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Abstract The dependence of f0(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 f0(980) is measured with the
ALICE detector via the f0(980) → π+π− decay channel
in a midrapidity region of |y| < 0.5. The evolution of the
integrated yields and mean transverse momentum of f0(980)
as a function of charged-particle multiplicity measured in
pp at

√
s = 13 TeV follows the trends observed in pp at√

s = 5.02 TeV and in proton–lead (p–Pb) collisions at√
sNN = 5.02 TeV. Particle yield ratios of f0(980) to π±

and K∗(892)0 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 f0(980) is assumed, which suggests that the
data do not support significant hidden strangeness in the
f0(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 (qq̄)
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 I G(J PC ) = 0+(0++) and
masses below 2 GeV/c2. 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 f0(980) is a light scalar meson
and has a large mass (m ≈ 980 MeV/c2) and a relatively
small particle width (� ≈ 40–70 MeV/c2) [12,13]. Given
these characteristics, the f0(980) can currently be experimen-
tally identified compared to other light scalar states, such as
f0(500) and a0(980), where the threshold mass lies close to
the pole mass. Theoretical interpretations of the elusive inter-
nal structure of this particle suggest that f0(980) can either be
a conventional meson (qq̄) [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, γSCSM [21].
The γSCSM 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 γSCSM 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 f0(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 γSCSM offers a suitable framework for studying
the strangeness-related properties of the f0(980).

In this context, two limiting hypotheses for the strangeness
content of the f0(980) are considered within the γSCSM.
The first case, |S| = 0, corresponds to a state without
valence strange quarks, consistent with light-quark config-
urations such as mixtures of uū and dd̄ components. The
second case, |S| = 2, represents scenarios in which the
f0(980) carries hidden strangeness through the presence of
an ss̄ pair. This assignment covers different possible inter-
nal structures, including ss̄-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 f0(980)/π ratio with increasing multiplicity can
indicate the presence of strange quarks inside the f0(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
f0(980)/π ratio. One open point, which is relevant to a pre-
cise data-to-model comparison [22], is the knowledge of the
f0(980) branching ratios (B.R.). Only few measurements of
the B.R. of the f0(980) → π+π− 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 f0(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 (τ ≈ 1–10 fm/c), often comparable to the
duration of the hadronic phase (t ≈ 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 ρ(770)0 [27], K∗(892)0 [28–30], K∗(892)± [31],
�(1385)± [32,33], 	(1520) [34], and f0(980) [13], serve

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 ρ0/(π+ + π−) and K∗/(K+ + 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 f0(980) yield may contribute to further
understanding of the late hadronic phase owing to its short
lifetime (τ ≈ 5–10 fm/c) [12].

This paper reports measurements of f0(980) production in
pp collisions at the centre-of-mass energy of

√
s = 13 TeV.

The f0(980) has been measured at midrapidity (|y| < 0.5)
in the transverse momentum (pT) range of 0 < pT < 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 f0(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, pT-integrated yields, mean pT,
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 V0 [36,37], the Inner Tracking Sys-
tem (ITS) [38], the Time Projection Chamber (TPC) [39],
and the Time-Of-Flight (TOF) [40].

The V0 detector consists of two arrays (V0A and V0C) of
32 scintillators located on both sides of the interaction point,
covering the full azimuthal angle within the pseudorapidity
intervals 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively.
The MB pp collisions are selected online by requiring a sig-
nal in both V0A and V0C arrays in coincidence with a LHC
bunch crossing. The total charge deposited in the V0A and
V0C, which is called V0M, is utilised to determine the multi-
plicity classes. The multiplicity classes are defined based on
the V0M 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 Lint = 19 nb−1 [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 (zvtx) is required to
be in |zvtx| < 10 cm from the nominal interaction point
(zvtx = 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 |η| < 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 f0(980) resonance is reconstructed via the decay chan-
nel f0(980) → π+π−, with the reported B.R. of (46 ±
6)% [25]. The f0(980) candidates are identified through pairs
of charged tracks reconstructed using the ITS and TPC.
The selection criteria for the reconstructed tracks include
pT > 0.15 GeV/c and |η| < 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, DCAxy , is subject to a pT-dependent cut, while
the longitudinal component, DCAz , has a fixed threshold.
Specifically, DCAz must be less than 2 cm, and DCAxy must
be less than (0.0105 + 0.0350 × p−1.1

T ) cm, where pT is in
GeV/c.

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 f0(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 π+π+ and
π−π− distributions from the same events, which is equal
to 2

√
Nπ+π+Nπ−π− . After subtracting the like-sign back-

ground from the signal or unlike pairs π+π− distribution,
the resulting distribution reveals peaks indicative of res-
onances decaying to π+π−. Figure 1 shows the π+π−
like-sign-subtracted invariant mass (Mππ ) distributions for
1.0 < pT < 1.5 GeV/c (4.0 < pT < 5.0 GeV/c) in MB
events on the left (right) panel.

Since ρ(770)0 and f2(1270) both decay dominantly to
π+π− and have broad widths, the f0(980) candidates include
contributions from these two resonances. Furthermore, a
residual background ( fbkg), 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 O(1 MeV) gives a negligible con-
tribution to the widths of these broad resonances [29]. The
rBW can be expressed as

rBW(Mππ ) = AMππ�(Mππ )M0

(M2
ππ − M2

0 )2 + M2
0 �2(Mππ )

,

(1)

where �(Mππ ) is the relativistic particle width and can be
expressed as

�(Mππ ) =
[

(M2
ππ − 4m2

π )

(M2
0 − 4m2

π )

](2J+1)/2

× �0M0

Mππ

. (2)

Here, A, M0, and �0 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 (mπ ), is 139.6 MeV/c2 [12]. The spins for the f0(980),
ρ(770)0, and f2(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(Mππ )) [27],
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Fig. 1 Invariant mass distributions of π+π− 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) pT of π+π− pairs

which can be expressed as

PS(Mππ ) = Mππ√
M2

ππ + p2
T

× exp

(
−

√
M2

ππ + p2
T/Tkin

)
,

(3)

where pT represents the transverse momentum of the ππ

pair and is set to the median for each pT interval, and Tkin,
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 Tkin 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 ( fbkg) is modelled using a Maxwell-
Boltzmann-like distribution [49], which can be expressed as

fbkg(Mππ ) = B(Mππ − 2mπ )n exp (c1Mππ + c2M
2
ππ ),

(4)

where, B, n, c1, and c2 are free parameters.
The total fit function is composed of three resonance

rBWs and the fbkg. The fit function has nine free parame-
ters, including three for the f0(980) resonance (mass, width,
and amplitude), two amplitudes for the ρ(770)0 and f2(1270)
resonances, and four parameters for fbkg. 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 < �

f0
0 < 100 MeV/c2 [12]. The masses

and widths of ρ(770)0 and f2(1270) are fixed to their world-
average values from Ref. [12], namely mρ = 766.5 MeV/c2,
�

ρ
0 = 149.1 MeV/c2, mf2 = 1275.5 MeV/c2, and �

f2
0 =

186.7 MeV/c2.
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

at local minima. At the beginning, an initial value for the
f0(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 fbkg, while the f0(980) width is fixed at the
value derived from the first step. The final step involves fix-
ing the fbkg parameters as determined earlier and permit-
ting the f0(980) width to adjust within a specified range of
10 < �

f0
0 < 100 MeV/c2. Here, the fit allows the amplitudes

of the three resonances and the f0(980) mass to vary freely,
with the fit range set between 0.8 < Mππ < 1.76 GeV/c2.
Notably, the extracted width of the f0(980) resonance varies
from 40 to 70 MeV/c2 across different pT and multiplicity
intervals used in this analysis.

The raw yields of f0(980) (Nf0 ) for each pT interval are
calculated by integrating the f0(980) rBW function. These
yields are subsequently corrected for the reconstruction effi-
ciency (Acc × ε) and normalised for the number of selected
pp collisions (Nevt), the width of the pT (�pT), rapidity inter-
val (�y = 1), and the B.R. [25]. The fully corrected yield is
given by the following equation:

1

Nevt,corr

d2N

dydpT
= εtrig × fvtx

Nevt

Nf0

�y�pT

fSL

Acc × ε × B.R.
.

(5)

The yield of the f0(980) resonances is corrected and
normalised to the number of events in each multiplicity
class, represented by Nevt,corr. This is done using the fac-
tors εtrig × fvtx. The trigger efficiency εtrig and vertex recon-
struction efficiency fvtx 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 (ε) of the tracking and PID
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Table 1 Relative systematic uncertainties of the f0(980) pT-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

f2(1270) parameters 1–7

ρ(770)0 parameters 1–8

Fit range 0–8

Initial f0 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 PYTHIA8 [50] event generator with the injec-
tion of f0(980) signals. The generated signals are transported
through the detector using GEANT3 [51]. The Acc × ε 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 pT increases, and shows no significant
dependence on event multiplicity. The B.R. of the f0(980) to
π+π− decay is estimated to be (46 ± 6)% [25]. The correc-
tion for the signal loss ( fSL), which compensates for signal
losses due to event selection, is derived using the φ meson
as a surrogate because typical Monte Carlo event genera-
tors do not generate primary f0(980) particles. This method,
exploiting universal mT scaling [52], shows that fSL 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 pT increases. In the highest multiplicity
class, fSL is near unity for the pT range this analysis mea-
sures.

4 Systematic uncertainties

The systematic uncertainties related to the production of
f0(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
|zvtx| < 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 DCAxy , DCAz , 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 (± 0.5σ 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
f2(1270) and ρ(770)0 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/c2, and
the resulting systematic uncertainty is found to be less than
8%. The systematic uncertainty from the initial f0(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/c2 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 < Tkin < 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 f0(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 pT spectra of f0(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 pT < 4 GeV/c, a hardening of
the pT 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 f0(980) measured in p–Pb
collisions [13].

Figure 3 shows the pT-integrated yield (dN/dy) and
mean transverse momentum (〈pT〉) of f0(980) as a func-
tion of charged-particle multiplicity in different collision sys-
tems [13,48]. The dN /dy and 〈pT〉 are calculated by inte-
grating and averaging the pT spectrum, respectively, in dif-
ferent multiplicity classes. The dN/dy of f0(980) is found
to increase linearly with the charged-particle multiplicity,
and the 〈pT〉 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 f0(980) to
charged pions as a function of charged-particle multiplic-
ity in different collision systems. The f0(980)/π decreases
with increasing multiplicity across different collision sys-
tems. The experimental data are compared with theoreti-
cal calculations from the γSCSM [21]. The γSCSM calcu-
lation with the assumption of |S| = 2 for f0(980) expects
f0(980)/π to increase with increasing multiplicity because
it assumes a specific quark content for the f0(980), includ-
ing strange quarks. On the other hand, the γSCSM calcu-
lation with the assumption of |S| = 0 for f0(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 f0(980) to
K∗(892)o as a function of charged-particle multiplicity in
different collision systems. The f0(980)/K∗(892)0 decreases
with increasing multiplicity in different collision systems.
The γSCSM 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 f0(980)/π ratio. Because
rescattering affects both the f0(980) and K∗(892)0 reso-
nances, its effects are expected to partially cancel out in the
f0(980)/K∗(892)0 yield ratio. However, despite their sim-
ilar lifetimes, they differ in their decay products, where
f0(980) and K∗(892)0 decay into ππ and Kπ , respectively.
The rescattering effect for f0(980) can be stronger than for
K∗(892)0 when the scattering cross section σ(ππ) is greater
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Fig. 3 pT-integrated yield (left) and mean transverse momentum of f0(980) (right) as a function of charged-particle multiplicity. Statistical and
systematic uncertainties are represented as bars and boxes, respectively. The uncertainty from the B.R. is not represented in the left panel

Fig. 4 Particle yield ratio of f0(980) to charged pions 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 γsCSM [21] with two assump-
tions for the hidden strangeness of f0(980) in the correlation volume of
3dV/dy

than σ(Kπ). Similar to f0(980)/π ratio, the model predic-
tion for f0(980)/K∗(892)0 with the |S| = 0 scenario is closer
to the data.

Figure 6 presents the pT-integrated particle yield double
ratio of f0(980) to π (left panel) and K∗(892)0 (right panel)
as a function of charged-particle multiplicity in pp collisions
at

√
s = 13 TeV. The double ratio is defined as the ratio of

the f0(980) to hadron yield ratio in a given multiplicity class
to the corresponding value measured in INEL > 0 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 γSCSM prediction with
the |S| = 0 scenario is closer to the data.

Fig. 5 Particle yield ratio of f0(980) to K∗(892)0 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 γSCSM [21] with two assumptions for
the hidden strangeness of f0(980) in the correlation volume of 3dV/dy

Figure 7 shows the pT-differential particle yield ratio of
f0(980) to π (left panel) and K∗(892)0 (right panel) as a
function of charged-particle multiplicity in pp collisions at√
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 f0(980) to π increases with pT across all measured
multiplicity classes. The double ratio at low multiplicity is
higher than that at high multiplicity, particularly at low pT,
and approaches unity at higher pT, suggesting that f0(980) is
relatively suppressed only at low pT. On the other hand, the
ratio of f0(980) to K∗(892)0 is nearly constant with pT, likely
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Fig. 6 Double ratios of f0(980) to π (left panel) and K∗(892)0 (right
panel) as a function of charged-particle multiplicity. The single ratio is
divided by the ratio in INEL > 0 events, which cancels correlated sys-

tematic uncertainty. Two curves show calculations from γSCSM [21]
with two assumptions for the hidden strangeness of f0(980) in the cor-
relation volume of 3dV/dy

Fig. 7 Particle yield ratios of f0(980) to π (left panel) and K∗(892)0 (right panel) as a function of pT for different multiplicity classes. The lower
panel shows double ratios of ratio spectra to INEL > 0 events, where the correlated uncertainties cancel

due to the similar mass for both particles. The double ratio of
f0(980) to K∗(892)0 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 f0(980) production
in pp collisions at

√
s = 13 TeV is presented. The f0(980) is

reconstructed via the f0(980) → π+π− decay channel at
midrapidity (|y| < 0.5) in the transverse momentum region

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

The pT-integrated particle yield ratio of f0(980) to π

decreases with increasing multiplicity. The γSCSM 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 pT-differential particle yield
ratio shows that f0(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 pT-integrated particle yield ratio of f0(980) to
K∗(892)0 decreases with increasing multiplicity, as expected
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under the |S| = 0 scenario. In addition, the γSCSM 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 f0(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 f0(980) → π+π− and the lack of
pT differential model calculations for hadronic interactions
on the f0(980), further developments in these aspects would
greatly improve our understanding of the f0(980).
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S. Pisano49 , M. Płoskoń73 , M. Planinic88 , D. K. Plociennik2 , M. G. Poghosyan86 , B. Polichtchouk139 ,

123

http://orcid.org/0000-0002-2420-7650
http://orcid.org/0000-0002-9336-5169
http://orcid.org/0000-0001-9231-8515
http://orcid.org/0009-0008-2630-1473
http://orcid.org/0000-0003-3808-7917
http://orcid.org/0009-0008-6551-4180
http://orcid.org/0000-0002-8305-3807
http://orcid.org/0000-0003-4518-3528
http://orcid.org/0009-0008-4642-7807
http://orcid.org/0000-0002-8535-3061
http://orcid.org/0009-0004-3528-4709
http://orcid.org/0009-0004-8067-2807
http://orcid.org/0000-0002-6529-560X
http://orcid.org/0000-0002-7638-2047
http://orcid.org/0000-0001-9593-6730
http://orcid.org/0000-0002-4743-2885
http://orcid.org/0000-0002-7404-8723
http://orcid.org/0000-0002-9335-9076
http://orcid.org/0009-0001-3006-7332
http://orcid.org/0000-0003-4004-5265
http://orcid.org/0000-0003-4692-7410
http://orcid.org/0009-0004-3122-4872
http://orcid.org/0009-0009-1031-8307
http://orcid.org/0000-0002-6527-1245
http://orcid.org/0000-0003-4562-2922
http://orcid.org/0009-0002-6657-5969
http://orcid.org/0000-0001-7272-8226
http://orcid.org/0000-0002-3850-8884
http://orcid.org/0000-0003-4016-3982
http://orcid.org/0000-0001-9001-4198
http://orcid.org/0009-0003-2644-3643
http://orcid.org/0000-0003-1477-8414
http://orcid.org/0000-0001-9352-5049
http://orcid.org/0000-0003-1008-5119
http://orcid.org/0000-0002-6444-4669
http://orcid.org/0009-0008-7787-9304
http://orcid.org/0000-0002-1488-4009
http://orcid.org/0000-0001-9904-1846
http://orcid.org/0000-0003-3895-9092
http://orcid.org/0000-0001-9059-2414
http://orcid.org/0000-0002-2134-967X
http://orcid.org/0000-0002-7934-4038
http://orcid.org/0000-0001-9047-4856
http://orcid.org/0000-0001-7461-7327
http://orcid.org/0000-0001-6533-4085
http://orcid.org/0009-0001-8158-0291
http://orcid.org/0000-0003-2406-911X
http://orcid.org/0000-0003-2889-2234
http://orcid.org/0000-0002-3066-855X
http://orcid.org/0000-0001-9980-5199
http://orcid.org/0000-0003-3958-9062
http://orcid.org/0000-0003-1969-6960
http://orcid.org/0000-0001-9334-3798
http://orcid.org/0000-0003-4632-2470
http://orcid.org/0000-0002-1706-4428
http://orcid.org/0000-0001-9087-4665
http://orcid.org/0000-0003-1317-1733
http://orcid.org/0009-0004-2421-5409
http://orcid.org/0009-0008-1482-2394
http://orcid.org/0000-0002-7685-0808
http://orcid.org/0009-0005-4693-2684
http://orcid.org/0000-0002-1605-5837
http://orcid.org/0009-0005-1821-6963
http://orcid.org/0000-0002-9492-3775
http://orcid.org/0000-0001-6811-5240
http://orcid.org/0009-0004-0872-2785
http://orcid.org/0009-0002-4730-9489
http://orcid.org/0009-0009-3972-0631
http://orcid.org/0000-0002-0559-6697
http://orcid.org/0000-0001-6907-0486
http://orcid.org/0000-0001-6297-2532
http://orcid.org/0000-0002-5629-5181
http://orcid.org/0000-0002-9355-6379
http://orcid.org/0000-0001-7602-1121
http://orcid.org/0000-0003-1831-7957
http://orcid.org/0009-0003-1055-0356
http://orcid.org/0000-0002-3493-3891
http://orcid.org/0009-0003-0670-7357
http://orcid.org/0000-0003-4132-2906
http://orcid.org/0000-0001-6189-3242
http://orcid.org/0000-0002-5741-7144
http://orcid.org/0000-0001-6653-6164
http://orcid.org/0000-0002-2724-668X
http://orcid.org/0000-0003-0996-8547
http://orcid.org/0009-0006-2998-3428
http://orcid.org/0009-0009-9098-9839
http://orcid.org/0000-0002-7504-2809
http://orcid.org/0000-0002-6434-7084
http://orcid.org/0000-0002-4816-283X
http://orcid.org/0009-0005-1297-1757
http://orcid.org/0000-0003-1433-6018
http://orcid.org/0009-0009-0754-6536
http://orcid.org/0000-0003-1493-2098
http://orcid.org/0009-0000-0438-5567
http://orcid.org/0000-0001-9676-3309
http://orcid.org/0000-0003-0078-8398
http://orcid.org/0000-0002-0906-062X
http://orcid.org/0000-0002-2102-7398
http://orcid.org/0000-0003-4558-7856
http://orcid.org/0009-0004-3408-5783
http://orcid.org/0009-0003-8978-9852
http://orcid.org/0000-0002-4808-419X
http://orcid.org/0000-0002-8354-7786
http://orcid.org/0000-0001-8322-9510
http://orcid.org/0000-0002-5592-0758
http://orcid.org/0000-0002-1301-1636
http://orcid.org/0000-0003-2841-6553
http://orcid.org/0000-0002-7285-3411
http://orcid.org/0009-0003-0133-319X
http://orcid.org/0000-0002-6497-3974
http://orcid.org/0000-0001-7296-5248
http://orcid.org/0009-0006-5324-0624
http://orcid.org/0000-0001-6203-9160
http://orcid.org/0009-0001-5996-0685
http://orcid.org/0000-0002-8831-4009
http://orcid.org/0000-0001-8738-7268
http://orcid.org/0000-0002-3652-6683
http://orcid.org/0009-0006-8921-5973
http://orcid.org/0000-0001-6810-6897
http://orcid.org/0009-0000-3393-6110
http://orcid.org/0000-0003-3576-4185
http://orcid.org/0009-0002-6015-6288
http://orcid.org/0000-0001-6012-6615
http://orcid.org/0000-0002-7568-7498
http://orcid.org/0000-0002-0669-7799
http://orcid.org/0009-0008-6566-3776
http://orcid.org/0000-0001-6441-9300
http://orcid.org/0000-0002-1381-3436
http://orcid.org/0000-0002-4824-8537
http://orcid.org/0000-0001-5091-4159
http://orcid.org/0000-0001-6593-4574
http://orcid.org/0000-0002-5569-1254
http://orcid.org/0000-0003-1758-6776
http://orcid.org/0000-0002-2197-4109
http://orcid.org/0000-0002-3567-5177
http://orcid.org/0000-0002-7998-5046
http://orcid.org/0009-0009-4265-193X
http://orcid.org/0000-0002-2746-9840
http://orcid.org/0000-0003-3049-9976
http://orcid.org/0000-0003-3150-2831
http://orcid.org/0000-0002-0613-5278
http://orcid.org/0000-0002-1851-4136
http://orcid.org/0009-0006-8700-1357
http://orcid.org/0000-0003-4528-6578
http://orcid.org/0000-0001-9289-2840
http://orcid.org/0009-0003-1411-5116
http://orcid.org/0000-0002-8958-4190
http://orcid.org/0009-0001-4180-0413
http://orcid.org/0000-0002-5267-0140
http://orcid.org/0000-0002-7291-8166
http://orcid.org/0009-0006-1840-462X
http://orcid.org/0000-0003-3185-0879
http://orcid.org/0000-0001-9471-1804
http://orcid.org/0000-0002-5489-3751
http://orcid.org/0009-0006-8424-015X
http://orcid.org/0000-0002-7017-4183
http://orcid.org/0009-0007-8832-5115
http://orcid.org/0000-0002-8384-0384
http://orcid.org/0000-0001-5955-0769
http://orcid.org/0009-0009-2096-752X
http://orcid.org/0009-0006-1392-7114
http://orcid.org/0009-0007-5832-8630
http://orcid.org/0009-0007-2966-1426
http://orcid.org/0000-0001-7268-6484
http://orcid.org/0000-0002-1259-979X
http://orcid.org/0000-0002-7919-2150
http://orcid.org/0000-0002-7480-7558
http://orcid.org/0009-0006-9345-9620
http://orcid.org/0000-0003-1752-2078
http://orcid.org/0000-0002-0425-9138
http://orcid.org/0000-0002-9188-9428
http://orcid.org/0009-0006-0273-5360
http://orcid.org/0000-0002-1904-296X
http://orcid.org/0009-0005-9299-3971
http://orcid.org/0000-0001-6335-7427
http://orcid.org/0009-0006-7301-988X
http://orcid.org/0000-0003-0062-0536
http://orcid.org/0009-0000-9832-7586
http://orcid.org/0009-0006-6383-6069
http://orcid.org/0000-0002-8397-7620
http://orcid.org/0000-0001-9674-196X
http://orcid.org/0000-0002-9063-1599
http://orcid.org/0000-0001-8635-8465
http://orcid.org/0000-0002-4447-4836
http://orcid.org/0000-0002-2817-8156
http://orcid.org/0000-0001-8159-8603
http://orcid.org/0000-0002-2850-4222
http://orcid.org/0009-0008-7189-1038
http://orcid.org/0000-0002-7002-0061
http://orcid.org/0009-0009-7495-1013
http://orcid.org/0000-0002-9684-5571
http://orcid.org/0009-0008-7139-3194
http://orcid.org/0000-0002-9901-2014
http://orcid.org/0000-0002-0233-9900
http://orcid.org/0009-0002-2291-691X
http://orcid.org/0000-0002-4831-2367
http://orcid.org/0009-0005-2034-0410
http://orcid.org/0000-0002-1622-3116
http://orcid.org/0000-0001-5455-9502
http://orcid.org/0000-0001-5682-0903
http://orcid.org/0009-0003-7719-144X
http://orcid.org/0000-0003-0311-9552
http://orcid.org/0000-0002-4256-052X
http://orcid.org/0000-0003-2706-1025
http://orcid.org/0000-0003-4486-4807
http://orcid.org/0000-0002-4515-5941
http://orcid.org/0009-0008-3417-4603
http://orcid.org/0000-0002-4772-3615
http://orcid.org/0009-0008-5115-943X
http://orcid.org/0000-0003-4644-1058
http://orcid.org/0000-0002-3102-1504
http://orcid.org/0000-0002-0786-8545
http://orcid.org/0000-0001-8494-628X
http://orcid.org/0000-0003-1965-7953
http://orcid.org/0000-0003-2146-0391
http://orcid.org/0000-0002-9069-0353
http://orcid.org/0000-0001-9675-4322
http://orcid.org/0000-0003-0288-202X
http://orcid.org/0000-0002-8503-3009
http://orcid.org/0000-0002-8657-6742
http://orcid.org/0009-0006-9081-931X
http://orcid.org/0000-0002-2064-6517
http://orcid.org/0000-0003-1880-5467
http://orcid.org/0000-0002-2699-1522
http://orcid.org/0000-0002-5475-5092
http://orcid.org/0000-0002-7160-5272
http://orcid.org/0000-0003-3711-8902
http://orcid.org/0009-0005-5886-0315
http://orcid.org/0000-0001-8255-3474
http://orcid.org/0000-0002-4524-563X
http://orcid.org/0000-0003-2613-2901
http://orcid.org/0000-0002-1415-4559
http://orcid.org/0000-0002-4165-505X
http://orcid.org/0000-0001-7970-2651
http://orcid.org/0000-0002-4856-8055
http://orcid.org/0009-0002-4871-6334
http://orcid.org/0000-0003-4389-7711
http://orcid.org/0009-0003-3911-1744
http://orcid.org/0009-0005-3106-8571
http://orcid.org/0000-0002-1430-6655
http://orcid.org/0009-0004-2669-5696
http://orcid.org/0009-0009-1622-423X
http://orcid.org/0000-0002-6726-6407
http://orcid.org/0009-0009-6993-0875
http://orcid.org/0000-0003-4002-1888
http://orcid.org/0000-0002-8627-9721
http://orcid.org/0000-0003-3056-8353
http://orcid.org/0000-0001-9610-2914
http://orcid.org/0000-0002-4767-1464
http://orcid.org/0000-0003-2845-8702
http://orcid.org/0000-0002-1518-1460
http://orcid.org/0000-0003-2569-2704
http://orcid.org/0000-0003-3941-7607
http://orcid.org/0000-0002-3276-0464
http://orcid.org/0000-0003-1281-8291
http://orcid.org/0009-0001-2451-7966
http://orcid.org/0000-0002-5624-6486
http://orcid.org/0000-0003-2378-9553
http://orcid.org/0000-0002-1074-5116
http://orcid.org/0000-0003-3695-3180
http://orcid.org/0000-0002-8334-6933
http://orcid.org/0000-0001-6548-6775
http://orcid.org/0000-0001-8814-2254
http://orcid.org/0000-0002-5729-4535
http://orcid.org/0000-0001-8506-2275
http://orcid.org/0000-0002-0172-6976
http://orcid.org/0000-0002-2926-0063
http://orcid.org/0009-0007-3988-5095
http://orcid.org/0000-0002-6039-190X
http://orcid.org/0000-0003-2080-9010
http://orcid.org/0000-0001-8927-2798
http://orcid.org/0009-0005-1524-5654
http://orcid.org/0000-0002-6204-3052
http://orcid.org/0000-0002-8768-6468
http://orcid.org/0000-0003-1059-8731
http://orcid.org/0000-0001-6412-7981
http://orcid.org/0009-0000-7829-4748
http://orcid.org/0000-0002-7839-2951
http://orcid.org/0000-0002-0091-1934
http://orcid.org/0000-0002-9394-1066
http://orcid.org/0000-0003-1242-4866
http://orcid.org/0000-0002-4826-6516
http://orcid.org/0000-0002-6704-0256
http://orcid.org/0000-0001-6104-1752
http://orcid.org/0009-0002-1220-1443
http://orcid.org/0000-0002-3783-5760
http://orcid.org/0000-0002-9609-566X
http://orcid.org/0009-0005-4425-586X
http://orcid.org/0000-0003-3390-2804
http://orcid.org/0000-0001-6126-1667
http://orcid.org/0000-0002-4214-5844
http://orcid.org/0009-0001-4149-8840
http://orcid.org/0000-0002-7162-5345
http://orcid.org/0000-0003-2966-4903
http://orcid.org/0000-0001-6194-4601
http://orcid.org/0000-0002-4788-7943
http://orcid.org/0000-0002-5471-6595
http://orcid.org/0000-0002-8576-1268
http://orcid.org/0009-0007-8144-2829
http://orcid.org/0000-0003-0333-448X
http://orcid.org/0000-0003-2513-2459
http://orcid.org/0009-0008-0106-3130
http://orcid.org/0000-0002-5686-6626
http://orcid.org/0000-0002-6276-1943
http://orcid.org/0000-0002-0343-2082
http://orcid.org/0009-0004-0330-3258
http://orcid.org/0009-0004-9648-4894
http://orcid.org/0000-0003-1180-3469
http://orcid.org/0000-0002-2540-2394
http://orcid.org/0009-0007-0944-2963
http://orcid.org/0000-0002-5166-5788
http://orcid.org/0009-0007-3701-6515
http://orcid.org/0000-0002-7923-3960
http://orcid.org/0000-0002-1461-3743
http://orcid.org/0000-0002-5078-3336
http://orcid.org/0000-0002-7116-899X
http://orcid.org/0000-0003-0759-2283
http://orcid.org/0009-0009-0033-8291
http://orcid.org/0000-0003-2868-2819
http://orcid.org/0000-0003-3709-5130
http://orcid.org/0000-0001-8817-5013
http://orcid.org/0000-0002-2291-6955
http://orcid.org/0000-0003-4903-9865
http://orcid.org/0009-0004-8574-2392
http://orcid.org/0000-0002-9067-0803
http://orcid.org/0000-0001-8923-4003
http://orcid.org/0000-0001-7454-4324
http://orcid.org/0000-0003-4080-6562
http://orcid.org/0000-0003-3161-9183
http://orcid.org/0000-0001-6760-2514
http://orcid.org/0009-0005-4161-7386
http://orcid.org/0000-0002-1832-595X
http://orcid.org/0009-0002-4224-5527


   76 Page 14 of 17 Eur. Phys. J. C            (2026) 86:76 

S. Politano24,32 , N. Poljak88 , A. Pop45 , S. Porteboeuf-Houssais125 , I. Y. Pozos44 , K. K. Pradhan48 ,
S. K. Prasad4 , S. Prasad48 , R. Preghenella51 , F. Prino56 , C. A. Pruneau135 , I. Pshenichnov139 , M. Puccio32 ,
S. Pucillo24,28 , L. Quaglia24 , A. M. K. Radhakrishnan48 , S. Ragoni14 , A. Rai136 , A. Rakotozafindrabe128 ,
N. Ramasubramanian126, L. Ramello56,131 , C. O. Ramírez-Álvarez44 , M. Rasa26 , S. S. Räsänen43 , R. Rath96 ,
M. P. Rauch20 , I. Ravasenga32 , K. F. Read86,120 , C. Reckziegel111 , A. R. Redelbach38 , K. Redlich78,g ,
C. A. Reetz96 , H. D. Regules-Medel44 , A. Rehman20 , F. Reidt32 , H. A. Reme-Ness37 , K. Reygers93 ,
R. Ricci28 , M. Richter20 , A. A. Riedel94 , W. Riegler32 , A. G. Riffero24 , M. Rignanese27 , C. Ripoli28 ,
C. Ristea63 , M. V. Rodriguez32 , M. Rodríguez Cahuantzi44 , K. Røed19 , R. Rogalev139 , E. Rogochaya140 ,
D. Rohr32 , D. Röhrich20 , S. Rojas Torres34 , P. S. Rokita134 , G. Romanenko25 , F. Ronchetti32 ,
D. Rosales Herrera44 , E. D. Rosas65, K. Roslon134 , A. Rossi54 , A. Roy48 , S. Roy47 , N. Rubini51 ,
J. A. Rudolph83, D. Ruggiano134 , R. Rui23 , P. G. Russek2 , R. Russo83 , A. Rustamov80 , Y. Ryabov139 ,
A. Rybicki106 , L. C. V. Ryder116 , G. Ryu71 , J. Ryu16 , W. Rzesa134 , B. Sabiu51 , R. Sadek73 , S. Sadhu42 ,
S. Sadovsky139 , S. Saha79 , B. Sahoo48 , R. Sahoo48 , D. Sahu48 , P. K. Sahu61 , J. Saini133 , K. Sajdakova36,
S. Sakai123 , S. Sambyal90 , D. Samitz101 , I. Sanna32,94 , T. B. Saramela109, D. Sarkar82 , P. Sarma41 ,
V. Sarritzu22 , V. M. Sarti94 , M. H. P. Sas32 , S. Sawan79 , E. Scapparone51 , J. Schambach86 , H. S. Scheid32 ,
C. Schiaua45 , R. Schicker93 , F. Schlepper32,93 , A. Schmah96, C. Schmidt96 , M. O. Schmidt32 , M. Schmidt92,
N. V. Schmidt86 , A. R. Schmier120 , J. Schoengarth64 , R. Schotter101 , A. Schröter38 , J. Schukraft32 ,
K. Schweda96 , G. Scioli25 , E. Scomparin56 , J. E. Seger14 , Y. Sekiguchi122, D. Sekihata122 , M. Selina83 ,
I. Selyuzhenkov96 , S. Senyukov127 , J. J. Seo93 , D. Serebryakov139 , L. Serkin65,h , L. Šerkšnytė94 ,
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