|y| < 0.5) in pp collisions at /s = 13.6 TeV
simulated with PYTHIA 8.

observed in data since all the analyses have been performed
so far as a function of the VOM multiplicity.

Last but not least, it has been reported that the pr-
differential baryon-to-meson ratios including A /D°, p/z,
and A/K? exhibit remarkable similarities. The ratios show
a clear decrease with increasing pt in both pp and p-Pb
collisions in the range 2 < pp < 12 GeV/c. At low pr,
predictions that include additional color-reconnection mech-
anisms beyond the leading-color approximation (CR2)
describe the overall features rather well [41]. Figure 9 shows
the p/z, A/K?, and AF/D° ratios as a function of the
transverse momentum using VOM and 1 — p,, classes. All
these ratios exhibit remarkably similar characteristics with a
decreasing trend after py > 2-3 GeV/c. With the selection

of 0-5% VOM or 1 — p,.,, we see an enhancement of these
ratios at intermediate pr that is around 18%, 20%, and 35%
higher forp/z, A/K?, and A$ /D as compared to minimum-
bias pp collisions, respectively. One of the interesting
observations is the shift of the peak structure towards higher
momentum, which is often attributed to the radial flow effect
for light-flavor particle production [42]. The 0-1% 1 — pyen
class for the highest 0-5% VOM classes selects events with an
isotropic event topology. From Fig. 9, a clear picture is
evolved where the baryon to meson ratio is further enhanced
and for the first time, we observe a clear peak structure for
A¢ /D for pp collisions, which is earlier observed in p-Pb
collisions by ALICE Collaboration [41]. This enhancement
is suppressed for p/z ratio for the 95-100% 1 — p,, event
class that corresponds to jet topologies, whereas for A/K?
and A} /DC the peak structure at intermediate py is com-
pletely absent. The section of hard events (95-100%
1 — ppen) shows a similar trend for A/K? ratio in jets as a
function of pr [43]. The selection of events based on
charged-particle multiplicity or event topology should reflect
on the (py) of the identified particles. The left panel of
Fig. 10 shows the (py) of z, K, p, and A as a function of
charged-particle multiplicity at midrapidly (|y| < 0.8) in the
VOM and 1 — p,, event classes. A clear mass dependant
evolution of (pr) is observed as a function of charged-
particle multiplicity. However, we do not see a strong
dependence on VOM or 1 —p,4 event classes although
we see harder spectra in the case of VOM event classes for z
and p in Fig. 8. This is because the spectral shape does not
significantly change at lower pr, which is the dominant
factor in the evaluation of the (py). We further extend this
study for charged particles by selecting 0-1% and 0-10%
1 — pneh event classes together with VOM selection. The ( pr)
of charged particles are quite similar for both subclasses and
there is mild spread on the charged-particle multiplicity at
midrapidity as seen from Fig. 10. However, by selecting 99—
100% and 90-100% 1 — p,,, event classes, a higher (pr) is
observed with the bottom 1%, which is in agreement with the
interpretation of selecting hard events.
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FIG.9. pg-differential baryon to meson ratios for particles containing light, strange, and charm quarks, respectively. The selection of

events is based on VOM multiplicity and 1 — p,o, classes.
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FIG. 10. Mean transverse momentum of identified particles calculated in |y| < 0.8 as a function of the charged-particle multiplicity at
midrapidity (left). Here, we consider both VOM and 1 — p, ¢, classes to see the effect of the mass ordering of (py) on multiplicity and
event-shape variable. The mean transverse momentum of the charged particles in VOM classes is shown as a function of the charged-
particle multiplicity in the midrapidity, || < 0.5 for 1% and 10% top and bottom events in 1 — p,, classes (right).

VI. CONCLUSIONS

This paper presented a comprehensive study of flatte-
nicity in pp collisions. The studies were performed using
two tunes of the PYTHIA 8.307 Monte Carlo event generator.
It has been demonstrated that the quantity is robust against
variations in the size of the cell used for the calculation of
flattenicity. Moreover, according to the studies, the event
topology calculated in the pseudorapidity region covered
by the ALICE VO detector is strongly correlated with the
event shape calculated in eight units of pseudorapidity. A
comparison between the widely used VOM multiplicity
estimator and flattenicity shows that although both of
them show the same level of correlation with the MPI
activity, flattenicity tends to select collisions involving
several lower transverse-momentum parton-parton scat-
terings than the VOM estimator. Moreover, the high-
multiplicity pp collisions selected with flattenicity yield
a softer py spectrum than those isolated using the VOM
multiplicity estimator. The results suggest that flattenicity

can be used using the forward detectors that will operate
during runs 3 and 4.
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