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Abstract It is shown that the hadronic phase in ultra-

relativistic heavy ion collisions can be used to understand

the properties of the f0(980) resonance. In particular it is

shown that the centrality dependence of the f0(980)/π and

f0(980)/φ ratios depends strongly on the f0(980) → K +K

branching ratio and whether the f0(980) is produced as a

|qq〉 or |ss〉 state. These conclusions are drawn from calcu-

lations within the partial chemical equilibrium of the HRG

model within Thermal-FIST as well as with the fully non-

equilibrium hybrid-transport approach UrQMD. Our find-

ings show how the hadronic phase in heavy ion collisions

can be used for studies of exotic hadron properties otherwise

possible only in dedicated experiments such as PANDA.

1 Introduction

The increasing number of known hadronic states [1] has

led to the establishment of the quark model [2] describing

color-neutral hadrons as bound multi quark states. Although

the internal structure of most of the known particles can

be well described by the quark model as |q̄q〉 (meson) or

|qqq〉 (baryon) states, the internal structure of some par-

ticles, especially of hadronic resonances like the scalar f

mesons, remains unclear [3–11]. Alternative internal struc-

tures which are allowed by the quark model are tetra- or

penta-quark states, glueballs, molecular meson+meson states

or hybrids. Most prominent among these mysterious hadrons

a e-mail: steinheimer@fias.uni-frankfurt.de (corresponding author)

is the f0(980) state which is difficult to describe within the

conventional quark model [12]. It has been proposed as a

|ūu + d̄d〉 state [13], a |K̄ K 〉 state [14–16], a tetra-quark

state |q̄q̄qq〉 [12,17–19], or a quark-antiquark gluon hybrid

[20]. See also [21–23] for advances on the description of

scalar resonances in the two meson scattering states.

In addition, only few attempts at understanding the modi-

fications of the f0(980) in dense matter exist (see e.g. [24]),

mostly due to its unclear nature. Nevertheless, a better under-

standing of the f0(980) may help to shed light on the nature of

(the restoration of) chiral symmetry in hot and dense matter,

if it could be better understood.

However, final scrutinizing evidence remains to be found.

Experimentally, measurements by BESIII have observed it as

a decay product and investigated its mixing with the a0(980)

[25,26], which itself may contain tetra-quark contribution

[27]. The study of light exotics such as the f0(980) was also

identified as one of the major goals of the PANDA experiment

[28].

Here, the recent measurement of f0(980) production in

elementary p + p collisions by the ALICE collaboration [29]

may help to distinguish the internal structure of the f0(980).

In the ALICE paper the experimental measurement in p +

p collisions was compared to theoretical models based on

String excitation and decay (Herwig [30]) and a partonic

cascade followed by quark coalescence (AMPT [31]). While

such a comparison in p + p showed to be very sensitive on the

hadronization mechanism and parameters, we will follow a

different approach. We will focus on the interactions of the
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f0(980) with the hadronic medium, created in ultrarelativis-

tic heavy ion collisions at the LHC, to study its properties.

Thus, we describe f0(980) production in pp and PbPb col-

lisions at the LHC employing a) the partial chemical equilib-

rium hadron resonance gas model within Thermal-FIST and

b) the hybrid UrQMD model to investigate f0(980) produc-

tion based on different assumptions of its quark structure and

decay channels.

Here, we have to note that in both, the UrQMD model and

Thermal-FIST, the f0 is treated as an independent quasiparti-

cle degree of freedom. This means that the actual quark struc-

ture does not enter explicitly in either approach but implicitly

through its production mechanism (e.g. as an s + s pair in

the string or by including a strangeness suppression factor

in Thermal-FIST) or its decays (either to π + π or K + K ).

More exotic quark configurations would therefore be difficult

to implement.

2 Methods

To showcase the role of the hadronic phase on the f0(980)

production, we will compare results from two distinctively

different models. The first is the partial chemical equilibrium

(PCE) thermal model based on the Thermal-FIST package

[32,33]. Here, the multiplicities of hadrons are related to ther-

mal equilibrium states at given temperatures, making it insen-

sitive to specific cross-sections and microscopic dynamics.

However, the final f0(980) multiplicity does depend on its

quark structure and decay channels, as we show below. On

the other hand, we will compare the thermal model Thermal-

FIST results to simulations with the hydro-hybrid version of

UrQMD where a fluid dynamic evolution, with particlization

in chemical equilibrium, is followed by a fully microscopic

transport evolution. Here again, the final observable multi-

plicity will depend on the f0(980) structure, as well as decay

and regeneration channels.

2.1 Thermal model

In the thermal model approach to particle production in

nuclear collisions, one evaluates hadron abundances from the

partition function of a hadron resonance gas (HRG). In the

standard formulation, the primordial hadron abundances are

fixed at the stage of chemical freeze-out and described by the

HRG model in the grand-canonical ensemble at fixed tem-

perature T , baryochemical potential µB , and system volume

V . These abundances are then only modified through reso-

nance decay feeddown. This base formulation of the model

describes well most of the measured abundances of hadrons

that are stable under strong interactions at different collision

energies [34].

The present study explores yields measured at midrapid-

ity at LHC energies, where, to large accuracy, one can take

µB = 0. Even at the LHC, however, the standard thermal

model approach requires modifications to make it applica-

ble to (i) small systems where canonical effects are impor-

tant [35] and (ii) yields of short-lived resonances that can be

affected strongly by the hadronic phase [36].

These modifications have been introduced to the Thermal-

FIST model and used to fit ALICE data in [33,35]. In the

following we will use the results obtained in these works

as thermal reference. Details on the fitting procedure and

more discussion can be found in the corresponding publi-

cations. However, for better context we will summarize the

main extensions in the following paragraphs.

2.1.1 Canonical suppression

The canonical effects are considered in the framework of the

canonical statistical model (CSM) [37], which enforces the

exact conservation of baryon number, electric charge, and

strangeness across a correlation volume Vc. In Ref. [32], the

CSM was applied to analyze the abundances of stable hadrons

in p + p, p + Pb, and Pb + Pb collisions at LHC energies

and the dependence of parameters on charged multiplicity

〈d Nch/dη〉 was established. We will utilize the parametriza-

tion from Ref. [32] in our analysis.

The multiplicity dependence of the chemical freeze-out

temperature Tch reads,

Tch = T0 − ∆T ln (〈d Nch/dη〉) , (1)

where T0 = 0.176 GeV and ∆T = 0.0026 GeV. This depen-

dence is shown in Fig. 1 by the solid blue line.

The correlation volume Vc corresponds to three units of

rapidity for all 〈d Nch/dη〉, i.e. Vc = 3dV/dy. The volume

per rapidity dV/dy itself is a linear function of multiplicity,

dV/dy = v〈d Nch/dη〉, where v = 2.4 fm3.

Some yields, particularly the φ/π ratio, indicate incom-

plete strangeness equilibration in small systems. The

strangeness saturation parameter γS can be introduced for

this reason. Its multiplicity dependence from Ref. [32] reads

γS = 1 − A exp

[

−
〈d Nch/dη〉

B

]

, (2)

with A = 0.25 and B = 59. In the present study, we option-

ally include the strangeness non-equilibrium effects through

Eq. (2).

The canonical suppression and strangeness under-saturation

effects are mainly relevant in small systems, 〈d Nch/dη〉 �

200.
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2.1.2 Partial chemical equilibrium

The chemical equilibrium thermal model neglects hadronic

phase dynamics. For this reason, it is not well suited for

describing the yields of short-lived resonances such as

K ∗(892), ρ(770), and possibly f0(980), since these can be

modified appreciably in the hadronic phase as indicated e.g.

with UrQMD [36] or SMASH [38] afterburner simulations.

This shortcoming is addressed by implementing the con-

cept of partial chemical equilibrium (PCE) in the hadronic

phase [39,40]. The PCE is applied at temperatures below

Tch, where one assumes that all inelastic hadronic reac-

tions are forbidden but elastic (e.g. ππ ↔ ππ ) as

well as pseudo-elastic reactions involving short-lived res-

onances (e.g. ππ ↔ ρ, π K ↔ K ∗, and π N ↔ ∆) are

permitted and proceed in relative chemical and kinetic equi-

librium. The total abundances1 of hadrons that are stable on

the time scales of the hadronic phase are conserved by con-

struction.2 This means that the abundances of stable hadrons

such as π , K , or p, are fixed at T = Tch in line with the stan-

dard chemical equilibrium thermal model. To maintain the

conservation of stable hadron yields at T < Tch, one intro-

duces independent effective chemical potentials (fugacities)

for each stable hadron. The chemical potentials of short-lived

resonances are determined through the effective chemical

potentials of their stable decay products, e.g., µρ = 2µπ ,

µ∆ = µN + µπ , and so on.

In contrast to stable hadron yields, the yields of short-

lived resonances depend on the value of temperature in the

hadronic phase. In Ref. [33], the yields of K ∗0 and ρ0 were

fitted to establish the kinetic freeze-out temperature Tkin that

characterizes the endpoint of hadronic phase in various sys-

tems at LHC, where it was found to be a decreasing function

of charged multiplicity. Here we use the Tkin values for dif-

ferent multiplicities from Table I in [33] and perform linear

interpolation in ln〈d Nch/dη〉 to obtain a smooth 〈d Nch/dη〉
dependence of this parameter. This dependence is shown by

the dashed blue line in Fig. 1.

2.1.3 Other implementation details

We use an open-source package Thermal-FIST (version

1.4.2) [32,42] in all our thermal model-based calculations.

The charged multiplicity dependence of Tch, Tkin, Vc, and,

where applicable, γS , is described in the previous subsec-

tions. One should note that Thermal-FIST presently imple-

ments PCE in the grand-canonical ensemble only, thus, the

1 The total abundance includes primordial (thermal) abundances and

the decay feeddown from short-lived resonances.

2 Extensions of PCE exist that also implement baryon annihilation,

which does change the abundances of pion and nucleons in the hadronic

phase [41].

Fig. 1 Parameterized chemical (solid blue line) and kinetic freeze-

out (dashed blue line) temperatures providing the best fits to Pb + Pb

data at
√

sNN = 2.76 TeV [32,33] and used in the partial chemical equi-

librium thermal model (Thermal-FIST) in this work. The particlization

(Cooper–Frye) temperature of the hybrid UrQMD simulation is shown

as a red line

simultaneous PCE+CSM calculation proceeds in two steps.

First, we calculate hadron abundances within the chemical

equilibrium CSM. Second, we use the PCE model in the

grand canonical ensemble to calculate the correction fac-

tors for the yields of short-lived resonances due to hadronic

phase. The abundances computed in step one are then multi-

plied by these factors. In practice, the PCE effects are mainly

relevant in large systems, 〈d Nch/dη〉 � 100 [33], while

canonical suppression becomes relevant in small systems,

〈d Nch/dη〉 � 100 [32] for hadrons under consideration in

the present work. Thus, the canonical and PCE effects can

be largely considered independently.

We utilize the default PDG2020 hadron list from Thermal-

FIST. Two opposite scenarios concerning the quark content

of f0(980) are taken: the default light quark |q̄q〉 state decay-

ing into two pions, f0 → ππ , and a |s̄s〉 state decaying into

a pair of kaons, f0 → K K . We also implement finite res-

onance widths for all short-lived hadrons through energy-

dependent Breit–Wigner scheme [43]. At the same time, we

neglect excluded volume and baryon annihilation effects,

which do not appear to have a major influence on the observ-

ables studied in this work.

2.2 The UrQMD hybrid model

For a dynamical description of the production and decay of

resonances, as well as rescattering of the decay products,

fully dynamical simulations are necessary. We will therefore

employ the Ultra-relativistic Quantum Molecular Dynamics

[44,45] (UrQMD) transport model to calculate the evolution

of hadrons in the final stages of the nuclear collisions. At

larger center-of-mass energies a so-called hybrid-model was
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established [46] in which the hot and dense phase of the time

evolution is described by an ideal fluid dynamical simulation

[47]. The very early non-equilibrium stage of the collisions

is modeled by multiple N + N scatterings simulated by the

excitation and de-excitation of color-strings according to the

string model [48] (to calculate the f0(980) PYTHIA has been

turned off and the native UrQMD string based on the LUND

model has been used) which is also used in the description of

elementary p + p collisions at the LHC (including hadronic

rescattering in UrQMD).

The transition from the fluid description, back to the trans-

port description occurs on an iso-energy-density hypersur-

face corresponding to a temperature of approximately 162

MeV at vanishing net baryon density. This temperature is

indicated as red line in Fig. 1. This hypersurface is then

used to sample hadrons (including a full set of hadronic res-

onances) according to the Cooper–Frye prescription [49,50]

assuming equilibrium distributions in the respective cell.3

The created particles then further interact in the cascade part

of the UrQMD model. All kinetic reactions cease dynami-

cally based on the local interplay of the expansion rate and

the scattering rate. The equation of state used in the hydro-

dynamic evolution contains a smooth crossover between a

hadron resonance gas and a deconfined quark-gluon-plasma

[51].

2.3 Known resonance ratios

To benchmark the hybrid UrQMD model and the Thermal-

FIST model with PCE+CSM, and validate their ability to

describe other resonance multiplicities, we first calculate the

centrality dependence of well-studied resonance ratios, i.e.

the K ∗0(892)/K −, ∆++(1232)/p and ρ0(770)/π ratios, as

function of system size. For the sake of brevity we will

drop the round brackets depicting the mass number. Fig-

ure 2 shows the centrality dependence of the K ∗0/K − (left

panel), ∆++/p (middle panel) and ρ0/π (right panel) ratios

compared to ALICE data [52–58]. The hybrid UrQMD cal-

culations are shown for Pb + Pb collisions with hadronic

phase (full red circles) and without hadronic phase (solid

black line), for p + p collisions (full red squares) while the

Thermal-FIST calculations with PCE+CSM are shown as a

dashed blue line and the experimental data is depicted as

green symbols.

It can be observed that the K ∗0/K − and the ρ0/π ratios

show a strong suppression in the experimental data from ele-

mentary to central collisions due to rescattering of the decay

daughters in the dense medium. This behavior is well repro-

duced in the canonical statistical model with partial chemical

equilibrium [33], with the dominant effect coming from PCE.

3 Note, that at this point the width of the resonance is neglected and

only peak masses are used.

The hybrid UrQMD calculations without hadronic after-

burner resemble the grand canonical ratios at fixed energy

density. The lack of the rescattering phase therefore pro-

vides a flat result as we do not use a system size depen-

dent particlization temperature for the hybrid model. The full

hybrid UrQMD simulation with hadronic afterburner how-

ever reproduces the trend of the suppression in the central to

mid-peripheral collisions and also continues the trend to p +

p collisions (also found in previous studies [36,59]).

The two model calculations show qualitatively different

results for the ∆++/p ratio. The CSM+PCE calculations

within Thermal-FIST show a suppression of the ratio towards

central collisions.

This suppression results from two effects: the suppression

of ∆++/p in the hadronic phase due to the drop in kinetic

freeze-out temperature and, to a smaller extent, the multi-

plicity dependence of chemical freeze-out temperature. The

hybrid UrQMD calculations with hadronic afterburner first

show an enhancement in p + p, compared to peripheral Pb +

Pb collisions, but an increase of the ratio towards central Pb +

Pb collisions. The enhancement in p + p can be explained by

the selection of resonances in the string routine which tends

to favor the lowest excitable states, i.e. the Delta. The addi-

tional enhancement of the ∆++/p from peripheral to central

Pb + Pb collisions has a different reason. Here, it is worth-

while to note that the pion+proton inelastic cross section is

the largest of all possible hadronic reaction channels and

the number of Delta excitations exceeds any other possible

hadronic reaction except pion+pion scatterings. Therefore,

the excitation of ∆’s is the last reaction to cease [60]. At this

time the density is very low and the chance of the decay pion

to rescatter with anything else but another nucleon, forming

another ∆, is very low and thus, the chance of reconstructing

the ∆ is very high, even if it is not from the last generation of

decays. As a consequence, the observed ∆’s in the dynamical

approach appear larger than in the PCE fit.

Of particular interest is also the φ/π ratio, as the φ meson

is a ss-state. Figure 3 shows the centrality dependence of

the φ/π ratio compared to ALICE data [52,55]. The hybrid

UrQMD calculations for Pb + Pb collisions with hadronic

phase are shown as full red circles and without hadronic phase

as solid black line, for p + p collisions the UrQMD calcula-

tions with strangeness suppression in the string are shown as

full red squares and without strangeness suppression as open

red squares. The Thermal-FIST calculations with PCE+CSM

are shown with a γs factor as solid blue lines and without γs

as dashed blue lines and the experimental data is depicted by

green symbols. The γs factor is introduced to incorporate the

strangeness suppression observed for small systems and acts

on each the strange and anti-strange quark in the φ.

One observes several interesting features. Firstly, for

heavy-ion collisions, one has γS ≃ 1 thus thermal results

reflect chemical equilibrium, and they agree nicely with the
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Fig. 2 The centrality dependence of the K ∗0/K − (left panel), ∆++/p

(middle panel) and ρ0/π (right panel) ratios compared to ALICE data

from different system sizes. The hybrid UrQMD calculations are shown

for Pb + Pb collisions, at
√

sN N = 5.02 TeV, with a hadronic phase

(full red circles) and without hadronic phase (solid black line) and

for p + p collisions (full red squares). The Thermal-FIST calculations

with PCE+CSM are shown as a dashed blue line. The experimental

data for pp (dark yellow), pPb (purple) and PbPb (green) collisions

at
√

sN N = 5.02 (triangles) and 2.7 TeV (diamonds) are also shown

[52–58]

Fig. 3 The centrality dependence of the φ/π ratio compared to ALICE

data [52,55,57,58]. The hybrid UrQMD calculations for Pb + Pb col-

lisions with hadronic phase are shown as full red circles and without

hadronic phase as solid black line, for p + p collisions the UrQMD cal-

culations with strangeness suppression in the string are shown as full red

squares and without strangeness suppression as open red squares while

the Thermal-FIST calculations with PCE+CSM and with γs factor are

shown as solid blue lines and without γs as dashed blue lines and the

experimental data is depicted by green symbols

results from the full UrQMD-hybrid simulations. Only a

small suppression of φ-mesons towards central collisions

is observed due to the long lifetime of the φ. The small

increase in peripheral collisions in the hybrid model is due to

few regenerations of the φ early in the short hadronic phase.

The very peripheral or elementary p + p systems behave dif-

ferently. Here, the strangeness suppression is an essential

feature. While in the Thermal-FIST, the fit with γs nicely

describes the data, the UrQMD p +p results with strangeness

suppression in the string even underestimates the φ. This is

a known feature of the string as the production of an ss-state

requires the creation of two pairs of ss next to each other. Both

the Thermal-FIST and UrQMD results without strangeness

suppression agree very well for p + p systems.

With these results we can conclude that both setups are

rather well equipped to describe various hadron resonance

ratios including such that involve strangeness. Differences

are observed in the treatment of ss-states for very small sys-

tems which will be important in the discussion of the f0(980).

3 Results

Before discussing the centrality dependent ratios of the

f0(980) from the different models, it is first prudent to dis-

cuss its reconstruction. In the experiment, resonances are

typically measured via reconstruction of their invariant mass

in their respective hadronic or leptonic decay channels.

Although in principle a mixed event invariant mass anal-

ysis from our simulated data could be employed as well, it

requires a substantial amount of statistics and is error prone

due to different fits to the background shape, acceptance

123



 1301 Page 6 of 11 Eur. Phys. J. C          (2024) 84:1301 

Fig. 4 Invariant mass distribution of the reconstructable f0(980) reso-

nances reconstructed in the pion channel from central Pb + Pb collisions

at
√

sNN = 5.02 TeV from UrQMD. The solid line shows the invariant

mass distributions for UrQMD calculations with a 30% branching ratio

for the kaon decay branch of the f0(980) while the calculations shown

by the dashed line assume a 0% branching ratio to the kaon channel. The

vertical line shows the lower reconstruction limit reported by ALICE

problems that may result in artificial structures, different effi-

ciencies, etc. [61]. In the following we will employ a simpler

method and take advantage of the fact that in the simulation

one can directly check which decaying resonances can be

detected without signal loss, i.e. without significant rescat-

tering of the daughter particles leading to non-observability

in the invariant mass distribution [62–64].

We will focus only on the hadronic decay (specifically on

the π+π− channel) of the f0(980). For other resonances, like

the ρ, the leptonic decay is also of importance as it allows

to study the spectral functions of resonances and to measure

their in-medium modifications, like mass shifts or broaden-

ing of the spectral function. A very prominent example is the

ρ meson (Brown-Rho-Scaling [65]) which has been exten-

sively studied e.g. at the NA60 experiment [66–68]. In Refs.

[69,70] it was shown that at this energy chiral symmetry

and in-medium effects mainly produce a broadening of the

ρ spectral function without a mass shift. The measurement

of in-medium effects is competing with kinetic variations

of a resonances spectral function [64]. The expansion and

respective cooling of the system from chemical to kinetic

decoupling leads to a favored population of the low mass

tail of a resonances spectral functions if it receives signif-

icant regeneration. At low energies this has been observed

by FOPI [71,72] and recently by HADES [73] for the ∆

resonance and has been interpreted as a kinetic effect [63].

For our current study, there are several reasons why we

only discuss the hadronic decay channel. The most important

one is that the whole conclusion of our work relies on the

effect of the hadronic rescattering phase of the collision and

how it affects the measurable f0. Those f0 which decay in

the di-electron channel are lost for any rescattering and thus

carry different information. In addition, the electromagnetic

branching fraction of the f0 is not well known and would

simply introduce more uncertainty. Finally, the measurement

of the f0 in the di-lepton channel is very challenging due to

the background of other vector meson decays as well as q-

qbar contributions.

As we will see, also for the hadronic decay channel of the

f0(980), the hadronic rescattering has a significant effect on

the observed spectral shape.

ALICE has measured the f0(980) recently in the invariant

mass distribution of π+π− pairs in the invariant mass range

from 0.8 ≤ Mπ+π− ≤ 1.6 GeV [29]. The cut in the invariant

mass range for the experimental reconstruction is necessary

to reduce the background of other resonances including the

other f0 states as well as the ρ meson. Since our simulation

allows us to exclude such background we have the full mass

range available. The 2023 PDG report [1] still quotes the

f0(980) decay channels into ππ and K K as “seen” leaving

the branching ratios unknown as well.4 This leaves us the

freedom to explore dependences of the observable multiplic-

ity on the branching ratio into kaons. To do so, we employ

two different branching ratios: a) a 0% branching ratio into

kaons (only pion decay) and b) a 30% branching ratio into

kaons and reduced branching to pions.5

Figure 4 shows the invariant mass distribution of the recon-

structable f0(980) resonances reconstructed in the pion chan-

nel from central Pb + Pb collisions at
√

sNN = 5.02 TeV

from UrQMD. The solid line shows the invariant mass dis-

tributions for UrQMD calculations with a 30% branching

ratio for the kaon decay branch of the f0(980) while the cal-

culations shown by the dashed line assume a 0% branching

ratio to the kaon channel. The vertical line shows the lower

reconstruction limit reported by ALICE.

A clear observation is that the full f0(980) mass distribu-

tion shows not only the expected peak at its pole mass but

also exhibits a clear maximum at very low mass, below the

reconstruction threshold set by ALICE. Although the Breit–

Wigner peak is clearly visible around the pole mass, the low

mass tail exhibits a thermal behavior. This thermal tail is a

result of the regeneration through pion scattering and can

4 Note, that ALICE assumes a 30% branching into K K .

5 In principle the branching ratio to the K K channel may even be larger

than 30% [15,16]. However, as we will see, in that case the results would

simply resemble those without a hadronic rescattering, i.e. already at

30% the effect of the rescattering is very minor. This is also seen in the

Thermal-FIST calculation which either employs a 100% pion decay

OR a 100% K K decay channel. To determine whether the K K is larger

than 30% would therefore require a very precise measurement of the

centrality dependence.
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Fig. 5 The centrality dependence of the f0(980)/π ratio compared to

ALICE data [29]. The left panel compares the UrQMD calculations

to the data while in the right panel the Thermal-FIST calculations are

compared to the data. The UrQMD calculations are shown for p + p col-

lisions (full red squares) and for Pb + Pb collisions in hybrid mode with-

out hadronic phase (solid black line) and with hadronic phase (open red

circles, dashed line) with an additional phase space cut at 0.8 GeV with

a 30% branching ratio into kaons (full red circles) and at 0.8 GeV with

a 100% branching ratio into pions (full orange circles). The Thermal-

FIST PCE+CSM calculations are shown considering the f0(980) as an

〈q̄q〉 state (magenta lines) with γs factor (solid line) and without γs

factor (dashed line) and considering the f0(980) as an 〈s̄s〉 state (blue

lines) with γs factor (solid line) and without γs factor (dashed line).

Experimental data is shown by green symbols

only appear far away from the pole.6 In order to extract the

full f0(980) yield one would have to know the actual time

evolution of the medium temperature and use it to fit a Breit–

Wigner multiplied by the thermal weight, i.e. a phase space

factor, to the extracted mass distribution. As this is not possi-

ble, the actual medium temperature is not known a priori, one

could attempt to reconstruct the f0(980) in a decay channel

which has almost no background from other resonances like

the π0π0 channel.7

Such a measurement is of interest as one also observes

a large difference in the regeneration ability of the f0(980),

at low masses, when comparing the invariant mass distri-

bution with the two employed branching ratios. Increasing

the branching ratio of the decay into kaons leads to stronger

regeneration close to the pole mass, and the two kaon thresh-

old, while a smaller branching ratio into the strange channel

leads to a favored regeneration of lower masses due to the

larger 2-pion cross section. When measuring the full invari-

6 This reminds of the ρ spectral function measured in ππ [74] versus

measurement in the di-leptons [75,76], where the ρ with masses below

2mπ also shows a thermal tail.

7 Vector mesons do not decay into two neutral pions.

ant mass range, one can therefore extract and pin down the

branching ratio of f0(980) → K̄ K more precisely as before.

As this is a challenging experimental task, for the follow-

ing we will also employ the lower mass limit which ALICE

uses for the extraction of their f0(980) yield by fitting a rel-

ativistic Breit–Wigner to their signal [29] and compare with

the full yield.

3.1 The f0(980) to pion ratio

Having discussed the role of the hadronic phase and system

size dependence of resonance yields in general, and obser-

vational constraints for the f0(980) in particular, we can

continue and study the centrality dependence of its ratios

to different hadrons. Figure 5 shows the centrality depen-

dence of the f0(980)/π ratio compared to ALICE data [29].

The left panel shows the UrQMD calculations while in the

right panel the Thermal-FIST calculations are compared to

the data. Overall both the thermal and the UrQMD ratios

underestimate significantly the ALICE p + p data and in the

following we will discuss the systematic behavior as function

of centrality.

The UrQMD calculations are shown for p + p collisions

(full red squares) and for Pb + Pb collisions in hybrid mode
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Fig. 6 The centrality dependence of the f0(980)/φ ratio compared to

ALICE data. The left panel compares the UrQMD calculations to the

data while in the right panel the Thermal-FIST calculations are com-

pared to the data. The UrQMD calculations are shown for p + p collisions

with strangeness suppression (full red squares) and without strangeness

suppression (open red squares). Also shown are the hybrid UrQMD

calculations for Pb + Pb collisions without hadronic phase (solid black

line) and with hadronic phase (open red circles, dashed line) with an

additional phase space cut at 0.8 GeV with a 30% branching ratio into

kaons (full red circles) and at 0.8 GeV with a 100% branching ratio into

pions (full orange circles). The Thermal-FIST PCE + CSM calculations

are shown considering the f0(980) as an 〈q̄q〉 state (magenta lines) with

γs factor (solid line) and without γs factor (dashed line) and consider-

ing the f0(980) as an 〈s̄s〉 state (blue lines) with γs factor (solid line)

and without γs factor (dashed line). Experimental data from the ALICE

experiment at
√

sNN = 5.02 TeV is shown by green symbols [29,77]

without hadronic phase (solid black line) and with a hadronic

phase (colored lines with symbols). As expected, the ratio

without a hadronic phase is independent of centrality since

we use a fixed temperature of TC F = 162 MeV. The red

dashed line shows results which include the hadronic phase,

but no mass cut for the reconstruction, and use the conven-

tional branching fraction of � f0→K K /�tot = 30%. In this

scenario we also observe an enhancement of the ratio towards

more central collisions, due to the significant regeneration at

low masses. Once the experimental mass cut for the f0(980)

is applied, the ratio shows a suppression towards central col-

lisions (red solid line with symbols) as most reconstructed

f0(980) have lower masses. If we only allow the f0(980) to

decay into pions and thus increase the regeneration through

pions at low masses even further, the drop is significantly

stronger (orange solid line with symbols) and essentially no

measurable f0(980) are from regenerations.

The Thermal-FIST PCE + CSM calculations, in the right

panel, are shown considering the f0(980) as an 〈q̄q〉 state

(magenta lines) and as an 〈s̄s〉 state (blue lines). The differ-

ence here is twofold. Firstly the 〈s̄s〉 state can be additionally

suppressed by a strangeness suppression factor γs , which is

seen in the difference between the solid and dashed lines.8

As can be seen the strangeness suppression is only relevant

for very small systems. The main difference, in the PCE fit,

is related to the f0(980) decays, fixed to their quark content.

In the fit, the 〈q̄q〉 state (magenta lines) is allowed to decay

only into pions, while the 〈s̄s〉 state (blue lines) is allowed to

decay only to kaons. As a result the ’kaon dominated’ state

is coupled to an overpopulation of kaons which allows for a

stronger regeneration and thus higher final yield.

As demonstrated, both models show a clear sensitivity to

the final multiplicity to the f0(980) branching ratios to kaons

and pions.

3.2 The f0(980) to φ ratio

In the previous section we have discussed the ratio of

f0(980)/π , i.e. compared to the most abundant light quark

state. In order to possibly understand the structure of the

f0(980) a contrast with the well known φ mesons, a 〈s̄s〉
state with similar mass, can be instructive. In a naive thermal

8 Note that the 〈q̄q〉 state relative to pions is slightly enhanced by includ-

ing γs . This is an indirect effect from the modified pion yield obtained

with γs due to feeddown.
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model the ratio of f0(980)/φ should be approximately 1/3:

due to their similar masses, the difference mainly comes from

the spin degeneracies, (2s f0 + 1) = 1 versus (2sφ + 1) = 3.

Figure 6 shows the centrality dependence of the f0(980)/φ

ratio of our two models compared to ALICE data [29,77].

The left panel compares the UrQMD calculations to the data

while in the right panel shows the Thermal-FIST PCE + CSM

calculations.

Compared with the UrQMD model, an additional feature

for p + p collisions has been added. Here, we compare p + p

simulations with the standard strangeness suppression in the

string break (full red squares) and without any strangeness

suppression, i.e. light and strange quarks can be produced

with the same probability (open red squares). In the string

model the f0(980) is considered a pure light quark state and

the φ a pure strange quark state. This comparison is included

to highlight the effect of local strangeness suppression in the

string which is very large, in fact a factor of 6 difference in

the f0(980)/φ is observed. One should keep in mind that this

is so large due to the above-discussed feature of the string,

which requires two pairs of 〈s̄s〉 to be produced adjacently

to create a φ. Most importantly, if no additional strangeness

suppression of the φ, as compared to the f0(980) is included,

the ratio obtained is consistent with the naive thermal ratio

of 1/3. Therefore, a significant increase over this estimate

would suggest that f0(980) and φ have significantly different

quark content.

Also shown in the left panel are the hybrid UrQMD cal-

culations for Pb + Pb collisions without a hadronic phase

(solid black line) and with a hadronic phase (colored lines

with symbols). The different scenarios are the same as in the

f0(980)/π ratio and the conclusions are the same. A clear

sensitivity to the final multiplicity to the f0(980) branching

ratios to Kaons and pions is observed.

This conclusion is again supported by the Thermal-FIST

PCE + CSM calculations shown in the right panel of fig-

ure 6. If the f0(980) is considered a 〈s̄s〉 state (blue lines),

the ratio to the φ is practically independent of centrality and

the inclusion of any additional strangeness suppression and

f0(980)/φ ≈ 1/3. In the scenario where the f0(980) is a

light quark state, a significant enhancement of the ratio for

very small systems is observed, as expected, due to the sup-

pression of the φ. In addition, if the f0(980) has a dominant

decay into two pions, suppression of the ratio towards central

collisions is expected due to hadronic phase.

4 Discussion

It was shown that a measurement of the f0(980) reso-

nance multiplicity, as a function of the system size, in ultra-

relativistic collisions at the LHC can help pin down the inter-

nal structure of this elusive hadronic state. To illustrate this,

we have employed the hybrid UrQMD model with a hadronic

rescattering and the canonical statistical model with partial

chemical equilibrium through Thermal-FIST to study the

centrality dependence of various resonance to hadron ratios

at the LHC with a special focus on the f0(980) state.

Three main conclusions could be drawn:

1. Already by changing the f0(980) → K̄ K partial branch-

ing from 0% to 30% the regeneration in the experimen-

tally measured mass range changes significantly and thus

a strong centrality dependence is observed. This allows us

to pin down the relative branching fractions of the f0(980)

which is important to determine the absolute f0 yield from

the observed decays.

2. A measurement of the f0(980) in the neutral π0π0 chan-

nel will allow us to investigate the full spectral function

of the resonance.

3. The naive thermal ratio of f0(980)/φ is 1/3 and driven by

the corresponding ratio of spin degeneracies, given that

their masses are nearly degenerate.

From recent ALICE data a ratio of around 1 for p + p

collisions is observed indicating a significant suppression

of the φ, by a factor of 3, as compared to the f0(980).

This is interesting as it may be direct evidence that the

φ is essentially |s̄s〉 but the f0(980) is |q̄q〉 which leaves

only the φ suppressed in small systems.

In general, the estimated yield of observable f0(980) res-

onances is significantly lower in all models compared to the

ALICE pp data, i.e. both models underestimate the f0/π ratio

in pp collisions, although the errors are large. As mentioned

above, an important uncertainty is the branching fraction into

the two pion channel which may be significant. Furthermore,

particle production in pp collisions is not necessarily per-

fectly described in either the UrQMD or the Thermal-FIST

model. Our predictions are more reliable for larger pPb or

PbPb collisions. A measurement of the f0 in heavy-ion reac-

tions would therefore immediately shed some light on the

uncertainties in the pp results. This and the above conclu-

sions make additional measurements of the f0 in peripheral

Pb + Pb collisions with ALICE, as well as future measure-

ments at lower beam energies, for instance with the CBM

experiment, necessary and worthwhile.
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