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The dependence of f,(980) production on the final-state charged-particle multiplicity in p-Pb collisions at
\/Sxn = 5.02 TeV is reported. The production of f,(980) is measured with the ALICE detector via the f,(980) —
a*z~ decay channel in a midrapidity region of —0.5 < y < 0. Particle yield ratios of £,(980) to # and K*(892)°

are found to be decreasing with increasing charged-particle multiplicity. The magnitude of the suppression of
the £,(980)/z and f,(980)/K* (892)° yield ratios is found to be dependent on the transverse momentum pr,
suggesting different mechanisms responsible for the measured effects. Furthermore, the nuclear modification
factor Q,p;, of £,(980) is measured in various multiplicity ranges. The Q,p, shows a strong suppression of the
fo(980) production in the p; region up to about 4 GeV/c. The results on the particle yield ratios and Q,p, for
£,(980) may help to understand the late hadronic phase in p—Pb collisions and the nature of the internal structure

of £,(980) particle.

1. Introduction

Light scalar mesons, whose spin and parity are zero and even, re-
spectively, are of particular interest as their nature can be explained
with an exotic structure [1]. Among them, a long-standing puzzle is
related to the quark composition of the f,(980) particle [2-4]. The
£,(980) is suggested to be either a conventional meson (qq) [5], a com-
pact tetraquark [6], or a KK molecule [7]1. By comparing different
observables in heavy-ion collisions with those in pp interactions, the
structure of the f;(980) can be probed.

The theory of the strong interaction, quantum chromodynamics
(QCD), predicts the formation of a state of strongly interacting mat-
ter, the so-called quark-gluon plasma (QGP), under the conditions
of high temperature and high energy density reached in relativistic
heavy-ion collisions. Many observations at the Large Hadron Collider
(LHC) and the Relativistic Heavy Ion Collider (RHIC), such as collec-
tive flow [8-11] and jet quenching [12-14], which is also manifest in
the suppression of the yield of high-momentum hadrons [15,16] due
to in-medium partonic energy loss, contribute to the understanding
of the QGP properties [17,18]. Specifically, the nuclear modification
factors for different particle species, defined as the ratio of the trans-
verse momentum (pr) distributions measured in heavy-ion collisions
to the corresponding yields in pp interactions scaled by the number of
nucleon-nucleon collisions, show a strong modification of the py spec-
tra in large collision systems due to the presence of the hot and dense
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QGP medium. However, the nuclear modification factors are measured
to be close to unity in minimum bias (MB) proton-nucleus (pA) colli-
sions for pp > 8 GeV/c [19], indicating no substantial modification in
PA collisions in the high p range.

Another effect observed in pp and pA collisions at the LHC is
a multiplicity-dependent enhancement of the production of strange
hadrons relative to hadrons composed of up and down quarks, which
is usually referred to as “strangeness enhancement” [20]. The measure-
ment of particle yield ratios of f,(980) to z and K*(892)" can be helpful
to examine whether the f;(980) yield is influenced by the strangeness
enhancement, thus providing sensitivity to the strange quark content
inside the £,(980) [21,22]. Moreover, other features observed in heavy-
ion collisions, such as the strong enhancement of the nuclear modifica-
tion factors of baryons at intermediate py (2 < pr < 5 GeV/c) [18,23]
compared to those of mesons and the baryon and meson grouping of the
elliptic flow [24], show an apparent dependence on the number of con-
stituent quarks (NCQ) [24], reflecting the formation of hadrons from the
QGP via quark coalescence [23]. Hence, measurements of f,(980) pro-
duction in systems where a QGP may be created can help to constrain
the number of quarks forming the f,(980).

Short-lived resonances, such as p(770)0 [25], K*(892)° [26,271],
2(1385)* [28], and A(1520) [29] as well as £;(980), are good probes
to study the properties of the system that results from the hadroniza-
tion of a QGP [30,31]. In the late stage of the evolution of the system
formed in heavy-ion collisions, there are two relevant temperatures

Received 7 December 2023; Received in revised form 29 March 2024; Accepted 17 April 2024

Available online 23 April 2024
0370-2693/© 2024 The Author(s).
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier B.V. Funded by SCOAP®.

This is an open access article under the CC BY license


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
https://www.hepdata.net/record/ins2724206
https://www.hepdata.net/record/ins2724206
mailto:alice-publications@cern.ch
https://doi.org/10.1016/j.physletb.2024.138665
https://doi.org/10.1016/j.physletb.2024.138665
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2024.138665&domain=pdf
http://creativecommons.org/licenses/by/4.0/

ALICE Collaboration

and corresponding timescales: the chemical freeze-out, when the in-
elastic interactions among the constituents are expected to cease, and
the later kinetic freeze-out, when all (elastic) interactions stop [32].
Since the time interval between the chemical and the kinetic freeze-
outs of the system (~ 10 fm/c) is comparable with the lifetime of
resonances [33,34], their decay products can actively interact with the
hadronic gas via rescattering whereas regeneration can occur from in-
teractions between particle pairs in the hadron gas. These two processes
are designated as hadronic interactions in this Letter. The hadronic
interactions result in modifications of resonance yields. The modifi-
cations can be studied by comparing the yield of resonances with
those of long-lived or ground-state particles [35]. Measurements of
p(770)° /(x+ + x~) [25] and K*(892)°/(K* + K™) [26,27] yield ra-
tios are good examples to study the properties of the late hadronic
phase after the chemical freeze-out. It is worth mentioning that the
ratios of particles with the same strangeness can eliminate potential
strangeness enhancement effects in the ratio. Recently, system-size-
dependent modifications of particle yields are also observed in small
collision systems [26,27], suggesting that rescattering and regenera-
tion may also occur in high-multiplicity pp and p-Pb collisions. These
hadronic interactions depend on the hadronic cross section of the decay
products inside the hadronic medium, the lifetimes of the resonance,
and the duration of the hadronic phase. The suppression of resonance
yields in the hadronic gas can be explained by rescattering dominating
over regeneration. In addition, the final states of resonances decaying
to zx, such as £,(980), p(770)°, and £,(1270), are affected by the same
cross section of pions and the medium, while the amount of hadronic
interactions differs due to different lifetimes of these resonances. In this
context, measuring the modification of the £;(980) yield may contribute
to further understanding of the late hadronic phase.

In this Letter, multiplicity-dependent measurements of f,(980) pro-
duction in p-Pb collisions at center-of-mass energy per nucleon-nucleon
collision 4/syy = 5.02 TeV are reported for the first time. The £,(980) is
measured at midrapidity (-0.5 <y <0) in 0 < pr < 8 GeV/c for differ-
ent multiplicity classes. In Sec. 2, the experimental setup is described,
while the reconstruction of f;(980) and the relative corrections are
explained in Sec. 3. The study of systematic uncertainties for the mea-
surement is reported in Sec. 4. In Sec. 5, pr spectra, particle yield ratios,
the nuclear modification factors, and model comparisons are discussed.
Finally, conclusions are outlined in Sec. 6.

2. Experimental setup

The sample of MB p-Pb collisions at y/syy = 5.02 TeV used for
the present analysis was recorded using the ALICE detector in 2016.
Due to the different energies of the proton and lead beams, the center-
of-mass reference system in p-Pb collisions is shifted in rapidity by
Ay.ns = 0.465 along the direction of the proton beam. In the follow-
ing, the convention that y stands for y, is used. The ALICE apparatus
during the LHC Run 2 is described in detail in Ref. [36]. The present
analysis is carried out using the following detectors: the VO [37],
the Zero Degree Calorimeters (ZDC) [38], the Inner Tracking System
(ITS) [39], the Time Projection Chamber (TPC) [40], and the Time-Of-
Flight (TOF) [41].

The VO detector consists of two arrays of scintillators located on
both sides of the interaction point (IP), denoted as VOA and VOC, each
made of 32 plastic scintillator strips, covering the full azimuthal angle
within the pseudorapidity intervals 2.8 <# < 5.1 and -3.7 <5 < —1.7,
respectively. Minimum bias p-Pb collisions are selected online by re-
quiring a signal in both VOA and VOC detectors in coincidence with
the LHC bunch crossing. The total charge deposited in the VOA on the
Pb-going side is utilized to define the multiplicity classes. The collected
MB sample corresponds to an integrated luminosity of 0.3 nb~! [42].
The ZDC detects nucleons emitted from the colliding nucleus by nu-
clear de-excitation processes or knocked out from wounded nucleons,
the so-called “slow” nucleons. Two identical sets of ZDCs, each com-
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posed of a neutron (ZN) and a proton (ZP) calorimeter, are located at
112.5 m from the ALICE IP on both sides, covering very forward ra-
pidity regions. The ZDC provides the least biased centrality selection in
p-Pb collisions [43].

The primary vertex position is reconstructed using the measured
track segments in the Silicon Pixel Detector (SPD) [44], the innermost
two layers of the ITS. The primary vertex position along the beam di-
rection (z,) is required to be in |z,,| < 10 cm from the nominal
interaction point (z,,, = 0). The pileup is reduced by rejecting events
with multiple reconstructed vertices with the additional requirement
that the distance between the primary vertex and any additional re-
constructed vertex is larger than 0.8 cm. In addition, an inconsistency
between the number of track candidates in the ITS and clusters in the
SPD is used to further reduce the pileup events [45]. After these se-
lections, the probability of pileup events is expected to be about 0.1%
in the MB sample [46]. Charged particles are reconstructed down to
pr = 0.15 GeV/c in the pseudorapidity range |n| < 0.9 over the full az-
imuth with the TPC and the ITS detectors, which are located inside a
large solenoidal magnet, providing a uniform magnetic field of 0.5 T
directed along the beam axis. Particle identification (PID) can be per-
formed with the TPC and TOF. The TPC measures specific ionization
energy loss dE/dx of charged tracks to separate particle species. The
TOF is used for PID by measuring the flight time of charged particles
from the primary vertex to the TOF.

3. Data analysis

The £;(980) resonances are reconstructed via the decay channel
f(980) — ztx~, for which the branching ratio is reported to be B.R. =
(46 + 6)% [47]. The £,(980) candidates are built from pairs of charged
tracks reconstructed in the ITS and TPC. The tracks and required to
have pr > 0.15 GeV/c and |7| < 0.8 for a uniform detector acceptance.
The reconstructed tracks are required to satisfy the standard selection
criteria, as reported in Ref. [48], to guarantee that only tracks with
high quality are selected. To ensure good track momentum resolution,
the reconstructed tracks are required to have crossed at least 70 read-
out pad rows (out of a maximum of 159) in the TPC and to have at
least two associated hits in the ITS (out of a maximum of 6), with at
least one in the SPD. Selection criteria, which are dependent on pr,
are applied to the distance of closest approach of the track to the pri-
mary vertex in the transverse (dxy) and longitudinal (d,) directions,
requiring |d,| < 2 cm and |d, | < (0.0105 + 0.0350 xp;!!) em (with
pr in GeV/c), respectively, to suppress contamination from secondary
charged particles originating from weakly decaying hadrons and inter-
actions with the material.

The identification of charged pions is performed using the combined
information of the TPC and TOF. The difference between the measured
ionization energy loss and the expected value from a Bethe-Bloch pa-
rameterization obtained by assuming the particle is a pion is required to
be within two standard deviations for the pion identification in the TPC.
The difference between the measured flight time of the particle and the
expected flight time for a pion is required to be within three standard
deviations for the particle to be identified as a pion in the TOF. Tracks
not having a signal associated in the TOF are identified using only the
dE /dx information from the TPC.

The £,(980) signals are extracted using an invariant mass analysis by
associating two opposite-charge pions in the same event within —0.5 <
y < 0 [49]. The combinatorial background is subtracted using the like-
sign method [50]. The like-sign background is constructed as the ge-
ometric average of #tz* and 7~z distributions, 24/N 4+ N, - .
After subtracting the like-sign background from the z*z~ distribution,
peaks of resonances decaying to ztz~ can be identified. Fig. 1 shows
the like-sign-subtracted #*z~ invariant mass (M) distributions for
1.0 < pr < 1.5 GeV/c (5.0 < pr < 6.0 GeV/c) in MB events in the left
(right) panel. Because p(770)0 and f,(1270) dominantly decay to z* 7z~
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Fig. 1. Invariant mass distribution of #*z~ pairs in —0.5 < y <0 after the like-sign background subtraction in p-Pb collisions at y/syy = 5.02 TeV. The left (right)
plot is obtained at low (high) p; of z* 7~ pairs in minimum bias events. The abbreviation of Res. bkg represents the residual background.

and have large widths, f,(980) signals are overlapped with contribu-
tions from those two resonances. In addition, a residual background
(fokg) is present, which is mainly attributed to misidentified particles
and mini-jets. The measured invariant mass distribution is fitted with
a function accounting for the contributions of this residual background
and of the three resonances. Each resonance contribution is described
with a relativistic Breit-Wigner function (rBW) [25,48]. Note that the
detector resolution of @(1 MeV) gives a negligible contribution to the
widths of broad resonances [27]. The rBW can be expressed as

AM_ T'(M, )M,

BW(M, ;)= , (€Y
(M2, - M2+ MATH(M,,)
where I'(M ) is defined as
QJI+1)/2
M. )= (M3, —4m3) oM, @
an) = (M2 —4m2) M.
0 d T

Here, A and M, are the amplitude of the rBW and the rest mass of
the resonance, respectively. The rest width of the resonance, the spin,
and the charged pion mass of 139.6 MeV/c? are represented as Iy, J,
and m,, respectively. The spins for f;(980), p(770)°, and ,(1270) are
0, 1, and 2, respectively. Each resonance rBW is corrected for the phase
space factor [25], which can be expressed as
Mﬂ'ﬂ'

PS(M,,) = ——— xexp(—\/ M2_+p3/Ti;). 3)
M2 +py

where pp denotes the transverse momentum of the zz pair and is set
to be the median of each py interval, and Ty;, is the kinetic freeze-out
temperature, set to be 160 MeV [25] for all the defined multiplicity
classes. The fit function for the background, fiy,, is modeled with a
Maxwell-Boltzmann-like distribution, which can be expressed as [51]

Foke(Mg) = B(M ., —2m,)" exp(c; M, + c; M2, )

where, B, n, ¢;, and ¢, are free parameters.

The total fit function consists of the sum of three rBWs, one for each
resonance and one function for the background, fy,,. This function has
nine free parameters: three for f,(980) resonance (mass, width, and am-
plitude), two amplitudes for p(770)° and f,(1270) resonances, and four
parameters for fbkg. In particular, the width of the f,(980) which is not

yet constrained by measurements (10 < F(f)o < 100 MeV/c? [1]) is left
as a free parameter in the fit. The masses and widths of p(770)° and

f,(1270) are fixed to their world-average values from Ref. [1], namely
m, = 766.5 MeV/c?, T} = 149.1 MeV/c?, mg, = 1,275.5 MeV/c?, and

Fz)z = 186.7 MeV/c2. Due to the many free parameters in the fit func-
tion, the procedure is split into three steps to prevent parameter values

from converging to local minima. The purpose of the first step is to
obtain an unbiased initial value for the f,(980) width. This step is per-
formed using the MB sample over a coarse py binning to reduce the
effect of statistical fluctuations. This coarse pr binning is defined by
merging 2 or 3 py bins of the finer p; binning used for the analysis.
All nine parameters are left free in the first step. The second step aims
at constraining the fi,. The f;(980) width is fixed to the value deter-
mined from the wider py interval used in the previous step. The last
step is processed fixing the parameters of fi, to those extracted in the
previous step, while the f;(980) width is allowed to vary in the range
of 10 < F(f)o < 100 MeV/c2. In this procedure, the amplitudes of the
three resonances and the mass of the f(980) are left free, and the fit
range is set to 0.8 < M, < 1.76 GeV/c2. In the last step, the extracted
width of £,(980) ranges between 40 and 70 MeV/c? in the different DT
and multiplicity intervals used in this analysis. The determination of
the f,(980) width is sensitive to the modeling of the background and
the other two resonances in the fit.

While for the f,(980) analysis performed in pp collisions [48], the
width was constrained to be 55 MeV/c2, the present analysis leaves the
fy(980) width as a free parameter. In the previous analysis, no phase
space correction was applied. On the other hand, the present analysis
considers the phase space correction for a possibly larger probability
of zx interference [52] owing to higher multiplicity in p—Pb collisions.
It is found that consistent invariant yields in pp collisions are obtained
from the two different analysis methods.

The raw yields of f;(980) (Nfo) in each py interval are obtained
by integrating the f;(980) rBW function. They are corrected for the
acceptance, the tracking efficiency, and the PID efficiency and then nor-
malized for the number of selected p-Pb collisions, the width of the py
and rapidity interval, and the B.R. [47]. The fully corrected yield can
be expressed as

1 2N 1 Nfo EtrigflefSL

=— . 5
Nysp dydpr Ny AyApp Accxe XB.R. 2

Here, the number of events satisfying the event selection criteria in the
specific multiplicity class is represented as N,,,. The corrected yield is
then normalized to Nygp, which is the number of non-single diffrac-
tive (NSD) events, via the factors £, X fyx X fs.. The width of the
rapidity interval (of 0.5 units) is represented as Ay. Coefficients for the
acceptance (Acc) and the efficiency (¢) of the tracking and PID for pion
pairs are estimated from a detailed simulation of the ALICE detector
response. The p-Pb collisions are simulated using the DPMJET [53]
event generator with the injection of f,(980) signals. The generated
particles (signal and background) are transported through the detec-
tor using GEANT3 [54]. The Acc X € is estimated to be 26% in the
0 < pr < 0.3 GeV/c interval and gradually increasing up to 60% as
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Table 1

Relative systematic uncertainties of the f,(980) pr-
differential yields. Numbers given in ranges corre-
spond to minimum and maximum uncertainties.

Sources Systematic uncertainty (%)
Primary vertex selection  negligible
Pileup rejection negligible
Tracking 4

Particle identification 4-13
f,(1270) parameters 2-10
p(770)° parameters 2-9

Fit range 0-7
Initial f, width 2-13
Phase space correction 2-9

Total (in quadrature) 11-23

pr increases, without any dependence on the multiplicity class. The
B.R. is the branching ratio of the f;(980) — 7*x~ decay channel. The
£p(980) yield is normalized for the trigger efficiency (e,), vertex re-
construction efficiency (f,), and signal loss (fg;) due to the event
selection. The &, depends on the multiplicity class increasing from
0.84 to 1 as the multiplicity increases. The f,,, is estimated to be
larger than 0.99 in all measured multiplicity classes. The fg; corrects
for the £,(980) signal loss due to the event selection. Because general
Monte Carlo event generators do not generate primary f,(980) particles,
the fg; is estimated using a different particle, the ¢p meson, exploit-
ing the universal my scaling [55]. This approach shows that fg; does
not depend on particle species [34], and it is found to be 1.03 for
0 < pt < 0.3 GeV/c and approaching unity for pr > 2 GeV/c.

4. Systematic uncertainties

The systematic uncertainties of the f;(980) yields are estimated by
varying the analysis selection criteria, the configuration of the fit used
to extract the raw yield, and the treatment of the phase space correction.
The estimated uncertainties are summarized in Table 1. The total sys-
tematic uncertainty is calculated as the quadratic sum of the different
contributing sources. The estimated uncertainties are different in the
different multiplicity classes and the p; intervals, but they do not show
a clear trend as a function of multiplicity and py. In Table 1, the min-
imum and maximum uncertainty values are reported for each source.
The relative uncertainty of the B.R. is 13% [47] and is not included in
the total uncertainty.

The systematic uncertainty from the primary vertex selection is
estimated by repeating the analysis with a different selection of
|zyix| < 7 cm and found to be negligible. The systematic uncertainty
from the pileup rejection is tested by varying the minimum number
of track segments contributing to the reconstruction of pileup collision
vertices from 5 to 3. The uncertainty is estimated to be negligible.

The systematic uncertainty from tracking is taken from [49], where
uncertainties are evaluated by varying the requirements to select re-
constructed primary tracks such as those on d,, d,, and the number of
crossed rows. The estimated uncertainty is 4%. The systematic uncer-
tainty from the PID is tested with different requirements on the number
of standard deviations (+0.5¢ with respect to the default selections) for
the TPC and TOF selection. The uncertainties are estimated to range
from 4% to 13% in the different p; intervals and multiplicity classes.

The uncertainties due to the f,(980) yield extraction via the fits
to the invariant mass distributions are estimated by varying some of
the configurations in the fit procedure. The contributions coming from
masses and widths of f,(1270) and p(770)° are evaluated by shifting the
masses and the widths by three standard deviations with respect to their
world-average values using the uncertainties reported in Ref. [1]. The
estimated systematic uncertainties are 2-10% and 2-9%, respectively.
Furthermore, the invariant mass range used in the fit is changed inward
or outward by 40 MeV/c2, and the resulting systematic uncertainty is
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Fig. 2. Transverse momentum spectra of f;(980) in p-Pb collisions at
\/Sxn = 5.02 TeV for different multiplicity classes, which are scaled for visibil-
ity. Statistical and systematic uncertainties are shown as error bars and boxes,
respectively. The normalization uncertainty of 13% due to the uncertainty of

the B.R. is not shown in the figure. The lower panel shows the ratios of the
spectra in multiplicity classes to the NSD spectrum.

found to be less than 7%. The contribution from the initial guess for
the £;(980) width value, which is obtained in the first fit step described
in Sec. 3, is estimated by varying the width within the statistical un-
certainties, which is about 5 MeV/c? on average, in both directions.
The variations affect the background distribution determined in the sec-
ond step, and the estimated systematic uncertainties range from 2% to
13%. The systematic uncertainty from the phase space correction is es-
timated by varying the kinetic freeze-out temperature in the range of
140 < Ty, < 180 MeV. The estimated uncertainties range from 2% to
9%.

The correlations of the systematic uncertainties in different multi-
plicity classes are quantified. The uncertainty is considered more closely
correlated when the directions of the systematic deviations are the same
for different multiplicity classes. This is tested by comparing the direc-
tions of the systematic deviations between a given multiplicity class
and the MB class. For all the sources of systematic uncertainty it is
found that approximately half of the total systematic uncertainties are
uncorrelated.

5. Results

Fig. 2 shows the p; spectra of f;,(980) in p-Pb collisions at
\/5xn = 5.02 TeV measured in the range of 0 < pr < 8 GeV/c for
different multiplicity classes and NSD events. The multiplicity classes
are defined based on the VOA amplitudes, which are proportional to
the multiplicity of particles in the forward rapidity region of the Pb-
going side. Each spectrum is scaled by a multiplicative factor denoted
in the figure for visibility. The lower panel of Fig. 2 shows the ratios
of the py spectra in different multiplicity classes to the NSD one. The
systematic uncertainties of the ratios are estimated by propagating the
multiplicity-uncorrelated uncertainties on the individual spectra. For
Pt < 4 GeV/c, a hardening of the pr spectrum from low- to high-
multiplicity events is clearly seen, while the spectral shapes in the
different multiplicity classes are found to become consistent among
each other for p > 4 GeV/c. Such trends are similar to those observed
for other hadronic species [15,56] and are understood as due to the
radial flow.
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hadron species and reduce systematic uncertainties. VOA is utilized to categorize events based on their multiplicity. Predictions from the canonical statistical model

are represented with lines.

Table 2

The values of dN/dy and (py) for £,(980) measured in p-Pb colli-
sions at 4/syy = 5.02 TeV for different multiplicity classes [57]. The
first and second uncertainties represent the statistical and systematic
uncertainties, respectively.

Multiplicity class (VOA)  dN/dy (pr) (GeV/c)

0-20% 0.206+0.005+0.014 1.287+0.034+0.010
20-40% 0.153+0.004+0.010 1.250+0.029+0.082
40-60% 0.113+0.002+0.008 1.142+0.025+0.088
60-100% 0.064+0.001+0.005 0.999+0.014+0.080

The integrated yield (dN/dy) and mean py ((pr)) of f,(980) are
calculated by integrating and averaging the pr spectrum, respectively.
Table 2 shows the dN/dy and (pr) of £,(980) for different multiplicity
classes in p-Pb collisions at /sy = 5.02 TeV. The dN /dy of £,(980) is
found to increase linearly with charged-particle multiplicity when con-
sidering the (d N, /dn) values from Ref. [57], while the (pr) exhibits a
weak dependence on the charged-particle multiplicity.

The multiplicity dependence of f,(980) production is studied by
comparing the ratio of the yields of different hadron species to that
of pions in different multiplicity classes. A double ratio is calculated
by dividing the hadron-to-pion yield ratios to their values measured
in the lowest multiplicity interval (60-100%), (h/x)/(h/m);\, allow-
ing a direct comparison of multiplicity dependence among different
hadron species and the reduction of the systematic uncertainties. The
left panel of Fig. 3 shows the double ratios of different particles to
charged pion yields as a function of charged-particle multiplicity raised
to the power of 1/3 in p-Pb collisions at m = 5.02 TeV. The

(dN /d”>|1r,/|3<0 5 is a proxy for the size of the system [58]. The system-
atic uncertainty of the double ratio is calculated considering only the
uncorrelated part of the uncertainty. The pion [19], K*(892)° [271,
and ¢ [27] mesons can be classified according to their lifetimes and
to their (anti-)strange quark content. The strangeness enhancement and
hadronic interactions can be studied by comparing the yield of parti-
cles with different characteristics. The double ratio of ¢ to # increases
with increasing multiplicity, which is consistent with the effect of the
strangeness enhancement [20]. Due to the long lifetime (~ 46.2 fm/c)
of ¢ meson, little effect is expected from interactions in the hadronic
phase. On the other hand, the double ratio of K*(892)" to r is indepen-
dent of multiplicity within the uncertainties even if K*(892)Y contains
one strange quark. The flat trend could be explained by two competing
effects, the strangeness enhancement and the interactions of the decay
particles in the hadronic medium, due to the short lifetime (x~ 4.2 fm/c)
of K*(892)° [1]. One can expect that hadronic interactions reduce the

K*(892)° yield if the rescattering dominates over the regeneration. The
double ratio of f,(980) to = decreases as the multiplicity increases be-

cause of the short lifetime (~ 3-5 fm/c from the T g’ range estimated
from our fits to the £,(980) line shape) of f,(980), suggesting that rescat-
tering effects may play a role. Predictions of the ratio of f;(980) to
« are shown in Fig. 3 (left) for different hidden strangeness (|.S|) as-
sumptions for f;(980) in the y,-Canonical Statistical Model (CSM) [59],
where |.S| is the number of strange and anti-strange quarks. The CSM
considers system-size-dependent hadrochemistry at vanishing baryon
density with local conservation of electric charge, baryon density, and
strangeness while allowing for undersaturation of strangeness. Note that
7, is the parameter for the undersaturation of strangeness and is derived
from a fit to the measured particle yields. The CSM hypothesis with two
hidden strange quarks predicts an increase of the double ratio, con-
trary to what is observed experimentally. Moreover, the CSM with zero
hidden strangeness predicts the f;(980)/7 ratio to decrease much less
than what is measured. When comparing the predicted trend to the
measured one, it should however be considered that the CSM does not
model interactions in the hadronic phase. The prediction of the CSM for
the ¢/x ratio qualitatively reproduces the increasing trend of the data
with increasing multiplicity, where the hidden strangeness of ¢ is two.
However, the CSM overestimates the ratio of K*(892)° to r at high mul-
tiplicity because the modification of K*(892)° yields due to rescattering
effects is not implemented in the CSM, while the strangeness enhance-
ment for K*(892)° is included.

The right panel of Fig. 3 shows the double ratio of the f;(980) to
K*(892)" yield as a function of (AN, /dn)'/? together with the pre-
dictions from the CSM with different hidden strangeness assumptions.
The lifetimes of £,(980) and K* (892)° are estimated to be of similar or-
der of magnitude and both smaller than the duration of the hadronic
phase in p-Pb collisions [1]. This leads to the expectation that the
f0(980)/K*(892)0 ratio is weakly affected by hadronic interactions,
which depend on the hadronic cross section of the different decay prod-
ucts of the two resonances. The measured double ratio shows a decreas-
ing trend with increasing multiplicity, which is qualitatively described
with the zero-hidden-strangeness assumption for f,(980) and can be ex-
plained by the strangeness enhancement of the K*(892)° yield. The
CSM prediction with the assumption of two hidden strange quarks is
mildly increasing as the multiplicity increases, a trend that is opposite
to the experimental result. The differences between the data point at the
highest multiplicity and the two predictions with zero and two strange
quarks amount to 2.3 and 5.2 standard deviations, calculated using the
total uncertainty on the measurement, respectively. Therefore, the de-
creasing trend of the double ratio of £,(980) to K*(892)° can suggest no
effective strangeness enhancement for the f;(980). The discrepancies
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Fig. 4. The particle yield ratios of f,(980) to = as a function of p; in
high-multiplicity (circles) and low-multiplicity (squares) p-Pb collisions at
\/m = 5.02 TeV. The lower panel shows the double ratio of f,(980)/x be-
tween the high-multiplicity and low-multiplicity events. VOA is utilized to cat-
egorize events based on their multiplicity.

between the data and the model predictions can be attributed to the
assumption of the same modification of f,(980) and K*(892)° yields
from hadronic interactions while the decay products from f;(980) and
K*(892)° differ.

Fig. 4 shows the py-differential particle yield ratio of £,(980) to x
in high-multiplicity (HM, 0-20%) and low-multiplicity (LM, 60-100%)
p-Pb collisions at m = 5.02 TeV. The ratios are consistent with
each other within one sigma at pt > 4 GeV/c, while at lower py the
f,(980) to x ratio is systematically lower in the HM class as compared
to the LM one. This suppression of f;(980) production at high multiplic-
ity and low py is quantified via the double ratio reported in the lower
panel of Fig. 4. In the double ratio, the correlated uncertainties across
multiplicity classes cancel. The p; dependence of the double ratio indi-
cates that the suppression of the pr-integrated yield shown in Fig. 3 is
mainly occurring at low pr values (pr < 3.5 GeV/c), showing a quali-
tatively similar p; dependence as the one reported in Ref. [26] for the
suppression of the K* (892)° /K ratios.

Fig. 5 shows the py-differential particle yield ratio of f;(980) to
K*(892)° in HM and LM p-Pb collisions at y/syy = 5.02 TeV. The
ratio in HM events is lower than that in LM events in the entire pr
range, in contrast to what is observed for K*(892)? /K and £,(980)/x
ratios for which the suppression is observed only at low py. The sup-
pression of the f,(980)/K* (892)° ratio in HM events for pr>4GeV/cis
evaluated to be 0.70 + 0.04 (stat) + 0.05 (syst) by fitting the double ra-
tio with a constant function and indicates that other effects, beyond
hadronic interactions, are present. For instance, the strangeness en-
hancement can explain the suppression of the f;(980) yield relative to
that of K*(892)° under the assumption that the f;,(980) does not have
strange quark content. This argument is also consistent with the de-
creasing trend of the pp-integrated f0(980)/K*(892)0 ratio with increas-
ing multiplicity and their comparison to the CSM calculations shown in
Fig. 3. In summary, the suppression of the f,(980)/K*(892)° ratio may
suggest that the f;(980) does not contain strange quarks, and its pro-
duction is therefore not affected by the strangeness enhancement. In
addition, the enhancement of baryon-to-meson ratio at intermediate pr,
observed for p/x, A/Kg, Z/¢, and Q/¢ ratios [60], is not seen in the
£,(980)/K* (892)° ratio, providing a hint that the number of constituent
quarks for £,(980) is two.

The pr-differential yield of f,(980) in p-Pb collisions can be com-
pared to the one in pp collisions at the same center-of-mass energy by
computing the nuclear modification factor Qpy,, defined as
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where <T ppb> is the average nuclear overlap function, which is propor-
tional to the number of binary nucleon-nucleon collisions, for the con-
sidered centrality class, and dzaz)p(ggo) /dprdy is the py differential cross
section for f,(980) production in pp collisions taken from Ref. [48]. For
this study, the centrality classes are defined using an event selection
based on the ZN calorimeter in the Pb-going direction (ZNA) to mini-
mize the possible selection biases, as reported in Ref [43].

Fig. 6 shows the Qpp;, of f,(980) in p-Pb collisions at /sy = 5.02
TeV in different multiplicity classes. The systematic uncertainties are
calculated with the assumption that there is no correlated uncertainty
between the yield in pp and p-Pb collisions except for the B.R. uncer-
tainty, which cancels out in the ratio. The scaling uncertainty on the
Oppy, shown in Fig. 6 is due to the uncertainty on <Tppb>, which is
taken from Ref. [43]. The Qp;, distributions of f,(980) are compared to
those of charged hadrons [43]. At low p (pr < 4 GeV/c), the Qppb of
£,(980) is lower than unity indicating a suppression of the production
in p-Pb collisions relative to pp collisions. This suppression becomes
more pronounced with increasing multiplicity for py < 2 GeV/c. More-
over, for pr < 4 GeV/c the Qpp, of f,(980) is also lower than that
of charged hadrons. The £;(980) yield is further suppressed by 30%
in high-multiplicity (0-20%) events relative to low-multiplicity events
(60-80%), with a 4.7 to 4.9 sigma significance near zero py. As py in-
creases, £,(980) Qpp;, values become compatible with those for charged
particles, reaching unity. The dependencies of the nuclear modifica-
tion factor on the multiplicity and pr clearly indicate that rescatter-
ing largely contributes to the strong suppression of the f,(980) yield
for pr < 4 GeV/c. In addition, the Qpp, does not exhibit a signifi-
cant Cronin-like enhancement [61] at intermediate py in HM events.
Since baryons show a more pronounced Cronin peak as compared to
conventional mesons [19,62], the absence of a significant Cronin-like
enhancement of f,(980) might suggest that the f,(980) is composed of
two quarks.

(6)

Qpr =

6. Conclusions

The multiplicity and p; dependence of f;,(980) production in p-Pb
collisions at y/syy = 5.02 TeV is presented. The f,(980) is recon-
structed via the f,(980) — #+z~ decay channel at midrapidity (—0.5 <
y < 0) in the transverse momentum region of 0 < py < 8 GeV/c. A hard-
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ening of the py spectra and a consequent increase of the mean py are
observed with increasing multiplicity.

The pr-integrated particle yield ratio of f;,(980) to 7 decreases with
increasing multiplicity, and the pr-differential studies show a clear
suppression of the f,(980) to = ratio for pr < 3.5 GeV/c, indicating
that rescattering effects for f;(980) particles exist in p-Pb collisions.
The CSM overestimates the f,(980)/x ratio, and it does not describe
the decreasing trend because the CSM does not consider rescatter-
ing processes. The pr-integrated f,(980)/K*(892)° yield ratio also de-
creases with increasing multiplicity. The suppression of the f,(980) to
K*(892)" ratio is observed in the entire measured pr range, showing a
different p; dependence relative to the one expected from a rescattering
scenario. The CSM qualitatively describes the decreasing trend for the
pr-integrated £,(980)/K*(892)° ratio as a function of multiplicity with
the assumption of no hidden strangeness for f,(980), while it overesti-
mates the £,(980)/K*(892)° with the assumption of two strange quarks.
These results indicate that the production of K*(892) is relatively en-
hanced compared with £;(980) due to the strangeness enhancement.

Additionally, the pr-differential f0(980)/K*(892)0 ratio does not
exhibit the characteristic enhancement of baryon-to-meson ratios, sug-
gesting a structure with two constituent quarks for the f;(980) reso-
nance. Furthermore, the multiplicity-dependent nuclear modification
factor (Qppy,) for £,(980) exhibits a strong suppression at low pp with a
clear dependence on multiplicity, which can be explained by the rescat-
tering effects. In addition, no Cronin-like enhancement is observed in
Oppy» €ven in high-multiplicity events. The absence of Cronin-like en-
hancement in the f;(980) may suggest that the f,(980) is composed of
two quarks.

The abnormal suppression in terms of multiplicity and transverse
momentum relative to other particles sheds light on the internal struc-
ture of f;(980) suggesting that it is a conventional meson with no
hidden strange quarks and provides insight into the properties of the
late hadronic phase in p—Pb collisions.
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