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Abstract

Femtoscopic correlations of non-identical charged kaons (K+K−) are studied in Pb–Pb collisions at a
center-of-mass energy per nucleon–nucleon collision

√
sNN = 2.76 TeV by ALICE at the LHC. One-

dimensional K+K− correlation functions are analyzed in three centrality classes and eight intervals
of particle-pair transverse momentum. The Lednický and Luboshitz interaction model used in the
K+K− analysis includes the final-state Coulomb interactions between kaons and the final-state inter-
action through a0(980) and f0(980) resonances. The mass of f0(980) and coupling were extracted
from the fit to K+K− correlation functions using the femtoscopic technique. The measured mass
and width of the f0(980) resonance are consistent with other published measurements. The height of
the φ (1020) meson peak present in the K+K− correlation function rapidly decreases with increasing
source radius, qualitatively in agreement with an inverse volume dependence. A phenomenological
fit to this trend suggests that the φ (1020) meson yield is dominated by particles produced directly
from the hadronization of the system. The small fraction subsequently produced by final-state in-
teractions could not be precisely quantified with data presented in this paper and will be assessed in
future work.
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1 Introduction

Femtoscopy is a tool for measuring the space–time geometry of the particle emission region in high-energy
collisions of protons and ions [1, 2]. It is based on the measurement of two-particle momentum correla-
tion functions (CF) which are determined by final-state interactions (FSI) between the emitted particles
and effects of quantum statistics in case of identical species [1, 3, 4]. The technique was traditionally
used to determine the size of the emission region and its dependence on the particle-pair transverse
momentum and transverse mass, and on the event multiplicity [5, 6]. Recently, there has been a great
interest in studying the interaction of particles using femtoscopy methods along with a parameterization
of the size of the particle emitting source [7–16] to analyze the measured correlation functions. There
has also been interest in the femtoscopic correlations of pairs of non-identical kaons involving a neutral
kaon K0

SK± [17–19]. An important complement to these studies is the measurement of the K+K− corre-
lations. The existing results in this area are rather scarce [5, 20, 21]. This is due to the complexity of the
measurements and the subsequent complicated analysis. In comparison to identical kaons, the interaction
between K+ and K− in the final state is much more complex. It includes the Coulomb interaction and the
strong interaction through the near-threshold f0(980) (I=0 isospin state) and a0(980) (I=1 isospin state)
resonances, and the strong p-wave FSI through the φ (1020) meson.

The properties of the scalar mesons a0(980) and f0(980), discovered in the mid-1960s and in the be-
ginning of the 1970s, respectively [22–26], are still subject of research. The idea of the nature of these
mesons as a quark–antiquark pair [27] is supplemented by a state in the form of a KK molecule [28] and
even a tetraquark state [29]. Recently, in Ref. [19], it has been shown that the study of the magnitude of
the correlation strength (λ ) in K0

SK0
S and K0

SK± pairs allows one to conclude that the observed difference
in measured λ is compatible with the a0(980) resonance being a tetraquark state. However, it should be
noted that, according to the results of the latest ALICE work on f0(980) in pp collisions at

√
s = 5.02

TeV [30], the model descriptions assuming a tetraquark (uuss), KK molecule, and ss disagree with the
experimental measurement.

The first measurement of K+K− correlations was carried out for Pb–Pb collisions at the CERN SPS [5].
It was shown that the theoretical K+K− correlation functions calculated by using a finite-size Coulomb
wave function with the radius extracted from identical kaon correlations were noticeably greater than the
measured ones. However, by taking into account the contribution due to strong interactions, a reasonably
good description of the data was obtained at small relative momenta.

Preliminary results from the analysis of unlike-sign kaon femtoscopic correlations in Au–Au collisions at√
sNN = 200 GeV were reported by the STAR Collaboration [20, 21]. The experimental one-dimensional

K+K− correlation function in terms of the invariant momentum difference was compared with the the-
oretical prediction based on the Lednický–Luboshitz approach [1]. The measured K+K− CF could be
described by the theoretical calculations using a Gaussian function to model the source with the size
parameters extracted from the fit of the correlation function of identical charged kaons. To account for
additional physical effects not included in the theoretical function, the calculated correlation function
CFtheor was scaled according to CF = (CFtheor − 1)λ − 1, where the correlation strength parameter λ
was obtained from the fit to the like-sign kaon correlation function. The STAR study showed that the
model could qualitatively reproduce the general structure of the measured K+K− correlation function
both at low relative momenta q < 200 MeV/c, where correlations are determined by the interplay of the
Coulomb and s-wave strong interactions, and in the φ (1020) resonance region.

In this work, K+K− femtoscopic correlations are studied for the first time in Pb–Pb collisions at a center-
of-mass energy per nucleon–nucleon collision

√
sNN = 2.76 TeV at the CERN Large Hadron Collider

(LHC) by the ALICE Collaboration [31]. The physics goals of the present study are as follows: 1)
extraction of the f0(980) mass and coupling parameters based on the fit to the K+K− correlation function
using the Lednický–Luboshitz model [1] and on the assumption that the source radii of K+K− pairs are
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the same as those of K±K± [6]; 2) test of the a0(980) mass and coupling parameters used in the K0
SK±

femtoscopy study [17, 18]; 3) investigation of how the height of the φ (1020) peak in the CF changes
with the source radius in order to shed light on the nature of the production of the φ (1020) meson in
heavy-ion collisions.

The organization of this article is as follows. In Sec. 2, the event and track selection criteria are described.
In Sec. 3, the theoretical and experimental details of the correlation functions and the fitting procedure
are discussed. The results of the analysis are shown in Sec. 4, and a summary is provided in Sec. 5.

2 Event and charged-particle reconstruction and selection

The analysis presented in this paper used a sample of about 40 million minimum bias Pb–Pb collisions
at

√
sNN = 2.76 TeV collected with the ALICE detector in the LHC Run 1 period (2009–2013). Monte

Carlo (MC) simulations were used for correcting the obtained CFs for track momentum resolution. In the
simulations, particles from Pb–Pb collision events were generated with the HIJING [32] general-purpose
event generator and were propagated through the ALICE detector using the GEANT3 [33] transport
code. The total number of MC events used in this analysis was about 4 millions. Most of the event and
track selection criteria in the current analysis are the same as in [6].

Events were classified according to their centrality determined using the measured signal amplitudes
in the V0 detectors [34–36], which consist of two arrays of scintillator counters installed on each
side of the interaction point and covering the pseudorapidity intervals 2.8 < η < 5.1 (V0A ) and
−3.7 < η < −1.7 (V0C) [36]. Charged particles were reconstructed and identified with the detec-
tors located within a solenoidal magnet that provides a uniform field of 0.5 T along the beam direction.
Charged particle tracking was performed using the Inner Tracking System (ITS) [37] and the Time Pro-
jection Chamber (TPC) [38]. The ITS consists of six cylindrical layers of silicon detectors, located at
radii between 4 and 43 cm. The ITS and TPC cover the pseudorapidity range |η | < 0.9 for all vertices
located within the interaction diamond [31]. The ITS provides high spatial resolution in determining the
primary (collision) vertex and the distance of closest approach (DCA) of a track to the primary vertex.
The primary-vertex position along the beam direction (z coordinate in the ALICE reference frame) was
required to be within ±10 cm from the center of the ALICE detector to ensure uniform tracking perfor-
mance. The TPC is the main part of the ALICE apparatus and was designed to track and identify charged
particles in the high particle-density environment of heavy-ion collisions at the LHC. The TPC is a 5 m
long cylindrical gas detector with a volume close to 90 m3 and with full acceptance in the pseudorapidity
range |η | < 0.9. The particle momenta were determined using tracks reconstructed with the TPC and
constrained to originate from the primary vertex. In order to reduce the number of secondaries, primary
tracks were selected based on DCA to the primary vertex. Additional track selections based on the qual-
ity of the track momentum fit and the number of detected space points in the TPC were used. Each
track was required to have at least 80 (out of a maximum of 159) associated space-points in the TPC.
Track pairs sharing more than 5% of TPC clusters were rejected [6]. Particle identification (PID) was
carried out using both the TPC and the Time of Flight (TOF) [39] detectors in the pseudorapidity range
|η |< 0.8. The TOF is a cylindrical detector with a radius of about 3.7 m. The total area of the active part
of the TOF is about 141 m2. The main unit of the ALICE TOF detector is the Multigap Resistive Plate
Chamber (MRPC) strip detector. The usable area of each MRPC is about 120× 7.4 cm2. The ALICE
TOF array was assembled from 1593 MRPC strips, subdivided into 18 azimuth sectors. For TPC PID, a
parametrized Bethe–Bloch formula for a particle with a given charge, mass, and momentum was used to
calculate the expected specific energy loss (dE/dx) in the detector. The deviation between the measured
and expected dE/dx values was required to be within a certain number of standard deviations (Nσ ,TPC)
relative to the dE/dx resolution of the TPC [40]. A similar Nσ ,TOF selection was applied for particle
identification with the TOF. In this case, the expected time of flight for a particle with a given mass
was calculated from the track length and momentum measured with the tracking detectors. A detailed
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Table 1: Charged kaon selection criteria.

pT 0.14 < pT < 1.5 GeV/c
|η | < 0.8
DCAtransverse to primary vertex < 2.4 cm
DCAlongitudinal to primary vertex < 3.0 cm
Nσ ,TPC (for p < 0.4 GeV/c) < 2
Nσ ,TPC (for 0.4 < p < 0.45 GeV/c) < 1
Nσ ,TPC (for p > 0.45 GeV/c) < 3
Nσ ,TOF (for 0.45 < p < 0.8 GeV/c) < 2
Nσ ,TOF (for 0.8 < p < 1.0 GeV/c) < 1.5
Nσ ,TOF (for 1.0 < p < 1.5 GeV/c) < 1.0
Number of track points in TPC ≥80
χ2/Nclusters of the track fit ≤4

description of the particle identification is given in [41]. The selection criteria which were used for kaon
selection in the TPC and TOF are shown in Table 1.

The purity of kaons is larger than 99% for tracks with momentum greater than 0.45 GeV/c [6]. To esti-
mate the charged kaon purity for p < 0.45 GeV/c, the measured dE/dx distribution was used [42]. First,
the measured dE/dx distributions in track momentum intervals were considered, and the contributions
of electrons, pions, kaons, and protons were parametrized via Gaussian fits. Next, an estimate of the
purity of kaons for momentum p < 0.45 GeV/c was made using this parametrization. The estimated
single kaon purity as a function of momentum p is shown in Fig. 1 (left panel) for different centrality
intervals. The obtained values of purity decrease from semi-peripheral (30–50%) to central (0–10%)
collisions. The resulting kaon pair purity as a function of pair transverse momentum kT = |~pT,1 +~pT,2|/2
for different centralities is shown in Fig. 1 (right panel). The pair purity distribution is wider and its
values are larger on average than for the single-kaon purity. The value of the pair purity is higher than
99% for K+K− pairs in the considered kT interval. The main contamination for K+K− pairs comes from
γ →e+e− conversions. It should be noted that to reduce this effect, the identification of kaons with the
TOF starts when the charged kaon momentum is larger than 0.45 GeV/c instead of 0.5 GeV/c as it was
in the identical kaon femtoscopy analysis published in [6]. In addition, a more stringent selection on Nσ

was applied in the momentum interval where the contamination from e+e− pairs is expected to be large
(see Table 1).

3 Analysis technique

Two-particle momentum correlations are defined as C(~q) = A(~q)/B(~q), where A(~q) is the measured
distribution of same-event pair momentum difference ~q = ~p1 −~p2, ~p1 and ~p2 are the momentum of the
first and second particle in the pair, and B(~q) is the reference distribution of pairs from mixed events.
The mixed-event pair distribution was obtained by mixing particles from events with similar centrality
and vertex positions along the beam direction. The correlation function is measured as a function of

q =
√

|~q|2 −q2
0, where q0 = E1 −E2 is determined by the energies E1, E2 of the correlating particles.

The correlation function is normalized to unity such that C(q)→ 1 in the absence of a correlation signal.

3.1 Theoretical description of K+K− correlation function

This analysis studies femtoscopic correlations of particles produced in Pb–Pb collisions using the two-
particle correlation function. The measured K+K− CF was fitted with a theoretical correlation function
calculated within the Lednický–Lyuboshitz approach [1, 43–45]. The K+ and K− particles were assumed
to be correlated in the final state due to the Coulomb interaction, to strong interactions through the near-
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Figure 1: Left: Single-kaon purity as a function of particle momentum p for 0–10%, 10–30%, and 30–50%
centrality intervals. Points are shifted along the x axis for clarity. Right: K+K− pair purity as a function of pair
transverse momentum kT. Systematic uncertainties are shown by bars. Statistical uncertainties are smaller than
the size of the markers.

threshold resonances a0(980) and f0(980), and to the p-wave strong interaction through the φ (1020)
meson resonance [45].

In the calculations, the correlations are conveniently expressed as a function of the single particle mo-
mentum in the pair rest frame (PRF), k∗ = |~k∗|. Note that, in the case of pairs of particles with equal
masses, k∗ is related to the momentum difference q as k∗ = q/2. For particle production occurring at a
small enough phase-space density, the correlations of two particles emitted with small k∗ are dominated
by the effects of their mutual final-state interaction and, if particles under consideration are identical,
by quantum statistics. These correlations depend on the PRF temporal (t∗) and spatial (~r∗) separation
of the particle emission points. Usually, one can neglect the temporal separation and in such equal-time
approximation [1, 46] these effects are described by properly symmetrized wave function Ψ. Assum-
ing sufficiently smooth behavior of single-particle spectra in a narrow correlation region of small k∗

(smoothness assumption) [47], one can write the K+K− correlation function at a given~k∗ and the total
pair three-momentum P = |~P| as

CFSI(~k
∗,~P) =

∫
d~r∗∑

α ′
Sα ′

P (~r∗, ~k∗)
∣∣∣Ψα ′α

−~k∗(~r
∗)
∣∣∣
2
, (1)

where the sum is done over the two intermediate channels α =K+K− and β = K0K
0
, denoted by the

index α ′. It is implied that particles are produced in a complex process with equilibrated spin and isospin
projections. The separation distribution (source function) Sα ′

P (~r∗, ~k∗) is then independent of these projec-
tions so that its channel index α ′ can be omitted. Assuming possible position–momentum correlations at
particle freeze-out, the source function can be parametrized as [45]

SP(~r∗, ~k∗) = exp

(
− r∗2

4R2 +b~r∗~k∗

)
/[8π3/2R3 exp(b2k∗2

R2)], (2)

where R is the Gaussian source radius, and b is a ~r∗ – ~k∗ correlation parameter. Typically, b ∼ 0.25 [45],
the ~r∗ – ~k∗ correlation in the low k∗ region (k∗ < 1/R) can be neglected, and Eq. (2) reduces to the usual
spherically symmetric Gaussian parametrization.
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Outside the range of the strong interaction potential and at a sufficiently small k∗, one may account only
for the s-wave strong interaction and write [44, 46]

Ψαα
−~k∗(~r

∗) = N (η)

[
e−i~k∗~r∗F(−iη ,1, iξ )+ f αα

c (k∗)
G̃(ρ ,η)

r∗

]
, (3)

Ψ
βα

−~k∗(~r
∗) = N (η) f βα

c (k∗)

√
µβ

µα

eik∗β r∗

r∗
, (4)

where N (η) = eiδc(η)
√

Ac(η), η = (k∗a)−1, a is the two-particle Bohr radius including the sign of
the interaction (for K+K− a =-109.6 fm), ρ = k∗r∗, µα = mK+/2, k∗ = k∗α and µβ = mK0/2, k∗β are

the respective reduced masses and K+ and K0 momenta in PRF, δc = argΓ(1 + iη) is the Coulomb
s-wave phase shift, Ac(η) = 2πη [e2πη − 1]−1 is the Coulomb penetration (Gamow) factor, F is the
confluent hypergeometric function, and G̃ is a combination of the regular and singular s-wave Coulomb
functions [48]. The s-wave scattering amplitudes f α ′α

c due to the short-range interaction renormalized
by the long-range Coulomb forces are the elements of a 2×2 matrix [44, 46, 49]

f̂c =
(
K̂−1 − ik̂c

)−1
. (5)

Here K̂ is a symmetric matrix and k̂c is a diagonal matrix in the channel representation kαα
c = Ac(η)k∗−

2ih(η)/a, k
ββ
c = k∗2 with k∗2 being the kaon momentum in PRF of the inelastic channel, where the function

h(η) is expressed through the digamma function ψ as h(η) = [ψ(iη)−ψ(−iη)+ lnη2]/2.

The elements of the K̂−1 matrix in the channel flavor representation α =K+K−, β =K0K
0

are expressed
through elements K−1

I of the diagonal matrix K̂−1 in the representation of the channel isospin I = 0,1
as [44]

(K̂−1)αα = (K̂−1)ββ =
1
2
(K−1

0 +K−1
1 ), (6)

(K̂−1)βα = (K̂−1)αβ =−1
2
(K−1

0 −K−1
1 ). (7)

The latter are assumed to be dominated by the isoscalar f0(980) and isovector a0(980) resonances, so

K0(k
∗) =

γ f0→KK

m2
f0
− s− iγ f0→ππ kππ

, (8)

K1(k
∗) =

γa0→KK

m2
a0
− s− iγa0→πη kπη

, (9)

where s = 4(m2
K + k∗2), ma0 and m f0 are the masses of the a0(980) and f0(980) resonances, respectively

(see Table 2), γ f0→KK, γ f0→ππ and γa0→KK, γa0→πη are the respective couplings, and kπη , kππ are the
decay pion momenta in the respective channels.

To take into account the deviation of the spherical waves from the true scattered waves in the inner region
of the short-range potential, a correction ∆CKK should be applied (see Eq. (153) in [46])

∆CKK =−2πSP(0,k
∗)Ac(η)[| f αα

c |2dαα
0 + | f βα

c |2d
ββ
0 +2R( f αα

c f βα∗
c )d

βα
0 ], (10)

where dα ′α
0 = 2Rd(K̂−1)α ′α/dk∗2.

An additional contribution to the K+K− correlation function due to the p-wave strong interaction through
the φ (1020) meson resonance was also taken into consideration. The usual femtoscopic correlation for-
malism of Eq. (1) using the smoothness assumption at small k∗ should be modified at the φ → K+K−
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Table 2: a0(980) and f0(980) square masses (in GeV2/c4) and coupling parameters (in GeV).

Model m2
f0

m2
a0

γ
f0→K+K− γ f0→ππ γa0→K+K− γa0→πη

Martin [51] 0.9565 0.9487 0.792 0.199 0.333 0.222
Antonelli [52] 0.9467 0.9698 2.763 0.5283 0.4038 0.3711
Achasov1 [53] 0.9920 0.9841 1.305 0.2684 0.5555 0.4401
Achasov2 [54] 0.9920 1.0060 1.305 0.2684 0.8365 0.4580

decay momentum k0 = 127 MeV/c to account for substantial ~r −~k correlations quantified by the pa-
rameter b ∼ 0.25 in Eq. (2). As a result, the φ (1020) contribution to the correlation function is expo-
nentially suppressed by the normalization factor in Eq. (2) and, neglecting a small Coulomb correction,
becomes [45]

CFSI
φ = SP(0,k

∗)
6π

k∗

[
R

[
d f αα

φ

dk∗

]
+∑

α ′
2I

[
k∗α ′ f α ′α∗

φ

d f α ′α
φ

dk∗

]]
, (11)

where f α ′α
φ =±[(Γα ′/k∗α ′)(Γα/k∗)]1/2mφ/(m

2
φ − s− imφ Γ), Γ = ∑α ′ Γα ′ +Γ′ is the total φ (1020) width,

Γ′ = 0.168Γ is the partial width of the φ (1020) decays to the channels other than the KK ones, and
Γα ′ ∼ k∗3

α ′ . The sign ± corresponds to α ′ = α and β , respectively. The expression for f α ′α
φ follows from

Eqs. (5)-(7) with the substitution K̂−1 → k̂LK̂−1k̂L in Eqs. (6) and (7) due to non-zero orbital angular
momentum L = 1. Here k̂ is a diagonal matrix in the channel flavor representation, kαα = k∗, kββ = k∗2; in
the channel isospin representation, k00 = k11 = (kαα + kββ )/2, k01 = k10 = (kαα − kββ )/2. The matrix
k̂K̂−1k̂ is diagonal in the channel isospin representation (k̂−1K̂k̂−1)00 = γφ→KK/[m

2
φ − s− imφ Γ′] and

(k̂−1K̂k̂−1)11 → 0. Equation (11) has the same structure as the s-wave correction in the inner region [43]
and can thus be substituted by Eq. (10) multiplied by the p-wave factor 2L+ 1 = 3. By neglecting the
difference between the K+K− and K0K0 channel momenta, the φ (1020) contribution can be rewritten as

CFSI
φ

.
=

12πSP(0,k∗)| f αα |2
(µα Γα/k∗)

.
=

6πSP(0,k∗)(Γ−Γ′)

µα k0|(k2
0 − k∗2)/µα − iΓ|2 . (12)

Here the usage of the non-relativistic Breit–Wigner expression in the last equality is motivated by the
narrow φ (1020) width allowing one to neglect the momentum dependence of Γα .

The total correlation function is determined as a sum of the s-wave term described in Eqs. (1)-(10) and
the p-wave term FSI described by Eq. (11) and the direct φ (1020) meson production

C(p1, p2) = 1+λ (CFSI
a0, f0

(p1, p2)+Cφ(p1, p2)),

Cφ (p1, p2) = adirectC
direct
φ (p1, p2)+aFSIC

FSI
φ (p1, p2),

(13)

where Cdirect
φ can be described by a non-relativistic Breit–Wigner function [50], CFSI

φ is calculated from
Eq. (11), and adirect and aFSI are coefficients that determine the ratio of φ (1020) mesons produced directly
and due to FSI, respectively. Within the experimental accuracy, CFSI

φ can be described by a non-relativistic
Breit–Wigner function. Therefore, this function was used to fit Cφ (where Cφ is the non-relativistic
Breit–Wigner function) instead of the two separate terms adirectC

direct
φ and aFSIC

FSI
φ . The ratio of the

contributions of φ (1020) meson production from the direct mechanism adirect and from the coalescence
mechanism aFSI is discussed in Sec. 4.2.

3.2 The K+K− correlation function and fitting procedure

The correlation functions were measured in eight pair transverse momentum kT intervals: (0.2–0.3),
(0.3–0.4), (0.4–0.5), (0.5–0.6), (0.6–0.7), (0.7–0.8), (0.8–1.0), and (1.0–1.3) GeV/c and three centrality
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classes: 0–10%, 10–30%, 30–50%. As an example, the K+K− correlation functions for three of these
eight kT bins in different centrality classes are shown in Fig. 2. The measured correlation functions were
normalized to unity in the region of 0.35 < q < 0.5 GeV/c and corrected for momentum resolution as
described in Sec. 3.3. In this figure, one can see the main features of the K+K− femtoscopic correlation
function: Coulomb attraction at very small q (q< 0.05 GeV/c) resulting in C(q)> 1, suppression (C(q)<
1) due to strong final-state interactions via the formation of the near-threshold resonances a0(980) and
f0(980) in 0.05 < q < 0.2 GeV/c, and the narrow φ (1020) resonance peak at q around 0.25 GeV/c.

The measured correlation function was corrected for the non-flat baseline D before the fit. The baseline
is fitted in a wide q range (0.35 < q < 1.0 GeV/c) using a first-order polynomial function

D(q) = κ(1+aq), (14)

where κ is a normalization factor, and a is a free parameter of the fit. The observed non-flat baseline
effect is almost negligible for the most central collisions and at low kT, while it becomes significant
at low multiplicities and high transverse momenta. The non-flat baseline could be associated with the
manifestation of mini-jets in peripheral collisions. A similar effect was observed for K±K± in Pb–Pb
collisions at

√
sNN = 2.76 TeV [6]. The changing trend of the slope in different kT intervals could be

reproduced qualitatively by HIJING simulations but the magnitude of the slope in the simulation was
different than the one in the data in all considered kT intervals. Therefore, the MC was not used to
estimate the non-flat baseline effect in this analysis.

The fit of the calculated correlation function to the measured distributions allows one to constrain the
masses and coupling parameters of the a0(980) and f0(980) resonances. The a0(980) parameters were
fixed using the Achasov model [54] in the K0

SK± femtoscopic correlation analysis of Pb–Pb collisions
at

√
sNN = 2.76 TeV and of pp collisions at

√
s = 7 TeV [17, 18]. Therefore, only the parameters of

the f0(980) resonance were studied in this work. Three possible sets of values of f0(980) parameters
proposed by theoretical models (Marin [51], Antonelli [52], and Achasov [53, 54], see Table 2) were
considered. The source radii for K+K− pairs obtained by using all these theoretical models are incon-
sistent with the source radii parameters obtained in the identical sign K±K± analysis [6], while there
are no physical reasons for this difference. Thus, in this study the parameters of the f0(980) resonance
have been estimated by treating them as free parameters in the fits and constraining the source radii of
K+K− pairs to be consistent with those obtained from the analysis of identical sign K±K± correlations.
The parameter λ for K+K− does not necessarily have to be equal to the parameter λ for K±K±. In the
case of identical charged kaon correlations, the λ parameter decreases with increasing kT, which can
be attributed to a non-Gaussian shape of the source [6]. Instead, the K+K− correlation function is de-
termined by the contribution of the Coulomb and strong FSI, which are not very sensitive to a possible
non-Gaussian shape of the source.

The fits of the K+K− experimental correlation function for three different kT and centrality intervals with
the Lednický–Lyuboshitz parametrization using free parameters (mass and couplings) for f0(980) and
Achasov [54] parameters for a0(980) are shown in Fig. 2. Systematic uncertainties of CF were estimated
using correlation functions obtained with different magnetic field orientations in the detector. As seen
from Fig. 2, the f0(980) FSI parametrization obtained in this analysis gives an excellent description of
the data in the interval 0 < q < 0.35 GeV/c, where its contribution is relevant. The corresponding χ2/ndf
are in the range from 1 to 2.

3.3 Finite momentum resolution

Finite track momentum resolution causes the reconstructed relative momentum qrec of a pair to differ
from the true value qtrue. This is accounted for through the use of the response matrix M(qtrue,qrec)
generated with HIJING simulations of Pb–Pb collisions at

√
sNN = 2.76 TeV. To account for this effect,
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Figure 2: The K+K− experimental correlation functions corrected for non-flat baselines according to Eq. (14)
as a function of pair relative momentum q. The CFs are presented in three centrality classes (rows): 0–10%,
10–30%, and 30–50% and three pair transverse momentum kT bins (columns): (0.3–0.4), (0.5–0.6) and
(0.8–1.0) GeV/c. Statistical (bars) and systematic (boxes) uncertainties are shown. The red line shows the fit
of the CF with the Lednický–Lyuboshitz parametrization (Eq. (13)) using free parameters (mass and couplings)
for f0(980) and Achasov [54] parameters for a0(980) in the 0 < q < 0.5 GeV/c range. The dashed-dotted lines
correspond to the baseline from Eq. (14).

the theoretical CF can be smeared through the response matrix according to [55]

C(qrec) =

∑
qtrue

C(qtrue)M(qtrue,qrec)

∑
qtrue

M(qtrue,qrec)
. (15)

This smearing was applied directly in the fit of the measured CF to the theoretical one. The momentum
resolution effect was included in the theoretical CF used to fit the data. In general, the momentum
resolution reduces the height of the correlation function peak and makes it wider.

3.4 Systematic uncertainties

Possible sources and estimated values of systematic uncertainties of the source radius R and correlation
strength λ parameters are presented in this section. Systematic uncertainties of the mass and coupling
parameter of the f0(980) meson are also discussed. The total systematic uncertainty

∆sys =
√

∑
i

(∆i
sys)

2 (16)

was taken as the square-root of the quadratic sum of all systematic contributions ∆i
sys = |y0 − yi

var| from
the fit and the selection criteria (Table 3). Here y0 refers to the value obtained with the default criteria
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(central value), yi
var is a value with some variation i of particle selections and fit criteria. The Barlow

factor [56] was also considered to estimate a statistical significance level of each deviation as

B =
|y0 − yi

var|√
σ 2

0 +σ 2
var −2ρσ0σvar

, (17)

where σ0 indicates the statistical uncertainty of the central value, σvar is the statistical uncertainty of yi
var,

ρ characterizes correlation between y0 and yi
var. The variation i is included in the systematic uncertainty

evaluation if B is larger than unity.

Table 3: Summary of relative systematic uncertainties on R and λ parameters. The symbol ’-’ means that the
contribution from the given source is negligible. The ranges reported for each specific source and for the total
uncertainty reflect the fact that the uncertainty values depend on centrality and kT intervals. Only systematic un-
certainties whose statistical significance level exceeds 68% according to the Barlow criterion were considered.

Sources of systematic uncertainty R (%) λ (%)
Single particle selection 0–10 0–12
Purity – 0–0.5
Baseline fit range 0–4 0–3
Momentum resolution 3–9 4–25
Total (quad. sum) 3–14 4–28

The effect of the track selections was investigated by varying the criteria shown in Table 1. The DCA and
PID selection values were varied by ±10%. These variations resulted up to a 10–12% contribution to the
systematic uncertainties for the R and λ parameters (see Table 3). The residual contamination from other
particle species in the K+K− pair signal was found to have a minimal effect on the extracted parameters
because of the high purity (see Fig. 1) of selected kaons, which was better than 99% for a pair of kaons.

The systematic effect due to the choice of the baseline fit range was estimated by varying the q interval
in which the fit is performed. The standard fit range of the baseline was 0.35 < q < 1.0 GeV/c, and the
upper limit of q was changed to 0.7 and 1.3 GeV/c. The estimated uncertainty depends on the centrality
and the kT interval, and its maximum and minimum values are reported in Table 3.

Changing the range of the fit slightly changes the femtoscopic parameters extracted from the correlation
function. However, after correcting the correlation function for the non-flat baseline, the influence of the
fit range variation was found to be negligible.

The effect of finite momentum resolution on femtoscopic radii and λ parameters and the related sys-
tematic uncertainty were studied by modifying the width of momentum resolution distribution in the re-
sponse matrix described in Sec. 3.3. The width of the qtrue vs qrec distribution determined by M(qtrue,qrec)
was varied maximally (±10%) to account for its influence on the CF without distorting its shape.

The resulting systematic uncertainties are reported in Table 3. The systematic uncertainties of the γ f0→KK
and γ f0→ππ couplings are determined by their possible maximal deviation from the default values pro-
viding the best CF fit under condition of having close radii for K+K− to those obtained for pairs of
identical kaons, and a constraint on the γ f0→KK/γ f0→ππ ratio to be in accordance with the predictions of
the models [51–54].

4 Results and discussion

4.1 Source size and correlation strength

In the CF fit, the R parameters for K+K− correlations were constrained to be compatible with the cor-
responding parameters for the same sign K±K± pairs within statistical uncertainties since there are no
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physical reasons for them to be different as was discussed above. Figure 3 shows the obtained radii
R (left panel) and correlation strengths λ (right panel) as a function of kT for the 0–10%, 10–30%, and
30–50% centrality intervals. The parameters extracted from K+K− correlations are compared to those
obtained for K±K± pairs.

0.2 0.4 0.6 0.8 1 1.2
)c (GeV/Tk

4

6

8

 (
fm

)
R ALICE

 = 2.76 TeVNNsPb −Pb
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Figure 3: R (left panel) and λ (right panel) parameters as a function of pair transverse momentum kT extracted
in K+K− analysis with free parameters (mass and couplings) for f0(980) and Achasov [54] parameters for
a0(980). The parameters are compared to those obtained for identical charged kaons [6]. Statistical (bars) and
systematic (boxes) uncertainties are shown.

The R parameters from K+K− correlations shown in Fig. 3 (left panel) are by construction consistent with
those from identical kaon pairs, due to the constraint applied in the fit. This constraint was implemented
by minimizing χ2/N that was calculated for each R value according to

χ2
R/N =

N

∑
i=1

[Ri(K±K±)−Ri(K+K−)]2

σ 2
i

, (18)

where i in Ri runs over eight kT values for each centrality bin (N = 8) and σi =
√

σ 2
K±K± +σ 2

K+K−

is the statistical uncertainty of the difference between the extracted radius parameters for K+K− and
K±K± correlations. The obtained χ2

R/N values are 1.5 for 0–10%, 0.5 for 10–30% and 1.1 for 30–50%
centralities.

The correlation strength parameters for K+K− pairs tend to be slightly larger than those for K±K± for
kT >0.7 GeV/c. In particular, for K+K− pairs the λ parameter does not show the decreasing trend with
increasing kT that was found for identical charge K±K± correlations. This difference could be due to
the fact that the decreasing trend in the identical sign result is due to a non-Gaussian shape of the source
and to the fact that the K+K− pairs are less sensitive to it. The values of λ are about 0.7, i.e. lower than
the ideal value of unity. This can be due to the contribution of kaons from K∗ decays and from other
long-lived resonances distorting the spatial kaon source distribution with respect to an ideal Gaussian,
which is assumed in the fit function [6].

Mass and coupling parameters for the f0(980) meson were extracted in this analysis using Eq. (8)
with the constraint on the K+K− radii to be close to the corresponding K±K± radii as was explained
above. The resulting mass and coupling parameters with statistical and systematic uncertainties are m f0 =
967 ± 3 ± 7 MeV/c2, γ f0→KK = 0.34 ± 0.07 ± 0.10 GeV , γ f0→ππ = 0.089 ± 0.018 ± 0.026 GeV. The ob-

tained f0(980) mass is consistent within uncertainties with its PDG value (m f0 = 990 ± 20 MeV/c2) [57].
The ratio of kaon to pion couplings is equal to γ f0→KK/γ f0→ππ = 3.82 ± 1.07 and is consistent with those
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Figure 4: Height of φ (1020) meson peak (Cφ ) as a function of source radius R, for three centrality classes. Sta-
tistical uncertainties are shown by bars. Systematic uncertainties are smaller than the size of the markers. Blue
solid line corresponds to the fit of CF with Cdirect

φ = const/R3. Red dashed line corresponds to the fit with the
second line in Eq. (13).

shown in Table 2, which are in the range from 4 to 5 for all models. The full width of the f0(980) meson
estimated in this work is Γ f0 = 43.81 ± 8.76 ± 6.90 MeV/c2 and is also consistent with the PDG value
(Γ f0 = 10–100 MeV/c2).

4.2 The φ (1020) meson peak height versus radius

Figure 2 shows that the height of the peak related to φ (1020) meson decays depends on both kT and
centrality. Since it is also known that the source radius changes with kT and centrality, it is interesting to
investigate how the height of the peak changes with the radius. The height of the φ (1020) meson peak
can be measured from the correlation function minus unity at a relative momentum q that corresponds to
the φ (1020) meson mass as

Cφ =C(q =
√

m2
φ −4m2

K = 2k0)−1. (19)

The Cφ value as a function of the K+K− radius is presented in Fig. 4. It should be noted that it was
corrected for both the λ parameter magnitude and the momentum resolution.

It can be assumed that the mechanism of the φ (1020) meson production consists of at least two processes.
The first is the direct production of φ (1020) mesons at the time of hadronization of the system. The
second is the regeneration via the K+K− FSI in the subsequent hadronic phase leading to resonance
formation [45].

To estimate the contribution from directly produced φ (1020) mesons (adirect in Eq. (13)), the following
reasoning can be applied. The correlation function is defined as a ratio of the signal to the background.
According to statistical models of hadron production [58], the φ (1020) meson yield (signal) is propor-
tional to the volume of the φ (1020) meson production region. The combinatorial background is propor-
tional to the square of the multiplicity, which in its turn is proportional to the source volume. Therefore,
the height of the φ (1020) meson peak in the K+K− correlation function is expected to rapidly decrease
with increasing R in qualitative accordance with an inverse volume dependence, i.e. as 1/R3. Based on
these arguments, it is possible to fit the height of the φ (1020) meson peak in the K+K− correlation func-
tion with Cdirect

φ = const/R3 as shown in Fig. 4. This fit function describes the data very well, indicating
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that the FSI contribution (aFSI in Eq. (13)) to the production of φ (1020) mesons is quite small.

The influence of FSI can be estimated from simple model considerations. The interaction of kaons in the
final state depends on the separation of their production points, which is affected by collective flow and
resonance decays leading to the~r–~k correlation characterized by the parameter b [45]. The K+K− FSI
contribution could be approximately described by Eq. (11) and Eq. (4) in [45]

CFSI
φ =

const× exp(−b2k2
0R2)

R3 . (20)

Assuming that the direct production of φ (1020) mesons is described by the inverse volume dependence
1/R3 while the FSI production is described by Eq. (20), the K+K− correlation function can be fit with the
second line in Eq. (13). The parameter b is fixed to the value about 0.25 obtained from the Blast-Wave
model estimation [45]. The results of the calculation are presented in Fig. 4. The height of the φ (1020)
meson peak in the K+K− correlation function is fit with Cdirect

φ = const/R3 (blue curve in Fig. 4). The

constant is equal to 15.08±0.44. The value of χ2/ndf=13.45/23=0.58. The results of the fit of the data to
the second line in Eq. (13) are also shown in Fig. 4. The red curve corresponds to the fit with parameters
of the fit adirect =0.75±0.16, aFSI =0.25±0.16, and χ2/ndf=11.07/21=0.53. The resulting fraction of
directly produced φ (1020) mesons adirectC

direct
φ /Cφ varies from 0.7 to 0.8 with increasing R and is within

the range expected from the integrated hydrokinetic model [59]. Consequently, the possible fraction of
φ(1020) mesons produced in FSI decreases from 0.3 to 0.2 with increasing R.

Figure 4 shows that the resulting fits with Eq. (13) and with simple ∼ 1/R3 are very close to each other.
As a result of the present study, it can be concluded that the fraction of φ (1020) meson produced in FSI is
difficult to distinguish from the directly produced φ (1020) mesons, at least within the statistical precision
of the data sample considered in this analysis.

5 Summary

In this article, the results of femtoscopic studies of non-identical charged kaon correlations in Pb–Pb
collisions at

√
sNN = 2.76 TeV measured with the ALICE detector at the LHC are presented. The K+K−

femtoscopic radii were constrained to the corresponding parameters extracted from the analysis of iden-
tical charged kaon correlations in Pb–Pb collisions at the same collision energy. The a0(980) resonance
mass and coupling parameters used in this work were fixed based on the K0

SK± femtoscopy study. The
parameters of the f0(980) meson proposed by the Martin, Antonelli, and Achasov models did not pro-
vide a good description of the K+K− correlation parameters if the K+K− source radii were required to
be close to the corresponding K±K± ones. Therefore, the K+K− correlation function was fitted using the
f0(980) mass and couplings as free parameters. The extracted f0(980) width 43.81±8.76±6.90 MeV/c2

and mass 967±3±7 MeV/c2 were found to be consistent with the existing PDG world-average values.
The obtained values of the f0(980) meson coupling parameters are γ f0→KK =0.34±0.068±0.101 GeV
and γ f0→ππ =0.089±0.0178±0.026 GeV. For the first time the parameters of a resonance ( f0(980) here)
were obtained from femtoscopic measurements. It was also shown that the height of the φ (1020) meson
peak in the K+K− correlation function rapidly decreases with increasing R as 1/R3 where R is the radius
of the particle emitting source. A phenomenological fit to this trend suggests that the φ (1020) meson
yield is dominated by particles produced directly from the hadronization of the system. The small frac-
tion subsequently produced by FSI could not be precisely quantified with the data sample investigated
in this analysis and will be assessed in future work. It is difficult to estimate the relative contributions
of φ (1020) mesons from FSI and those produced directly in collisions within the statistical precision of
the existing data sample. The fraction of φ(1020) mesons produced in FSI could be estimated using the
experimental data sample collected with the ALICE detector in the LHC Run 2 period, which is larger
than the Run 1 sample used in the presented work, and is a subject of future research.
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S. Perrin 128, Y. Pestov140, V. Petráček 35, V. Petrov 140, M. Petrovici 45, R.P. Pezzi 103,65, S. Piano 56,
M. Pikna 12, P. Pillot 103, O. Pinazza 50,32, L. Pinsky114, C. Pinto 95, S. Pisano 48, M. Płoskoń 74,
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