PHYSICAL REVIEW C 103, 055201 (2021)

AK femtoscopy in Pb-Pb collisions at ,/syy = 2.76 TeV
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The first measurements of the scattering parameters of AK pairs in all three charge combinations (AK™,
AK~, and AKY) are presented. The results are achieved through a femtoscopic analysis of AK correlations
in Pb-Pb collisions at ,/syy = 2.76 TeV recorded by ALICE at the Large Hadron Collider. The femtoscopic
correlations result from strong final-state interactions and are fit with a parametrization allowing for both
the characterization of the pair emission source and the measurement of the scattering parameters for the
particle pairs. Extensive studies with the THERMINATOR 2 event generator provide a good description of
the nonfemtoscopic background, which results mainly from collective effects, with unprecedented precision.
Furthermore, together with HIJING simulations, this model is used to account for contributions from residual
correlations induced by feed-down from particle decays. The extracted scattering parameters indicate that the
strong force is repulsive in the AK™ interaction and attractive in the AK~ interaction. The data hint that the
AK? interaction is attractive; however, the uncertainty of the result does not permit such a decisive conclusion.
The results suggest an effect arising either from different quark-antiquark interactions between the pairs (ss in
AK™ and uu in AK™) or from different net strangeness for each system (S = 0 for AK*, and § = —2 for AK™).
Finally, the AK systems exhibit source radii larger than expected from extrapolation from identical particle
femtoscopic studies. This effect is interpreted as resulting from the separation in space-time of the single-particle

A and K source distributions.
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I. INTRODUCTION

Femtoscopy is an experimental method used to study the
space-time characteristics of the particle emitting sources in
relativistic particle collisions [1,2]. With this method, two-
(or many-) particle relative-momentum correlation functions
are used to connect the final-state momentum distributions to
the space-time distributions of particle emission at freeze-out.
The correlation functions are sensitive to quantum statistics,
as well as strong and Coulomb final-state interactions (FSI).
Current femtoscopic studies are able to extract the size, shape,
and orientation of the pair emission regions, as well as of-
fer estimates of the total time to reach kinetic decoupling
and the duration of particle emission [1,3]. The momentum
and species dependence of femtoscopic measurements affirms
the collective nature of the hot and dense matter created
in heavy-ion collisions [4—7]. Nonidentical particle analyses
additionally allow for the measurement of the space-time sep-
aration of the single particle source regions [6,8,9].

In addition to characterizing the source region, femtoscopy
allows one to extract nuclear scattering parameters, many of
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which are difficult or impossible to measure otherwise. The
subjects of this analysis, AK pairs, interact only strongly;
therefore, the studied femtoscopic signals are free from quan-
tum statistical and Coulomb interaction effects. Calculations
within quantum chromodynamics (QCD), the theory of the
strong interaction, are notoriously difficult except in the
regime of weak coupling, where perturbative methods may be
applied. The AK analysis presented here offers the possibility
to access QCD measurements, which fall into the nonper-
turbative regime of QCD. Furthermore, the AK scattering
parameters were not previously known, and theoretical pre-
dictions are limited. The extracted scattering parameters are
compared to predictions obtained in the framework of chiral
perturbation theory [10,11]. Information about scattering pa-
rameters for similar systems are also very limited; past studies
of kaon-proton scattering revealed the strong force is attrac-
tive in the K~ p interaction and repulsive in that of the K*p
[12-14]. Femtoscopy studies of K~ p and K*p correlations
carried out by ALICE allowed to constrain both interactions
more precisely [15].

This paper presents the first measurements of the scatter-
ing parameters of AK pairs in all three charge combinations
(AK*, AK~, and AK?). The scattering parameters, along
with pair emission source sizes, are extracted with a fem-
toscopic analysis of AK correlations in Pb-Pb collisions at
/Snvnv = 2.76 TeV measured by the ALICE experiment at the
Large Hadron Collider (LHC). These correlations result from
strong final-state interactions, and are fit with a parametriza-
tion by Lednicky and Lyuboshitz [16]. Extensive studies with
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the THERMINATOR 2 [17] event generator are performed to
account for both nonfemtoscopic backgrounds as well as con-
tributions from residual correlations induced by feed-down
from particle decays.

The organization of this paper is as follows. In Sec. II
the data selection methods are briefly discussed. In Sec. III
the analysis techniques utilized in this study are presented.
Here the two-particle correlation function is introduced, as
well as the theoretical models with which the data are fit. This
section also includes descriptions of the handling of residual
correlations, corrections accounting for finite track momen-
tum resolution, treatment of the nonfemtoscopic background,
as well as a brief description of the systematic uncertainties
estimation. The final results are presented in Sec. IV and
concluding remarks are given in Sec. V. Appendix A demon-
strates an alternate approach to forming correlation functions,
whose purpose here is to help eliminate the nonfemtoscopic
background. Appendix B discusses the procedure needed to
generate fit functions when both the strong and Coulomb
interactions are present. In Appendix C, the THERMINA-
TOR 2 event generator is used to demonstrate the effect on
a one-dimensional femtoscopic fit of a nonzero space-time
separation between the single particle sources. Throughout the
text, the pair name is used as shorthand for the pair-conjugate
system, which are found to be consistent (e.g., AK* for
AK*® AK~, AK~ for AK~® AK™, and AK{ for AKJ®
KK?), and AK is used to describe all AK combinations.

II. DATA ANALYSIS

This work reports on the analysis of Pb-Pb collisions at
A/Sny = 2.76 TeV produced by the LHC and measured by
the ALICE experiment [18] in 2011. Approximately 40 mil-
lion events were analyzed, which were classified according
to their centrality percentiles determined using the measured
amplitudes in the VO detectors [19]. In order for an event to
be included in the analysis, the position of the reconstructed
event vertex must be within 10 cm of the center of the ALICE
detector along the beam axis.

Charged particle tracking was performed using the Time
Projection Chamber (TPC) [20] and the Inner Tracking Sys-
tem (ITS) [21]. The ITS allows for high spatial resolution of
the primary (collision) vertex. The momenta were determined
by the tracking algorithm using tracks reconstructed with the
TPC only and constrained to the primary vertex. Tracks were
selected from the central pseudorapidity region, |n| < 0.8. A
minimum requirement of 80 reconstructed TPC clusters was
imposed, the purpose of which is to ensure both the quality
of the track and good transverse momentum (pr) resolution at
large momenta, as well as to reject fake tracks.

Particle identification (PID) for reconstructed tracks was
carried out using both the TPC and Time-of-Flight (TOF)
detectors [22,23]. For TPC PID, a parametrized Bethe-
Bloch formula was used to calculate the specific energy loss
(dE /dx) in the detector expected for a particle with a given
mass and momentum. For TOF PID, the particle mass was
determined using the time of flight as a function of track
length and momentum. For each PID method, a value (N, )
was assigned to each track denoting the number of standard

deviations between the measured track and the expected sig-
nal at a given momentum for a particular hypothesis particle
species. This procedure was applied for each track assum-
ing four different particle species hypotheses—electron, pion,
kaon, and proton—and for each hypothesis a different N,
value was obtained per detector. These N, values were used
to identify primary K* mesons, 7t and p daughters of A
hyperons, and 7t daughters of K¢ mesons, as well as to reject
misidentified particles within each aforementioned sample.

A. K* selection

The single-particle selection criteria used to select charged
kaon candidates are summarized in Table I. Track reconstruc-
tion for the charged kaons was performed using the TPC,
and tracks within the range 0.14 < pr < 1.5 GeV/c were
accepted for analysis. To reduce the number of secondary
particles (e. g., charged particles produced in the detector
material, particles from weak decays, etc.) in the sample,
a selection criterion is established based on the maximum
distance-of-closest-approach (DCA) of the track to the pri-
mary vertex. This is realized by imposing a restriction on the
DCA in both the transverse and beam directions.

Particle identification was performed using both the TPC
and TOF detectors via the N, method. The N, selection
criteria become tighter with increasing momentum to reduce
contamination within the samples, as the K* signals begin
to overlap more significantly with those from other particles,
particularly e and 7. Rejection procedures are included to
reduce the contamination in the K* samples from electrons
and pions. The specifics for the K* selection are contained in
Table I. The purity of the K * collections, Px+, was estimated
to be approximately 97% from a Monte Carlo (MC) study
based on HIJING [24] simulations using GEANT3 [25] to
model particle transport through the ALICE detectors. For
a more detailed estimate of the K* purity from an analysis
employing similar methods, see Ref. [26].

B. K? and A selection

Electrically neutral A (A) and K particles are recon-
structed through their weak decays: A — pr~ (A — 7p)
and Kg — 7t7r, with branching ratios 63.9% and 69.2%
[27], respectively. The obtained candidates are denominated
as VY particles due to their decay topology. The selection cri-
teria used are shown in Tables II and III. Aside from kinematic
and PID selection methods (using TPC and TOF detectors),
the tracks of the decay products (called daughters) must also
meet a minimum requirement on their impact parameter with
respect to the primary vertex. The decay vertex of the V© is
calculated based on the positions in which the two daughter
tracks were closest. To help in reducing combinatorial back-
ground, a maximum value is demanded on the distance of
closest approach between the daughters (DCA V° daughters).
The positive and negative daughter tracks are combined to
form the V° candidate, the momentum of which is the sum
of the momenta of the daughters calculated in the condition in
which they were closest to one another.

055201-2



AK FEMTOSCOPY IN Pb-Pb COLLISIONS AT ,/syy = 2.76 TeV

PHYSICAL REVIEW C 103, 055201 (2021)

TABLE 1. Selection criteria for K* mesons.

K* selection

Transverse momentum py
] <0.8

Transverse DCA to primary vertex <24cm
Longitudinal DCA to primary vertex <3.0cm
TPC and TOF N,
p <04GeV/c Noxpe <2
0.4 < p< 0.45 GeV/c NJK’TPC <1
0.45 < p < 0.80 GCV/C NUK,TPC <3
NaK,TOF <2
0.80< p<1.0GeV/c Nygtpee <3

NUK,TOF < 15

p>10GeV/c Nok,tpc <3

Nsktor < 1

0.14 < pr < 1.5GeV/c

Electron rejection: reject if all satisfied
Nyetpc <3
Nge1pc < Nyk TPC
Nsetor < Nyk TOF

Pion rejection: reject if:
p < 0.65GeV/c

Only TPC available

0.65< p<15GeV/c Nyr1pc <5
NyrtoF < 3
Nyrpe <5

Nyr,ToF < 2

p=>15GeV/c

TOF and TPC available

Nortpc <3
Ngrtor < 3
Nyr1pc <3
Nrrrr,TPC <2

p<05GeV/c
0.5<p<0.65GeV/c

To select primary candidates, the impact parameter with
respect to the primary vertex is used as a selection criterion for
each V°. Furthermore, a restriction is imposed on the pointing
angle, Gpa, between the V° momentum and the vector pointing
from the primary vertex to the secondary VO decay vertex,
which is achieved by appointing a minimum value on cos(6pa )
(“Cosine of pointing angle” in Tables II and III).

In order to remove the contamination to the A (A) and Ké)
samples due to misidentification of the protons and pions for
each VO, the mass assuming different identities (A, A, and
K hypotheses) is calculated and utilized in a misidentifica-
tion procedure. The K¢ hypothesis (Miny, K9 nyp.) 1s calculated
assuming 7ttt daughters, the A hypothesis (miny. o hyp.)
assumes prt- daughters, and the A hypothesis (Miny. & nyp.)

assumes prt™ daughters. In the misidentification methods, the
calculated masses are compared to the corresponding parti-
cle masses of the K{ and A (A), mppg, o and Mppg 4 (x)
respectively, as recorded by the Particle Data Group [27].
For A (A) selection, a candidate is concluded to be misiden-
tified and is rejected if all of the following criteria are
satisfied:

(1) |minv, Kg hyp. — Mppg, Kg' <9.0 MeV/cz,
(2) daughter particles pass daughter selection criteria in-
tended for Kg reconstruction,

() |miny, k0 hyp. — MppG, k0| < Miny A&)hyp. — MpDG, AK) -

Similarly, for Kg’ selection, a candidate is rejected if all of
the following criteria are satisfied for the A case, or for the A
case:

(D) 1My A &) hyp. - Mppg, Ayl < 9-0 MeV/cz, S
(2) daughter particles pass daughter selection criteria in-
tended for A (A) reconstruction,

(3) |minv,A(X)hyp._mPDG,A(X)l < |minv,K§hyp._mPDG,K§?|~

A final restriction on the invariant mass (m;,y) is applied
to enhance the purity. These selection criteria are shown in
Tables II and III. To avoid any autocorrelation effects, all
V0 candidates within each single-particle collection (A, A,
and K separately) are ensured to have unique daughters. If
a daughter is found to be shared among V° candidates in a
given collection, then only that with the smallest DCA to the
primary vertex is kept. This procedure ensures unique single-
particle collections before particle pairs are constructed; the
elimination of shared daughters between the particles within
each pair is described below in Sec. IIC. The resulting in-
variant mass distributions for A and K¢ collections in the
0-10% centrality interval are shown in Fig. 1. For the purity
estimations, the background signal is extracted by fitting the
Miyy distribution with a fourth-order polynomial outside of the
mass peak and assuming the distribution to continue smoothly
beneath the mass peak. The A and A purities are estimated to
be Pz, ~ 96%, and that of the K is Pgo ~ 98%.
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TABLE II. Selection criteria for A and A hyperons.

A [A ] selection

Transverse momentum pr > 0.4 GeV/c
[n] < 0.8
Invariant mass |1, — mppg| < 3.8 MeV/c?
DCA to primary vertex < 0.5cm
Cosine of pointing angle > 0.9993
Decay length < 60 cm
7t and p daughter criteria
7] <038
DCA 7tp daughters <04 cm
7t specific
pr > 0.16 GeV/c
DCA to primary vertex > 0.3 cm
TPC and TOF N,
p<05GeV/c Nytpc <3
p=>05GeV/c TOF and TPC available Ny1pc <3
Ny tor <3
Only TPC available Nytpc <3
p specific
pr >0.5(p) [0.3(p)] GeV/c
DCA to primary vertex > 0.1 cm
TPC and TOF N,
p <08GeV/c Ny1pc <3
p=>08GeV/c TOF and TPC available Nypc <3
Ny tor <3
Only TPC available Ny 1pc <3

C. Pair construction

In order to reduce the contamination to the two-particle
correlations due to pairs sharing daughters, track splitting (two
tracks reconstructed from one particle), and track merging
(one track reconstructed from two particles), two main pair

rejection procedures are applied: a shared daughter restric-

TABLE III. Selection criteria for K§) mesons.

tion, and an average separation constraint. The purpose of
the shared daughter restriction is to ensure the first particle
in the pair is unique from the second. For pairs formed of two
Vs (. e., AKQ), this is implemented by removing all pairs

K7 selection

Transverse momentum pr > 0.2GeV/c
7l <0.8
Invariant mass 0.480 < M+ - < 0.515GeV/c?
DCA to primary vertex <03 cm
Cosine of pointing angle > 0.9993
Decay length <30cm
7t daughter criteria

pr > 0.15GeV/c
n] < 0.8
DCA 7ttt daughters <0.3cm
DCA to primary vertex > 0.3 cm
TPC and TOF N,

p<05GeV/c Nopc <3

p=>0.5GeV/c

TOF and TPC available

Only TPC available

N{r,TPC <3
Nstor <3
Ny1pc < 3
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FIG. 1. Invariant mass distributions in the 0~10% centrality interval of (a) prt~ pairs showing the A peak, and of (b) 7t 7t~ pairs showing
the K peak, for V° candidates. The bottom panels are zoomed to show the background with fit. The vertical dashed (green) lines represent
the selection restrictions used in the analyses, the vertical dotted (red) lines delineate the region over which the background was fit, and the

dash-dotted (blue) line shows the background fit.

which share a daughter. For a pair formed of a single V° and a
charged track (i.e., AK +), the restriction removes all pairs in
wgich the charged track is also claimed as a daughter of the
V=

The purpose of the average separation constraint is to re-
move splitting and merging effects, and it is employed in the
following way. The average separation between two tracks
is calculated using their spatial separation as determined at
several points throughout the TPC (every 20 cm radially from
85 to 245 cm). For the AKY analysis, which involves two V°
particles, a minimum average separation constraint of 6 cm
between the like-charge daughters in the pairs is imposed (for
example, between the p daughter of the A and the 7+ daugh-
ter of the KY). For the AK* analyses, a minimum average
separation constraint of 8 cm is enforced between the K+
and the A daughter sharing the same charge (for example,
in the AK™ analysis, between the p daughter of the A and
the K1). Splitting and merging effects between oppositely
charged tracks were found to be negligible, therefore no con-
straints on unlike-charge tracks are imposed.

III. ANALYSIS METHODS

A. Correlation function

The correlation function for particles a and b, C., (P, Ps)s
is defined as the ratio of the probability of simultaneously
measuring two particles with momenta p, and pp, to the
product of the single-particle probabilities. These probabili-
ties are directly related to the covariant two- particle spectrum,

6
E.E, d%ﬁ‘gb and the single-particle spectra, E,) d}p“::; and
the correlation function may be written
E Eb ab
d“pud’;p
Cah(paa Pb) - d3]N1, P (1)

(Eafrpe) (Evrye)

where N, is the yield of particle pairs, E, ;) is the energy, pa)
is the three-momentum, and N, is the yield of particles a(b).
Theoretically, the correlation function may be expressed as in

the Koonin-Pratt equation [28,29],
C(k*) = / Sp(r")| W (r)2d’r, 2)

where k* is the relative momentum of the pair (defined as

= %|pjj — p;|, where p}; and pj are the momenta of the
two particles) in the pair rest frame (PRF, denoted with an
asterisk *), r* is the relative separation, Sp(r*) is the pair
source distribution, and Wi« (r*) is the two-particle wave func-
tion.

In practice, the correlation function is formed experimen-
tally as

A(k*)

C(k ):NB(k*),

3

where A(k*) is the signal distribution, B(k*) is the refer-
ence distribution, and N is a normalization parameter. The
reference distribution is used to correct for the phase-space
effects, leaving only the physical effects in the correlation
function. The normalization parameter is chosen such that the
mean value of the correlation function equals unity for k* €
[0.32, 0.4] GeV/c. The signal distribution is the same-event
distribution of particle pairs. The reference distribution, B(k*),
is obtained using mixed-event pairs [30], i. e., particles from
a given event are paired with those from another event. For
this analysis, each event is combined with five others for
the reference distribution construction. To be included in the
mixing pool, an event must contain at least one particle of
each type from the pair of interest (e.g., for the AK? analysis,
an accepted event must contain at least one A and at least
one KE). In order to mix similar events, only those of like
centrality (within 5%) and of like primary vertex position
(within 2 cm) are combined.

This analysis presents correlation functions for three cen-
trality percentile ranges (0—-10%, 10-30%, and 30-50%), and
is integrated in pair transverse momentum (kr = %|pT,1 +
Pr.2|) due to limited data. The k7 dependencies of the three
AK charge combinations should be comparable, so an inte-
grated analysis is acceptable.
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B. Modeling the correlation function

In the absence of the Coulomb interaction, the correlation
function can be described analytically with a model derived by
Lednicky and Lyuboshitz [16]. Within the model, the (non-
symmetrized) two-particle wave function is expressed as a
superposition of a plane wave and diverging spherical wave,
and the complex scattering amplitude, f5(k*), is evaluated via
the effective range approximation,

-1
o) = (is T L - ik*) , @
fo 2

where f; is the complex s-wave scattering length, dj is the
effective range of the interaction, and S denotes the total spin
of the particular pair. The sign convention is such that a posi-
tive real component of the scattering length, Re fy, represents
an attractive interaction, while a negative value represents a
repulsion. A spherically symmetric Gaussian distribution with
radius Ry, is assumed for the pair emission source in the PRF.
With these assumptions, utilizing the Koonin-Pratt equation
[Eq. (2)], the correlation function for nonidentical particle
pairs is modeled by [16]

C (k™ )Lednicky

1] F5(k*) 2( ds )
* ; ps |:2 Rinv 2«/ERinv
2Re fS(k*) Im fS (k*)
—  “F(Qk*Riny) — —————F2k*Riny) |,
+ ﬁRinv 1( m ) Rinv 2( n )

&)

where Re f5(k*) and Im 5 (k*) denote the real and imaginary
parts of the complex scattering length, respectively, and F;
and F;, are analytic functions [16]. The weight factor, pg,
is the normalized emission probability for a state of total
spin S; in the assumed case of unpolarized emission, ps =
2S + D/I@2j1 + 1)(2j2 + 1], where j; , are the spins of the
particles in the pair. The A hyperon is spin-1/2 and K mesons
are spin-0, so the AK system only has one possible total
spin state S, and therefore C (k™) in Eq. (5) has only a single
term. In the following, the S superscript is dropped from all
scattering parameters.

C. Residual correlations

The purpose of this analysis is to study the interaction and
scale of the emitting source of the primary AK pairs. How-
ever, in practice some of the selected particles originate as
products from other decaying particles after kinetic freeze-out
(secondary particles), and some of the final pairs contain a
misidentified member. In both cases, these contribute to the
observed correlation function, and obscure its relation to the
primary AK system. The net contribution from fake pairs,
which contain at least one misidentified member, is taken
to average to unity, in which case they simply attenuate the
femtoscopic signal. Pairs in which at least one member orig-
inates from a particle decay (e.g., AK* from £°K™*) carry
information about the parent system. In effect, the correlation

between the parents will be visible, although smeared out, in
the daughters’ signal. This is termed a residual correlation
resulting from feed-down. As described in the following, the
main sources of residual correlations in the AK systems result
from A hyperons which have been produced from %°, E°, and
E~ decays.

The measured correlation function is a combination of
the genuine AK correlation with contributions from particle
decays and impurities [31],

Coeasured Ky ) = 1+ > 25[C (k) — 11, (6)
ij
with

/
Aij = AFitkij,

Z)\',,‘j = AFit Z)wj = AFits (7
ij ij

where the ij terms include the primary AK contribution to-
gether with the contributions from residual feed-down and
impurities. More specifically, C;;(k}, ;) is the correlation func-
tion of the parent system expressed in terms of the relative
momentum of the daughter AK pair. The A;; parameters serve
as weights dictating the relative strength of each component’s
contribution to the observed signal, and are normalized to
unity (i.e., Zij Aij =1, where ij includes also the primary
AK component) [31,32]. When the experimental correlation
functions are fit, the individual A;; are fixed (and whose values
can be found in Table IV), but the parameter Ag; in Eq. (7) is
left free.

To model the parent correlation function expressed in the
relative momentum of the daughter pair, a transform matrix is
utilized,

Zk; Cij (kDT (k5 ki k)
>, T ki)

where T'(k};, k} ) is the transform matrix, which is generated
with the THERMINATOR 2 [17] simulation. The transform
matrix describes the decay kinematics of the parent system
into the daughter system and is essentially an unnormalized
probability distribution mapping the k* of the parent pair to
that of the daughter pair when one or both parents decay
(see Ref. [31] for more details).

The contribution of a parent system (e.g., X°K*) to the
daughter correlation function (e.g., AK™) in the fit procedure
is determined by modeling the parent system’s correlation
function and running it through the appropriate transform
matrix. Since the interactions between these particles are not
known, some assumptions must be made. When modeling the
parent systems, the source radii are assumed to be equal to
those of the daughter AK systems. Furthermore, Coulomb-
neutral parent pairs are assumed to share the same scattering
parameters as the AK daughter pair, and the parent correlation
function is modeled using Eq. (5). During the fit process, these
source radii and scattering parameters are left free, as de-
scribed in Sec. III F. For the E~K* parent system, where the
constituents interact via both the strong and Coulomb interac-
tions, no analytical expression exists to model the correlation

Cij(kZK) =

, ®)
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TABLE IV. Weight parameters (A;;) for the individual components of the AK correlation functions.

AK* AK~ AK~ AK*
Source A value Source A value Source A value Source A value
Primary 0.509 Primary 0.509 Primary 0.509 Primary 0.510
20K+ 0.108 k- 0.107 0K~ 0.107 Tk 0.108
2K+ 0.037 Bk~ 0.034 20K~ 0.037 K+ 0.035
g K+ 0.048 K- 0.044 E K- 0.048 EK* 0.045
Other 0.218 Other 0.228 Other 0.221 Other 0.225
Fakes 0.079 Fakes 0.079 Fakes 0.079 Fakes 0.079
AK? AK?
Source X value Source X value
Primary 0.531 Primary 0.532
BOK? 0.118 T'K? 0.118
2OK? 0.041 2'k0 0.038
EK? 0.053 EK? 0.049
Other 0.189 Other 0.195
Fakes 0.069 Fakes 0.069

function (see Appendix B), and the experimental 2~ K* data
are used. However, the E-K* correlation function is domi-
nated by the contribution from the Coulomb interaction, and
may be sufficiently modeled with a Coulomb-only scenario
(in which the strong interaction is assumed to be negligible)
for this analysis, to yield consistent results.

The A;; parameters dictate the relative strength of each
contribution to the correlation function, and can be estimated
using the THERMINATOR 2 and HIJING simulations. More
specifically, a A;; parameter is estimated as the total num-
ber of AK pairs in the sample originating from source ij
(N;;) divided by the total number of AK pairs. For a given
AK source, the number of detected pairs depends on both
the raw yield and the reconstruction efficiency. The relevant
reconstruction efficiencies are those of the daughters under
study, not of the parent particles; e.g., when determining the
contribution of the EK™ system to the AK™ correlation
function, the reconstruction efficiency of the E~ is not rel-
evant, but that of the secondary A originating from a E~
decay is. The reconstruction efficiencies (RE;;) are estimated
with HIJING simulations using GEANT3 to model particle
transport through the detector. HIJING events are generated
from a superposition of PYTHIA pp collisions, and lack the
strangeness saturation of a fully thermalized medium. As a
result, HIJING is unreliable in providing the yields needed
for this analysis, and, instead, the yields are estimated with
the THERMINATOR 2 simulation (NJM*®™). The number
of AK pairs from source ij is then estimated as the prod-
uct of the yield with the associated reconstruction efficiency,
N;j = MEHERMRE}}UING. Finally, the A;; are estimated as

THERM p - HUING
N N;j N;; RE};
i =

= = \/THERM p 7 HUING *
Ntotal Zij Nij REij

(€))

Femtoscopic analyses are sensitive to the pair emission
structure at kinetic freeze-out. Therefore, within femtoscopy,

any particle which originates from a particle decay before
last rescattering is considered primary. The THERMINATOR
2 simulation shows that the A hyperons and K mesons de-
cay from a large number of particle species (~50 A parent
species, and ~70 K parent species), and the most signifi-
cant contributing pair systems are ©°K, E~K, 8°K, ©*TK,
>* K, K, AK*, 2°K*, E-K*, and E°K*. However, the
simulation does not include a hadronic rescattering phase,
and not all of the aforementioned pair systems will survive
until kinetic freeze-out. The systems resulting from electro-
magnetic or weak decays (£°, 7, and E°) will survive long
after kinetic freeze-out, and will contribute residual signals to
the AK correlation functions. The majority of the remaining
contributors decay via the strong interaction with mean proper
lifetimes less than a few fm/c, and their daughters should
always be considered primary. The mean proper lifetime of
the parent is used to judge whether or not the daughter is
treated as primary. A decay product is considered primary if
its parent has a mean proper lifetime t satisfying T < Ty,
where ctyax = 10 fm for this analysis. Changing 7,,x only
moderately affects the A;; parameters, and the effect is in-
cluded in the estimation of the systematic uncertainties. In
order for a pair to be considered primary, both particles in the
pair must be considered primary. If either parent has T > Tyax,
the daughter pair contributes to the “Other” category when
calculating A;; parameters. For this mixture of pair systems,
all with different two-particle interactions and single-particle
source distributions, the net correlation effect is taken to aver-
age to unity.

Residual contributions from X°, 2%, £~ are accounted for
in the fit. The A;; values used can be found in Table IV, which
also includes values for “Other” and “Fakes.” The “Other”
category contains pairs which are not considered primary,
and which do not originate from the residual contributors
accounted for in the fit. The “Fakes” category represents pairs
that are mistakenly identified as AK. The corresponding Apakes
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FIG. 2. THERMINATOR 2 simulation (open squares) together with experimental data (closed circles). Statistical (lines) and systematic
(boxes) uncertainties are shown for the experimental data. Results are shown for AK™ (left), AK~ (middle), and AK? (right). Rows differentiate
the different centrality intervals (0—10% in the top, 10-30% in the middle, and 30-50% in the bottom). A sixth-order polynomial fit to the
simulation is shown as a dashed curve. This polynomial is scaled to match the experimental data and is drawn as a solid curve.

is calculated as Apses = 1 — PPpg, where PPk is the AK
pair purity, estimated as the product of the two single-particle
purities (PPyx = PaoPx). The correlations in both of these
categories (“Other” and “Fakes”) are assumed to average to
unity, and pairs in these categories therefore only contribute
by attenuating the signal.

D. Momentum resolution corrections

Finite track momentum resolution causes the reconstructed
relative momentum (kg,..) of a pair to differ from the true value
(kTyye)- This is accounted for through the use of a response ma-
trix generated with HIJING simulations. With this approach,
the resolution correction is applied on-the-fly during the fit-
ting process by propagating the theoretical (fit) correlation
function through the response matrix, according to

Zk Keer 'T‘ru(, C (k:r"rue )

M
Clhgee) = — )
k*

True

(10)

Rec True

where Mk* e is the response matrix, C (k7

e ) 18 the correla-
tion as a function of kyue> and the denominator normalizes the
result.

E. Nonfemtoscopic background

A significant nonfemtoscopic background is observed in
all of the studied AK correlations, which increases with de-

creasing centrality, is the same among all AK* pairs, and
is more pronounced in the AKY system (the difference in
AK#* and AKY backgrounds is due mainly to a difference
in kinematic selection criteria). The background is primarily
due to particle collimation associated with elliptic flow, and
results from mixing events with unlike event planes [33]. The
effect produces the observed suppression at intermediate k*,
and should also lead to an enhancement at low k*. To best
describe the experimental data, an understanding of the non-
femtoscopic background is needed in the low k* femtoscopic
signal region, but an isolated view of it is only possible outside
of such a region.

The THERMINATOR 2 simulation has been shown to
reproduce the background features in a 7K analysis [33].
Figure 2 shows the THERMINATOR 2 simulation together
with experimental data. The figure also shows a sixth-order
polynomial fit to the simulation, as well as the fit polynomial
scaled to match the data. Clearly, the THERMINATOR 2
simulation provides a good description of the nonfemto-
scopic backgrounds in the AK systems, and can be used in
a quantitative fashion to help fit the data. More specifically,
the nonfemtoscopic backgrounds are modeled by sixth-order
polynomial fits to THERMINATOR 2 simulation,

Fruprm Bgd (k™) = ak*® + bk*> + ck**

+ dk* + ek** + fK* + g, (1)
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where the linear term coefficient is fixed to zero (f = 0), and
one polynomial is fit for each centrality class and AK charge
combination.

Before fitting the signal region of the experimental data, the
coefficients of each polynomial are fixed by fits to the THER-
MINATOR 2 background, shown in Fig. 2. The extracted
polynomial is adjusted to best describe the experimental data
by introducing a scale factor and a vertical shift,

Fgga(k™) = a X Fruprm Bea (k™) + B, (12)
where o and B are determined by fitting to the data in the
region 0.32 < k* < 0.80 GeV/c; all of the background pa-
rameters in Eqs. (11) and (12) are fixed before fitting the
low-k* signal region of the experimental correlation functions.
In all cases, the nonfemtoscopic background correction was
applied as a multiplicative factor to the correlation function
during the fitting process.

An alternative approach for treating the nonfemtoscopic
background is to instead attempt to eliminate it. The back-
ground can be effectively reduced by forming the reference
distribution (B(k*)) with the “Stavinskiy method” [34,35] (see
Appendix A for details). With this method, mixed-event pairs
are not used for the reference distribution; instead, same-event
pseudopairs, formed by rotating one particle in a real pair
by 180° in the transverse plane, are used. This rotation rids
the pairs of any femtoscopic correlation, while maintaining
correlations due to elliptic flow (and other suitably symmetric
contributors). The flattening effect of the method on the AK™
correlation functions can be seen in the Appendix A.

F. Summarized correlation function construction

The parameters included in the generation of a model cor-
relation function are as follows: A, R, fo (Refy and Imfy
separately), dy, and normalization A. For the fit, a given
pair and its conjugate (e.g., AK™ and AK ™) share scattering
parameters (Refy, Imfy, dy), and the three distinct analyses
(AKt, AK™,and AKg ) are assumed to have unique scattering
parameters which are allowed to differ from each other. The
pair emission source for a given centrality class is assumed
similar among all analyses; therefore, for each centrality, all
AK analyses share a common radius parameter, R. Further-
more, for each centrality class, a single Ap; parameter [see
Eq. (7)] is shared among all. Each fit correlation function has
a unique normalization parameter, .

The experimental correlation functions were constructed
separately for the two different field polarities applied by
the ALICE L3 solenoid magnet during the data acquisition.
These are kept separate during the fitting process, and are
combined using a weighted average when plotting, where the
weight is the number of numerator pairs in the normalization
range. All experimental correlation functions are normalized
in the range 0.32 < k* < 0.40 GeV/c, and fit in the range
0.0 < k* < 0.30 GeV/c. For the AK™ analysis, the region
0.19 < k* < 0.23 GeV/c was excluded from the fit to exclude
the bump caused by the Q7 decay. A log-likelihood fit func-
tion is used as the statistic quantifying the quality of the fit to
the experimental data [1].

The complete fit function is constructed as follows. The
uncorrected, primary, fit correlation function, Cax (K} k. 1rye)s
is constructed using Eq. (5). Contributions from three par-
ent systems which contribute via residual correlations are
accounted for, as discussed in Sec. III C. The model corre-
lation functions describing these parent systems, Cj; (k' tpe )
are obtained using Eq. (5) for Coulomb-neutral pairs or
experimental data for 2~ K* contributions. The residual con-
tributions are then found by running each parent correlation
function through the appropriate transform matrix, via Eq. (8).
The model primary and residual contributions are combined,
via Eq. (6) with the A;; values listed in Table IV, to form
Cly, (k}..). Corrections are applied to account for finite
track momentum resolution effects using Eq. (10), to obtain
C};, (k..). Finally, the nonfemtoscopic background correc-
tion, Fpgeq(kg,.), is applied as described in Sec. IILE, and the
final fit function is obtained,

Crit(kee) = N X Fgd(kgeo) X Chiy (koo (13)

where A is a normalization parameter. This model correlation
function is then fit to the experimental correlation function.

G. Systematic uncertainties

To estimate the systematic uncertainties in the analysis, the
selection criteria were varied, and experimental correlation
functions and fit results were obtained for each variation.
To quantify the systematic uncertainties on the data points,
the experimental correlation functions from each variation
of the selection criteria were combined, giving a distribution
of values for each k*. From these distributions, the standard
deviations were calculated and assigned as the systematic
uncertainties of the corresponding data points.

A similar process was followed for estimating the system-
atic uncertainties of the extracted fit parameters. Namely, the
extracted fit parameters from each variation were averaged,
and the resulting standard deviations taken as the systematic
uncertainties. Additionally, a systematic analysis was done
on the fit method through varying the k* fit range, varying
the modeling of the nonfemtoscopic background, as well as
varying Tmax in the treatment of residual correlations. The
choice of k* fit range was varied by +25%. In addition to
modeling with a polynomial fit to the THERMINATOR 2
simulation, the backgrounds of all of the systems were mod-
eled by fitting to the data with a linear, quadratic, and
Gaussian form. Finally, t,,x was varied from the default
value of 7,,x = 10 fm/c down to T, = 6 fm/c and up to
Tmax = 15 fm/c. The resulting uncertainties in the extracted
parameter sets were combined with the uncertainties arising
from the variations of the selection criteria. The systematic
uncertainties of the extracted parameters sets are due primar-
ily to the fit method variations, i. e., the selection criteria do
not contribute significantly.

IV. RESULTS

Figure 3 shows the AK data with fits for all studied central-
ity percentile intervals (0-10%, 10-30%, and 30-50%). All
six AK systems (AK, AK—, AK~, AK*, AKQ, AK?) are
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FIG. 3. Fit results for the AK data, with pair and conjugate combined. The AK*@® AK~ data are shown in the left column, the AK~®
AK™ in the middle, and the AK{® AKY in the right. Rows differentiate the different centrality intervals (0-10% in the top, 10-30% in the
middle, and 30-50% in the bottom). Lines represent statistical uncertainties, while boxes represent systematic uncertainties. The dotted curve
shows the primary (AK) contribution to the fit, the dashed curve shows the fit to the nonfemtoscopic background, and the solid curve shows
the final fit. The shaded region represents the (combined statistical and systematic) uncertainty of the final fit.

fit simultaneously across all centralities, with a single radius
and normalization Ap; parameter for each centrality interval.
The figure shows the primary (AK) contribution to the fit [i.e.,
1 4+ A xCak (ki x) in Eq. (6)], the fit to the nonfemtoscopic
background, and the final fit, with all residual contributions
included and after all corrections have been applied. The
extraction of the primary AK component is the purpose of this
study. The figure demonstrates that the final fit function is sim-
ilar to the primary AK component, with the largest differences
between the two observed in the 30-50% centrality interval
due mainly to the large contribution of the nonfemtoscopic
background.

Figure 4 (left) summarizes the extracted AK scattering
parameters, and includes theoretical predictions made using
chiral perturbation theory [10,11]. For all AK systems, pos-
itive imaginary parts of the scattering lengths, Im(fy), are
extracted from the experimental data. This is expected, as
Im(fy) describes the inelastic scattering channels. More in-
terestingly, the results show that the AK™ and AK~ systems
differ in the sign of the real part, Re(fy), of their scattering
lengths, with a negative value for AK™ and positive value
for AK~. The Refy extracted for the AK? system is positive,
and within uncertainties of that of AK~. The real part of the
scattering length describes the effect of the strong interaction:

A positive Re(fy) signifies that the interaction is attractive,
while a negative Re(fy) signifies a repulsive interaction,
as is the usual convention in femtoscopy. Therefore, the
femtoscopic signals from this analysis demonstrate that the
strong interaction acts repulsively in the AK™ system and
attractively in the AK~ system. The analysis suggests that
the AK_Q interaction is attractive, however the uncertainty of
the result does not permit a definite conclusion. Finally, the
results indicate that the effective range of the interaction, d,
is positive in the AK™ system and negative in the AK~ and
AK? systems.

In Fig. 4 (left), the predictions of Ref. [10] do not distin-
guish the KA and KA interactions and results are shown for
two different parameter sets, whereas [11] offers unique KA
and K A scattering parameters for a single parameter set. Past
studies of kaon-proton scattering found the K~ p interaction to
be attractive, and that of the K p to be repulsive [12-15]. With
respect to the kaons, this is similar to the current finding of an
attractive AK™ interaction and a repulsive AK™ interaction.
This difference could arise from different quark-antiquark
interactions between the pairs (ss in AK™, un in AK™). A
related explanation could be that the effect is due to the dif-
ferent net strangeness for each system. The quark content of
the A (A) is uds (ﬁ), that of the K+ (K™) is us (us), and
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FIG. 4. Extracted fit parameters for all of the AK systems. In the figures, lines represent statistical uncertainties, while boxes represent
systematic uncertainties. Left: The scattering parameters, Im fy and Re fy, together with dj to the right, for the AK™ (circles), AK~ (squares)
and AKg (stars) systems. Right: The Ag;, and radius parameters for the 0-10% (circles), 10-30% (squares), and 30-50% (stars) centrality
intervals. In the fit, all AK systems share common radii. The cross [10] and X [11] points show theoretical predictions made using chiral

perturbation theory.

the K7 is a mixture of the neutral K° and KO states with quark
content %fz[dﬁ + ds]. It is interesting to note the presence of

a 5 pair in the AK™ system contrasted with a u# pair in the
AK™ system. Additionally, although the Kg is an average of
K* and K~ in some respects (e.g., electrically), it contains
(anti)ddown quarks, whereas the K* contain (anti)up quarks.
Figure 4 (right) presents the Ap; and radius parameters
for all three studied centrality percentile ranges. The A pa-
rameters are expected to be close to unity. A comparison of
the extracted radii from this study to those of other systems
measured by ALICE [36] is shown in Fig. 5. The figure
shows Rj,y as a function of my for several centrality ranges
and for several different pair systems. The my value used for
the present AK results was taken as the average of the three
systems. For nonidentical particle pairs, to be more directly
analogous to the single particle mr, the definition of the pair
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FIG. 5. Extracted fit R;,, parameters as a function of pair trans-
verse mass (mr) for several centralities. Results from the AK
analysis are presented together with ALICE published data [36] for
various other pair systems. Statistical (lines) and systematic (boxes)
uncertainties are shown.

transverse mass used in this study is

2 2
2 _ [ Minv 1
M paic = | 7 + §|PT.1 + prol

= (K"’ — (K7,

where K"

1

5 (P +p2). (14)
The radii are observed to increase for more central events, as
expected from a simple geometric picture of the collisions.
Femtoscopy probes the distribution of relative positions of
outgoing particles whose velocities have a specific magnitude
and direction [1], referred to as “regions of homogeneity”
[5]. Consequently, for each pair system, the radii decrease
with increasing mr, as expected in the presence of collective
radial flow [5]. It was found that [37], even in the presence
of global my scaling for the three-dimensional radii in the
longitudinally comoving system (LCMS), a particle species
dependence will exist for the Rj,, measured in the PRF, due
to trivial kinematic reasons. These kinematic effects, resulting
from the transformation from LCMS to PRF, cause smaller
masses to exhibit larger Ry, [36] (explaining, for instance,
why the pion radii are systematically higher than kaon radii
at the same approximate mr).

It is clear from the results in Fig. 5 that the AK sys-
tems do not conform to the approximate my scaling of the
identical particle pair source sizes. There are two important
consequences of the hydrodynamic nature of the system to
consider when interpreting nonidentical femtoscopic results.
First, the hydrodynamic response of the medium produces
the approximate my scaling with respect to the single-particle
sources. Second, this response confines higher-my particles to
smaller homogeneity regions and pushes their average emis-
sion points further in the “out” direction [6] in a coordinate
system chosen according to the out-side-long prescription
(where the “long” axis is parallel to the beam, “out” is parallel
to the total transverse momentum of the pair, and “side” is
orthogonal to both). For identical particle studies, in which
the pair source is comprised of two identical single parti-
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FIG. 6. Spherical harmonics components Cy (left) and ReC); (right) of the AK™ correlation function for the 0~10% centrality interval.
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typically studied, and probes the overall size of the source. The ReC}; component probes the asymmetry in the system; a nonzero value reveals

the asymmetry.

cle sources commonly affected by the space-time shift, the
femtoscopic radii naturally follow the myr-scaling trend.
However, for the case of nonidentical particles, the pair emis-
sion source is a superposition of two unique single-particle
sources, which are affected differently by the hydrodynamic
response of the system. Therefore, the A and K sources differ
both in size and space-time location, leading to an “emission
asymmetry,” with the A source both smaller in size and further
out in the fireball than that of the kaons.

A separation of the single-particle sources in the “out”
direction is expected for AK pairs at midrapidity in Pb-Pb
collisions, as described above, and the experimental data
support such an emission asymmetry. In addition to the “size”
of the emitting region (more precisely, the second moments
of the emission functions) accessible with identical particle
studies, nonidentical particle correlations are sensitive to the
relative emission shifts, i. e., the first moments of the emission
function [7]. The spherical harmonic decomposition of the
correlation function offers an elegant method for extracting
information about the emission asymmetries [38—40]. With
this method, one can draw a wealth of information from just
a few components of the decomposition. Particularly, the
! = 0, m = 0 component, Cy, quantifies the angle-integrated
strength of the correlation function, and probes the overall
size of the source. Of interest here, the real part of the [ = 1,

m =1 component, ReC;;, probes the asymmetry of the
system in the “out” direction; a nonzero value reveals the
asymmetry. Figure 6 shows the Cyy and ReCj; components
from the spherical decomposition of the AK™ data in the
0-10% centrality interval. The ReC;; component shows
a clear deviation from zero, and the negative value
signifies that the A particles are, on average, emitted
further out and/or earlier than the K mesons. This
conclusion is supported by the results obtained from
the THERMINATOR 2 model (see Appendix C).
Furthermore, this emission asymmetry effect can inflate
the radii extracted with the one-dimensional Lednicky model,
which assumes a spherically symmetric source with no offsets
(i.e., Rou = Ryide = Rlong and  flou = Uside = Miong = 0).
This effect is demonstrated in Appendix C using the
THERMINATOR 2 simulation. In Fig. 5, the largest violation
of the mr scaling for the AK system is observed for the
0-10% centrality interval, in which one expects the largest
emission asymmetry.

V. SUMMARY

Results from a femtoscopic analysis of AK correlations
in Pb-Pb collisions at ,/syy = 2.76 TeV measured by the
ALICE experiment at the LHC have been presented, and

TABLE V. Extracted fit parameters. The uncertainties marked as “stat.” are those returned by MINUIT [41], and those marked as “syst.”

result from the systematic analysis.

Centrality AFit

Rinv

0-10%

1.14 £ 0.29 (stat.) = 0.18 (syst.)

6.02 £ 0.82 (stat.) = 0.65 (syst.)

10-30% 0.82 £ 0.18 (stat.) & 0.16 (syst.) 4.50 £ 0.51 (stat.) £ 0.45 (syst.)

30-50% 0.90 £ 0.22 (stat.) = 0.19 (syst.) 3.61 £ 0.44 (stat.) = 0.30 (syst.)

System Refy Imfy dy

AKt® AK~ 0.60 £ 0.12 (stat.) & 0.11 (syst.) 0.51 £ 0.15 (stat.) = 0.12 (syst.) 0.83 £ 0.47 (stat.) & 1.23 (syst.)
AK-® AK* 0.27 £ 0.12 (stat.) = 0.07 (syst.) 0.40 £ 0.11 (stat.) = 0.07 (syst.) —5.23 £ 2.13 (stat.) &= 4.80 (syst.)
AK® XKSO 0.10 £ 0.13 (stat.) & 0.07 (syst.) 0.58 £ 0.15 (stat.) = 0.13 (syst.) —1.85 £ 1.71 (stat.) & 2.77 (syst.)
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are summarized in Table V. The femtoscopic radii, A pa-
rameters, and scattering parameters were extracted from
one-dimensional correlation functions in terms of the invariant
momentum difference. The scattering parameters of AK pairs
in all three charge combinations (AK+, AK~, and AKS) were
measured for the first time. The nonfemtoscopic backgrounds
observed in the experimental data were described quantita-
tively with the THERMINATOR 2 event generator, and were
found to result almost entirely from collective effects. Strik-
ing differences are observed in the AK+, AK~, and AKg
correlation functions, which are reflected in the unique set of
scattering parameters extracted for each. These scattering pa-
rameters indicate that the strong force is repulsive in the AK™
interaction and attractive in the AK ™ interaction, and suggest
that the interaction is also attractive in the AK{ system. This
effect could be due to different quark-antiquark interactions
between the pairs, or from different net strangeness present in
each system. The extracted source radii describing the AK
systems are larger than expected from naive extrapolation
of identical particle femtoscopic studies. This effect is inter-
preted as resulting from the separation in space-time of the
single-particle A and K source distributions (i.e., the emission
asymmetry of the source), which is confirmed by the spherical
harmonics decomposition of the correlation functions.
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APPENDIX A: STAVINSKIY REFERENCE METHOD

Another option for obtaining the reference distribution,
B(k*), is to use, what will be referred to as, the “Stavinskiy
method” [34]. The method was first proposed to handle the
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case of one event femtoscopy, and has been suggested for use
in eliminating momentum conservation effects in the refer-
ence distribution [1]. The method is appropriate for collisions
between symmetric projectiles, at sufficiently large energy,
with a detector which is symmetrical with respect to the
transformation r — —r. The use of this method in a three-
dimensional analysis of two-pion correlations produced, in
comparison to the event mixing results, an increase of 6%
for Rgige at low-kr and up to 4% for Ry and Riong [42]. The
purpose of using the Stavinskiy method in this AK analy-
sis is to rid the correlation functions of the nonfemtoscopic
background. More specifically, the intent is to handle back-
ground contributions from elliptic flow, and other sources
having reflection symmetry in the transverse plane. With the
Stavinskiy method, mixed-event pairs are not used for the ref-
erence distribution; instead, same-event pseudopairs, formed
by rotating one particle in a real pair by 180° in the trans-
verse plane, are used [35]. This rotation rids the pairs of any
femtoscopic correlation, while maintaining correlations due
to elliptic flow (and other suitably symmetric contributors).
Care needs to be taken in treating the pseudopairs exactly like
the real pairs; e. g., the pseudopairs should be exposed to the
same pair rejection procedures used in the analysis on the real
pairs. The results of correctly implementing such a procedure
are shown in Fig. 7. The figure demonstrates, for the AK™
system, that the Stavinskiy method is effective in flattening
the correlation function in the region where no femtoscopic
signal is expected. This procedure flattens the nonfemtoscopic
background equally well for the AK~ system, but is less
effective for the AK{ system.

APPENDIX B: STRONG AND COULOMB FITTER

When modeling systems which include both strong and
Coulomb effects, Eq. (5) is no longer valid, and there exists
no analytical form with which to fit. To model such a sys-
tem, a more fundamental approach must be taken, beginning
with Eq. (2) and using the two-particle wave function which
includes both strong and Coulomb interactions [43],

Wi (r*) = eié‘M[eik*Xr*F(—iﬂ» L. i§)
G(p, n)}

r*

+ fek*)

(BI)

where p = k*r*, n = (k*a.) ™", E = K* xr* + k*r* = p(1 +
cos6*), and a. = (uz1z2¢*)~" is the two-particle Bohr ra-
dius (including the sign of the interaction). Furthermore, §.
is the Coulomb s-wave phase shift, A.(n) is the Coulomb
penetration factor, G = /A.(Gy + iFy) is a combination of
the regular (Fp) and singular (Gy) s-wave Coulomb functions.
Finally, f.(k*) is the s-wave scattering amplitude,

* 1 1 *2 2 RS -
Je(k™) = [— + Sdok™ — —h(n) — ik Ac(n)} . (B2)
fO 2 dc

where the “h-function,” h(n), is expressed through the
digamma function, ¥ (z) = I''(z)/T'(z) as

h(n) = 0.5[¢ (in) + ¥ (—in) — In(n*)]. (B3)
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FIG. 7. Correlation functions for the AKt @ AK~ system built
using the Stavinskiy method for 0-10%, 10-30%, and 30-50% cen-
trality intervals. Closed symbols represent correlations built using
the normal mixed-event reference distribution, while open symbols
represent correlations formed using the Stavinskiy same-event pseu-
dopairs as a reference. Statistical (lines) and systematic (boxes)
uncertainties are shown.

0.9

In this case, the A parameter may be included as

CEKH=1—1)+r / S(r)| Wy, (r*)|2d3r*. (B4)
To build a fit function for a system including both strong and
Coulomb interactions two related options were considered.
The first option was to numerically integrate Eq. (2). The
second option was to simulate a large sample of particle pairs,
calculate the wave function describing the interaction, and
average to obtain the integral in Eq. (2). For this analysis, the
latter option was adopted.

APPENDIX C: RELATIVE EMISSION SHIFTS
WITH THERMINATOR 2

Figure 8 shows AK™ results from the THERMINATOR 2
event generator for an impact parameter of b =2 fm. As
THERMINATOR 2 does not include any final state effects,
the femtoscopic correlation was introduced by assuming a set
of scattering parameters (Refy, Imfy, dyp) = (—0.60 fm, 0.51
fm, 0.83 fm) and weighting the pairs in the signal distribution
with the modulus squared of the two-particle wave function,
|2
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FIG. 8. Results from the THERMINATOR 2 simulation implemented with an impact parameter b = 2 fm for the AK™ pair system. Where
experimental data are shown, lines represent statistical uncertainties, while boxes represent systematic uncertainties. (a) the one-dimensional
correlation function from THERMINATOR 2 together with the experimental data. (b) the ReCj; component of a spherical harmonic
decomposition of the THERMINATOR 2 simulation together with the experimental data. The other four panels show the source distribution
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distributions have all been fitted with a Gaussian form over the regions contained within the dashed lines, the results of which are printed
within the respective plots.
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FIG. 9. Probing the effect of varying the source shift in the outward direction, ftoy, within the THERMINATOR 2 framework. To achieve
this, particle pairs are formed from the simulation, but with altered spatial characteristics achieved by drawing the out, side, and long
components from predetermined Gaussian distributions. The sources in all three directions are Gaussians of width 5 fm. The distributions
used for the side and long direction are centered at the origin, while the shift in the outward direction, jtoy, is varied. The plots show fits
resulting from sources with (i, increasing from 0 to 6 fm. The effect of increasing woy clearly increases the effective radius extracted in

the fit.

The top row of Fig. 8 shows the experimental AK+ @
AK~ data together with the simulation results [Fig. 8(a)] for
the one-dimensional correlation function and [Fig. 8(b)] for
the real part of the [ = 1, m = 1 component, ReCy;, of the
spherical harmonic decomposition. The other four plots in
Fig. 8 show the two-particle emission function (i.e., the pair
separation distributions) from the simulation in the [Fig. 8(c)]
out (rx,), [Fig. 8(d)] side (v},.), and [Fig. 8(e)] long (rfgng)
directions, as well as [Fig. 8(f)] the temporal characteristics
of the source (Ar*), all measured in the PRF. The source
distributions have all been fitted with a Gaussian form, the
results of which are printed within the respective plots. One
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immediately sees a significant spatial shift in the out direction,
Wout = 4 fm, and negligible shift in the other two directions,
Mside ~ Uiong ~ 0 fm. In other words, the figure demonstrates
that, within the THERMINATOR 2 model, the A is, on aver-
age, emitted further out than its K partner. Additionally, the
figure shows a nonzero temporal shift, ux, &~ —2.7 fm/c,
signifying that the A is, on average, emitted earlier than its
K partner within the model.

This section concludes with a brief look at how a spa-
tial separation of the single particle sources affects the
radii extracted from a femtoscopic analysis. To achieve this,
THERMINATOR 2 is used in a similar fashion as described

~ 001
5;_ 0.005 - RCy, (b)
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FIG. 10. Spherical harmonics components (left) Coo and (right) ReCy; of the AK™ correlation function for the 0~10% centrality interval
shown with results from the THERMINATOR 2 simulation implemented with different shifts in the outward direction, oy, as described in
the text. Statistical (lines) and systematic (boxes) uncertainties are shown for the experimental data.
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above, but with one important difference. Instead of taking
the source information from THERMINATOR 2, the source
is drawn from a predetermined Gaussian distribution. In all,
Rout = Rside = Riong = 5 fm, and pgge = Mlong = 0 fm. The
cases of oy = 0 fm, poy = 1 fm, poy = 3 fm, and poy =
6 fm were studied within the simulation. Note that within
this implementation there is no time difference in the emis-
sion of the A and K particles. For each, a one-dimensional
correlation function is generated and fit with the Lednicky
model, as shown in Fig. 9. The scattering parameters are
known precisely here, as they served as the weights used in the
simulation, and are kept constant in the fit. The real compo-
nent of the scattering length describes the effect of the strong
interaction, and is very narrow in k* (k* < 100 MeV/c). The
imaginary component of the scattering length accounts for
inelastic scattering channels, and produces a wide (hundreds

of MeV/c) negative correlation which goes to zero at k* = 0
MeV/c. The interplay of these two components determines
the final shape of the correlation function; in the case of
Fig. 9, although both Re(fy) and Im(fy) lead to a suppres-
sion, the combination of these distinct contributions results
in a rise of the correlation function at low k* (while still
remaining less than unity). For the fit, only the extracted
one-dimensional source size is of interest here, so the A pa-
rameter is also fixed at unity. The figure demonstrates that
as the separation g, increases, so do the extracted femto-
scopic radii. Figure 10 shows, together with the experimental
AK™ data, the effect of increasing 1o, on the spherical har-
monic / =0, m =0 component, Cypy, and on the real part
of the I = 1, m = 1 component, ReCy;. The figures shows
that as pqy increases, so does the magnitude of the ReCy;
signal.

[1] M. A. Lisa, S. Pratt, R. Soltz, and U. Wiedemann, Femtoscopy
in relativistic heavy ion collisions, Ann. Rev. Nucl. Part. Sci.
55, 357 (2005).

[2] G. L. Kopylov and M. 1. Podgoretsky, Correlations of identical
particles emitted by highly excited nuclei, Sov. J. Nucl. Phys.
15, 219 (1972) [Yad. Fiz. 15, 392 (1972)].

[3] M. A. Lisa and S. Pratt, Femtoscopically probing the freeze-out
configuration in heavy ion collisions, in Relativistic Heavy lon
Physics, edited by R. Stock (Springer-Verlag, Berlin, Heidel-
berg, 2010).

[4] A. N. Makhlin and Yu. M. Sinyukov, The hydrodynamics of
hadron matter under a pion interferometric microscope, Z. Phys.
C 39, 69 (1988).

[5] S. V. Akkelin and Yu. M. Sinyukov, The HBT-interferometry of
expanding sources, Phys. Lett. B 356, 525 (1995).

[6] F. Retiere and M. A. Lisa, Observable implications of geometri-
cal and dynamical aspects of freeze-out in heavy ion collisions,
Phys. Rev. C 70, 044907 (2004).

[7] A. Kisiel, Non-identical particle femtoscopy at ./syy =
200 GeV in hydrodynamics with statistical hadronization,
Phys. Rev. C 81, 064906 (2010).

[8] R. Lednicky, V. L. Lyuboshitz, B. Erazmus, and D. Nouais,
How to measure which sort of particles was emitted earlier and
which later, Phys. Lett. B 373, 30 (1996).

[9] S. Voloshin, R. Lednicky, S. Panitkin, and N. Xu, Relative
Space-Time Asymmetries in Pion and Nucleon Production
in Noncentral Nucleus-Nucleus Collisions at High Energies,
Phys. Rev. Lett. 79, 4766 (1997).

[10] Y.-R. Liu and S.-L. Zhu, Meson-baryon scattering lengths in
HBy PT, Phys. Rev. D 75, 034003 (2007).

[11] M. Mai, P. C. Bruns, B. Kubis, and Ulf-G. Meifiner, Aspects of
meson-baryon scattering in three- and two-flavor chiral pertur-
bation theory, Phys. Rev. D 80, 094006 (2009).

[12] W. E. Humphrey and R. R. Ross, Low-energy interactions of
K~ mesons in hydrogen, Phys. Rev. 127, 1305 (1962).

[13] D. Hadjimichef, J. Haidenbauer, and G. Krein, Short-range
repulsion and isospin dependence in the kaon-nucleon (KN)
system, Phys. Rev. C 66, 055214 (2002).

[14] Y. Ikeda, T. Hyodo, and W. Weise, Chiral SU(3) theory of
antikaon—nucleon interactions with improved threshold con-
straints, Nucl. Phys. A 881, 98 (2012).

[15] S. Acharya et al. (ALICE Collaboration), Scattering Studies
with Low-Energy Kaon-Proton Femtoscopy in Proton-Proton
Collisions at the LHC, Phys. Rev. Lett. 124, 092301 (2020).

[16] R. Lednicky and V. L. Lyuboshitz, Final state interaction effect
on pairing correlations between particles with small relative
momenta, Sov. J. Nucl. Phys. 35, 770 (1982) [ Yad. Fiz. 35, 1316
(1981)].

[17] M. Chojnacki, A. Kisiel, W. Florkowski, and W. Broniowski,
THERMINATOR 2: THERMal heavy IoN generATOR 2,
Comput. Phys. Commun. 183, 746 (2012).

[18] K. Aamodt et al. (ALICE Collaboration), The ALICE experi-
ment at the CERN LHC, JINST 3, S08002 (2008).

[19] B. Abelev et al. (ALICE Collaboration), Centrality determi-
nation of Pb-Pb collisions at ,/syy = 2.76 TeV with ALICE,
Phys. Rev. C 88, 044909 (2013).

[20] J. Alme et al., The ALICE TPC, a large 3-dimensional track-
ing device with fast readout for ultra-high multiplicity events,
Nucl. Instrum. Methods Phys. Res. Sect. A 622, 316
(2010).

[21] B. Abelev et al. (ALICE Collaboration), Technical design report
for the upgrade of the ALICE inner tracking system, J. Phys. G
41, 087002 (2014).

[22] B. Abelev et al. (ALICE Collaboration), Performance of the
ALICE experiment at the CERN LHC, Int. J. Mod. Phys. A
29, 1430044 (2014).

[23] A. Akindinov et al., Performance of the ALICE Time-Of-Flight
detector at the LHC, Eur. Phys. J. Plus 128, 44 (2013).

[24] X.-N. Wang and M. Gyulassy, HIJING: A Monte Carlo model
for multiple jet production in pp, pA, and AA collisions,
Phys. Rev. D 44, 3501 (1991).

[25] R. Brun, F. Bruyant, F. Carminati, S. Giani, M. Maire, A.
McPherson, G. Patrick, and L. Urban, GEANT: Detector De-
scription and Simulation Tool; Oct 1994, CERN Program
Library (CERN, Geneva, 1993).

[26] S. Acharya et al. (ALICE Collaboration), Kaon femtoscopy in
Pb—Pb collisions at ,/syy = 2.76 TeV, Phys. Rev. C 96, 064613
(2017).

[27] M. Tanabashi et al. (Particle Data Group Collaboration), Re-
view of particle physics, Phys. Rev. D 98, 030001 (2018).

[28] S. E. Koonin, Proton pictures of high-energy nuclear collisions,
Phys. Lett. B 70, 43 (1977).

055201-17


https://doi.org/10.1146/annurev.nucl.55.090704.151533
https://doi.org/10.1007/BF01560393
https://doi.org/10.1016/0370-2693(95)00765-D
https://doi.org/10.1103/PhysRevC.70.044907
https://doi.org/10.1103/PhysRevC.81.064906
https://doi.org/10.1016/0370-2693(96)00124-4
https://doi.org/10.1103/PhysRevLett.79.4766
https://doi.org/10.1103/PhysRevD.75.034003
https://doi.org/10.1103/PhysRevD.80.094006
https://doi.org/10.1103/PhysRev.127.1305
https://doi.org/10.1103/PhysRevC.66.055214
https://doi.org/10.1016/j.nuclphysa.2012.01.029
https://doi.org/10.1103/PhysRevLett.124.092301
https://doi.org/10.1016/j.cpc.2011.11.018
https://doi.org/10.1103/PhysRevC.88.044909
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1088/0954-3899/41/8/087002
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1140/epjp/i2013-13044-x
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1103/PhysRevC.96.064613
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1016/0370-2693(77)90340-9

S. ACHARYA et al.

PHYSICAL REVIEW C 103, 055201 (2021)

[29] S. Pratt, T. Csorgd, and J. Zimanyi, Detailed predictions for
two-pion correlations in ultrarelativistic heavy-ion collisions,
Phys. Rev. C 42, 2646 (1990).

[30] G. I. Kopylov, Like particle correlations as a tool to study the
multiple production mechanism, Phys. Lett. B 50, 472 (1974).

[31] A. Kisiel, H. Zbroszczyk, and M. Szymarnski, Extracting
baryon-antibaryon strong-interaction potentials from pA fem-
toscopic correlation functions, Phys. Rev. C 89, 054916 (2014).

[32] S. Acharya et al. (ALICE Collaboration), p—p, p—A, and
A —A correlations studied via femtoscopy in pp reactions at
/s =7 TeV, Phys. Rev. C 99, 024001 (2019).

[33] A. Kisiel, Non-identical particle correlation analysis in the pres-
ence of non-femtoscopic correlations, Acta Phys. Pol. B 48, 717
(2017).

[34] A. Stavinskiy et al., Some new aspects of femtoscopy at high
energy, Nukleonika 49, S23 (2004).

[35] K. Aamodt et al. (ALICE Collaboration), Two-pion Bose-
Einstein correlations in pp collisions at /s = 900GeV,
Phys. Rev. D 82, 052001 (2010).

[36] J. Adam et al. (ALICE Collaboration), One-dimensional pion,
kaon, and proton femtoscopy in Pb—Pb collisions at /syy =
2.76 TeV, Phys. Rev. C 92, 054908 (2015).

[37] A. Kisiel, M. Gatazyn, and P. Bozek, Pion, kaon, and proton
femtoscopy in Pb—Pb collisions at ./syy = 2.76 TeV modeled
in (34+1)D hydrodynamics, Phys. Rev. C 90, 064914 (2014).

[38] Z. Chajecki and M. A. Lisa, Global conservation laws and
femtoscopy of small systems, Phys. Rev. C 78, 064903 (2008).

[39] D. A. Brown, A. Enokizono, M. Heffner, R. Soltz,
P. Danielewicz, and S. Pratt, Imaging three dimensional
two-particle correlations for heavy-ion reaction studies,
Phys. Rev. C 72, 054902 (2005).

[40] A. Kisiel and D. A. Brown, Efficient and robust calculation
of femtoscopic correlation functions in spherical harmonics
directly from the raw pairs measured in heavy-ion collisions,
Phys. Rev. C 80, 064911 (2009).

[41] F. James and M. Roos, Minuit—A system for function mini-
mization and analysis of the parameter errors and correlations,
Comput. Phys. Commun. 10, 343 (1975).

[42] K. Aamodt et al. (ALICE Collaboration), Two-pion Bose-
Einstein correlations in central Pb—Pb collisions at /syy =
2.76 TeV, Phys. Lett. B 696, 328 (2011).

[43] R. Lednicky, Finite-size effects on two-particle production in
continuous and discrete spectrum, Phys. Part. Nucl. 40, 307
(2009).

S. Acharya,'*! D. Adamov4,”> A. Adler,”* J. Adolfsson,’! M. M. Aggarwal,'” G. Aglieri Rinella,>* M. Agnello,*°
N. Agrawal,'®>* Z. Ahammed,'*' S. Ahmad,'® S. U. Ahn,’® Z. Akbar,>! A. Akindinov,”> M. Al-Turany,'”” S. N. Alam,**!4!
D. S. D. Albuquerque,'?? D. Aleksandrov,®® B. Alessandro,’® H. M. Alfanda,® R. Alfaro Molina,”' B. Ali,'° Y. Ali,'*
A. Alici,'0-26:54 A Alkin,23* J. Alme,2! T. Alt,%8 L. Altenkamper,21 1. Altsybeev,113 M. N. Anaam.® C. Andrei,*® D. Andreou,**
A. Andronic,'* M. Angeletti,** V. Anguelov,'™* C. Anson,'> T. Anti¢i¢,'”® F. Antinori,’” P. Antonioli,* N. Apadula,®
L. Aphecetche,''> H. Appelshiuser,’® S. Arcelli,’® R. Arnaldi,>® M. Arratia,® 1. C. Arsene,?’ M. Arslandok,'*
A. Augustinus,** R. Averbeck,'”’ S. Aziz,”® M. D. Azmi,'® A. Badal3,’® Y. W. Baek,*' S. Bagnasco,” X. Bai,'"’
R. Bailhache,?® R. Bala,!°! A. Balbino, A. Baldisseri,!?” M. Ball,** S. Balouza,' D. Banerjee,3 R. Barbera,?’ L. Barioglio,25
G. G. Barnafoldi,'® L. S. Barnby,’* V. Barret,'** P. Bartalini,® C. Bartels,'?’” K. Barth,** E. Bartsch,% F. Baruffaldi,?8
N. Bastid,'** S. Basu,'** G. Batigne,'"® B. Batyunya,”> D. Bauri,* J. L. Bazo Alba,''? I. G. Bearden,* C. Beattie,'*°
C. Bedda,®® N. K. Behera,’! I. Belikov,'*® A. D. C. Bell Hechavarria,'** F. Bellini,>* R. Bellwied,'> V. Belyaev,”
G. Bencedi,'® S. Beole,” A. Bercuci,*® Y. Berdnikov,”® D. Berenyi,145 R. A. Bertens,'?° D. Berzano,”® M. G. Besoiu,?’
L. Betev,** A. Bhasin,'! I. R. Bhat,'°! M. A. Bhat,? H. Bhatt,** B. Bhattacharjee,*> A. Bianchi,>> L. Bianchi,?> N. Bianchi,’?
J. Biel¢ik,” J. Bieléikova,® A. Bilandzic,!% G. Biro,'* R. Biswas,® S. Biswas,’ J. T. Blair,'"® D. Blau,® C. Blume,®®
G. Boca,'® F. Bock,”® A. Bogdanov,” S. Boi,”® J. Bok,®' L. Boldizsar,'* A. Bolozdynya,”> M. Bombara,*® G. Bonomi,'*°
H. Borel,'*” A. Borissov,”® H. Bossi,'#® E. Botta,? L. Bratrud,’® P. Braun-Munzinger,107 M. Bregant,121 M. Broz,*” E. Bruna,”
G. E. Bruno,'% M. D. Buckland,'?’ D. Budnikov,'” H. Buesching,®® S. Bufalino,** O. Bugnon,'!> P. Buhler,''* P. Buncic,**
Z. Buthelezi,”>'3! J. B. Butt,'* J. T. Buxton,”’ S. A. Bysiak,''® D. Caffarri,”® A. Caliva,'”” E. Calvo Villar,''> R. S. Camacho,®
P. Camerini,”* F. D. M. Canedo,'?' A. A. Capon,''* F. Carnesecchi,’® R. Caron,'?” J. Castillo Castellanos,'’ A. J. Castro,'?°
E. A. R. Casula,>® F. Catalano,® C. Ceballos Sanchez,>® P. Chakrabor“[y,49 S. Chandra,'*! W. Chang,6 S. Chapeland,34
M. Chartier,'?” S. Chattopadhyay,'#! S. Chattopadhyay,'!® A. Chauvin,>* C. Cheshkov,'*> B. Cheynis,'?
V. Chibante Barroso,** D. D. Chinellato,'?> S. Cho,®' P. Chochula,** T. Chowdhury,'** P. Christakoglou,”® C. H. Christensen,
P. Christiansen,®' T. Chujo,133 C. Cicalo,” L. Cifarelli,!®2¢ F. Cindolo,’* G. Clai,>** J. Cleymans,124 F. Colamaria,>
D. Colella,’® A. Collu,3° M. Colocci,2® M. Concas,”®-® G. Conesa Balbastre,”® Z. Conesa del Valle,’”® G. Contin,2+0
J. G. Contreras,’” T. M. Cormier,”® Y. Corrales Morales,? P. Cortese,>’ M. R. Cosentino,'?? F. Costa,>* S. Costanza,'°
P. Crochet,'** E. Cuautle,%’ P. Cui,® L. Cunqueiro,’® D. Dabrowski,'*> T. Dahms,'% A. Dainese,’’ F. P. A. Damas,'!>!%7
M. C. Danisch,'%* A. Danu,®” D. Das,!'° I. Das,'!° P. Das,® P. Das,? S. Das,’> A. Dash,®¢ S. Dash,*® S. De,®® A. De Caro,?®
G. de Cataldo,” J. de Cuveland,* A. De Falco,” D. De Gruttola,'” N. De Marco,”® S. De Pasquale,” S. Deb,

H. F. Degenhardt,'”! K. R. Deja,'*> A. Deloff,® S. Delsanto,”'3! W. Deng,® P. Dhankher,** D. Di Bari,** A. Di Mauro,**
R. A. Diaz,’ T. Dietel,'** P. Dillenseger,68 Y. Ding,6 R. Divia,* D. U. Dixit,'° @. Djuvsland,21 U. Dmitrieva,? A. Dobrin,®’
B. Dijnigus,68 0. Dordic,?® A. K. Dubey,141 A. Dubla,’®197 S, Dudi,'® M. Dukhishyam,86 P. Dupieux,134 R. J. Ehlers,%®
V. N. Eikeland,?! D. Elia,’* B. Erazmus,'"> F. Erhardt,” A. Erokhin,''* M. R. Ersdal,?! B. Espagnon,’® G. Eulisse,**

D. Evans,'!' S. Evdokimov,’! L. Fabbietti,'% M. Faggin,?® J. Faivre,”’ F. Fan,® A. Fantoni,’> M. Fasel,’® P. Fecchio,*

055201-18


https://doi.org/10.1103/PhysRevC.42.2646
https://doi.org/10.1016/0370-2693(74)90263-9
https://doi.org/10.1103/PhysRevC.89.054916
https://doi.org/10.1103/PhysRevC.99.024001
https://doi.org/10.5506/APhysPolB.48.717
https://doi.org/10.1103/PhysRevD.82.052001
https://doi.org/10.1103/PhysRevC.92.054908
https://doi.org/10.1103/PhysRevC.90.064914
https://doi.org/10.1103/PhysRevC.78.064903
https://doi.org/10.1103/PhysRevC.72.054902
https://doi.org/10.1103/PhysRevC.80.064911
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1016/j.physletb.2010.12.053
https://doi.org/10.1134/S1063779609030034

AK FEMTOSCOPY IN Pb-Pb COLLISIONS AT ,/syy = 2.76 TeV PHYSICAL REVIEW C 103, 055201 (2021)

A. Feliciello,”® G. Feofilov,'!3 A. Fernandez Téllez,* A. Ferrero,'*” A. Ferretti,”® A. Festanti,>* V. J. G. Feuillard,'%*

J. Figiel,''® S. Filchagin,'” D. Finogeev.,%? F. M. Fionda,?' G. Fiorenza,>® F. Flor,'”> A. N. Flores,'"” S. Foertsch,’? P. Foka,'?’
S. Fokin,3® E. Fragiacomo,®® U. Frankenfeld,'"” U. Fuchs,* C. Furget,” A. Furs,> M. Fusco Girard,? J. J. Gaardhgije,®
M. Gagliardi,”> A. M. Gago,''? A. Gal,'*® C. D. Galvan,'?° P. Ganoti,** C. Garabatos,'”” J. R. A. Garcia,® E. Garcia-Solis,'!
K. Garg,115 C. Gargiulo,34 A. Garibli,?” K. Garner,'** P. Gasik,!9-197 E, F. Gauger,119 M. B. Gay Ducati,’® M. Germain,'!’
J. Ghosh,'!% P, Ghosh,!#! S. K. Ghosh,?> M. Giacalone,2® P. Gianotti,’? P. Giubellino,’*"'%’ P. Giubilato,”® A. M. C. Glaenzer,'?’
P. Glissel,'"* A. Gomez Ramirez,’* V. Gonzalez,'97-143 L. H. Gonzdlez-Trueba,”' S. Gorbunov,* L. Gérlich,'!® A. Goswami,*
S. Gotovac,® V. Grabski,”' L. K. Graczykowski, 4> K. L. Graham,''! L. Greiner,*’ A. Grelli,* C. Grigoras,** V. Grigoriev,”
A. Grigoryan,1 S. Grigoryan,75 0. S. Groettvik,2! F. Grosa,’®° J. F. Grosse-Oetringhaus,34 R. Grosso,'”” R. Guernane,”’
M. Guittiere,''> K. Gulbrandsen,®” T. Gunji,'*> A. Gupta,'’! R. Gupta,'®! 1. B. Guzman,* R. Haake,'*® M. K. Habib,'"’

C. Hadjidakis,”® H. Hamagaki,®” G. Hamar,'> M. Hamid,® R. Hannigan,''” M. R. Haque,**%® A. Harlenderova,'?’

J. W. Harris,'*® A. Harton,"' J. A. Hasenbichler,>* H. Hassan,”® Q. U. Hassan,'* D. Hatzifotiadou,'®>* P. Hauer,*?

L. B. Havener,'#° S. Hayashi,132 S. T. Heckel,'% E. Hellbir,*® H. Helstmp,36 A. Herghelegiu,48 T. Herman,?’

E. G. Hernandez,* G. Herrera Corral,’ F. Herrmann,'** K. F. Hetland,*® H. Hillemanns,** C. Hills,'?’” B. Hippolyte,'3°
B. Hohlweger,'% J. Honermann,'#* D. Horak,>” A. Hornung,%® S. Hornung,'"” R. Hosokawa,"> P. Hristov,>* C. Huang,”®
C. Hughes,"** P. Huhn,% T. J. Humanic,”” H. Hushnud,''° L. A. Husova,'** N. Hussain,*> S. A. Hussain,'* D. Hutter,*

J. P. Iddon,**'?7 R. Tlkaev,'® H. Ilyas,14 M. Inaba,'?3 G. M. Innocenti,>* M. Ippolitov,88 A. Isakov,” M. S. Islam,'!°
M. Ivanov,'?” V. Ivanov,”® V. Izucheev,’' B. Jacak,’’ N. Jacazio,?*>* P. M. Jacobs,’ S. Jadlovska,''” J. Jadlovsky,'!”

S. Jaelani,®® C. Jahnke,'2! M. J. Jakubowska,!*> M. A. Janik,'*? T. Janson,’* M. Jercic,” O. Jevons,!!! M. Jin,!?* F. Jonas, %1%
P. G. Jones,''! J. Jung,68 M. Jung,68 A. Jusko,'!! P. Kalinak,** A. Kalweit,* V. Kaplin,93 S. Kar,® A. Karasu Uysal,77
D. Karatovic,”” O. Karavichev,*® T. Karavicheva,®> P. Karczmarczyk,** E. Karpechev,%? A. Kazantsev,®® U. Kebschull,”*

R. Keidel,*” M. Keil,** B. Ketzer,*> Z. Khabanova,”® A. M. Khan,® S. Khan,'® S. A. Khan,'*! A. Khanzadeev,”® Y. Kharlov,’!
A. Khatun,'® A. Khuntia,''® B. Kileng,*® B. Kim,*' B. Kim,'** D. Kim,'¥’ D. J. Kim,'?® E. J. Kim,”® H. Kim,"” J. Kim,'#’

1. S. Kim,* J. Kim,'* J. Kim,'¥” J. Kim,”® M. Kim,'®* S. Kim,'® T. Kim,'*” T. Kim,'#” S. Kirsch,®® I. Kisel,*® S. Kiselev,%?
A. Kisiel,'* J. L. Klay,’ C. Klein,® J. Klein,**>° S. Klein,** C. Klein-Bosing,'** M. Kleiner,’® A. Kluge,** M. L. Knichel,**
A. G. Knospe,'? C. Kobdaj,''® M. K. Kéhler,'* T. Kollegger,'”” A. Kondratyev,”> N. Kondratyeva,”® E. Kondratyuk,”!

J. Konig,%® S. A. Konigstorfer,'* P. J. Konopka,** G. Kornakov,'*? L. Koska,'!” O. Kovalenko,® V. Kovalenko,''?

M. Kowalski,''® I. Krdlik,®* A. Kravédkova, 8 L. Kreis,'9” M. Krivda,®*!'! E. Krizek,”> K. Krizkova Gajdosova,37 M. Kriigerﬁ8
E. Kryshen,”® M. Krzewicki,* A. M. Kubera,”” V. Kucera,**¢! C. Kuhn,'*¢ P. G. Kuijer,”® L. Kumar,'® S. Kundu,3°
P. Kurashvili,®> A. Kurepin,®> A. B. Kurepin,®> A. Kuryakin,'” S. Kushpil,” J. Kvapil,''" M. J. Kweon,’! J. Y. Kwon,’!

Y. Kwon,'¥7 S. L. La Pointe,® P. La Rocca,?’ Y. S. Lai,®® M. Lamanna,>* R. Langoy,lzg K. Lapidus,34 A. Lardeux,?°
P. Larionov,’? E. Laudi,** R. Lavicka,’’ T. Lazareva,!!® R. Lea,?* L. Leardini,'®* J. Lee,'® S. Lee,'*” F. Lehas,”® S. Lehner,'*
J. Lehrbach,* R. C. Lemmon,”* 1. Leén Monzén,'?° E. D. Lesser,'® M. Lettrich,>* P. Lévai,'* X. Li,'> X. L. Li,° J. Lien,'?
R. Lietava,''! B. Lim,'” V. Lindenstruth,>* A. Lindner,*® C. Lippmann,'”” M. A. Lisa,”” A. Liu," J. Liu,'”’ S. Liu,”’

W. J. Llope,'® I. M. Lofnes,?! V. Loginov,” C. Loizides,”® P. Loncar,* J. A. Lopez,'** X. Lopez,'** E. Lépez Torres,®
J. R. Luhder,'** M. Lunardon,?® G. Luparello,60 Y. G. Ma, 0 A. Maevskaya,62 M. Mager,34 S. M. Mahmood,?® T. Mahmoud,*
A. Maire, 3% R. D. Majka,'46-¢ M. Malaev,”® Q. W. Malik,?® L. Malinina,”>¢ D. Mal’Kevich,’?> P. Malzacher,'"’

G. Mandaglio,’>>¢ V. Manko,® F. Manso,'** V. Manzari,”® Y. Mao,® M. Marchisone,'*> J. Mareg,°® G. V. Margagliotti,>*
A. Margotti,54 J. Margutti,63 A. Marin,'%7 C. Markert,!'° M. Marquard,68 C.D. Martin,?* N. A. Martin,'** P. Martinengo,34
J. L. Martinez,'> M. 1. Martinez,*> G. Martinez Garcia,!'> S. Masciocchi,!?” M. Masera,?> A. Masoni,” L. Massacrier,’®
E. Masson,''> A. Mastroserio,”>'3® A. M. Mathis,'® O. Matonoha,?' P. F. T. Matuoka,'?' A. Matyja,!'® C. Mayer,'!8
F. Mazzaschi,® M. Mazzilli,’® M. A. Mazzoni,”® A. F. Mechler,’® F. Meddi,?? Y. Melikyan,ﬁz’93 A. Menchaca-Rocha,’!

C. Mengke,6 E. Meninno,? 114 M. Meres,!? S. Mhlanga,124 Y. Miake,'? L. Micheletti,® L. C. Migliorin,135 D. L. Mihaylov,105
K. Mikhaylov,”>°?> A. N. Mishra,”” D. Miskowiec,'”” A. Modak,? N. Mohammadi,** A. P. Mohanty,®* B. Mohanty,3°
M. Mohisin Khan,'®-¢ Z. Moravcova,? C. Mordasini,'” D. A. Moreira De Godoy,'** L. A. P. Moreno,* 1. Morozov,®
A. Morsch,** T. Mrnjavac,** V. Muccifora,’> E. Mudnic,* D. Miihlheim,'** S. Muhuri,'*! J. D. Mulligan,** M. G. Munhoz,'?!
R. H. Munzer,®® H. Murakami,'?? S. Murray,124 L. Musa,>* J. Musinsky,64 C. I Myers,125 J.W. Myrcha,142 B. Naik,*

R. Nair,®® B. K. Nandi,* R. Nania,'*>* E. Nappi,>* M. U. Naru,'* A. F. Nassirpour,®' C. Nattrass,'** R. Nayak,*

T. K. Nayak,?® S. Nazarenko,'” A. Neagu,?’ R. A. Negrao De Oliveira,’® L. Nellen,”” S. V. Nesbo,*® G. Neskovic,*

D. Nesterov,''? L. T. Neumann,'#? B. S. Nielsen,® S. Nikolaev,® S. Nikulin,®® V. Nikulin,”® F. Noferini,'®>* P. Nomokonov,”
J. Norman,”® 27 N. Novitzky,133 P. Nowakowski,*% A. Nyanin,88 J. Nystrand,21 M. Ogino,82 A. Ohlson,?-1%* J. Oleniacz,'*?
A. C. Oliveira Da Silva,'** M. H. Oliver,'*® C. Oppedisano,®® A. Ortiz Velasquez,* A. Oskarsson,®! J. Otwinowski,''®
K. Oyama,®? Y. Pachmayer,'** V. Pacik,?® D. Pagano,'*’ G. Pai¢,%° J. Pan,'*® S. Panebianco,'®’ P. Pareek,’*!4! J. Park,®!

J. E. Parkkila,'?® S. Parmar,'® S. P. Pathak,'> B. Paul,” J. Pazzini,'*’ H. Pei,® T. Peitzmann,®® X. Peng.® L. G. Pereira,”®
H. Pereira Da Costa,!3” D. Peresunko,?® G. M. Perez,® S. Perrin,'?” Y. Pestov,* V. Petradek,?’ M. Petrovici,*® R. P. Pezzi,”°
S. Piano,®® M. Pikna,'? P. Pillot,!'> O. Pinazza,*>* L. Pinsky,'?> C. Pinto,?’ S. Pisano,'®? D. Pistone,’® M. Plosko,°
M. Planinic,” F. Pliquett,® M. G. Poghosyan,”® B. Polichtchouk,’' N. Poljak,” A. Pop,*® S. Porteboeuf-Houssais,'3*

V. Pozdniakov,”® S. K. Prasad,’ R. Preghenella,54 F. Prino,”® C. A. Pruneau,'® 1. Pshenichnov,®? M. Puccio,** J. Putschke,'*

055201-19



S. ACHARYA et al. PHYSICAL REVIEW C 103, 055201 (2021)

S. Qiu,” L. Quaglia,25 R.E. Quishpe,125 S. Ragoni,111 S. Raha,’ S. Rajput,101 J. Rak,'?% A. Rakotozafindrabe,'?’ L. Ramello,’!
F. Rami,'*® S. A. R. Ramirez,* R. Raniwala,'”? S. Raniwala,'?? S. S. Risinen,* R. Rath,’® V. Ratza,** I. Ravasenga,”
K. F. Read,®® 139 A R. Redelbach,®® K. Redlich,?>f A. Rehman,?! P. Reichelt,®® F. Reidt,** X. Ren,® R. Renfordt,°®
Z. Rescakova,®® K. Reygers,!™ V. Riabov,”® T. Richert,®":%° M. Richter,?” P. Riedler,>* W. Riegler,>* F. Riggi,?’ C. Ristea,®’
S. P. Rode,”® M. Rodriguez Cahuantzi,* K. Rged,?° R. Rogalev,91 E. Rogochaya,75 D. Rohr,** D. Rohrich,?! P. F. Rojas,45
P. S. Rokita,'*? F. Ronchetti,”* A. Rosano,’® E. D. Rosas,®” K. Roslon,'*? A. Rossi,”®>” A. Rotondi,'* A. Roy,”* P. Roy,'°
0. V. Rueda,®' R. Rui,?* B. Rumyantsev,”> A. Rustamov,®” E. Ryabinkin,?® Y. Ryabov,”® A. Rybicki,''® H. Rytkonen,'?°
0. A. M. Saarimaki,** S. Sadhu,'*' S. Sadovsky,”' K. Safaiik,?” S. K. Saha,'*! B. Sahoo,*’ P. Sahoo,* R. Sahoo,”’ S. Sahoo,%’
P. K. Sahu,® J. Saini,'*! S. Sakai,'®* S. Sambyal,101 V. Samsonov,”% D. Sarkar,!** N. Sarkar,!*! P. Sarma,*? V. M. Sarti,'%
M. H. P. Sas,% E. Scapparone,’ J. Schambach,'"” H. S. Scheid,®® C. Schiaua,*® R. Schicker,'™ A. Schmah,'** C. Schmidt,'"’
H. R. Schmidt,'?* M. O. Schmidt,'%* M. Schmidt,'?® N. V. Schmidt,%®% A. R. Schmier,!*° J. Schukraft,?® Y. Schutz,!3°
K. Schwarz,'%7 K. Schweda,'"” G. Scioli,2° E. Scomparin,59 J.E. Seger,15 Y. Sekiguchi,132 D. Sekihata,'3?

1. Selyuzhenkov,%’107 S. Senyukov,136 D. Serebryakov,62 A. Sevcenco,”” A. Shabanov,%? A. Shabetai,!'’ R. Shahoyan,34
W. Shaikh,!''® A. Shangaraev,”’ A. Sharma,'” A. Sharma,'°! H. Sharma,''® M. Sharma,'’! N. Sharma,'® S. Sharma,'’!
K. Shigaki,* M. Shimomura,®? S. Shirinkin,’> Q. Shou,*’ Y. Sibiriak,* S. Siddhanta,> T. Siemiarczuk,® D. Silvermyr,®!
G. Simatovic,”® G. Simonetti,** B. Singh,'® R. Singh,’¢ R. Singh,'”! R. Singh,’® V. K. Singh,'*! V. Singhal,'*! T. Sinha,'!°
B. Sitar,!3 M. Sitta,>! T. B. Skaali,2’ M. Slupecki,44 N. Smirnov,'*® R. J. M. Snellings,63 C. Soncco,'2 J. Song,125
A. Songmoolnak,''® F. Soramel,?® S. Sorensen,'? I. Sputowska,''® J. Stachel,'% 1. Stan,%” P. J. Steffanic,'*" E. Stenlund,?'
S. F. Stiefelmaier,'* D. Stocco,''> M. M. Storetvedt,*® L. D. Stritto,” A. A. P. Suaide,'?' T. Sugitate,*® C. Suire,”®
M. Suleymanov,14 M. Suljic,34 R. Sultanov,”> M. Sumbera,®5 V. Sumberia,!°! S. Sumowidagdo,5 I'S. Swain,® A. Szabo,!?
I. Szarka,'® U. Tabassam,'* S. F. Taghavi,'® G. Taillepied,'** J. Takahashi,'?*> G. J. Tambave,' S. Tang,®!** M. Tarhini,'"
M. G. Tarzila,® A. Tauro,’* G. Tejeda Muiioz,*> A. Telesca,* L. Terlizzi,>> C. Terrevoli,'*> D. Thakur,>® S. Thakur,'*!

D. Thomas,'"” F. Thoresen,®® R. Tieulent,'3> A. Tikhonov,®” A. R. Timmins,'?> A. Toia,®® N. Topilskaya,%> M. Toppi,’>
F. Torales-Acosta,'® S. R. Torres,>” A. Trifir6,3%%° S. Tripathy,so’69 T. Tripathy,49 S. Trogolo,28 G. Trombetta,>® L. Tropp,38
V. Trubnikov,? W. H. Trzaska,'2® T. P. Trzcinski,!*? B. A. Trzeciak,’”-% A. Tumkin,!® R. Turrisi,’’ T. S. Tveter,°
K. Ullaland,?! E. N. Umaka,'? A. Uras,'?> G. L. Usai,2> M. Vala,® N. Valle,'* S. Vallero,” N. van der Kolk,%> L. V. R. van
Doremalen,® M. van Leeuwen,®® P. Vande Vyvre,* D. Varga,'®> Z. Varga,'*> M. Varga-Kofarago,'* A. Vargas,®
M. Vasileiou,?* A. Vasiliev,®® O. Viazquez Doce,'% V. Vechernin,!'? E. Vercellin,? S. Vergara Limén,* L. Vermunt,®
R. Vernet,” R. Vértesi,'* L. Vickovic, Z. Vilakazi,'*! O. Villalobos Baillie,''! G. Vino,>* A. Vinogradov,%® T. Virgili,”

V. Vislavicius,* A. Vodopyanov,”® B. Volkel,>* M. A. V6lkl,'% K. Voloshin,”?> S. A. Voloshin,'** G. Volpe,** B. von Haller,*
L. Vorobyev,'% D. Voscek,!!” I. Vrldkova,*® B. Wagner,?! M. Weber,!'* S. G. Weber,'** A. Wegrzynek,** S. C. Wenzel,**
J. P. Wessels,'** J. Wiechula,?® J. Wikne, 2’ G. Wilk,® J. Wilkinson,!%%* G. A. Willems,!** E. Willsher,'!' B. Windelband,'®*
M. Winn,'¥” W. E. Witt,'3° J. R. Wright,'" Y. Wu,'?® R. Xu,° S. Yalcin,”” Y. Yamaguchi,*® K. Yamakawa,*® S. Yang,?!

S. Yano,"?7 Z. Yin,® H. Yokoyama,®® 1.-K. Yoo,'” J. H. Yoon,°' S. Yuan,”' A. Yuncu,'™ V. Yurchenko,” V. Zaccolo,?*

A. Zaman," C. Zampolli,34 H. J. C. Zanoli,%® N. Zardoshti,>* A. Zarochentsev,'? P. Zdvada, N. Zaviyalov,109
H. Zbroszczyk,142 M. Zhalov,”8 S. Zhang,40 X. Zhang,6 Z. Zhang,6 V. Zherebchevskii,!'* D. Zhou,° Y. Zhou,?® Z. Zhou,?!

1. Zhu,%'97 Y. Zhu,® A. Zichichi,'®?® G. Zinovjev,? and N. Zurlo'4

(ALICE Collaboration)

VA. I Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev, Ukraine
3Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS), Kolkata, India
4Budker Institute for Nuclear Physics, Novosibirsk, Russia
> California Polytechnic State University, San Luis Obispo, California, United States
% Central China Normal University, Wuhan, China
TCentre de Calcul de I’IN2P3, Villeurbanne, Lyon, France
8Centro de Aplicaciones Tecnolégicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
9Centro de Investigacion y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico
10Centro Fermi—Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi,” Rome, Italy
" Chicago State University, Chicago, Illinois, United States
12China Institute of Atomic Energy, Beijing, China
13 Comenius University Bratislava, Faculty of Mathematics, Physics and Informatics, Bratislava, Slovakia
14COMSATS University Islamabad, Islamabad, Pakistan
1SCreighton University, Omaha, Nebraska, United States
16 Department of Physics, Aligarh Muslim University, Aligarh, India
' Department of Physics, Pusan National University, Pusan, Republic of Korea

8 Department of Physics, Sejong University, Seoul, Republic of Korea

055201-20



AK FEMTOSCOPY IN Pb-Pb COLLISIONS AT ,/syy = 2.76 TeV PHYSICAL REVIEW C 103, 055201 (2021)

Y Department of Physics, University of California, Berkeley, California, United States
X Department of Physics, University of Oslo, Oslo, Norway
2! Department of Physics and Technology, University of Bergen, Bergen, Norway
22 Dipartimento di Fisica dell’Universita “La Sapienza” and Sezione INFN, Rome, Italy
B Dipartimento di Fisica dell’ Universita and Sezione INFN, Cagliari, Italy
24Diparn’menta di Fisica dell’Universita and Sezione INFN, Trieste, Italy
2SDiparl‘imem‘o di Fisica dell’ Universita and Sezione INFN, Turin, Italy
% Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Bologna, Italy
Y Dipartimento di Fisica e Astronomia dell’ Universita and Sezione INFN, Catania, Italy
28Dipartimento di Fisica e Astronomia dell’ Universita and Sezione INFN, Padova, Italy
2 Dipartimento di Fisica “E. R. Caianiello” dell’Universita and Gruppo Collegato INFN, Salerno, Italy
Y Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy
3! Dipartimento di Scienze e Innovazione Tecnologica dell’Universita del Piemonte Orientale and INFN Sezione di Torino, Alessandria, Italy
32Dipartimento di Scienze MIFT, Universita di Messina, Messina, Italy
33Dipartimento Interateneo di Fisica “M. Merlin” and Sezione INFN, Bari, Italy
3 European Organization for Nuclear Research (CERN), Geneva, Switzerland
35 Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, Split, Croatia
3% Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen, Norway
3 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic
38 Faculty of Science, P. J. Safdrik University, Kosice, Slovakia
3 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany
O Fudan University, Shanghai, China
4 Gangneung-Wonju National University, Gangneung, Republic of Korea
2 Gauhati University, Department of Physics, Guwahati, India
4 Helmholtz-Institut fiir Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universitiit Bonn, Bonn, Germany
4 Helsinki Institute of Physics (HIP), Helsinki, Finland
“High Energy Physics Group, Universidad Auténoma de Puebla, Puebla, Mexico
* Hiroshima University, Hiroshima, Japan
4T Hochschule Worms, Zentrum fiir Technologietransfer und Telekommunikation (ZTT), Worms, Germany
“8 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
Y Indian Institute of Technology Bombay (IIT), Mumbai, India
N Indian Institute of Technology Indore, Indore, India
SUndonesian Institute of Sciences, Jakarta, Indonesia
22INFN, Laboratori Nazionali di Frascati, Frascati, Italy
3INFN, Sezione di Bari, Bari, Italy
S4INFN, Sezione di Bologna, Bologna, Italy
SSINFN, Sezione di Cagliari, Cagliari, Italy
SINFN, Sezione di Catania, Catania, Italy
STINFN, Sezione di Padova, Padova, Italy
3INFN, Sezione di Roma, Rome, Italy
SINFN, Sezione di Torino, Turin, Italy
OINFN, Sezione di Trieste, Trieste, Italy
1 Inha University, Incheon, Republic of Korea
02 Institute for Nuclear Research, Academy of Sciences, Moscow, Russia
& Institute for Subatomic Physics, Utrecht University/Nikhef, Utrecht, Netherlands
% Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia
9 Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
% Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
7 Institute of Space Science (ISS), Bucharest, Romania
8 Institut fiir Kernphysik, Johann Wolfgang Goethe-Universitdit Frankfurt, Frankfurt, Germany
9 Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, Mexico City, Mexico
 mustituto de Fisica, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
T nstituto de Fisica, Universidad Nacional Auténoma de México, Mexico City, Mexico
2iThemba LABS, National Research Foundation, Somerset West, South Africa
3 Jeonbuk National University, Jeonju, Republic of Korea
7 Johann-Wolfgang-Goethe Universitdit Frankfurt Institut fiir Informatik, Fachbereich Informatik und Mathematik, Frankfurt, Germany
5 Joint Institute for Nuclear Research (JINR), Dubna, Russia
"6 Korea Institute of Science and Technology Information, Daejeon, Republic of Korea
""KTO Karatay University, Konya, Turkey

055201-21



S. ACHARYA et al. PHYSICAL REVIEW C 103, 055201 (2021)

8 Laboratoire de Physique des 2 Infinis, Iréne Joliot-Curie, Orsay, France
 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France
80Lawrence Berkeley National Laboratory, Berkeley, California, United States
81 Lund University Department of Physics, Division of Particle Physics, Lund, Sweden
82 Nagasaki Institute of Applied Science, Nagasaki, Japan
83 Nara Women'’s University (NWU), Nara, Japan
8 National and Kapodistrian University of Athens, School of Science, Department of Physics, Athens, Greece
85 National Centre for Nuclear Research, Warsaw, Poland
86 National Institute of Science Education and Research, Homi Bhabha National Institute, Jamni, India
87 National Nuclear Research Center, Baku, Azerbaijan
8 National Research Centre Kurchatov Institute, Moscow, Russia
8 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
Y Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
SINRC Kurchatov Institute IHEP, Protvino, Russia
2NRC «KurchatovsInstitute—ITEP, Moscow, Russia
SBNRNU Moscow Engineering Physics Institute, Moscow, Russia
%Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom
9 Nuclear Physics Institute of the Czech Academy of Sciences, Rez u Prahy, Czech Republic
% 0ak Ridge National Laboratory, Oak Ridge, Tennessee, United States
9 Ohio State University, Columbus, Ohio, United States
98Peterslmrg Nuclear Physics Institute, Gatchina, Russia
9 Physics department, Faculty of science, University of Zagreb, Zagreb, Croatia
190 pprysics Department, Panjab University, Chandigarh, India
101 physics Department, University of Jammu, Jammu, India
192ppysics Department, University of Rajasthan, Jaipur, India
13 ppysikalisches Institut, Eberhard-Karls-Universitit Tiibingen, Tiibingen, Germany
194 physikalisches Institut, Ruprecht-Karls-Universitit Heidelberg, Heidelberg, Germany
195 Physik Department, Technische Universitit Miinchen, Munich, Germany
106 politecnico di Bari, Bari, Italy
107 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Darmstadt, Germany
1OgRudjer Boskovi¢ Institute, Zagreb, Croatia
19 Russian Federal Nuclear Center (VNIIEF), Sarov, Russia
W0Saha Institute of Nuclear Physics, Homi Bhabha National Institute, Kolkata, India
1 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
128eccion Fisica, Departamento de Ciencias, Pontificia Universidad Catélica del Peri, Lima, Peru
1138¢. Petersburg State University, St. Petersburg, Russia
14 Stefan Meyer Institut fiir Subatomare Physik (SMI), Vienna, Austria
SSUBATECH, IMT Atlantique, Université de Nantes, CNRS-IN2P3, Nantes, France
"6Suranaree University of Technology, Nakhon Ratchasima, Thailand
W Technical University of KoSice, KoSice, Slovakia
"8The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
197he University of Texas at Austin, Austin, Texas, United States
120 Universidad Auténoma de Sinaloa, Culiacdn, Mexico
2 Universidade de Sdo Paulo (USP), Sdo Paulo, Brazil
12 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
123 Universidade Federal do ABC, Santo Andre, Brazil
124University of Cape Town, Cape Town, South Africa
125 University of Houston, Houston, Texas, United States
20Umiversity of Jyviskyld, Jyvéskyld, Finland
121University of Liverpool, Liverpool, United Kingdom
128 University of Science and Technology of China, Hefei, China
29University of South-Eastern Norway, Tonsberg, Norway
130 University of Tennessee, Knoxville, Tennessee, United States
Bl University of the Witwatersrand, Johannesburg, South Africa
132 University of Tokyo, Tokyo, Japan
33University of Tsukuba, Tsukuba, Japan
34 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
135 Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, Lyon, France
136 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France, Strasbourg, France

055201-22



AK FEMTOSCOPY IN Pb-Pb COLLISIONS AT ,/syy = 2.76 TeV PHYSICAL REVIEW C 103, 055201 (2021)

B7Université Paris-Saclay Centre d’Etudes de Saclay (CEA), IRFU, Départment de Physique Nucléaire (DPhN), Saclay, France
138 Universita degli Studi di Foggia, Foggia, Italy
139 Universita degli Studi di Pavia, Pavia, Italy
1490 Universita di Brescia, Brescia, Italy
“ariable Energy Cyclotron Centre, Homi Bhabha National Institute, Kolkata, India
2Warsaw University of Technology, Warsaw, Poland
143Wayne State University, Detroit, Michigan, United States
1% Westfiilische Wilhelms-Universitit Miinster, Institut fiir Kernphysik, Miinster, Germany
S Wigner Research Centre for Physics, Budapest, Hungary
140 yale University, New Haven, Connecticut, United States
147 Yonsei University, Seoul, Republic of Korea

Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA), Bologna, Italy.
bDipartimento DET del Politecnico di Torino, Turin, Italy.

“Deceased.
dM. V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear, Physics, Moscow, Russia.

*Department of Applied Physics, Aligarh Muslim University, Aligarh, India.
fnstitute of Theoretical Physics, University of Wroclaw, Poland.

055201-23



