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This study presents the first measurement of the f1(1285) resonance using the ALICE detector in inelastic proton--
proton collisions at a center-of-mass energy of 13 TeV. The resonance is reconstructed at midrapidity (|𝑦| <
0.5) through the hadronic decay channel f1(1285)→ K0

SK
±𝜋∓. Key measurements include the determination of 

its mass, transverse-momentum integrated yield, and average transverse momentum. Additionally, the ratio of 
the transverse-momentum integrated yield of f1(1285) to pion is compared with calculations from the canonical 
statistical hadronization model. The model calculation, assuming a zero total strangeness content for f1(1285), 
reproduces the data within 1𝜎 deviation, shedding light on the quark composition of f1(1285).

1. Introduction

Quantum chromodynamics (QCD), the theory that governs the 
strong force, describes how colored quarks and gluons interact, forming 
various types of hadronic states. This includes mesons, which consist of 
quark–antiquark pairs, and baryons, composed of three quarks or anti
quarks. Beyond these conventional structures, there is a growing interest 
in exotic states like tetraquarks and pentaquarks, which feature uncon
ventional quark combinations [1--9]. Investigations into exotic states 
can be traced back to the early development of the constituent quark 
model, which serves as a fundamental framework for understanding the 
composition of hadrons [10--13].

An exemplary candidate for an exotic particle under consideration is 
the f1(1285) meson [14]. Aligned within the quark model as a member 
of the 3𝑃1 axial-vector nonet, the f1(1285) was independently discov
ered in pp annihilation experiments at BNL [15] and CERN [16] in 1965. 
Both experiments observed a resonance decaying to KK𝜋 with quantum 
numbers 𝐼𝐺(𝐽𝑃𝐶 ) = 0+(1++). Low-energy experiments have provided 
essential insights into the production and decay mechanisms of f1(1285) 
through various processes, including hadronic decays, photoproduction, 
and central exclusive production. The f1(1285) state has been observed 
in pp collisions by the WA102 [17--19] and WA76 [20] experiments at 
CERN, E690 at Fermilab [21], and by the L3 Collaboration with 𝛾𝛾 col
lisions at CERN [22,23]. Additionally, it has been observed in hadronic 
Z decays at LEP [24], in photoproduction from a proton target with 
CLAS data [25], and beauty-hadron decays at LHCb [26]. However, 
despite these extensive observations, the precise quark composition 
of the f1(1285) remains elusive. Despite these extensive observations, 
among which few suggests a predominantly non-strange meson compo
sition [19,24], the precise quark composition of the f1(1285) remains 
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elusive. Theoretical predictions regarding the valence quark content of 
the f1(1285) meson are broadly classified into three categories: (i) as 
a bound state comprising of light up (u) and down (d) quarks, (ii) as 
a bound state formed by both light and strange (s) quarks, and (iii) as 
molecular configurations involving KK

∗
[27]. Quark composition of the 

f1(1285) meson involving only light quarks can be expressed as a linear 
combination of u and d quarks, 1 √

2
(ūu+ d̄d) [28], whereas the presence 

of strange quarks in the f1(1285) meson gives three different possibili
ties of quark compositions: tetraquark state 1 √

2
(sus̄ū+sds̄d̄) [29], bound 

state of light quarks with a mixture of strange quarks ( 𝛼√
2
(ūu + d̄d) + 

𝛿ss̄) [30], and the bound state of light quarks with a mixture of strange 
quarks and gluons ( 𝛼√

2
(ūu + d̄d) + 𝛿1ss̄ + 𝛿2𝐺) [31], where G is the 

gluon state. Here 𝛼, 𝛿, 𝛿1, and 𝛿2 are the Clebsch Gordan Coefficients 
of appropriate value. Regardless of the specific composition, the net 
strangeness of the f1(1285) meson remains zero in all these scenarios. 
Recently, the LHCb collaboration measured the branching fraction ratio 
of B̄0→J/𝜓 f1(1285) to B̄0

s→J/𝜓 f1(1285), obtaining a value of 11.6 ±
3.1%. This result deviates from the tetraquark structure interpretation 
of the f1(1285) meson, with a significance of 3.3𝜎 [26]. The underlying 
quark content of f1(1285) is expected to influence its yield [32]. No
tably, calculations using the canonical-ensemble-based Statistical Model 
(𝛾SCSM) [33] reveal significant differences in hadron yields based on 
their strangeness content [34]. The study reported in this Letter ex
plores the strangeness content of the f1(1285) meson by comparing its 
transverse-momentum (𝑝T) integrated yield obtained from ALICE data 
with 𝛾SCSM calculations.

In high-energy heavy-ion collisions, compelling evidences for the 
formation of a strongly-interacting quark–gluon plasma (QGP) have 

https://doi.org/10.1016/j.physletb.2025.139562
Received 21 October 2024; Received in revised form 13 March 2025; Accepted 7 May 2025 

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
https://www.hepdata.net/record/ins2829849?version=1
https://www.hepdata.net/record/ins2829849?version=1
mailto:alice-publications@cern.ch
https://doi.org/10.1016/j.physletb.2025.139562
https://doi.org/10.1016/j.physletb.2025.139562
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2025.139562&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Physics Letters B 866 (2025) 139562

2

ALICE Collaboration 

been observed [35--49]. This deconfined and strongly interacting state 
expands and cools down as a nearly perfect liquid [50] until the 
temperature reaches the pseudo-critical temperature of approximately 
155 MeV [51]. After this phase, a transition to confined QCD matter oc
curs which creates a hot and dense gas of interacting hadrons. Within 
this environment resonances decay and particles interact (pseudo)elas
tically until they decouple [52]. At the LHC, the system produced in Pb--
Pb collisions undergoes decoupling after approximately 10 fm/𝑐 [53]. 
The study of hadronic resonances with varying lifetimes is crucial for 
characterizing the late hadronic stage of the collision. Depending on 
the lifetime of resonances, rescattering and regeneration processes af
fect their yield [54--67]. Given that f1(1285) has a lifetime of approx
imately 8.7 fm/𝑐 [14], placing it between the lifetimes of K∗0 meson 
and Λ∗ baryon, it becomes an indispensable component for systemati
cally studying rescattering effects and properties of the hadronic phase 
in heavy-ion collisions. Furthermore, theoretical studies suggested that 
the f1(1285) meson could be pivotal in exploring the partial restoration 
of chiral symmetry within the nuclear medium [68]. It has been found 
that the f1(1285), a chiral partner of the 𝜔 meson, could exhibit a signif
icant mass shift from its vacuum expectation (1281.9 ± 0.5 MeV/𝑐2) in 
the presence of finite baryon density. Similar trends for chiral partners 
are predicted at the high temperatures reached in heavy-ion collisions 
at LHC energies [69]. Searches for (partial) chiral symmetry restoration 
effects are typically investigated through the electromagnetic decays of 
vector mesons, as they are not affected by rescattering, unlike hadronic 
decays. However, since the f1(1285) meson is not particularly broad, 
rescattering effects may be less dominant in this case. Additionally, by 
performing measurements in peripheral Pb–Pb collisions, such effects 
could be further minimized. Another important aspect of the measure
ment is the yield ratio of the f1(1285) meson to its chiral partner, the 
𝜔, which can provide valuable insights into chiral symmetry restora
tion. This yield ratio is expected to approach unity [70] as one moves 
towards more peripheral Pb–Pb collisions due to the mass degeneracy of 
the chiral partners. Therefore, measurements of the f1(1285) production 
in pp collisions are crucial to constitute a reference for studying the par
tial restoration of chiral symmetry and rescattering effects in heavy-ion 
collisions.

This Letter presents the first measurement of the inclusive production 
of the f1(1285) resonance at midrapidity (|𝑦| < 0.5) in inelastic pp colli
sions at a center-of-mass energy 

√
𝑠 of 13 TeV. The article is structured 

as follows: Section 2 outlines the ALICE experimental setup, Section 3
details the event and track selection criteria, Section 4 presents the data 
analysis technique, and Section 5 describes the study of systematic un
certainties. Results are presented in Section 6, and the Letter concludes 
with a summary in Section 7.

2. Experimental apparatus

The yield of the f1(1285) meson is measured in pp collisions at √
s = 13 TeV using data collected by the ALICE detector. A detailed 

description of the ALICE detector and its performance can be found in 
Refs. [71,72]. Several key detectors, including the Inner Tracking Sys
tem (ITS) [73], Time Projection Chamber (TPC) [74], Time-of-Flight 
(TOF) [75,76], and V0 [77] detectors, have been used for the analysis 
presented in this Letter.

For event triggering and mitigating beam-induced background ef
fects, the V0 detector is used. It consists of two scintillator arrays, V0A 
and V0C, which are positioned on either side of the interaction point 
along the beam line and cover the pseudorapidity intervals 2.8 < 𝜂 <

5.1 and −3.7 < 𝜂 < −1.7, respectively. The minimum bias trigger used 
in this analysis is defined by coincident signals in the V0A and V0C de
tectors.

The ITS and TPC detectors, housed within a 0.5 T solenoidal mag
net, play crucial roles in tracking and identifying charged particles and 
reconstructing primary and secondary vertices. The ITS and TPC cover 
a pseudorapidity range of |𝜂| < 0.9 and the full azimuthal angle.

The ITS comprises six cylindrical silicon layers surrounding the beam 
vacuum tube. The two innermost layers are formed by Silicon Pixel 
Detectors (SPD), followed by two layers of Silicon Drift Detectors and 
two layers of Silicon Strip Detectors. The ITS is crucial for determining 
primary and secondary vertices. Additionally, the ITS improves the mo
mentum and angle resolution for charged particles reconstructed by the 
TPC.

The TPC serves as the core of the ALICE detector [72,74]. It is a large 
cylindrical drift detector, spanning radial and longitudinal ranges of ap
proximately 85 < 𝑟 < 250 cm and −250 < 𝑧 < 250 cm, respectively. 
The endcaps of the TPC incorporate multiwire proportional chambers 
segmented radially into pad rows. The TPC provides three-dimensional 
spatial information for up to 159 tracking points. Charged tracks origi
nating from the primary vertex can be reconstructed down to 𝑝T ∼ 150 
MeV/𝑐. The particle identification is based on the specific energy loss 
(d𝐸/d𝑥) in the TPC, which is measured with a resolution of 5% in pp 
collisions [74]. The measured d𝐸/d𝑥 is compared with the expected 
value for a given particle species calculated with a Bethe–Bloch param
eterization.

The TOF is placed outside the TPC and employs Multigap Resistive 
Plate Chambers, covering the pseudorapidity range of |𝜂| <0.9 and full 
azimuthal angle. The TOF detector identifies particle species at interme
diate 𝑝T via measurements of their time-offlight from the interaction 
point to the TOF detector with a time resolution of 80 ps in pp colli
sions [75].

3. Data sample, event and track selections

The data utilized in the present analysis were collected by the ALICE 
detector in 2016, 2017, and 2018. The position of the primary vertex 
along the beam axis (𝑧-axis of the ALICE reference frame) is required 
to be within 10 cm from the nominal center (𝑧 = 0) of the ALICE de
tector. As detailed in Refs. [72,78], offline event selections are applied 
to reduce the beam-induced background and pileup events. After ap
plying the event selection criteria, approximately 1.5 billion minimum
bias events (corresponding to an integrated luminosity of 32.08 ± 0.51 
nb−1 [79]) have been analyzed for this f1(1285) measurement.

Given the short-lived nature of the f1(1285) meson, its reconstruction 
is performed through the hadronic decay channel, f1(1285)→K0

SK
±𝜋∓, 

with a branching ratio (BR) of (2.25 ± 0.1)% [14]. The BR value is 
computed from the one of KK𝜋 reported in [14] accounting for all pos
sible combinations of kaons and pions and 50% probability that K0 is 
K0
S. The analysis is performed in the transverse momentum range of 1 

< 𝑝T < 12 GeV/𝑐 at midrapidity (|𝑦| < 0.5). At lower 𝑝T (< 1 GeV/𝑐), 
the f1(1285) signal is not statistically significant because of the presence 
of large backgrounds.

Charged tracks are reconstructed using the ITS [80] and TPC [74] 
detectors. To ensure high track quality, the standard track selection cri
teria [81,82] are employed in this work. Charged tracks originating from 
the primary vertex are required to satisfy 𝑝T > 0.15 GeV/𝑐 and |𝜂| <
0.8 for uniform acceptance. Selected tracks need to have two hits in 
the ITS, of which at least one hit in the SPD, and traverse radially a 
minimum of 70 out of the total 159 pad rows of the TPC. The maxi
mum 𝜒2 per space point in the TPC and ITS, obtained from the track 
fit, is required to be 4 and 36, respectively. To mitigate the contami
nation of secondary charged particles, the distance of closest approach 
in the transverse plane of reconstructed tracks to the primary vertex 
(DCA𝑥𝑦) is required to be smaller than 7𝜎DCA𝑥𝑦

, where 𝜎DCA𝑥𝑦
denotes 

the DCA𝑥𝑦 resolution. The 𝑝T-dependent DCA𝑥𝑦 resolution is parameter
ized as 𝜎DCA𝑥𝑦

= 0.0105+0.0350∕(𝑝T∕(GeV∕𝑐))1.1 cm [82]. The DCA to 
primary vertex in the longitudinal direction is constrained to be within 
2 cm. The detected charged particles are identified using information 
from the TPC and TOF detectors [75]. In the TPC, particle identifica
tion is based on their specific ionization energy loss (d𝐸/d𝑥), ensuring 
that pions and kaons have a specific energy loss within 2 standard 
deviations (𝜎TPC) from the expected d𝐸/d𝑥 values derived from the 
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Fig. 1. Like- and unlike-sign (left) and the like-sign-subtracted (right) invariant mass distribution of K0
SK𝜋 triplets in |𝑦| < 0.5 in minimum-bias pp collisions at 

√
𝑠

= 13 TeV. The subtracted distribution is fitted with the function defined by Eq. (1), and the dotted blue line describes the residual background distribution, which 
is given by Eq. (2).

Table 1
Selection criteria for K0

S.

Selection criteria Value 
TPC crossed rows > 70 
Acceptance window of pions (|𝜂|) < 0.8 
n𝜎TPC for 𝜋± < 4 
DCA𝜋−𝜋+ < 1.0 cm 
DCA of V0 daughters to PV > 0.06 cm 
DCA of V0 to PV < 0.3 cm 
V0 cosine pointing angle > 0.97 
V0 radius > 0.5 cm 
Proper lifetime < 15 cm/𝑐
Veto on Λ invariant mass > 4.3 MeV/𝑐2

K0
S mass window (in units of 𝜎𝑀 ) ± 6 

Bethe–Bloch parameterization. Here, 𝜎TPC represents the TPC’s d𝐸/d𝑥
resolution [74]. In the TOF, identification relies on the measured time 
of flight, which must be within 3𝜎TOF of the expected value for each 
particle species, provided the track has a hit in the TOF [76]. If a track 
lacks a hit in the TOF, identification is carried out using only the TPC.

The K0
S is reconstructed through its weak decay topology (V0 topol

ogy) [83], via the K0
S → 𝜋−𝜋+ decay channel with a BR of (69.2 ±

0.05)% [14]. The selection criteria for K0
S reconstruction are detailed in 

Table 1. Two oppositely-charged pions produced from the K0
S decay are 

identified with the 4𝜎TPC requirement in the acceptance window |𝜂| <
0.8. The distance of closest approach between negatively and positively 
charged tracks (DCA𝜋−𝜋+ ) is required to be less than 1.0 cm. Addition
ally, the DCA of charged tracks and V0 to the primary vertex must be 
greater than 0.06 cm and less than 0.3 cm, respectively. The cosine of 
the pointing angle, representing the angle between the V0 momentum 
and the line connecting the secondary to the primary vertex, has to be 
greater than 0.97. Only K0

S candidates whose secondary vertex radial 
position is larger than 0.5 cm are selected to reconstruct f1(1285). Fur
thermore, candidates with a proper lifetime 𝐿𝑀K0

S
∕𝑝 greater than 15 

cm/𝑐 are excluded. Here, 𝐿 represents the linear distance between the 
primary and secondary vertex, 𝑀K0

S
is the world-average mass [14] of 

K0
S, and 𝑝 indicates the total momentum of K0

S . An additional selection, 
called ``Competing V0 rejection'' or veto on Λ invariant mass, is ap
plied by recalculating the V0 mass, assuming that one of two pions is a 
proton. If the recalculated mass is compatible with the Λ mass within 
4.3 MeV/𝑐2, which is about three times the width of the Λ invariant 
mass peak in ALICE [82--84], the selected particle is rejected. Finally, 
the invariant mass of 𝜋+𝜋− must be compatible within 6𝜎M of the K0

S

nominal mass, where 𝜎𝑀 is the width of the K0
S invariant mass peak and 

is about 5 MeV/𝑐2. The K0
S candidates that satisfy the aforementioned 

topological selection criteria at midrapidity (|𝑦| < 0.5) are used in the 
reconstruction of the f1(1285) resonance.

4. Data analysis

The reconstructed K0
S are paired with charged kaons forming a K0

SK±

pair. This K0
SK± pairs are combined with oppositely charged pions to 

reconstruct the f1(1285) resonance. To enhance the significance of the 
f1(1285) signal, the invariant mass of the K0

SK± pair is required to be be

low 1040 MeV/𝑐2. The invariant-mass distribution of K0
SK±𝜋∓ triplets 

accommodates all resonances that decay into K0
SK±𝜋∓ as well as sub

stantial combinatorial background, as can be seen in the invariant mass 
distribution of unlike-sign combinations in the f1-candidate 𝑝T inter
val 3 < 𝑝T < 4 GeV/𝑐, shown by the black markers in the left panel 
of Fig. 1. The combinatorial background is estimated using like-sign 
K0
SK±𝜋± triplets [66,81] (red markers in left panel of Fig. 1). The right 

panel of Fig. 1 presents the invariant mass distribution of the like-sign
subtracted K0

SK±𝜋∓ triplets for 3 < 𝑝T < 4 GeV/𝑐 in pp collisions at √
𝑠 = 13 TeV. After the subtraction, three resonances, i.e., f1(1285), 

f1(1420), and 𝜂(1475) can be identified in the considered invariant mass 
range along with a residual background of correlated pairs. Theoretical 
models based on K∗K dynamics [27,85] offer intriguing insights into 
the nature of f1(1420), which could be explored in future studies.

The correlated background mainly arises from jets and decays of 
resonances with misidentification and multiple decay chains [66]. The 
like-sign-subtracted invariant-mass distribution is fitted assuming a 
sum of three non-relativistic Breit–Wigner distributions [24,66] for the 
f1(1285), f1(1420), and 𝜂(1475) mesons and an additional residual 
background [24]. The fit function is given by

d𝑁 
d𝑀

=
3 ∑

𝑖=1 

𝑌𝑖

2𝜋
Γ𝑖

(𝑀 −𝑀𝑖)2 + Γ2
𝑖
∕4

+ fRes.Bkg(𝑀), (1)

where the index 𝑖 ranges over f1(1285), f1(1420), and 𝜂(1475) reso
nances. The 𝑀𝑖, Γ𝑖, and 𝑌𝑖 parameters denote the masses, widths, and 
normalization constants of these three resonances, respectively. The 𝑀
corresponds to the invariant mass of the K0

SK±𝜋∓ (𝑀K0
SK𝜋

) triplets. The 
mass resolution of the detector for the reconstruction of f1(1285) is neg
ligible as compared to its vacuum width (22 ± 1) MeV/𝑐2 [14] and is not 
included in the fit function. To ensure the robustness of the fit, an alter
native modeling using a relativistic Breit-Wigner parameterization was 
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Fig. 2. The product of the acceptance and the resonance reconstruction effi
ciency as a function of 𝑝T for f1(1285) at midrapidity (|𝑦| < 0.5) in simulated 
pp collisions at 

√
s = 13 TeV.

performed, yielding consistent results within uncertainties. The residual 
background function [24] is expressed as

fRes.Bkg(𝑀) = [𝑀 − (𝑚𝜋 +𝑀K0
SK

)]𝑛 exp(−𝐴𝑀 −𝐵𝑀2), (2)

where 𝑚𝜋 is the mass of 𝜋 meson and 𝑀K0
SK

is the invariant mass of 

the K0
SK pair. Here, 𝐴, 𝐵, and 𝑛 are the fit parameters. The width pa

rameters of the Breit–Wigner functions are fixed to their world-average 
values [14] in the standard fit case, which are 22, 54, and 90 MeV/𝑐2 , 
respectively. The masses and the normalization constants of the three 
resonances are left free. Finally, the raw yields of f1(1285) in each 𝑝T
interval are obtained from the integral of the Breit–Wigner distribution, 
as done in Refs. [81,86].

The extracted raw yields (𝑁 raw) are corrected for detector accep
tance and reconstruction efficiency (𝐴 × 𝜀rec) as well as the BR of the 
analyzed decay channel. The product 𝐴 × 𝜀rec is estimated using sim
ulated pp events produced with the PYTHIA8 Monte Carlo (MC) event 
generator [87], in which f1(1285) particles are injected with a flat 𝑝T
distribution. The particles are then propagated through the ALICE detec
tor using the GEANT3 transport code [88]. The 𝐴 × 𝜀rec, defined as the 
ratio of reconstructed to generated f1(1285), is calculated as a function 
of 𝑝T within |𝑦| < 0.5. The event and track selections used in the data 
analysis are also applied in the simulation. Notably, 𝐴× 𝜀rec initially in
creases with 𝑝T, starting at around 1% at 𝑝T = 1.5 GeV/𝑐 and reaching a 
maximum value of approximately 6.5% at 𝑝T ≈ 6 GeV/𝑐 before decreas
ing again, as depicted in Fig. 2. The relative statistical uncertainties on 
𝐴 × 𝜀rec are found to be in the range of 5--10% across the 𝑝T intervals. 
Moreover, since the generated 𝑝T spectra of f1(1285) have a different 
shape than the measured 𝑝T spectra, a reweighting procedure [54,82] 
is implemented iteratively until convergence is reached by correcting 
at first the measured raw yields with the reconstruction efficiency ob
tained with the generated 𝑝T spectra. The resulting 𝑝T spectrum is then 
fitted with a Levy–Tsallis function and the extracted parametrization is 
finally used to weight the Monte Carlo spectra at generated and recon
structed level. From these reweighted spectra, the 𝐴× 𝜀rec as a function 
of 𝑝T is determined.

The measurements need to be further corrected for trigger ineffi
ciency (𝜀trig), vertex reconstruction inefficiency (𝜀vert ), and signal loss 
(𝑓SL) factors, which are determined through MC simulations. Signal loss 
factor accounts for the loss of f1(1285) mesons due to trigger selection 
(i.e. f1(1285) mesons produced in pp collisions that did not fire the trig
ger). Given the potential limitations of simulations involving injected 
f1(1285) signals in realistically assessing correction factors [34], these 

Table 2
Systematic uncertainties on measured f1(1285) yield 
and mass in pp collisions at 

√
s = 13 TeV.

Systematic variation (%) Quantity of interest 
Yield Mass 

Signal extraction 10.5--14.5 0.13--0.19 
Primary track selection 3.9--5.9 0.03--0.08 
Secondary track selection 6.4--9.2 0.04--0.08 
Particle identification 1.0--6.5 0.003--0.027 
ITS-TPC matching 5.0 -
Material budget 1.8 -
Hadronic interaction 2.0 -
Total 16--17 0.16--0.20 

factors are taken to be the same as for the K∗0 meson at the same col
lision energy [82]. The values of the correction factors for pp collisions 
at 

√
𝑠 = 13 TeV are 𝜀trig = 0.74, 𝜀vert = 0.93. The signal loss cor

rection factor (𝑓SL) is smaller than 2% for 𝑝T > 1 GeV/𝑐 [82]. Finally, 
the yields are normalized by the number of accepted events (𝑁acc

event ) to 
obtain the f1(1285) 𝑝T-differential yield in inelastic pp collision, which 
can be formally expressed as

1 
𝑁evt

d2𝑁 
d𝑦d𝑝T

= 1 
𝑁acc

evt

𝑁 raw

Δ𝑦Δ𝑝T

𝜀trig 𝜀vert 𝑓SL

(A × 𝜀rec)BR
, (3)

where d2𝑁 
d𝑦d𝑝T

is the number of f1(1285) produced in a given rapidity (d𝑦) 
and transverse momentum (d𝑝T) interval.

5. Systematic uncertainties

For the measurement of the f1(1285) mass and yields, various 
sources of systematic uncertainties have been taken into account: the 
signal extraction method, the primary track selections, the K0

S recon
struction and selection, the particle identification criteria, the method 
adopted in matching track segments in the ITS with tracks in the TPC, 
as well as uncertainties in the material budget and hadronic interactions 
of the produced particles in the ALICE detectors. The resulting changes 
in the f1(1285) mass and yields for each 𝑝T interval, obtained from re
peating the entire analysis chain by varying one source at a time (as 
described below) while keeping others at default, are incorporated as 
systematic uncertainties. Table 2 summarizes the systematic uncertain
ties on the measured f1(1285) yield and mass across the analyzed 𝑝T
range.

Several factors are varied to evaluate the uncertainty in the signal 
extraction from the invariant mass fits, including fitting ranges, resid
ual background fit function, and variations in the width of the three 
resonances (f1(1285), f1(1420), and 𝜂(1475)). When adjusting fitting 
range boundaries, a shift of ± 20 MeV/𝑐2 with respect to the default 
case is applied to both sides. The widths of all resonances are treated as 
free parameters in the fit, unlike the default case where they are fixed 
to their world-average values, and the differences in f1(1285) mass and 
yields contribute to the systematic uncertainties. Additionally, the resid
ual background is modeled using second and third-order polynomials 
to investigate systematic deviations on the mass and yield of f1(1285). 
Moreover, the mass of f1(1420) is held constant, unlike in the standard 
case where it is allowed to vary, to understand its impact on the ob
served f1(1285) mass and yield. The resulting uncertainty for signal 
extraction on the observed f1(1285) mass and yield varies from 0.13% 
to 0.19% and 10.5% to 14.5%, respectively, across the measured 𝑝T
ranges. For the primary-track selection, the criteria are varied following 
the procedure outlined in Ref. [82]. This results in an uncertainty on 
the f1(1285) mass ranging from 0.03% to 0.08% and an uncertainty on 
its yield ranging from 3.9% to 5.9% across the various 𝑝T intervals. The 
uncertainty due to the K0

S reconstruction is estimated by varying the se
lections in Table 1, resulting in a 𝑝T-dependent systematic uncertainty 
ranging from 0.04% to 0.08% for the f1(1285) mass and from 6.4% to 
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Fig. 3. Measured f1(1285) mass as a function of 𝑝T at midrapidity (|𝑦|< 0.5) in 
minimum-bias pp collisions at 

√
s = 13 TeV. The statistical and systematic un

certainties are shown as bars and boxes, respectively. The blue band represents 
the world-average value for the mass of f1(1285) [14] having an uncertainty of 
0.5 MeV/𝑐2 .

9.2% for the f1(1285) yield. The uncertainties associated with the iden
tification of the pions and kaons produced in the f1(1285) decay are 
assessed by varying the selection criteria in the TOF from |n𝜎TOF| < 3 to 
|n𝜎TOF| < 4. This variation results in f1(1285) mass uncertainties rang
ing from 0.003% to 0.027% and yield uncertainties ranging from 1% to 
6.5%, depending on 𝑝T. Furthermore, uncertainties related to the ma
terial budget, the cross section for hadronic interactions in the detector 
material, and the ITS–TPC matching efficiency, obtained from Ref. [82], 
contribute to the uncertainty on the yield of f1(1285). The total un
certainty is obtained by summing the uncertainties from all sources in 
quadrature. The uncertainty on the f1(1285) mass ranges from approx
imately 0.16% to 0.20%, while for the yield, it spans from 16% to 17% 
across the measured 𝑝T intervals.

6. Results

The mass of f1(1285) resonance, i.e., the fit parameter 𝑀0 obtained 
from Eq. (1), is shown in Fig. 3 for the different 𝑝T intervals consid
ered in this analysis. The systematic uncertainties on the measured mass, 
shown as boxes around the data points, are evaluated following the de
scription in Sec. 5. The measured sample-average mass, 1.28 ± 0.001 
GeV/c2 is in excellent agreement with the world average value of 1.281 
± 0.0005 GeV/c2 within uncertainties.

Fig. 4 illustrates the f1(1285) 𝑝T-differential yield in pp collisions 
at 

√
s = 13 TeV, incorporating all the corrections detailed in Sec. 5. 

The 𝑝T spectrum is fitted with a Levy–Tsallis function, a combination 
of an exponential and power law function [89], to extrapolate the yield 
down to zero 𝑝T. An exponential function describes the low-𝑝T section 
of the spectrum, while a power law characterizes the high-𝑝T region. 
Since there are only two 𝑝T bins above 6 GeV/𝑐 with large bin width, 
the Levy–Tsallis fit in the default case is performed in the 0 < 𝑝T < 6 
GeV/𝑐 range.

This fitting procedure enables the extraction of the 𝑝T-integrated 
yield (d𝑁/d𝑦) and the average transverse momentum (⟨𝑝T⟩) of f1(1285), 
utilizing both the measured and extrapolated distributions. The extrap
olation to the low-𝑝T (< 1 GeV/𝑐) region encompasses approximately 
41% of the total f1(1285) yield. The high-𝑝T extrapolation is found to 
be negligible. The ⟨𝑝T⟩ is determined by evaluating the mean value of 
the fit function within each 𝑝T bin, weighted by the measured yield 
in that bin. The systematic uncertainties in the 𝑝T spectrum, arising 
from the various sources described in Sec. 5, contribute to the sys
tematic uncertainties in d𝑁/d𝑦 and ⟨𝑝T⟩. The systematic uncertainties 

Fig. 4. 𝑝T-differential yield of f1(1285) measured at midrapidity (|𝑦| < 0.5) in 
inelastic pp collisions at 

√
s = 13 TeV. The statistical and systematic uncertain

ties are shown as bars and boxes, respectively. The data points are fitted using 
a Levy–Tsallis function [89] and shown by the red dashed line. The BR uncer
tainty for f1(1285)→K0

SK
±𝜋∓ is 0.1%.

Table 3
The 𝑝T-integrated yield and average transverse momentum of the 
f1(1285) meson in proton–proton collisions at center-of-mass energy 
of 13 TeV. The comparison of the 𝑝T-integrated yield of f1(1285) from 
ALICE data with thermal model (𝛾SCSM) calculations [33] is shown.

ALICE data Thermal model 
|𝑆|=0 |𝑆|=2 

d𝑁/d𝑦 0.034 ± 0.004 (stat) ± 0.010 (sys) 0.025 0.014 
⟨𝑝T⟩ (GeV/𝑐) 1.52 ± 0.10 (stat) ± 0.24 (sys) - -

due to the extrapolation are evaluated by varying the fit functions: the 
Boltzmann–Gibbs blast wave function [90], Bose–Einstein distribution, 
and 𝑚T exponential [82] are considered in place of the Levy–Tsallis. 
The uncertainties of d𝑁/d𝑦 and ⟨𝑝T⟩ are approximately 31% and 17%, 
respectively. The dominant contribution to the ⟨𝑝T⟩ uncertainty arises 
from the low-𝑝T extrapolation (∼14%), estimated conservatively using 
the largest deviation from the Levy-Tsallis function. If the RMS of the 
⟨𝑝T⟩ variations is used instead, the extrapolation uncertainty is reduced 
to ∼9%.

Table 3 shows d𝑁/d𝑦 and ⟨𝑝T⟩ and their uncertainties in inelastic 
pp collisions at 

√
𝑠 = 13 TeV. Fig. 5 compares the average transverse 

momentum of f1(1285) with that of all other lightflavor hadrons [82, 
91] measured at midrapidity (|𝑦| < 0.5) in pp collisions at 

√
s = 13 TeV. 

Two distinct linear trends are observed, one for mesons and the other for 
baryons. For particles with similar masses (K∗0, p, 𝜙, Λ, f1, Ξ−), mesons 
exhibit a higher average transverse momentum than baryons. Notably, 
f1(1285) aligns with the linear trend of other mesons, although with 
large conservative systematic uncertainties. This observation suggests 
that f1(1285) may have an ordinary meson structure.

The 𝑝T-integrated yield is further compared with calculations 
from the canonical-ensemble-based statistical hadronization model 
(𝛾SCSM) [33], also shown in Table 3. The conventional statistical frame
work employs an ideal hadron–resonance gas (HRG) in thermal and 
chemical equilibrium at the chemical freeze-out stage. In the canonical 
ensemble, the values of three Abelian charges �- baryon number (𝐵), 
electric charge (𝑄), and strangeness (𝑆) �- are fixed and conserved 
exactly across the designated correlation volume 𝑉C . In this model, 
the multiplicity dependence of hadron production is influenced by the 
canonical suppression of these three Abelian charges. It incorporates 
the incomplete equilibrium of strangeness via the strangeness saturation 
parameter 𝛾S and effectively reproduces various multiplicity-dependent 
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Fig. 5. Average transverse momentum of lightflavor hadrons as a function of 
hadron mass at midrapidity (|𝑦| < 0.5) in inelastic pp collisions at 

√
s = 13 

TeV. The statistical and systematic uncertainties are shown as bars and boxes, 
respectively. The blue dotted lines are linear fits to the data points.

Fig. 6. The transverse-momentum-integrated yield ratio of 𝜙/𝜋 (left) [82] and 
f1/𝜋 (right) measured in inelastic pp collisions at 

√
s = 13 TeV. The statistical 

and systematic uncertainties on the data points are shown as bars and boxes, 
respectively. The black solid and dotted lines represent the calculations from 
the 𝛾SCSM with different strangeness content of 𝜙 and f1 mesons.

hadron-to-pion ratios [33]. Thermal fits to the yields of various parti
cles, including 𝜋, K, p, K∗0, Λ, Ω, K0

S, Ξ, and 𝜙, as measured by the 
ALICE Collaboration in pp collisions at 

√
s = 13 TeV [82], have been 

conducted. The fit parameters include the freeze-out temperature, ra
dius of the produced fireball, 𝑉C, and 𝛾S. It is assumed that the baryon 
chemical potential is zero [92]. The thermal model calculations for the 
𝑝T-integrated yield of f1(1285) are carried out for two different scenar
ios: The first scenario assumes |𝑆| = 0, indicating that the f1(1285) 
meson does not contain any valence strange or anti-strange quarks. The 
second scenario considers |𝑆| = 2, which corresponds to the presence 
of one strange and one anti-strange quark within the f1(1285) meson. 
The calculated yield with |𝑆| = 0 scenario is consistent with the exper
imental measurement.

To gain insights into the valence quark composition of the f1(1285) 
meson, the 𝑝T-integrated yield ratio of f1/𝜋 in pp collisions at 

√
s =

13 TeV is compared with calculations from the 𝛾SCSM, as depicted in 
Fig. 6. At first, as a baseline check for this methodology, the 𝜙/𝜋 ratio 
is calculated by 𝛾SCSM with two scenarios and compared with experi

mental data [82]. The 𝜙 meson is a neutral particle comprising a strange 
quark–antiquark pair. It has a net strangeness of zero, thus remaining 
unaffected by the precise conservation of strangeness in the canonical 
suppression picture. However, in the strangeness nonequilibrium pic
ture, the 𝜙 meson is considered a double-strange particle (|𝑆| = 2) [33]. 
Thus, the experimental data is compared in Fig. 6 with 𝛾SCSM calcula
tions for |𝑆| = 0 (indicating a total strangeness content of 𝜙 to be zero, 
depicted by the solid line) and |𝑆| = 2 (indicating a hidden strangeness 
content of 𝜙 to be two, represented by the dotted line). As expected in 
the strangeness nonequilibrium picture, the 𝛾SCSM calculation for 𝜙/𝜋
ratio with the 𝜙 meson having |𝑆| = 0 shows a large deviation of 9.15𝜎
from the experimental measurements, whereas |𝑆| = 2 is in good agree
ment with the experimental measurements within 0.5𝜎.

The calculation of the f1/𝜋 ratio from 𝛾SCSM is carried out for the 
two different scenarios of |𝑆| = 0 (represented by the solid line) and 
|𝑆| = 2 (represented by the dotted line). The measured f1/𝜋 ratio devi
ates by 0.96𝜎 from |𝑆| = 0 and by 1.97𝜎 from |𝑆| = 2, indicating that 
the 𝛾SCSM calculation with |𝑆| = 0 is favored over |𝑆| = 2 by the AL
ICE data. This observation is further validated through a 𝜒2 statistical 
hypothesis test, which quantifies the difference between experimental 
data and model predictions. The goodness-offit is assessed using the 𝜒2

value, which is then converted into a right-tailed 𝑝-value. From stan
dard 𝜒2 probability tables, the right-tailed 𝑝-value can be obtained for 
a given number of degrees of freedom. A common criterion for statistical 
significance is 𝑝 < 0.05, indicating a meaningful deviation between the 
data and the model expectations. In this analysis, the 𝑝-value for |𝑆| = 0
is found to be 0.33, suggesting no significant discrepancy between the 
data and the model. However, for |𝑆| = 2, the 𝑝-value is 0.04, which 
corresponds to a confidence level of 1 − 0.04 = 96%. This implies that 
with 96% confidence, the data significantly deviates from the model 
predictions under the |𝑆| = 2 hypothesis.

Therefore, this study suggests that f1(1285) is more likely to have 
no strange quark content than a combination of a strange and an anti
strange quark. This finding contradicts the hypothesis that f1(1285) is a 
tetraquark state (according to the 𝛾SCSM model) and is consistent with 
the results of the LHCb Collaboration [26].

7. Summary

The ALICE Collaboration presents the first measurement of the 
f1(1285) meson production in inelastic proton–proton collisions at 

√
𝑠

= 13 TeV. This measurement spans a wide transverse momentum range 
from 1 to 12 GeV/𝑐 at midrapidity (|𝑦| < 0.5). The mass of f1(1285) 
reconstructed from the K0

SK±𝜋∓ decays is in good agreement with 
the world-average value within the uncertainties. Notably, the average 
transverse momentum of f1(1285) aligns with the linear trend with mass 
observed for other mesons and it is higher, although compatible within 
1𝜎 of the systematic uncertainty, with the ⟨𝑝T⟩ of baryons of similar 
masses. Moreover, the 𝛾SCSM of the f1/𝜋 𝑝T-integrated yield ratio, con
sidering no strange quarks inside f1(1285), agrees with the ALICE data 
within 1𝜎. However, it deviates by ∼2𝜎 when assuming the presence 
of one strange and one anti-strange quark. These observations suggest 
that the state of f1(1285) is a conventional meson, which disfavors the 
tetraquark hypothesis and aligns with the findings of the LHCb Collabo
ration. With larger data samples available in Run 3 and Run 4, combined 
with the improved tracking efficiency of the upgraded ITS detector, it 
may become feasible to reconstruct the f1(1285) meson at low transverse 
momentum (< 1 GeV/𝑐), thereby improving the significance of future 
analyses. Additionally, future studies of the elliptic flow of f1(1285) and 
femtoscopy measurements in the K∗K coupled channel, using the large 
data samples from Run 3 and the upcoming Run 4, may help to distin
guish the di-quark or molecular nature of f1(1285).
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