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This paper reports the first measurement of the transverse momentum (pT) spectra of primary charged
pions, kaons, (anti)protons, and unidentified particles as a function of the charged-particle flattenicity in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV. Flattenicity is a novel event shape observable that is measured in the
pseudorapidity intervals covered by the V0 detector, 2.8 < η < 5.1 and −3.7 < η < −1.7. According to
QCD-inspired phenomenological models, it shows sensitivity to multiparton interactions and is less
affected by biases toward larger pT due to local multiplicity fluctuations in the V0 acceptance than
multiplicity. The analysis is performed in minimum-bias (MB) as well as in high-multiplicity events up to
pT ¼ 20 GeV=c. The event selection requires at least one charged particle produced in the pseudorapidity
interval jηj < 1. The measured pT distributions, average pT, kaon-to-pion and proton-to-pion particle
ratios, presented in this paper, are compared to model calculations using PYTHIA 8 based on color strings
and EPOS LHC. The modification of the pT-spectral shapes in low-flattenicity events that have large event
activity with respect to those measured in MB events develops a pronounced peak at intermediate
pT (2 < pT < 8 GeV=c), and approaches the vicinity of unity at higher pT. The results are qualitatively
described by PYTHIA, and they show different behavior than those measured as a function of charged-
particle multiplicity based on the V0M estimator.

DOI: 10.1103/PhysRevD.111.012010

I. INTRODUCTION

In proton-proton (pp) collisions at the LHC energies,
hard parton-parton scatterings with momentum transfer
above several GeV=c produce high transverse momentum
(pT) particles that can be described by perturbative quan-
tum chromodynamics (pQCD). Additional parton-parton
scatterings that are not part of the main hard process
constitute the underlying event (UE), which is modeled
using phenomenological approaches [1,2]. At LHC ener-
gies, the large parton densities result in a significant
probability of more than one partonic interaction in a
single pp collision [3], a phenomenon known as multi-
parton interaction (MPI) that is supported by data [4,5]. In
MPI-based models, pp collisions with high charged-particle
multiplicities are dominantly those with a larger-than-
average number of MPIs. The properties of the hadronic
final state are sensitive to the interplay between the final
states of several parton-parton interactions, the modeling of
MPI, and nonperturbative final-state effects such as color

reconnection (CR) implemented in PYTHIA 8 [3,6]. For
example, CR in pp collisions containing a large amount of
MPI creates a strong correlation between the average
transverse momentum of the produced particles and the
charged particle multiplicity [7]. The strength of this
correlation is mass dependent, and therefore, reminiscent
of radial flow effects in heavy-ion collisions [8].
Recent measurements in small collision systems such as

high-multiplicity (HM) pp and p-Pb collisions at the LHC
have revealed several effects that are qualitatively similar to
the ones observed in heavy-ion collisions. Such phenomena
include collective flow [9–23] and the enhanced production
of strange hadrons with respect to the charged-pion yield
[24–28]. Despite the large amount of soft-QCD results on
collectivity, the origin of these phenomena in small systems
is not yet fully understood. For example, experimental
searches for jet modifications due to the presence of a
medium in small collision systems have not been successful
within current experimental precision, though its effects are
expected to be small [29–36]. Moreover, recent results from
ALICE suggest that the measured ridge yields in low-
multiplicity pp collisions are nonzero and substantially
larger than the limits set in eþe− annihilation [37]. ATLAS
also observed significant nonzero values of the second- and
third-order flow coefficients measured in photonuclear
ultraperipheral Pb-Pb collisions [38]. Thus, the existing
measurements do not yet provide an answer to the
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important question of whether the origin of collectivity in
small systems is attributed to the formation of a strongly
interacting quark-gluon plasma (QGP), or if it originates
from different physical mechanisms. Several theoretical
approaches have been suggested to explain the QGP-like
effects in small collision systems. For example, the
PYTHIA 8 [6] model can qualitatively describe some of
the observed features by incorporating new phenomeno-
logical final-state prehadronization mechanisms, such as
rope hadronization [39], string shoving [40], and MPI
together with the CR mechanisms [6,8].
The production of (un)identified charged hadrons as a

function of multiplicity has been studied to understand the
origin of the collectivelike effects observed in pp and p-Pb
collisions. Measurements of the inclusive charged particle
production as a function of multiplicity indicate a stronger-
than-linear increase of the high-pT particle yields with
increasing multiplicity relative to the yield in minimum-
bias (MB) pp collisions [41], which is a consequence of an
autocorrelation bias. To minimize such biases, the event
classification has also been performed using charged-
particle multiplicity measurements at forward pseudora-
pidity, i.e., in a different pseudorapidity interval than the
one in which the observable of interest is measured [24].
However, this event selection approach is still sensitive to
biases from local multiplicity fluctuations originating from
jets that in turn enhance the high-pT particle production,
affecting the search for medium-induced jet modification in
small systems [34]. For example, a detailed analysis using
data and MC simulations showed that high-multiplicity pp
collisions selected at forward and backward rapidities,
and requiring a hard process at midrapidity, results in
the distribution of particles with multijet topologies, con-
sequently affecting the search for medium-induced jet
modification in small system [29].
Different event classifiers are proposed to reduce the

existing biases in selectors based only on the forward
multiplicity. These include transverse spherocity (S0)
[41–43] and the relative transverse activity classifier
(RT) [44], both measured at midrapidity. Spherocity is
used to isolate pp collisions characterized by dijet topol-
ogies, which are dominated by hard partonic scatterings.
Furthermore, it can select events with a large number of
partonic interactions that yield an isotropic distribution of
charged particles in the transverse plane [45]. Regarding
spherocity, pp collisions with spherocity values near zero
are characterized by a dijet topology and are dominated by
hard partonic scatterings. In contrast, events with spher-
ocity values close to unity have an isotropic particle
distribution in the transverse plane and are dominated by
multiparton interactions. In Ref. [43], particle spectra are
analyzed as a function of spherocity and multiplicity, both
measured at midrapidity and forward rapidity. Using the
midrapidity multiplicity estimator together with a selection
based on spherocity, it is possible to select events with a

relatively large difference between the hpTi of jetty and
isotropic events as opposed to the case when the forward
multiplicity estimator is used. However, a potential bias
from jets fragmenting into many low-pT particles emerges
when the selection of high event activity at midrapidity
is made.
The RT classifier selects pp collisions based on their UE

activity in the region perpendicular to the direction of the
leading charged particle, i.e. the one with the highest pT, in
the event [44]. This approach probes the structure of the
underlying event by separating events with exceptionally
large or small transverse activity with respect to the event-
averaged mean. This classification is applied in recent
measurements of charged and identified particle production
by ALICE [46], where the particle production is inves-
tigated as a function of the UE activity [46,47]. Pheno-
menological studies have found that transverse activity is
strongly correlated with the average number of MPIs. In the
region perpendicular to the leading particle, the spectral
shapes of all particle species harden with increasing UE
activity, which could be an indication of selecting multijet
topologies. These effects could be a consequence of a
selection bias originating from initial- and final-state
radiations [48].
Efforts have been made to develop a new event selector

with reduced biases from local multiplicity fluctuations in
the pseudorapidity region where multiplicity is measured.
A necessary condition is to have a large sensitivity to
quantities at the partonic level, such as MPI. For example,
Ref. [49] proposes an event activity estimator with strong
sensitivity to soft multiparton interactions and color recon-
nection effects using machine-learning-inspired tech-
niques. In this study, the ratio of the yield of charged
pions in pp collisions with a large number of MPIs to that
in MB collisions shows a pronounced peak in the inter-
mediate-pT region (2 < pT < 8 GeV=c), which is attrib-
uted to CR. At larger pT, such a ratio is consistent with
unity. These effects have not been observed with the
existing event activity estimators. In this context, the
present paper explores a novel event classifier called
flattenicity, which combines information from both the
azimuthal and polar (pseudorapidity) angles [50]. The pT
spectra are studied in events selected as a function of
flattenicity, with and without a multiplicity preselection in
pp collisions at

ffiffiffi
s

p ¼ 13 TeV. This measurement aims to
provide further insights into the underlying processes
behind collective phenomena, and it gives a better under-
standing of the partonic dynamics of the collisions.
Moreover, it offers valuable information needed to improve
the accuracy of event generators in describing the soft-QCD
regime in small collision systems.
The paper is organized as follows. The ALICE exper-

imental setup is described in Sec. II, focusing on the
detectors which are relevant to the presented measure-
ments. Section III introduces charged-particle flattenicity
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and discusses its properties. Section IV discusses the
analyzed data samples, the details of the event and
track selection criteria, the event classification, as well
as the analysis techniques to measure the pT spectra for the
different particle species. Sections V and VI outline the
correction procedures and the estimation of systematic
uncertainties. The results are presented and discussed in
Sec. VII, including comparisons to Monte Carlo model
predictions. Finally, Sec. VIII gives the summary and draws
the conclusions.

II. EXPERIMENTAL APPARATUS

A detailed description of the ALICE detector can be
found in Ref. [51]. The relevant detectors for the present
analysis are the Inner Tracking System (ITS) [52], the Time
Projection Chamber (TPC) [53], the Time-Of-Flight (TOF)
detector [54], and the V0 detectors [55]. These detectors are
located in the central barrel surrounded by a solenoidal
magnet, providing a homogeneous B ¼ 0.5 T-magnetic
field along z. The barrel includes a set of tracking detectors:
the six-layer silicon ITS detector surrounding the beam
pipe, the large-volume (5 m length, 0.85 m inner radius and
2.8 m outer radius) cylindrical TPC, and the TOF detector.
The ITS is the innermost detector, covering the pseudor-
apidity region jηj < 0.9. The two innermost layers are
silicon pixel detectors (SPD), followed by two intermediate
layers composed of silicon drift detectors (SDD), and
finally, the two outermost layers are silicon strip detectors
(SSD). The ITS measures the position of the primary
collision vertex, the impact parameter of the tracks, and
improves considerably the track-pT resolution at high-pT.
The TPC is the main detector for tracking and particle
identification, covering the pseudorapidity range jηj < 0.8
with full-azimuth coverage. With the measurement of drift
time, the TPC provides three-dimensional space-point
information for each charged track, with up to 159 tracking
points. Tracks originating from the primary vertex can be
reconstructed down to pT ∼ 100 MeV=c [56], albeit with a
lower tracking efficiency for identified charged hadrons
below pT ¼ 200 MeV=c. The TPC provides charged-
hadron identification via measurement of the specific
energy loss dE=dx in the gas, with a resolution of ∼5%
in pp collisions [56]. The TOF detector is a cylindrical
array of multigap resistive plate chambers that surrounds
the TPC and covers the pseudorapidity range jηj < 0.9with
full azimuthal acceptance. The time-of-flight is measured
as the difference between the particle arrival time and the
collision time of the event. The total time resolution,
including the resolution on the collision time, is about
90 ps in pp collisions. It enables particle identification up
to about pT ¼ 3 GeV=c [20,46]. In addition, the central
barrel includes the V0 detectors. They are composed of two
scintillator arrays placed along the beam axis (z) on
each side of the nominal interaction point at z ¼ 340 cm
and z ¼ −90 cm, covering the pseudorapidity regions

2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7 (V0C), respec-
tively. Each of the V0 arrays is segmented into four rings in
the radial direction, and each ring is divided into eight
sections in the azimuthal direction. This results in a lattice
of Ncell ¼ 64 cells. The amplitudes of V0A and V0C
detector signals are proportional to charged-particle multi-
plicity, and their sum is denoted as V0M, used in event
classification. The V0 detectors provide the interaction
trigger, and it is also used for beam-induced background
suppression. Furthermore, it is employed for event classi-
fication based on multiplicity and flattenicity (see Sec. III).

III. CHARGED-PARTICLE FLATTENICITY

Charged-particle flattenicity (ρ) is measured on an event-
by-event basis using the deposited energy registered in each
cell of the V0 detector. The energy deposit in a given cell i
is proportional to the multiplicity of primary charged
particles ðNcell;i

ch Þ. Flattenicity is defined as follows [50]

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

64
i¼1 ðNcell;i

ch − hNcell
ch iÞ2=N2

cell

q

hNcell
ch i ; ð1Þ

where, Ncell;i
ch is the particle multiplicity in the i-th cell and

hNcell
ch i is the average over the total number of 64 cells per

event. Flattenicity is therefore a measurement of the local
multiplicity fluctuations in the V0 detector, small fluctua-
tions are associated with ρ → 0. It is demonstrated in
Ref. [50] that ρ is a robust observable against variations in
the size of the cell. The values of ρ range between 0 and 1.
To associate flattenicity with other event shape observables,
e.g. spherocity [41,43], the results are presented as a
function of 1 − ρ. Based on PYTHIA 8 simulations, multijet
topologies, that are produced by MPI, yield small flatte-
nicity values (1 − ρ → 1), whereas pp collisions with a few
MPIs have large flattenicity values (1 − ρ → 0). As a
consequence, the lower bound of 1 − ρ aims at selecting
“soft” pp collisions (including diffractive events), which,
on average, produce a lower number of high-pT hadrons
compared with the inclusive (1 − ρ -integrated) distribu-
tion, thereby making the pT spectra softer. In contrast, the
upper bound of 1 − ρ is associated with events with
spherical topologies that contain particles from several
multiparton interactions. By definition, flattenicity is a
multiplicity-dependent quantity. Low-flattenicity events
(1 − ρ → 1) have large event activity (i.e. large number
of MPIs), and therefore rich QCD dynamics; this scenario
can be reached in HM events [43]. On the contrary, the
high-flattenicity limit (1 − ρ → 0) is associated with low-
multiplicity events, mostly pp collisions with a few MPIs.
These effects can be factorized by performing the event
classification using a double-differential selection based on
both multiplicity and flattenicity.
One can avoid trivial auto-correlation effects by meas-

uring flattenicity in the forward rapidity region and the pT
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spectra of charged particles in the midrapidity region.
Studies based on PYTHIA 8 showed that the calculation
of flattenicity in the V0 acceptance (rather than at mid-
rapidity) enhances the sensitivity to the global shape of the
event [50]. As discussed earlier, there is a trivial correlation
between MPI and the hardness of the collision. The larger
the number of MPIs, i.e. collisions with small impact
parameters, the larger the likelihood to produce a harder
parton-parton scattering. However, selecting pp collisions
based on their multiplicity biases the sample toward local
multiplicity fluctuations originating from jets which yield a
nontrivial effect. This is illustrated in Fig. 1, which shows
the distribution of outgoing parton transverse momenta
(p̂T) in pp collisions simulated with PYTHIA 8 with the
highest 0%–1% event activity normalized to that in MB pp
collisions. The event selection is done using the number of
MPIs, flattenicity, and the V0M multiplicity estimator. The
event selection based onMPI yields a ratio that is nearly flat
up to p̂T ≈ 10 GeV=c, and, from that p̂T onward, followed
by a slightly decreasing trend. For p̂T > 30 GeV=c, a
similar ratio as a function of p̂T is obtained when the event
selection is performed using flattenicity. In contrast, the
event selection based on V0M multiplicity yields a ratio
that increases with p̂T. Overall, the flattenicity-dependent
results are closer to the MPI-dependent results.
Given the sensitivity of the flattenicity to MPI, the

selection of events with 1 − ρ → 1 can enhance the color
reconnection effects, which are more pronounced in colli-
sions with a higher number of MPIs [8]. Color reconnection
is expected to make a connection between the event
activity in the forward region and the midrapidity region
where the actual particle pT spectra are measured [57]. To
test this assumption, a quantity Qpp can be defined that

demonstrates the evolution of the pT-spectral shapes with
flattenicity

Qpp ¼ 1=hdNch=dηi1−ρ
1=hdNch=dηiMB

ðd2N=dydpTÞ1−ρ
ðd2N=dydpTÞMB

: ð2Þ

The Qpp quantity is given by the ratio of the particle yield
measured in a given 1 − ρ class to the yield measured in
MB pp collisions. The Qpp ratio is scaled by the ratio of
average charged-particle pseudorapidity density measured
in jηj < 0.8 for a given flattenicity event class to that for the
MB event class hdNch=dηi1−ρ=hdNch=dηiMB that, accord-
ing to PYTHIA 8, is proportional to the average number of
MPIs. If a pp collision in a given flattenicity class behaved
like a simple superposition of independent semihard
parton-parton scatterings, the Qpp would approach unity.
Figure 2 shows Qpp of π, K, p, and h� for two extreme

limits of flattenicity, the 0%–1% and 50%–100% 1 − ρ
event classes, simulated with PYTHIA 8 (with and without
CR). There is a jyj < 0.8 (jηj < 0.8) cut in the rapidity
(pseudorapidty) of identified (unidentified) particles. The
Qpp is around unity for 0%–1% 1 − ρ events without color
reconnection regardless of particle species or event activity
selection based on V0M [49]. This feature results from the
sum of incoherent parton-parton collisions. Moreover, the
Qpp in the 50%–100% 1 − ρ class shows a slight decrease
with increasing pT because this type of pp collisions
involve smaller momentum transfers than in MB pp
collisions. On the other hand, the inclusion of the CR
mechanism causes a deviation from unity: a “bump”
structure and a dip emerge in the intermediate-pT range
(1 < pT < 8 GeV=c) for the 0%–1% and 50%–100%
1 − ρ event classes, respectively. At higher pT, the ratios
approach unity like in the analogous p̂T plot shown in
Fig. 1. The bottom row of Fig. 2 shows the corresponding
results for the HM event class. The results reveal similar
features in the case of 0%–1% 1 − ρ. However, the Qpp in
the 50%–100% 1 − ρ event class increases over the entire
pT range. It is important to note that this effect was also
seen for V0M-only event selections [20,46], and it is a
consequence of jet fragmentation bias [41]. Despite the fact
that the flattenicity is closely related to the event multi-
plicity (ρ ∝ 1=

ffiffiffiffiffiffiffiffi
Nch

p
), the observed features in the pp

collisions with ρ close to zero go beyond those obtained
using a simple high-multiplicity selection. Moreover, the
events with ρ close to zero can be associated with collisions
with many MPIs.

IV. EVENT AND TRACK SELECTION

The present study uses a minimum-bias data sample
from pp collisions at

ffiffiffi
s

p ¼ 13 TeV collected between
2016 and 2018 during the Run 2 data-taking period
of the LHC. The minimum-bias events are selected by
the requirement of a charged-particle signal in both V0
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p ¼ 13 TeV simulated with PYTHIA 8 Monash 2013 tune.
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detectors. Contamination from beam-induced background
events is removed offline by using the timing information
of the V0 detectors and by taking into account the
correlation between the number of tracklets (short track
segments reconstructed using only SPD information) and
the number of SPD clusters. Events are required to have a
vertex position along the beam axis within jzj < 10 cm,
where z ¼ 0 corresponds to the center of the detector. A
selection criterion based on the offline reconstruction of
multiple primary vertices in the SPD is applied to remove
contamination from pile-up events in the same bunch
crossing [51]. Furthermore, events with multiple interaction
vertices reconstructed are rejected. After the offline rejec-
tion, the remaining pile-up has a negligible impact on the
final results.
The MB events are further required to have at least one

charged particle produced in the pseudorapidity interval
jηj < 1. This class of events is referred to as INEL > 0 and
corresponds to about 75% of the total inelastic cross section
[20,26,58]. This study exploits about 1.64 × 109 selected
minimum-bias pp collisions, corresponding to an inte-
grated luminosity of about 21 nb−1. The multiplicity is
classified in V0M percentiles, where 0%–1% corresponds
to the highest (0%–1% V0M) multiplicity events. This HM
event class will be used throughout the paper. The event
selection based on flattenicity uses a procedure similar to
that performed with the V0M multiplicity estimator. The
simulated and the measured flattenicity distributions are
divided into classes with different percentiles of the
corresponding distribution. The measured flattenicity prob-
ability distribution with the minimum-bias sample and its
division into percentiles is shown in Fig. 3. The percentiles

used for the measurement of the pT spectra of charged and
identified particles and the corresponding average charged-
particle pseudorapidity densities hdNch=dηi measured
within jηj < 0.8 are listed in Table I, where the values
for 0%–1% V0M event class are also reported. Roman
numerals represent the labeling convention for these
percentiles, similar to what was reported in earlier
ALICE publications [41,43,46]. The hdNch=dηi is mea-
sured by integrating the fully corrected pT spectra of
charged particles. The details regarding the measurement
of hdNch=dηi are given in Sec. VI. The flattenicity-
integrated values of hdNch=dηi, i.e., the minimum-bias
as well as the 0%–1% V0M values, are taken from
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Ref. [59]. A clear correlation between ρ and hdNch=dηi is
observed: the 50%–100% 1 − ρ event class has lower
hdNch=dηi values than the 0%–1% 1 − ρ event class.
The transverse momentum spectra are measured with

primary charged particles [60]. Charged particles are
reconstructed using information from the ITS and TPC
detectors within the pseudorapidity interval, jηj < 0.8. The
track selection criteria closely follow those used in
Ref. [61]. In particular, tracks are required to have clusters
on at least 70 TPC pad rows. They are also required to have
at least two hits in the ITS, out of which at least one is in the
SPD layers. The fit quality for the ITS and TPC track points
must satisfy χ2ITS=Nhits < 36 and χ2TPC=Nclusters < 4, where
Nhits and Nclusters are the number of hits in the ITS and the
number of clusters in the TPC associated with the track,
respectively. A 2-cm cut on the distance-of-closest
approach (DCA) to the reconstructed primary vertex in
the z-direction (DCAz) is applied to limit the contamination
from secondary particles. Furthermore, a pT-dependent
selection on the DCAxy in the plane perpendicular to the
beam axis is applied.
The particle identification (PID) is performed using the

standard techniques explained in previous ALICE publi-
cations [20]. Table II lists the names of the analysis
techniques and the pT range in which the spectra are
measured. Below pT ¼ 1 GeV=c, PID is performed on a

track-by-track basis [20]. Up to pT ¼ 3 GeV=c, the yield
of π, K, and p is extracted from the information provided by
the TOF detector [46]. Finally, the TPC relativistic rise
method is employed in the region 2 < pT < 20 GeV=c,
where the yield is measured by fitting the dE=dx spectrum
in the relativistic rise regime of the Bethe–Bloch curve as
described in Ref. [62].

V. CORRECTIONS

The fully corrected pT spectra are obtained using
standard methods [63]. The set of corrections includes
the limited acceptance and tracking inefficiency, TPC -TOF
matching inefficiency (only where the TOF measurement is
used for PID), secondary particle contamination, and event
and signal losses. All corrections are calculated using
events simulated with PYTHIA 8.2 tune Monash 2013,
hereafter referred to as PYTHIA 8 [64]. The simulated
particles are subsequently propagated through a simulation
of the ALICE detector using the GEANT 3 transport code
[65]. The simulated particles are reconstructed using the
same algorithms as for the data. Since the tracking and
matching efficiencies, and the contamination of secondary
particles show little or no dependence on the event
multiplicity, the minimum-bias result is used for all the
multiplicity and flattenicity classes. The tracking ineffi-
ciency of unidentified charged particles takes into account
the measured particle composition of the charged spectrum
as described in [66]. The residual contamination from
secondary particles (the products of weak decays and
particles produced due to interactions with the detector
material) is estimated by fitting the data DCAxy distribu-
tions in pT bins using Monte Carlo templates describing the
contribution of primary and secondary particles [46,63].
This correction amounts to 1%, 10%, and 3% at pT ≈
0.5 GeV=c for π�, p (p̄), and charged hadrons, respec-
tively. Finally, the spectra are corrected for event and signal
losses, which take into account the trigger selection
inefficiency [26]. Both corrections are relevant for low-
multiplicity events. In particular, the signal-loss correction
is the largest for events in the 50%–100% 1 − ρ class, it
amounts up to 6% at pT ¼ 0.3 GeV=c and decreases to 1%
at pT ¼ 10 GeV=c. For the same class of events, the
magnitude of the event loss correction is about 12%.
The correction procedure is tested by performing a

TABLE I. Average charged-particle multiplicity density
hdNch=dηi in jηj < 0.8 measured in different flattenicity event
classes for multiplicity-integrated (V0M percentile 0%–100%)
and high-multiplicity (V0M percentile 0%–1%) events. The
hdNch=dηi is measured by integrating the fully corrected pT
spectra of charged particles. The reported uncertainties corre-
spond to the systematic contributions. Statistical errors are
negligible compared to the systematic ones.

Multiplicity-integrated (V0M percentile 0%–100%)

Class name I II III IV

1 − ρ percentile 0%–1% 1%–5% 5%–10% 10%–20%
hdNch=dηi 22.2� 0.7 18.2� 0.5 15.3� 0.5 12.6� 0.4

Class name V VI VII VIII

1 − ρ percentile 20%–30% 30%–40% 40%–50% 50%–100%
hdNch=dηi 10.0� 0.3 8.06� 0.19 6.47� 0.13 3.51� 0.04

V0M percentile 0%–1%

Class name I II III IV

1 − ρ percentile 0%–1% 1%–5% 5%–10% 10%–20%
hdNch=dηi 31.2� 0.5 29.8� 0.4 29.0� 0.4 28.1� 0.4

Class name V VI VII VIII

1 − ρ percentile 20%–30% 30%–40% 40%–50% 50%–100%
hdNch=dηi 27.4� 0.5 26.7� 0.5 26.1� 0.6 24.0� 0.9

TABLE II. The name of the analysis technique and the trans-
verse momentum ranges in which π, K, p are measured.

pTðGeV=cÞ ranges
Analysis technique π K p

TPC 0.3–0.7 0.3–0.6 0.45–1
TOF 0.7–3 0.6–3 1–3
TPC rel. rise 2–20 3–20 3–20
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Monte Carlo closure test, which is defined as,
ðd2N=dpTdyÞ1−ρ;meas=ðd2N=dpTdyÞ1−ρ;gen, where the
numerator is the fully corrected pT spectrum for a

flattenicity class selected using the measured 1 − ρ per
event, and the denominator is the pT spectrum at generator
level (no detector effects included) for the same flattenicity
class using the true 1 − ρ.

VI. SYSTEMATIC UNCERTAINTIES

The total systematic uncertainty on the pT spectra is
estimated using standard procedures described in
Refs. [20,41,46]. The different sources of uncertainty are
grouped into two disjoint classes: common uncertainties
between the charged and identified-particle analyses, and
analysis-specific uncertainties. The former class includes
the uncertainties due to the vertex and track selections,
event and signal loss corrections, ITS-TPC and TPC-TOF
matching efficiencies, and Monte Carlo non closure. The
systematic uncertainty on the ITS-TPC and TPC-TOF
matching efficiencies is taken from Ref. [20]. The quanti-
fication of the systematic uncertainty specific to the
extraction of the identified-particle yield, and to the
estimation of the secondary particle contamination

TABLE III. Main sources and values of the relative systematic
uncertainties on the pT spectra of charged particles. They are
given for three different pT values. The abbreviation “negl.”
indicates a negligible value.

pTðGeV=cÞ 0.15 3.0 10

Source of uncertainty
Vertex selection 0.1% 0.1% 0.7%
Track selection 1.1% 0.5% 0.9%
ITS -TPC matching efficiency 2.0% 4.0% 5.0%
Secondary particles 1.1% Negl. Negl.
pT resolution Negl. Negl. 0.1%
Particle composition 0.2% 1.5% 0.3%
MC nonclosure 1.5% 15.9% 4.8%

Total 2.9% 16.5% 7.0%

TABLE IV. Summary of systematic uncertainties on the pT spectra of π, K, and p. The uncertainties are shown for three different
representative pT values. The last two rows show the total systematic uncertainty on the pT spectra and the pT -differential particle ratios.
The values of MC nonclosure are given for the 0%–1% 1 − ρ class.

Source of uncertainty common π K p

pTðGeV=cÞ 0.3 3 10 0.3 3 10 0.45 3 10
ITS–TPC matching efficiency 1.4% 2.6% 5% 1.4% 2.6% 5% 1.4% 2.6% 5%
Vertex selection 0.1% 0.1% 0.7% 0.1% 0.1% 0.7% 0.1% 0.1% 0.7%
Track selection 0.7% 0.5% 1% 0.7% 0.5% 1% 0.7% 0.5% 1%
MC non closure 10% 9.3% 1.8% 10% 9.3% 1.8% 10% 9.3% 1.8%

Analysis-specific π K p

TPC, pTðGeV=cÞ 0.3 0.7 0.3 0.6 0.45 1
PID 0.1% 3% 1.5% 7.8% 2.5% 3.2%
Feed-down 0.8% 0.1% � � � � � � 10% 1%

TOF, pTðGeV=cÞ 1 2 1 2 1 2

PID Negl. 2.3% 1.4% 7.2% Negl. 0.9%
Feed-down Negl. Negl. � � � � � � 1% 0.1%
TOF matching efficiency 3% 3% 6% 6% 4% 4%

TPC rel. rise, pTðGeV=cÞ 3 10 3 10 3 10

PID 1% 1.5% 10.3% 3.5% 11.6% 5.8%
Feed-Down Negl. Negl. � � � � � � 0.1% 0.1%

Total π K p

pTðGeV=cÞ 0.3 2 10 0.3 2 10 0.45 2 10
Total 10.1% 10.7% 5.5% 10.2% 15.4% 6.4% 14.4% 10.6% 8%

Particle ratios K=π p=π

pTðGeV=cÞ 0.3 2 10 0.45 2 10
Total 7% 4% 4.4% 10.4% 3.5% 4.7%
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correction is described in detail in Ref. [63]. The individual
sources of uncertainty are summed in quadrature to obtain
the total systematic uncertainty on the pT spectra. Tables III
and IV summarize the different sources of uncertainty in
the charged and identified particle analyses. Below, only a
brief description of the sources of systematic uncertainty,
which depend on the flattenicity selection is given.

(i) Monte Carlo (MC) nonclosure: This is measured as a
function of the multiplicity and flattenicity selec-
tions. It is estimated by comparing the fully cor-
rected pT spectra with the spectra obtained in the
MC simulation at the generator level. For the 50%–
100% 1 − ρ class, the nonclosure has its maximum
value of about 16% at pT ¼ 3 GeV=c, whereas, for
the 0%–1% 1 − ρ class, its value is estimated to be
10% at pT ¼ 0.15 GeV=c, at which the value is
largest. For the HM events (0%–1% V0M), the non
closure is between about 3.5% and 21% for the
0%–1% 1 − ρ class, whereas it amounts to 12%–
19% in the 50%–100% 1 − ρ class, depending on
pT. The main source of the uncertainty of the MC
nonclosure is related to the effect of secondary
particles that enter the measured flattenicity, which
are not considered in the calculation of flattenicity in
MC at the generator level.

(ii) Event and signal loss corrections: These corrections
have a modest dependence on the Monte Carlo event
generator. Therefore, the EPOS LHC model is used
to quantify a second set of corrections. These
corrections depend on the multiplicity and/or flatte-
nicity class, the transverse momentum, and the
particle species. The difference between the correc-
tions obtained with PYTHIA 8 and EPOS LHC is
assigned as the systematic uncertainty. In particular,
the signal loss correction uncertainty for unidentified
charged particles in the 50%–100% flattenicity class
is between 0.6% and 2.6% over the entire pT range
and becomes negligible for the 0%–1% class. The
event loss correction uncertainty, which depends
only on the multiplicity and/or flattenicity class is
about 0.6% for the 50%–100% flattenicity class and
negligible for the 0%–1% class.

The charged-particle pseudorapidity densities hdNch=dηi
(cf. discussion in Sec. IV), the pT -integrated particle yields
(dN=dy), and the average transverse momenta (hpTi) were
calculated using the measured pT distributions and their
extrapolations based on Lévy–Tsallis fits to unmeasured pT
regions, similar to what was done in previous measure-
ments [20,24,67]. The fractions of extrapolated yields in
the 0%–1% 1 − ρ class amount to 34%; 14%, and 15% for
π, K, and p, respectively. The variation of fit ranges
and other fit functions (Boltzmann–Gibbs blast wave,
mT-exponential, Fermi–Dirac, and Bose–Einstein) were
considered to estimate the systematic uncertainties related
to the procedure. The resulting variations in the hdNch=dηi,

dN=dy, and hpTi values are incorporated into the system-
atic uncertainties. The total systematic uncertainties, for
example for the 0%–1% 1 − ρ class, on the dN=dy and
hpTi amount to 4.4% and 3% for π, 4% and 2% for K, and
3.2% and 2% for p, respectively.

VII. RESULTS AND DISCUSSION

This section describes the transverse momentum
spectra, dN=dy, hpTi, pT-differential particle ratios, and
pT-integrated particle ratios as a function of flattenicity and
double-differentially as a function of flattenicity in HM
(0%–1% V0M class) events.
The results presented below are compared with theo-

retical predictions from QCD-inspired MCmodels. Besides
the PYTHIA 8 model introduced earlier, EPOS LHC [68,69]
is also used for comparisons. EPOS LHC is a two-
component core-corona model: the high energy-density
“core” region undergoes a collective expansion and hadro-
nization including radial and longitudinal flow effects,
whereas the low-density “corona” region is described by
independent string fragmentation and hadronization.
The top part of Fig. 4 shows the pT spectra of π, K, p, and

h� as a function of charged-particle flattenicity. As dis-
cussed in Sec. III, theQpp ratio can be used to illustrate the
sensitivity to MPI and CR effects. The pT spectra of
charged particles are used to derive the average charged-
particle pseudorapidity densities hdNch=dηi. These values
are reported in Table I in Sec. IV and illustrate the implicit
multiplicity dependence of flattenicity. The bottom panels
of Fig. 4 show the pT dependence of Qpp for the
corresponding flattenicity classes. A clear development
of a peak structure for the flattenicity event class I is
observed for 1 < pT < 8 GeV=c. In contrast to previous
measurements as a function of V0M multiplicity [20,41],
where similar ratios to Qpp show an increasing trend with
pT for HM events, the Qpp shows a hint for a gradual
decrease at higher pT for all flattenicity classes. This is
consistent with the MC results, which suggest that flatte-
nicity can be a potential observable to select HM pp
collisions while minimizing the bias due to local multi-
plicity fluctuations. The bottom part of Fig. 4 reports the
results from a double-differential analysis, where HM
events (0%–1% V0M) are first selected, and then a
flattenicity classification is applied. The HM event class
has, on average, three to four times larger hdNch=dηi with
respect to MB events. However, the Qpp in the event class
VIII increases over the entire pT range. In addition, theQpp

measurements from this double-differential study are com-
pared with those obtained for V0M-only event selections
[20,46], shown as black markers. The Qpp that depends
only on the multiplicity selection is closer to that in the
50%–100% 1 − ρ class for the same multiplicity class.
The increasing trend of the Qpp can be attributed to a
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multiplicity-based selection biasing the sample toward
collisions featuring fragmentation of hard partons.
Figure 5 shows the measured Qpp ratios of π, K, p, and

h�, and model predictions from PYTHIA 8 [64] (with and
without CR) and EPOS LHC [69]. Here, only the extreme
flattenicity selections are examined, 0%–1% and 50%–
100% 1 − ρ. Results in the top row were obtained for
multiplicity-integrated (0%–100% V0M) events, whereas
those shown in the bottom row were produced for high-
multiplicity (0%–1% V0M) events. The measured Qpp

ratios for low- and high-flattenicity selections intersect
unity at pT ≈ 0.5 GeV=c regardless of particle species and

multiplicity selection. The data deviates from unity, and it
depends on both the flattenicity selection and pT. The
prediction based on PYTHIA 8 without color reconnection
effects (cf. discussion in Sec. III) yields Qpp ratios
consistent with unity, and it is far from describing the
data. On the contrary, the PYTHIA 8 model with the Monash
2013 tune, that includes MPIs and CR effects, generally
describes better the measurements of π, K, p, and h� in
flattenicity event classes. The EPOS LHC model with
parametrized collective hydrodynamics describes the data
only partially (low-to-mid pT), while at high pT it under-
estimates Qpp for pions, kaons, and unidentified hadrons.
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FIG. 4. Transverse momentum (pT) spectra of π�, K�, ðp̄Þp, and h� for different flattenicity event classes (top panels), and for HM
events (0%–1% V0M) in the same flattenicity event classes (bottom panels). The spectra are scaled by powers of ten for better visibility.
The yield of identified and unidentified particles is reported as a function of rapidity and pseudorapidity, respectively. The bottom panels
in each figure show the Qpp for the corresponding event classes. The statistical, total, and uncorrelated systematic uncertainties are
represented with bars, boxes, and shaded areas around the data points, respectively. The flattenicity-integratedQpp values are taken from
Refs. [20,41].
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In the double-differential analysis, PYTHIA 8 with CR
describes the data well for both flattenicity event classes,
although it gives only a qualitative description for protons.
Figure 6 shows the pT -differential proton-to-pion (p=π),

and kaon-to-pion (K=π) ratios for the two extremes of
flattenicity: 0%–1% and 50%–100% 1 − ρ. Left and right
columns include results for multiplicity-integrated and 0%–
1% V0M event classes. The K=π ratio does not depend on
flattenicity, neither in the multiplicity-integrated case nor in

high-multiplicity events. The same is true for the model
calculations with PYTHIA 8. A higher p=π ratio is observed
in the 0%–1% 1 − ρ class with respect to the 50%–100%
1 − ρ one for 2≲ pT ≤ 10 GeV=c when only a selection
based on flattenicity is applied. This effect has already been
reported in previous ALICE publications, where the par-
ticle production was measured as a function of event
multiplicity [20,24,50]. The PYTHIA 8 model with color
reconnection also predicts an enhanced baryon-to-meson
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ratio for the 0%–1% 1 − ρ class with respect to the 50%–
100% 1 − ρ one. EPOS LHC predicts different p=π ratios
as a function of flattenicity, and while it shows a very good
agreement with the 50%–100% 1 − ρ class, it overestimates
the data in the 0%–1% 1 − ρ one. For pT ≥ 10 GeV=c, the
measured p=π ratio between the two flattenicity classes is
the same. However, the maximum in the highest 1 − ρ
interval is shifted to the right with respect to the lowest
1 − ρ interval; this might be attributed to the jet hardening
effect with increasing multiplicity. Finally, for the 0%–1%
V0M multiplicity class, the p=π ratios do not exhibit a
strong flattenicity dependence. This feature is replicated by
PYTHIA 8 with and without color reconnection effects, while
EPOS LHC predicts trends that are not observed in the data.
It is worth mentioning that a complementary analysis based
on multiplicity and spherocity measured at midrapidity
exhibits a strong event-shape dependence. A reduction of
the particle ratios for jetlike events is observed [43,45].
Figure 7 shows the pT -integrated K=π and p=π ratios as

a function of hdNch=dηi with a flattenicity-based selection
only. The measurements are compared with their counter-
parts using the V0M multiplicity-based estimator [20]. The
K=π and p=π ratios show an increasing trend going from
50%–100% 1 − ρ (low-multiplicity) to 0%–1% 1 − ρ (HM)
events. This represents a 30% and 27% increase between

the two extremes of flattenicity classes for the K=π and
p=π, respectively. In order to compare these results with
their multiplicity-dependent counterparts [20], the flatte-
nicity-dependent particle ratios are fitted first using the a −
b × ðc − xÞ−1 parametrization, where a, b, and c are free fit
parameters. The fit is then used to quantify the data-to-fit
ratio using the flattenicity and multiplicity-dependent
measurements, which are shown in the lower panels of
Fig. 7. The K=π measured with the flattenicity selection is
marginally higher than the ratio observed in the multiplic-
ity-dependent measurement. However, this is barely
significant considering the current uncertainties. By com-
paring the Qpp ratios (cf. Fig. 4) with the similar ratios
computed for the multiplicity-only dependent results mea-
sured in V0M event classes [20,41], one can observe that
the V0M-based event classification produces more pions at
low pT (≲500 MeV=c). This might result in a larger K=π
particle ratio when it is measured in flattenicity event
classes. This observation is relevant for interpreting the
measurements with strange and multistrange hadrons in the
high-multiplicity program at the LHC. A similar effect is
seen for the p=π ratio measured using the flattenicity
estimator, i.e. it is above the one measured as a function
of multiplicity at high-particle densities, however,
these differences are within the systematic uncertainties.
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The flattenicity-dependent measurements are accompanied
by model predictions from PYTHIA 8 and EPOS LHC.
PYTHIA 8 predicts no evolution with multiplicity for both
particle ratios. On the contrary, EPOS LHC describes the
multiplicity dependence of the K=π ratio, although it
underestimates the data.
Figure 8 shows the average transverse momenta of π, K,

and p as a function of the charged-particle density using the
flattenicity and V0M multiplicity [20] based estimators. In
both cases, the data show an increasing trend with
increasing multiplicity. A mass ordering is observed among
the particle species, where protons have the largest hpTi
values. The hpTi of pions with a flattenicity selection is
slightly higher than the value observed in the multiplicity-
based selection at similar multiplicities. This effect can be
attributed to an excess of low-pT pions ð≲500 MeV=cÞ
when using the V0M multiplicity estimator [20], thereby
yielding a lower hpTi with respect to its counterpart as a
function of flattenicity. On the other hand, the hpTi values
of kaons and protons are similar within the reported
systematic uncertainties between the two selections across
the entire multiplicity range. The prediction from PYTHIA 8

with color reconnection effects and EPOS LHC provide a
qualitative description of the data, while PYTHIA 8 without
color reconnection effects predicts no evolution neither
with multiplicity nor with flattenicity.

VIII. CONCLUSIONS

This paper reports on a new event activity estimator
named flattenicity (1 − ρ), which can effectively select pp

collisions with large number of multiparton interactions
with smaller bias due to local multiplicity fluctuations than
the multiplicity-based estimator. The local multiplicity
fluctuations are due to high-momentum jets affecting the
high-pT particle yield. To prove this, the transverse
momentum spectra of charged pions, kaons, (anti)protons,
and unidentified particles are reported as a function of
flattenicity and compared with previous multiplicity based
results. According to PYTHIA 8, flattenicity is sensitive to
multiparton interactions and is less affected by biases
toward larger pT due to local multiplicity fluctuations in
the V0 acceptance than multiplicity. Therefore, the inter-
pretation of flattenicity is based on the specific implemen-
tation of MPIs and the modeling of high-multiplicity pp
collisions in PYTHIA. A sample of pp collisions in which
multiparton interactions dominate corresponds to the
0%–1% 1 − ρ class, whereas a sample of pp collisions
with a fewMPIs corresponds to the 50%–100% 1 − ρ class.
The former implicitly includes high-multiplicity pp colli-
sions, and the latter, low-multiplicity pp collisions. The
modification of the pT distributions as a function of
flattenicity with respect to those measured in MB events
is quantified by the Qpp ratio, defined in analogy to the
nuclear modification factor widely used in heavy-ion
collisions. Models like PYTHIA 8 without color reconnec-
tion, in which color strings are not allowed to interact with
each other, predict a Qpp close to unity. However, the Qpp

for events in the 0%–1% 1 − ρ class exhibits a bump
structure at intermediate pT (1–8 GeV=c), while for higher
pT values the Qpp gradually decreases to the vicinity of
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unity. The effect is hadron mass dependent. The transverse
momentum spectra and Qpp as a function of pT for
different flattenicity classes are quantitatively described
by PYTHIA 8 with color reconnection. This observation
suggests that pp data cannot be described by a mere
superposition of independent parton-parton scatterings.
The EPOS LHC model overestimates Qpp at intermediate
pT in particular for the 0%–1% 1 − ρ class. To factorize the
multiplicity dependence of flattenicity, high multiplicity pp
collisions are analyzed in the same way. Overall, the
observations and conclusions are very similar. The pT-
integrated particle ratios as a function of flattenicity also
exhibit features that have not been observed before. For
example, the kaon-to-pion and the proton-to-pion ratios
increase from low to high charged-particle multiplicity.
Such a increase is slightly steeper than that measured as a
function of the V0M multiplicity due to different biases on
the multiplicity estimators. These results suggest that
flattenicity is a complementary event activity estimator
that can help us understand the biases induced when
selecting high-multiplicity pp collisions.
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Amparo à Pesquisa do Estado de São Paulo (FAPESP) and
Universidade Federal do Rio Grande do Sul (UFRGS),
Brazil; Bulgarian Ministry of Education and Science,
within the National Roadmap for Research
Infrastructures 2020-2027 (object CERN), Bulgaria;
Ministry of Education of China (MOEC), Ministry of
Science & Technology of China (MSTC) and National
Natural Science Foundation of China (NSFC), China;
Ministry of Science and Education and Croatian Science
Foundation, Croatia; Centro de Aplicaciones Tecnológicas
y Desarrollo Nuclear (CEADEN), Cubaenergía, Cuba;
Ministry of Education, Youth and Sports of the Czech

Republic, Czech Republic; The Danish Council for
Independent Research | Natural Sciences, the VILLUM
FONDEN and Danish National Research Foundation
(DNRF), Denmark; Helsinki Institute of Physics (HIP),
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R. Bailhache,64 Y. Bailung ,48 R. Bala ,91 A. Balbino ,29 A. Baldisseri ,130 B. Balis ,2 D. Banerjee ,4 Z. Banoo ,91

V. Barbasova,37 F. Barile ,31 L. Barioglio ,56 M. Barlou,78 B. Barman,41 G. G. Barnaföldi,46 L. S. Barnby ,115

E. Barreau,103 V. Barret,127 L. Barreto,110 C. Bartels ,119 K. Barth ,32 E. Bartsch ,64 N. Bastid ,127 S. Basu ,75

G. Batigne ,103 D. Battistini ,95 B. Batyunya ,142 D. Bauri,47 J. L. Bazo Alba ,101 I. G. Bearden ,83 C. Beattie ,138

P. Becht ,97 D. Behera ,48 I. Belikov ,129 A. D. C. Bell Hechavarria,126 F. Bellini ,25 R. Bellwied ,116 S. Belokurova ,141

L. G. E. Beltran,109 Y. A. V. Beltran,44 G. Bencedi ,46 A. Bensaoula,116 S. Beole,24 Y. Berdnikov ,141 A. Berdnikova ,94

L. Bergmann ,94 M. G. Besoiu ,63 L. Betev ,32 P. P. Bhaduri ,135 A. Bhasin ,91 B. Bhattacharjee ,41 L. Bianchi ,24

J. Bielčík,35 J. Bielčíková,86 A. P. Bigot ,129 A. Bilandzic ,95 G. Biro ,46 S. Biswas ,4 N. Bize,103 J. T. Blair ,108

D. Blau ,141 M. B. Blidaru ,97 N. Bluhme,38 C. Blume ,64 G. Boca ,21,55 F. Bock ,87 T. Bodova ,20 J. Bok ,16

L. Boldizsár,46 M. Bombara ,37 P. M. Bond ,32 G. Bonomi ,55,134 H. Borel ,130 A. Borissov ,141

A. G. Borquez Carcamo ,94 E. Botta ,24 Y. E. M. Bouziani,64 L. Bratrud ,64 P. Braun-Munzinger ,97 M. Bregant ,110

M. Broz ,35 G. E. Bruno ,31,96 V. D. Buchakchiev ,36 M. D. Buckland ,85 D. Budnikov ,141 H. Buesching ,64

S. Bufalino ,29 P. Buhler,102 N. Burmasov ,141 Z. Buthelezi,68,123 A. Bylinkin ,20 S. A. Bysiak,107

J. C. Cabanillas Noris ,109 M. F. T. Cabrera,116 M. Cai ,6 H. Caines,138 A. Caliva ,28 E. Calvo Villar ,101

J. M.M. Camacho,109 P. Camerini ,23 F. D. M. Canedo,110 S. L. Cantway,138 M. Carabas ,113 A. A. Carballo,32

F. Carnesecchi ,32 R. Caron,128 L. A. D. Carvalho,110 J. Castillo Castellanos,130 M. Castoldi ,32 F. Catalano ,32

S. Cattaruzzi ,23 C. Ceballos Sanchez ,142 R. Cerri ,24 I. Chakaberia ,74 P. Chakraborty ,136 S. Chandra ,135

S. Chapeland ,32 M. Chartier ,119 S. Chattopadhay,135 S. Chattopadhyay ,135 S. Chattopadhyay ,99 M. Chen,39

T. Cheng ,6,97 C. Cheshkov,128 V. Chibante Barroso,32 D. D. Chinellato,111 E. S. Chizzali ,95,‡ J. Cho ,58 S. Cho ,58

P. Chochula ,32 Z. A. Chochulska,136 D. Choudhury,41 P. Christakoglou ,84 C. H. Christensen ,83 P. Christiansen ,75

T. Chujo ,125 M. Ciacco ,29 C. Cicalo ,52 M. R. Ciupek,97 G. Clai,51,§ F. Colamaria,50 J. S. Colburn,100 D. Colella ,31

A. Colelli,31 M. Colocci ,25 M. Concas ,32 G. Conesa Balbastre ,73 Z. Conesa del Valle ,131 G. Contin ,23

J. G. Contreras,35 M. L. Coquet,103 P. Cortese ,56,133 M. R. Cosentino ,112 F. Costa ,32 S. Costanza ,21,55 C. Cot ,131

P. Crochet ,127 R. Cruz-Torres,74 M.M. Czarnynoga,136 A. Dainese ,54 G. Dange,38 M. C. Danisch ,94 A. Danu ,63

S. ACHARYA et al. PHYS. REV. D 111, 012010 (2025)

012010-16

https://doi.org/10.1007/JHEP11(2018)013
https://doi.org/10.1016/j.physletb.2014.07.011
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-020-08690-5
https://doi.org/10.1016/j.physletb.2013.10.054
https://doi.org/10.1016/j.physletb.2013.10.054
https://doi.org/10.1103/PhysRevC.74.044902
https://doi.org/10.1103/PhysRevC.74.044902
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://www.hepdata.net/record/ins2811647
https://www.hepdata.net/record/ins2811647
https://www.hepdata.net/record/ins2811647
https://orcid.org/0000-0002-9213-5329
https://orcid.org/0000-0002-9611-3696
https://orcid.org/0009-0003-0763-6802
https://orcid.org/0000-0002-0760-5075
https://orcid.org/0000-0003-0348-9836
https://orcid.org/0000-0001-5241-7412
https://orcid.org/0000-0003-0497-5705
https://orcid.org/0000-0001-8847-489X
https://orcid.org/0000-0002-4417-1392
https://orcid.org/0000-0002-7388-3022
https://orcid.org/0000-0002-8071-4497
https://orcid.org/0000-0002-9719-7035
https://orcid.org/0000-0001-9680-4940
https://orcid.org/0000-0002-5659-2119
https://orcid.org/0000-0002-0877-7979
https://orcid.org/0000-0003-3618-4617
https://orcid.org/0009-0000-7365-1064
https://orcid.org/0000-0002-2205-5761
https://orcid.org/0000-0003-0177-0536
https://orcid.org/0000-0001-8910-9173
https://orcid.org/0009-0005-4862-5370
https://orcid.org/0000-0001-8048-5500
https://orcid.org/0000-0002-8079-7026
https://orcid.org/0000-0001-8535-0680
https://orcid.org/0009-0009-7457-6866
https://orcid.org/0000-0002-2372-6117
https://orcid.org/0000-0003-0437-9292
https://orcid.org/0009-0006-0236-2680
https://orcid.org/0000-0002-7366-8891
https://orcid.org/0000-0001-7516-3726
https://orcid.org/0000-0002-5478-6120
https://orcid.org/0009-0002-1990-7289
https://orcid.org/0000-0001-6367-9215
https://orcid.org/0000-0001-6698-9577
https://orcid.org/0000-0003-2316-9565
https://orcid.org/0000-0002-3888-8303
https://orcid.org/0009-0008-5460-6805
https://orcid.org/0000-0002-0027-4648
https://orcid.org/0000-0002-2501-6856
https://orcid.org/0009-0008-4806-8019
https://orcid.org/0009-0009-9085-079X
https://orcid.org/0000-0003-1172-0225
https://orcid.org/0000-0002-4116-2861
https://orcid.org/0000-0002-0359-1403
https://orcid.org/0000-0002-6186-289X
https://orcid.org/0000-0002-3082-4209
https://orcid.org/0000-0001-5743-7578
https://orcid.org/0000-0002-7178-3001
https://orcid.org/0000-0003-2088-1290
https://orcid.org/0000-0002-7328-9154
https://orcid.org/0000-0001-7357-9904
https://orcid.org/0009-0002-3371-4483
https://orcid.org/0000-0001-7633-1189
https://orcid.org/0009-0006-7928-4203
https://orcid.org/0000-0002-6905-8345
https://orcid.org/0000-0003-0687-8124
https://orcid.org/0000-0001-8638-6300
https://orcid.org/0009-0000-0199-3372
https://orcid.org/0009-0009-2974-6985
https://orcid.org/0000-0001-9148-9101
https://orcid.org/0000-0003-2784-3094
https://orcid.org/0000-0001-7431-4051
https://orcid.org/0000-0002-7908-3288
https://orcid.org/0000-0002-2599-7957
https://orcid.org/0009-0005-5922-8936
https://orcid.org/0000-0003-3498-4661
https://orcid.org/0000-0002-3156-0188
https://orcid.org/0000-0002-4862-3384
https://orcid.org/0000-0002-9040-5292
https://orcid.org/0000-0003-0309-5917
https://orcid.org/0000-0003-3705-7898
https://orcid.org/0009-0004-5511-2496
https://orcid.org/0000-0001-5253-2517
https://orcid.org/0000-0002-1373-1844
https://orcid.org/0000-0001-7883-3190
https://orcid.org/0000-0002-3687-8179
https://orcid.org/0000-0002-3755-0992
https://orcid.org/0000-0003-1664-8189
https://orcid.org/0009-0001-0415-8257
https://orcid.org/0000-0003-0002-4654
https://orcid.org/0000-0003-2849-0120
https://orcid.org/0000-0003-3578-5373
https://orcid.org/0000-0002-4681-3002
https://orcid.org/0000-0002-4266-8338
https://orcid.org/0000-0002-8085-8597
https://orcid.org/0000-0002-6800-3465
https://orcid.org/0000-0002-2829-5950
https://orcid.org/0000-0003-4185-2093
https://orcid.org/0009-0001-4479-0417
https://orcid.org/0000-0001-6283-2927
https://orcid.org/0000-0001-7333-224X
https://orcid.org/0009-0004-0514-1723
https://orcid.org/0000-0003-1618-9648
https://orcid.org/0000-0001-8879-6290
https://orcid.org/0000-0003-2881-9635
https://orcid.org/0009-0009-3727-3102
https://orcid.org/0000-0002-5054-1521
https://orcid.org/0000-0002-3069-5822
https://orcid.org/0000-0003-2527-0720
https://orcid.org/0000-0001-9610-5218
https://orcid.org/0000-0002-3075-1556
https://orcid.org/0000-0001-6247-9633
https://orcid.org/0000-0001-7504-2561
https://orcid.org/0009-0008-2547-0419
https://orcid.org/0009-0009-7215-3122
https://orcid.org/0009-0009-4284-8943
https://orcid.org/0000-0002-0413-9478
https://orcid.org/0000-0002-9962-1880
https://orcid.org/0000-0001-6286-120X
https://orcid.org/0000-0002-2253-165X
https://orcid.org/0009-0001-3424-1553
https://orcid.org/0000-0002-2543-0336
https://orcid.org/0000-0002-5269-9779
https://orcid.org/0000-0002-9261-9497
https://orcid.org/0000-0002-4008-9922
https://orcid.org/0000-0001-9981-7536
https://orcid.org/0009-0003-9141-4590
https://orcid.org/0000-0002-0722-7692
https://orcid.org/0009-0008-7385-1259
https://orcid.org/0000-0002-0985-4155
https://orcid.org/0009-0006-0432-2498
https://orcid.org/0000-0002-9614-4046
https://orcid.org/0000-0002-3311-1175
https://orcid.org/0000-0003-4238-2302
https://orcid.org/0000-0003-4511-4784
https://orcid.org/0000-0003-0578-5567
https://orcid.org/0000-0003-1097-8806
https://orcid.org/0000-0002-8789-0004
https://orcid.org/0009-0004-0724-7003
https://orcid.org/0009-0009-7059-0601
https://orcid.org/0009-0001-4181-8891
https://orcid.org/0000-0003-0000-2674
https://orcid.org/0009-0009-5292-9579
https://orcid.org/0000-0002-4325-0646
https://orcid.org/0000-0002-1850-0121
https://orcid.org/0000-0001-7066-3473
https://orcid.org/0000-0001-5433-969X
https://orcid.org/0000-0002-8804-1100
https://orcid.org/0000-0001-5129-1723
https://orcid.org/0000-0001-9102-9500
https://orcid.org/0000-0001-7804-0721
https://orcid.org/0000-0003-4167-9665
https://orcid.org/0000-0001-5283-3520
https://orcid.org/0000-0002-7602-2930
https://orcid.org/0000-0001-9504-2702
https://orcid.org/0000-0003-2778-6421
https://orcid.org/0000-0002-7880-8611
https://orcid.org/0000-0001-6955-3314
https://orcid.org/0000-0002-5860-585X
https://orcid.org/0000-0001-5845-6500
https://orcid.org/0000-0001-7528-6523
https://orcid.org/0000-0002-2166-1874
https://orcid.org/0000-0002-5165-6638
https://orcid.org/0000-0002-8899-3654


P. Das ,80 P. Das ,4 S. Das ,4 A. R. Dash ,126 S. Dash ,47 A. De Caro ,28 G. de Cataldo ,50 J. de Cuveland,38

A. De Falco ,22 D. De Gruttola ,28 N. De Marco ,56 C. De Martin ,23 S. De Pasquale ,28 R. Deb ,134 R. Del Grande ,95

L. Dello Stritto ,32 W. Deng ,6 K. C. Devereaux,18 P. Dhankher ,18 D. Di Bari ,31 A. Di Mauro ,32 B. Diab ,130

R. A. Diaz,7,142 T. Dietel ,114 Y. Ding ,6 J. Ditzel ,64 R. Divià,32 Ø. Djuvsland,20 U. Dmitrieva ,141 A. Dobrin,63
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26Dipartimento di Física e Astronomia dell’Università and Sezione INFN, Catania, Italy
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31Dipartimento Interateneo di Física ‘M. Merlin’ and Sezione INFN, Bari, Italy
32European Organization for Nuclear Research (CERN), Geneva, Switzerland

33Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split,
Split, Croatia

34Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen, Norway
35Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague,

Prague, Czech Republic
36Faculty of Physics, Sofia University, Sofia, Bulgaria

37Faculty of Science, P.J. Šafárik University, Košice, Slovak Republic
38Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe- Universität Frankfurt,

Frankfurt, Germany
39Fudan University, Shanghai, China

40Gangneung-Wonju National University, Gangneung, Republic of Korea
41Gauhati University, Department of Physics, Guwahati, India

42Helmholtz-Institut fur Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms- Universität Bonn,
Bonn, Germany

43Helsinki Institute of Physics (HIP), Helsinki, Finland
44High Energy Physics Group, Universidad Autonoma de Puebla, Puebla, Mexico

45Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
46HUN-REN Wigner Research Centre for Physics, Budapest, Hungary

47Indian Institute of Technology Bombay (IIT), Mumbai, India
48Indian Institute of Technology Indore, Indore, India

49INFN, Laboratori Nazionali di Frascati, Frascati, Italy
50INFN, Sezione di Bari, Bari, Italy

51INFN, Sezione di Bologna, Bologna, Italy
52INFN, Sezione di Cagliari, Cagliari, Italy
53INFN, Sezione di Catania, Catania, Italy
54INFN, Sezione di Padova, Padova, Italy

55INFN, Sezione di Pavia, Pavia, Italy
56INFN, Sezione di Torino, Turin, Italy
57INFN, Sezione di Trieste, Trieste, Italy

58Inha University, Incheon, Republic of Korea
59Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University/Nikhef,

Utrecht, Netherlands
60Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republic

61Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
62Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic

63Institute of Space Science (ISS), Bucharest, Romania
64Institut fur Kernphysik, Johann Wolfgang Goethe- Universität Frankfurt, Frankfurt, Germany

65Instituto de Ciencias Nucleares, Universidad Nacional Autonoma de Mexico, Mexico City, Mexico
66Instituto de Física, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil

67Instituto de Física, Universidad Nacional Autonoma de Mexico, Mexico City, Mexico
68iThemba LABS, National Research Foundation, Somerset West, South Africa

69Jeonbuk National University, Jeonju, Republic of Korea
70Johann-Wolfgang-Goethe Universität Frankfurt Institut fur Informatik,

Fachbereich Informatik und Mathematik, Frankfurt, Germany
71Korea Institute of Science and Technology Information, Daejeon, Republic of Korea

72KTO Karatay University, Konya, Turkey
73Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes,
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132Università degli Studi di Foggia, Foggia, Italy

133Università del Piemonte Orientale, Vercelli, Italy
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