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Abstract The dependence of f3(980) production on the
final-state charged-particle multiplicity is reported for proton—
proton (pp) collisions at the centre-of-mass energy, /s =
13 TeV. The production of f3(980) is measured with the
ALICE detector via the f5(980) — w77~ decay channel
in a midrapidity region of |y| < 0.5. The evolution of the
integrated yields and mean transverse momentum of fo(980)
as a function of charged-particle multiplicity measured in
pp at /s = 13 TeV follows the trends observed in pp at
A/s = 5.02 TeV and in proton-lead (p—Pb) collisions at
JSNN = 5.02 TeV. Particle yield ratios of f5(980) to zE
and K*(892)? are found to decrease with increasing charged-
particle multiplicity. These particle ratios are compared with
calculations from the canonical statistical thermal model as a
function of charged-particle multiplicity. The thermal model
calculations provide a better description of the decreasing
trend of particle ratios when no strange or antistrange quark
composition for f((980) is assumed, which suggests that the
data do not support significant hidden strangeness in the
£0(980).

1 Introduction

Quantum chromodynamics (QCD) is the theory of the strong
interaction. It describes the interactions between coloured
quarks and gluons, and the formation of colour-neutral
hadronic states. In addition to the conventional meson (qq)
and baryon (qqq) states described by the quark model [1],
exotic states such as tetraquarks [2—4], pentaquarks [2,5],
hexaquarks [6], and other compositions of a higher number
of constituent quarks [7] are allowed, which are of interest
in theoretical and experimental research [8].

Light scalar mesons, one of the most frequently revisited
hadron classes, consist of light-flavoured quarks and are char-
acterized by quantum numbers 7¢(JF€) = 0T (0*") and
masses below 2 GeV/c?. The study of light scalar mesons,
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including their internal structure, properties such as decay
width, and formation mechanisms, is an actively explored
research area [9-11]. The fp(980) is a light scalar meson
and has a large mass (m ~ 980 MeV/c?) and a relatively
small particle width (I'" & 40-70 MeV/cz) [12,13]. Given
these characteristics, the fy(980) can currently be experimen-
tally identified compared to other light scalar states, such as
fo(500) and ag(980), where the threshold mass lies close to
the pole mass. Theoretical interpretations of the elusive inter-
nal structure of this particle suggest that fy(980) can either be
a conventional meson (qq) [14], a compact tetraquark [15],
or a KK molecule [16]. These competing scenarios remain
the subject of intense theoretical debate [12].

QCD predicts the formation of a deconfined and strongly
interacting matter, called the quark—gluon plasma (QGP),
under conditions of high temperature and high energy den-
sity [17-20]. As the system cools down, the near-perfect flu-
idity of QGP collapses, confining quarks and gluons into
hadrons upon crossing its critical temperature. As the sys-
tem cools below the critical temperature, all inelastic interac-
tions stop, confining partons into hadrons, where the relative
particle composition is expected to be fixed at the chemi-
cal freeze-out stage. In heavy-ion collisions, the thermally
produced hadron gas can be modelled according to a grand
canonical ensemble of particle species, considering the con-
servation of baryon number, electric charge, strangeness, and
other quantum numbers on average. Statistical hadronisation
modelling of particle production can be extended to pp and p—
Pb collisions by employing a canonical approach. An imple-
mentation of the statistical model is the canonical statisti-
cal model with undersaturation of strangeness, ysCSM [21].
The ysCSM accounts for the system-size-dependent hadro-
chemistry at vanishing baryon density with local conserva-
tion of electric charge, baryon density, as well as strangeness.
It can, therefore, predict the relative particle composition
while suppressing the production of strangeness in small
collision systems. Although ysCSM does not account for
the hadronic phase or the rescattering of decay products
from short-lived resonances, it remains a powerful tool for
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investigating strangeness production. In particular, such an
approach can provide insight into whether certain hadrons
include strange quarks. Due to ongoing studies on the possi-
ble exotic nature of fp (980) and its production mechanisms, it
has not yet been implemented in most QCD-inspired general-
purpose Monte Carlo models utilised in the field. There-
fore, the ysCSM offers a suitable framework for studying
the strangeness-related properties of the f((980).

In this context, two limiting hypotheses for the strangeness
content of the fp(980) are considered within the ysCSM.
The first case, |S| = 0, corresponds to a state without
valence strange quarks, consistent with light-quark config-
urations such as mixtures of ui and dd components. The
second case, |S| = 2, represents scenarios in which the
fo(980) carries hidden strangeness through the presence of
an sS pair. This assignment covers different possible inter-
nal structures, including ss-rich quark antiquark states, four-
quark configurations, or KK molecular components. Here,
|S| = 2 does not specify a particular internal arrangement,
but simply encodes the presence of hidden strangeness that
determines the model prediction. For instance, the enhance-
ment of fp(980)/m ratio with increasing multiplicity can
indicate the presence of strange quarks inside the f((980).
On the other hand, the absence of late hadronic interactions
in the statistical hadronisation model results in the overes-
timation of resonance yields, especially in large collision
systems. Therefore, the model overestimates the observed
fo(980)/m ratio. One open point, which is relevant to a pre-
cise data-to-model comparison [22], is the knowledge of the
fo(980) branching ratios (B.R.). Only few measurements of
the B.R. of the f,(980) — 777~ decay channel [23-25] are
available. The CLEO [23] and BaBar [24] measurements of
the ratio of B.R. are compatible with zero within 3 units of
their uncertainties, where a ratio consistent with zero indi-
cates the absence of the f)(980) — KK decay channel. Such
a measurement of the B.R. is relevant because it directly
affects the corrected yields. However, after chemical freeze-
out, the system still evolves through a hadronic phase, during
which elastic interactions and resonance dynamics play an
important role.

In the hadronic phase, the system is a dense gas of hadrons
and resonances. In particular, strongly decaying states have
short lifetimes (v ~ 1-10 fm/c), often comparable to the
duration of the hadronic phase (+ ~ 1-10 fm/c). As a result,
these particles can decay within the medium, and their decay
products may undergo rescattering [26] with surrounding
hadrons. At the same time, resonance regeneration [26] can
occur from interactions between particle pairs in the hadronic
phase. In this paper, we refer to these two processes collec-
tively as hadronic interactions, which are believed to modify
the measurable yields of resonances. Short-lived resonances,
such as p(770)° [27], K*(892)° [28-30], K*(892)* [31],
¥ (1385)* [32,33], A(1520) [34], and f5(980) [13], serve
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as important probes of the late hadronic phase. Their yields
can be compared to those of long-lived or ground-state
particles to study the effects of hadronic interactions. The
ratios of p°/(7t + 77) and K*/(K+ 4+ K™) are particu-
larly illustrative. Notably, extracting ratios of particles with
the same strangeness content mitigates potential strangeness
enhancement effects, thus permitting direct interpretation of
these modifications. Recently, system-size dependent mod-
ifications of particle yields have been observed in high-
multiplicity pp and p—Pb collisions and have been interpreted
as a result of hadronic interaction effects that occur in these
small collision systems [28,29]. The measurement of the
modification of the fy(980) yield may contribute to further
understanding of the late hadronic phase owing to its short
lifetime (t ~ 5-10 fm/c) [12].

This paper reports measurements of f((980) production in
pp collisions at the centre-of-mass energy of /s = 13 TeV.
The f5(980) has been measured at midrapidity (|y| < 0.5)
in the transverse momentum (pt) range of 0 < pr < 13
GeV/c and for different final-state charged-particle multi-
plicity classes. Section 2 describes the experimental setup. In
Sect. 3, the reconstruction of fp(980) and the relative correc-
tions are detailed. The systematic uncertainties in the mea-
surement are described in Sect. 4. Section 5 presents the
results, including pt spectra, pr-integrated yields, mean pr,
and the particle yield ratios. Conclusions are drawn in Sect. 6.

2 Experimental setup

The data sample used in the analysis was collected with the
ALICE detector during the LHC Run 2 (2015-2018) of pp
collisions at /s = 13 TeV with a minimum bias (MB) trig-
ger. Details of the ALICE apparatus during the LHC Run 2
are described in Refs. [20,35]. The following detectors are
used in the analysis: the VO [36,37], the Inner Tracking Sys-
tem (ITS) [38], the Time Projection Chamber (TPC) [39],
and the Time-Of-Flight (TOF) [40].

The VO detector consists of two arrays (VOA and VOC) of
32 scintillators located on both sides of the interaction point,
covering the full azimuthal angle within the pseudorapidity
intervals 2.8 < n < 5.1 and —3.7 < n < —1.7, respectively.
The MB pp collisions are selected online by requiring a sig-
nal in both VOA and VOC arrays in coincidence with a LHC
bunch crossing. The total charge deposited in the VOA and
VOC, which is called VOM, is utilised to determine the multi-
plicity classes. The multiplicity classes are defined based on
the VOM amplitudes, which are proportional to the multiplic-
ity of charged particles in the forward and backward rapidity
regions. The event class of INEL > 0 is defined as at least
one charged track at midrapidity. The MB sample utilised in
the present analysis corresponds to an integrated luminosity
of Lt = 19 nb~! [41].
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The ITS is composed of six cylindrical layers of silicon
detectors, which are arranged in the radial direction from the
beam pipe. The innermost two layers of the ITS, the Silicon
Pixel Detector (SPD) [42], provide high-precision points in
the vicinity of the primary vertex (PV) of the collision. The
PV position along the beam direction (zy) is required to
be in |zyx| < 10 cm from the nominal interaction point
(zvix = 0). Pileup events are filtered by rejecting events with
multiple reconstructed vertices with the additional require-
ment that the distance between the PV and any additional
reconstructed vertex is larger than 0.8 cm. In addition, a mis-
match between the number of track candidates in the ITS
and the clusters in the SPD is utilised to further suppress
the pileup events [43]. After these selections, the probabil-
ity of pileup events is expected to be about 0.1% in the MB
sample [44]. Charged particles are reconstructed down to
pt = 0.15 GeV/c in the pseudorapidity range |n| < 0.8
over the full azimuth with the TPC and the ITS detectors.
These detectors are located inside a large solenoidal magnet,
providing a uniform magnetic field of 0.5 T directed along the
beam axis. Particle identification (PID) is performed with the
TPC and TOF. The TPC measures specific ionisation energy
loss dE /dx of charged tracks to identify particle species. The
TOF is used for additional PID by measuring the flight time
of charged particles from the PV to the TOF.

3 Data analysis

The 5(980) resonance is reconstructed via the decay chan-
nel f5(980) — w7 ~, with the reported B.R. of (46 +
6)% [25]. The £((980) candidates are identified through pairs
of charged tracks reconstructed using the ITS and TPC.
The selection criteria for the reconstructed tracks include
pr > 0.15 GeV/c and |n| < 0.8, to ensure uniform detector
acceptance. Further details on the quality of selection crite-
ria used in this analysis are available in [45]. To guarantee
good momentum resolution, the tracks must traverse at least
70 readout pad rows in the TPC (out of a maximum of 159)
and have a minimum of two hits in the ITS (out of a maxi-
mum of 6), including at least one in the SPD. To minimise
the contamination from secondary charged particles origi-
nating from weakly decaying hadrons or interactions with
the detector material, selection criteria are applied to the dis-
tance of closest approach (DCA) to the PV. The transverse
component, DCA,,, is subject to a pr-dependent cut, while
the longitudinal component, DCA,, has a fixed threshold.
Specifically, DCA; must be less than 2 cm, and DCA ;, must
be less than (0.0105 4+ 0.0350 x pT_l'l) cm, where pr is in
GeV/ec.

The identification of charged pions is performed by using
the combined information of the TPC and TOF [46]. Inside
the TPC, the ionisation energy loss is required to be within

two standard deviations of the expected value from a Bethe
Bloch parameterisation for pions. In the TOF, the measured
flight time should also fall within three standard deviations
of the expected flight time for a pion. If the TOF signal is
unavailable, pion identification relies solely on the energy
loss information provided by the TPC.

The f((980) signal is extracted through an invariant mass
analysis by pairing two oppositely charged pions from
the same event within the pair rapidity range |y| < 0.5.
The combinatorial background, arising from random com-
binations of uncorrelated pion pairs, is subtracted using
the like-sign method [27,47]. The like-sign background is
generated by taking the geometric average of ™7™ and
m~w~ distributions from the same events, which is equal
t0 24/Ny+7+N,—-. After subtracting the like-sign back-
ground from the signal or unlike pairs 7+~ distribution,
the resulting distribution reveals peaks indicative of res-
onances decaying to w7 ~. Figure 1 shows the 7 +m~
like-sign-subtracted invariant mass (M) distributions for
1.0 < pr < 1.5 GeV/c (4.0 < pr < 5.0 GeV/c) in MB
events on the left (right) panel.

Since ,0(770)0 and f>(1270) both decay dominantly to
7T~ and have broad widths, the fy(980) candidates include
contributions from these two resonances. Furthermore, a
residual background ( fpkg), which is mainly arising from
misidentified particles and mini-jets, is present. To disen-
tangle the contributions of these backgrounds and the three
resonances, the measured invariant mass distribution is mod-
elled with a superposition of several functions. Each res-
onance contribution is described with a relativistic Breit—
Wigner function (rBW) [27,48]. It is important to note that
the detector resolution of (1 MeV) gives a negligible con-
tribution to the widths of these broad resonances [29]. The
rBW can be expressed as

AMmr F(Mmr)MO

BW(My,) = ,
T (M2, — M2)? 4 MAT2 (M)

ey

where I'(M ) is the relativistic particle width and can be
expressed as

(M2, —4m?2)
(M — 4m2)

CoMy
X
M7T7T

QJ+1)/2
:| . 2)

F(Mmr) = |:

Here, A, My, and 'y denote the amplitude, the rest mass,
and the width of the resonance, respectively. The spin of
the resonance is represented as J, and the charged pion
mass (1), is 139.6 MeV/c? [12]. The spins for the fn(980),
p(770)°, and f»(1270) resonances are 0, 1, and 2, respectively.
In order to correct for the phase space effects, each resonance
rBW is multiplied by the phase space factor (PS(M)) [27],
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Fig. 1 Invariant mass distributions of 7 ¥z~ pairs in |y| < 0.5 after the like-sign background subtraction in MB pp collisions at /s = 13 TeV.

The left (right) plot is obtained using low (high) pr of 777~ pairs

which can be expressed as

MTHT

VM2 + P}
(3)

where pr represents the transverse momentum of the wx
pair and is set to the median for each pr interval, and Tiiy,
the kinetic freeze-out temperature, is set to 160 MeV for all
defined multiplicity classes [27], and is varied to estimate
the corresponding systematic uncertainties. The T, can be
determined based on a Blast-wave analysis and is observed
to vary with the multiplicity class [45]. The fit function for
the residual background ( fyk) is modelled using a Maxwell-
Boltzmann-like distribution [49], which can be expressed as

PS(My7) = X exp <_ M7217r + p%/Tkin>1

foke(Mrz) = B(Myz — 2my)" exp (i Mur + c2M2,),
4)

where, B, n, c1, and ¢; are free parameters.

The total fit function is composed of three resonance
rBWs and the fike. The fit function has nine free parame-
ters, including three for the f((980) resonance (mass, width,
and amplitude), two amplitudes for the ,0(770)0 and £, (1270)
resonances, and four parameters for fykg. The width of the
f0(980) resonance is not yet precisely determined by mea-
surements and is, therefore, left as a free parameter in the fit,
with a range of 10 < F(f)o < 100 MeV/c? [12]. The masses
and widths of p(770)? and f»(1270) are fixed to their world-
average values from Ref. [12], namely m, = 766.5 MeV/c?,
Iy = 149.1 MeV/c2, mg, = 12755 MeV/c?, and T} =
186.7 MeV/c?.

Due to the large number of free parameters in the fit func-
tion, the fitting procedure is divided into three distinct steps,
designed to prevent the convergence of parameter values

@ Springer

at local minima. At the beginning, an initial value for the
fp(980) width is determined using the MB sample, employ-
ing the same pt binning to minimise the impact of statistical
fluctuations. At this stage, all nine parameters are allowed
to vary freely. The subsequent step focuses on refining the
parameters of fpkg, While the fp(980) width is fixed at the
value derived from the first step. The final step involves fix-
ing the fpkg parameters as determined earlier and permit-
ting the f(980) width to adjust within a specified range of
10 < 1"50 < 100 MeV/c?. Here, the fit allows the amplitudes
of the three resonances and the f(980) mass to vary freely,
with the fit range set between 0.8 < M, < 1.76 GeV/c2.
Notably, the extracted width of the f(,(980) resonance varies
from 40 to 70 MeV/c? across different pr and multiplicity
intervals used in this analysis.

The raw yields of fo(980) (Ng,) for each pr interval are
calculated by integrating the fp(980) rBW function. These
yields are subsequently corrected for the reconstruction effi-
ciency (Acc x €) and normalised for the number of selected
pp collisions (Neyt ), the width of the pt (Apr), rapidity inter-
val (Ay = 1), and the B.R. [25]. The fully corrected yield is
given by the following equation:

1 d>N _ €uig X Sux  Ng, fsL
Nevt.corr dydpr Nevt  AyApr Acc x € x BR.'
©)

The yield of the f3(980) resonances is corrected and
normalised to the number of events in each multiplicity
class, represented by Neyt corr- This is done using the fac-
tors €uig X fytx. The trigger efficiency ey and vertex recon-
struction efficiency fyx depend on the multiplicity class,
increasing from 0.85 to 1 and 0.97 to 1, respectively, as
the multiplicity increases. The coefficients for the accep-
tance (Acc) and the efficiency (€) of the tracking and PID
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Table1 Relative systematic uncertainties of the f((980) pr-differential
yields. Numbers given in ranges correspond to minimum and maximum
uncertainties

Sources Systematic uncertainty (%)
PV selection Negligible
Pileup rejection Negligible
Tracking 1.4
Material budget 0.4-2
ITS-TPC matching 6

Particle identification 2-10
f(1270) parameters 1-7
;7(770)0 parameters 1-8

Fit range 0-8

Initial fp width 1-8

Phase space correction 2-8

Total (in quadrature) 10-18

for pion pairs are estimated using a detailed simulation of
the ALICE detector response. The pp collisions are simu-
lated using the PYTHIAS [50] event generator with the injec-
tion of fp(980) signals. The generated signals are transported
through the detector using GEANT3 [51]. The Acc x € is
obtained from INEL>0 events and applied uniformly across
all multiplicity classes. It ranges from 26% at 0 < pt <
0.3 GeV/c to 60% as pr increases, and shows no significant
dependence on event multiplicity. The B.R. of the f((980) to
7w~ decay is estimated to be (46 £ 6)% [25]. The correc-
tion for the signal loss ( fs1.), which compensates for signal
losses due to event selection, is derived using the ¢ meson
as a surrogate because typical Monte Carlo event genera-
tors do not generate primary f((980) particles. This method,
exploiting universal m scaling [52], shows that fs; does
not depend on particle species [53]. It is quantified at 1.08
for 0 < pt < 0.3 GeV/c in 50-100% multiplicity class and
approaches unity as pr increases. In the highest multiplicity
class, fsp. is near unity for the pt range this analysis mea-
sures.

4 Systematic uncertainties

The systematic uncertainties related to the production of
fo(980) are estimated by varying the analysis selection crite-
ria, the fit configuration utilised to extract the raw yield, and
the phase space correction treatment. For each systematic
variation, a conservative maximal requirement of 1.3 stan-
dard deviations is adopted for the Barlow test [54]. Table 1
summarises the estimated uncertainties. The total systematic
uncertainty is calculated by adding the different contributing
sources in a quadratic sum. For each source, the minimum
and maximum uncertainty values are reported in the table.

The relative uncertainty of the B.R. is 13% [25] and is not
included in the total uncertainty.

The analysis is repeated with a different PV selection of
|zvix| < 7 cm to estimate the systematic uncertainty from
the PV selection. The systematic uncertainty is found to be
negligible compared to the statistical fluctuation arising from
the selection variation. The systematic uncertainty from the
pileup rejection is studied by varying the number of track
segments used to reconstruct pileup collision vertices from 5
to 3, and the resulting uncertainty is found to be negligible.

The systematic uncertainty on the tracking is determined
by varying the requirements used to select reconstructed pri-
mary tracks, such as those on DCA,;,, DCA, and the number
of crossed rows. According to Ref. [45], this results in an esti-
mated uncertainty of 1.4%. The systematic uncertainty from
PID is tested with different requirements on the number of
standard deviations (£ 0.5¢ with respect to the default selec-
tions) for the TPC and TOF selection. The resulting uncer-
tainties vary, ranging from 2% to 10% in the different pt
intervals and multiplicity classes.

The systematic uncertainty on the extraction of the
f0(980) yield through fits to the invariant mass distributions
is estimated by changing certain configurations in the fit pro-
cedure. The contributions from the masses and widths of
£5(1270) and p(770)° are evaluated by shifting the masses
and widths by three standard deviations with respect to their
world-average values, using the uncertainties reported in
Ref. [12]. The estimated systematic uncertainties are 1-7%
and 1-8%, respectively. In addition, the invariant mass range
used in the fit is varied inward or outward by 40 MeV/c?, and
the resulting systematic uncertainty is found to be less than
8%. The systematic uncertainty from the initial fo (980) width
value, which is obtained in the first fit step described in
Sect. 3, is estimated by varying the width within the sta-
tistical uncertainties, which is about 5 MeV/c? on average,
in both directions. These variations affect the background
distribution determined in the second step, and the estimated
systematic uncertainties range from 1 to 8%. The systematic
uncertainty from the phase space correction is estimated by
varying the kinetic freeze-out temperature in the range of
140 < Tiin < 180 MeV. The estimated uncertainties range
from 2 to 8%.

The systematic uncertainty from the ITS—TPC matching
is estimated by comparing the matching efficiencies in exper-
imental data and MC samples and is 6% [45]. The systematic
uncertainty from the material budget is estimated by varying
the amount of the budget by +5% in the simulation and is
0.4-2% [45].

The correlations between systematic uncertainties across
different multiplicity classes are quantitatively assessed. A
stronger correlation is expected when the systematic devia-
tions exhibit the same direction across different multiplicity
classes. To test the correlations, the directions of the system-
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Fig. 2 Transverse momentum spectra of f((980) in pp collisions at
/s = 13 TeV for different multiplicity classes. Each spectrum is scaled
with the number shown in the figure. Statistical and systematic uncer-
tainties are represented as bars and boxes, respectively. The normalisa-
tion uncertainty from the B.R. of 46+ 6% is not expressed in the figure.
The lower panel shows the ratios of the spectra in multiplicity classes
to the INEL > 0 spectrum

atic deviations between a given multiplicity class and the MB
class are compared. The systematic uncertainties analysed in
this study account for approximately half of the total system-
atic uncertainties, with the remaining half being uncorrelated.

5 Results

Figure 2 shows the pr spectra of f(980) in pp collisions at
/s = 13 TeV measured in the range of 0 < pt < 13 GeV/c
for different multiplicity classes and INEL > 0 events, which
is defined in Ref. [55]. Each spectrum is scaled by a multi-
plicative factor, denoted in the figure, for better visibility.
The lower panel of Fig. 2 shows the ratios of the pt spec-
tra in different multiplicity classes to the INEL > 0 one.
The systematic uncertainties of the ratios are calculated by
propagating the multiplicity-uncorrelated uncertainties on
the individual spectra. For ptr < 4 GeV/c, a hardening of
the pr spectrum from low- to high-multiplicity events is
observed, while the spectral shapes in the different multi-
plicity classes are found to become consistent among each
other for pt > 4 GeV/c. Similar trends are observed also for
other hadron species [56,57] and f,(980) measured in p—Pb
collisions [13].
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Figure 3 shows the pr-integrated yield (dN/dy) and
mean transverse momentum ({pr)) of f3(980) as a func-
tion of charged-particle multiplicity in different collision sys-
tems [13,48]. The dN/dy and (pr) are calculated by inte-
grating and averaging the pt spectrum, respectively, in dif-
ferent multiplicity classes. The dN /dy of f((980) is found
to increase linearly with the charged-particle multiplicity,
and the (pr) increases with multiplicity and then seems to
saturate at high multiplicity, as observed for other hadron
species [45].

Figure 4 shows the particle yield ratio of f((980) to
charged pions as a function of charged-particle multiplic-
ity in different collision systems. The f(,(980) /7 decreases
with increasing multiplicity across different collision sys-
tems. The experimental data are compared with theoreti-
cal calculations from the ysCSM [21]. The ysCSM calcu-
lation with the assumption of [S| = 2 for f,(980) expects
f9(980) /7 to increase with increasing multiplicity because
it assumes a specific quark content for the f((980), includ-
ing strange quarks. On the other hand, the ysCSM calcu-
lation with the assumption of |S| = 0 for fp(980) quali-
tatively describes the decreasing trend, which is observed
in experimental data. However, a quantitative description is
not achieved as the model is consistent only with the point
in the highest-multiplicity events, and the model provides
an underestimation of 39% of the particle yield ratio in the
lowest-multiplicity events. The model provides good descrip-
tion of particle yield ratio in low-multiplicity events and
overestimates the ratio in high-multiplicity events for other
hadron species [21]. In both the | S| = 2 and |S| = 0 scenar-
ios, an additional decrease with increasing multiplicity can
be expected if the rescattering effect is considered, and in
the |S| = 2 scenario, the increase could be converted to a
decrease. The model prediction for the |S| = 0 scenario is
closer to the data.

Figure 5 shows the particle yield ratio of f((980) to
K*(892)° as a function of charged-particle multiplicity in
different collision systems. The f((980)/ K*(892)° decreases
with increasing multiplicity in different collision systems.
The ysCSM calculation with the assumption of |S| = 0
also predicts the decreasing trend of the particle yield ratio,
whereas the calculation with the | S| = 2 scenario does not.
However, with the |S| = 0 scenario, the model underesti-
mates the particle yield ratio by about 35% throughout the
multiplicity range, which is of a similar magnitude to the
underestimation observed in the f(;(980)/m ratio. Because
rescattering affects both the fy(980) and K*(892)° reso-
nances, its effects are expected to partially cancel out in the
£0(980)/K*(892)° yield ratio. However, despite their sim-
ilar lifetimes, they differ in their decay products, where
£5(980) and K*(892)° decay into 7w and K, respectively.
The rescattering effect for fo(980) can be stronger than for
K*(892)° when the scattering cross section o (7 ) is greater
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Fig. 4 Particle yield ratio of f)(980) to charged pions as a function
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Two curves show calculations from y;CSM [21] with two assump-
tions for the hidden strangeness of f((980) in the correlation volume of
3dV/dy

than o (Ksr). Similar to fp(980) /7 ratio, the model predic-
tion for f5(980) /K*(892)° with the | S| = 0 scenario is closer
to the data.

Figure 6 presents the pr-integrated particle yield double
ratio of fp(980) to 7 (left panel) and K*(892)° (right panel)
as a function of charged-particle multiplicity in pp collisions
at 4/s = 13 TeV. The double ratio is defined as the ratio of
the f((980) to hadron yield ratio in a given multiplicity class
to the corresponding value measured in INEL > O events.
This approach facilitates a direct comparison of the mul-
tiplicity dependence while mitigating correlated systematic
uncertainties and cancelling uncertainties related to branch-
ing ratios. For the double ratios, the ysCSM prediction with
the | S| = 0 scenario is closer to the data.
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Fig. 5 Particle yield ratio of f,(980) to K*(892)° as a function of
charged-particle multiplicity. Vertical lines and boxes around data points
represent statistical and systematic uncertainties, respectively. Two
curves show calculations from ysCSM [21] with two assumptions for
the hidden strangeness of f((980) in the correlation volume of 3dV /dy

Figure 7 shows the pr-differential particle yield ratio of
f0(980) to m (left panel) and K*(892)° (right panel) as a
function of charged-particle multiplicity in pp collisions at
A/s = 13 TeV, along with their double ratios relative to
INEL > 0 events in the lower panels. For better visibility,
the single ratios are scaled by the factors indicated in the leg-
end. The systematic uncertainties of the double ratios in the
lower panels account only for uncorrelated uncertainties. The
ratio of fp(980) to m increases with pt across all measured
multiplicity classes. The double ratio at low multiplicity is
higher than that at high multiplicity, particularly at low pr,
and approaches unity at higher pr, suggesting that fy(980) is
relatively suppressed only at low pt. On the other hand, the
ratio of fy(980) to K*(892)" is nearly constant with pr, likely
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due to the similar mass for both particles. The double ratio of
£5(980) to K*(892)° shows a mild decrease with increasing
multiplicity but exhibits no significant pt dependence, indi-
cating that the suppression mechanism does not vary with
transverse momentum.

6 Conclusions

The multiplicity and pt dependence of f(980) production
in pp collisions at /s = 13 TeV is presented. The f3(980) is
reconstructed via the f5(980) — w7~ decay channel at
midrapidity (]y| < 0.5) in the transverse momentum region

@ Springer

of 0 < pr < 13 GeV/c. A hardening of the pr spectra
and a consequent increase of the mean pr are observed with
increasing multiplicity.

The pr-integrated particle yield ratio of fp(980) to
decreases with increasing multiplicity. The ysCSM calcu-
lation shows qualitatively such a trend for the | S| = 0 sce-
nario but yields to an unexpected underestimation of the ratio
in low-multiplicity events. The pr-differential particle yield
ratio shows that f((980) is relatively suppressed only at low
pt- These phenomena are also observed for short-lived reso-
nances produced in heavy-ion collisions, where it is attributed
to be the result of hadronic rescatterings.

The pr-integrated particle yield ratio of f((980) to
K*(892)° decreases with increasing multiplicity, as expected
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under the |S| = 0 scenario. In addition, the ysCSM calcula-
tion underestimates the ratio across the measured multiplic-
ity range. However, yields of two particles can be modified
differently by hadronic interactions, which complicates the
physical interpretation. This ambiguity could be reduced by
measuring the particle yield ratio in large collision systems,
where the strangeness enhancement is no longer present and
only hadronic interaction effects remain.

The comparison between the data and model calcula-
tions suggests that the f)(980) is less likely to contain a
strange or antistrange quark, and therefore is unlikely to
have a tetraquark structure. Given the large uncertainty in
the branching ratio of f5(980) — 7 +7~ and the lack of
pr differential model calculations for hadronic interactions
on the f((980), further developments in these aspects would
greatly improve our understanding of the f(980).
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