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ABSTRACT: The measurement of three-dimensional femtoscopic correlations between identical
charged kaons (KT¥K¥) produced in p-Pb collisions at center-of-mass energy per nucleon
pair \/snn = 5.02TeV with ALICE at the LHC is presented for the first time. This
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information on the dynamics of the source of particles created in p—Pb collisions, for which
a general consensus does not yet exist. It is shown that the measured source sizes increase
with charged-particle multiplicity and decrease with increasing pair transverse momentum.
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which tends to underestimate the source size for the most central collisions and agrees with
the data for semicentral and peripheral events. Furthermore, the time of maximal emission
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peripheral Pb—Pb collisions at the same energy, indicating that the kaon emission evolution

is similar to that in p—Pb collisions.
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1 Introduction

During its operation, the Large Hadron Collider (LHC) [1] delivered pp, p—Pb, and Pb—
Pb collisions at various energies, which have been used to study the properties of matter
created in such environments. Signatures of quark-gluon plasma (QGP) formation were
observed in Pb—Pb collisions, such as a strong suppression of high-momentum particle
production (jet quenching) [2-4], a suppression of the K*(892)" /K yield ratio [5, 6], strangeness
enhancement [7, 8], Debye screening effect [9-12], or collective flow effects [13, 14], which
are well described by hydrodynamic models [15-17]. As shown by the comparison of the
Pb—Pb results to reference pp measurements, these effects could not be described by a
simple incoherent superposition of nucleon—nucleon interactions and could be interpreted as
final-state phenomena, characteristic to QGP creation in heavy-ion collisions [18-22]. Since
an extended QGP phase is not expected to form in proton—nucleus collision systems, the
comparison of the p—Pb results to the Pb—Pb ones might help select observables that could be
used to understand the mechanism and conditions of QGP formation in high-energy collisions.

The femtoscopy technique [23-26], which studies particle correlations in momentum space,
is an effective tool for extracting the size of the particle-emitting region at freeze-out [27]
(conventionally called the “radius” parameter) and the decoupling time of matter created
in relativistic collisions. Strictly speaking, by using femtoscopy one can measure not the
whole volume of the particle emitting source but the size of the region of an expanding
source from which the particles with similar momenta are emitted [28, 29], the so-called



“homogeneity volume”. This volume is smaller than the total volume of the system and
decreases with increasing pair transverse momentum kt = |prt,1 + pr,2|/2 or transverse mass

mr = \/m?2 + k% (for particles with identical masses m and transverse momenta pr ; and
pr1,2). Thus, the femtoscopic correlations can be used to measure the spatial and temporal
information of the particle emitting source allowing for extraction of the dynamic information
on the emission process.

In the one-dimensional (1D) femtoscopic analysis, the source, in the pair rest frame,
is characterized by one size parameter Ri,, [26]. Several 1D analyses were performed at
the LHC for correlations of various particle species in pp [30-34], p—Pb [35, 36], and Pb—
Pb collisions [37-39]. Since the 1D analysis can be performed even with a small amount
of collected experimental data, it can be done in almost any experiment and for various
types of particles. However, the information obtained in this kind of analysis is limited
by extracting a generalized size, and no information on the shape of the source can be
obtained. In the more general case, the shape of the source can be retrieved in the three-
dimensional (3D) analysis where its size is determined independently for three directions:
“long” (Riong) along the beam direction (z axis of the reference frame), “out” (Roy) along the
pair transverse momentum, and “side” (Rsiqe), perpendicular to the other two. For high-energy
collisions, analyses are usually performed in the longitudinally comoving system (LCMS), a
rest frame moving along the beam direction such that the pair total momentum projection
P, vanishes, i.e. P, = Py, + P>, =0 [26]. The 3D analysis requires more experimental data
and, therefore, is often performed for the most abundantly produced particles, i.e. charged
pions [40-42]. For kaons, the second most copiously produced particles, all 3D femtoscopic
analyses that have been done by now are for heavy-ion collisions [43-45]. For proton—nucleus
collision systems, for example p—Pb collisions, only a few 1D femtoscopic analyses have been
performed so far [35, 46]. The study of femtoscopic correlations in such systems is particularly
interesting because it provides a bridge between small (pp) and large (A—A) collision systems,
and may lead to additional constraints on model scenarios that successfully describe pp
and A—A collisions. While the A—A results can be interpreted within the hydrodynamic
framework [26, 47, 48], and the pp data are explained by a hydrodynamic expansion [49] taking
into account additional effects related to the uncertainty principle [50], there is no common
interpretation of the results obtained in collisions where one of the colliding projectiles is a
particle. Some studies [36, 51, 52] suggest that a hydrodynamic evolution similar to that for
A-A collisions may be present in such systems. However, as shown in refs. [35, 38, 41], the
radii for the p—Pb system, at a given track multiplicity, were found to be closer in magnitude
to those in pp, while there was a visible gap separating the radii in p—Pb and Pb—Pb collisions.
This may demonstrate the influence of different initial conditions on the final-state, or indicate
significant collective expansion already in peripheral Pb—Pb collisions.

In this work, 1D and 3D femtoscopic correlations of two identical charged kaons KTK=*
are studied in p-Pb collisions at /syn = 5.02 TeV. Identical-kaon femtoscopy gives informa-
tion about the collision region that is complementary to that obtained with identical-pion
femtoscopy. It probes the hotter region of the particle emitting source, where strange quarks
are produced, and extends the momentum range over which the femtoscopy analysis can
be applied. The kaon analysis also offers a cleaner signal compared to pions, as it is less



affected by resonance decays. The kaon femtoscopic radii as a function of the pair transverse
momentum, which are reported in this article, provide additional constraints on the validity
of approaches used to describe matter created in ultrarelativistic collisions. Comparison of
femtoscopic characteristics in different collision systems, such as pp, p—Pb, and Pb—Pb, and
with EPOS 3.111 model [53] calculations allows investigating the dynamics of high-energy
collision evolution and also helps tune and constrain the model parameters. Fitting the m
dependence of ngong in the LCMS [54, 55] with the function suggested in refs. [56, 57], the
duration of the collision evolution characterized by the time of maximal emission can be
estimated. It was shown in the analysis of identical charged kaon correlations in Pb—Pb
collisions at \/syn = 5.02TeV [58] and its comparison with the integrated hydrokinetic
model (iIHKM) calculations [59] that the system created in peripheral collisions evolves faster
than in central ones. In the presented analysis, the time of maximal emission for kaons
Tk was extracted from the experimental data for an asymmetric collision system, namely
p—PDb, to understand the particle emission dynamics by comparing these results with those
obtained in Pb-Pb collisions.

The article is organized as follows: Section 2 describes the ALICE apparatus, the analyzed
data sample, and the event- and track-selection criteria. The details of the femtoscopic
correlation function analysis presented in this work are given in section 3. The associated
systematic uncertainties are discussed in section 4. The obtained results are shown and
compared with model predictions in section 5 and summarized in section 6.

2 Data analysis

The data sample studied in this work was collected in 2016 by ALICE from p—Pb collisions
at a center-of-mass energy per nucleon—nucleon pair of \/syn = 5.02 TeV during the LHC
Run 2 period. The nucleon—nucleon center-of-mass system is shifted with respect to the
ALICE laboratory system by 0.465 units of rapidity in the direction of the proton beam [60].
Throughout this paper n represents the pseudorapidity measured in the laboratory frame.

In the LHC Run 2 period, the ALICE apparatus consisted of a central barrel, covering
the pseudorapidity region |n| < 0.9, a muon spectrometer with —4.0 < n < —2.5 coverage,
and forward- and backward-pseudorapidity detectors employed for triggering, background
rejection, and event characterization. An overview of the detector and its performance are
presented in refs. [22, 61, 62].

Approximately 250 x 10° minimum-bias events were analyzed. They were obtained
using the minimum-bias trigger provided by the VO detector [63], which is composed of
two scintillator arrays placed on either side of the interaction point along the beam axis
with pseudorapidity coverage 2.8 < n < 5.1 (VOA, located on the Pb remnant side) and
—3.7 <n < —1.7 (VOC). The minimum-bias trigger requires a signal in both V0 detectors
within a time window that is consistent with the collision occurring at the center of the
ALICE detector. The VO detector was also utilized for determining the multiplicity of the
analyzed events [64] using the measured energy deposition. The multiplicity classes were
defined in terms of percentile intervals of the measured VOA amplitude [65]. The central
barrel detectors used in the analysis are the Inner Tracking System (ITS) [66, 67], the Time
Projection Chamber (TPC) [68, 69], and the Time-Of-Flight detector (TOF) [70-72]. They



are embedded in a large solenoidal magnet that provides a magnetic field of 0.5 T parallel to
the beams axis. The I'TS consists of six layers of silicon detectors and was used to reconstruct
the primary vertex and to track charged particles. The TPC is the main tracking detector of
the central barrel. It is a gaseous detector placed co-axially with the beam axis and radially
next to the ITS. It is divided by a central electrode into two halves. The end caps on either
side are composed of 18 sectors (covering the full azimuthal angle) with 159 pad rows placed
radially in each sector. A track signal in the TPC consists of space points (clusters), each of
which is reconstructed in one of the pad rows. It also enables charged-particle identification
via the measurement of the particle specific energy loss (dE/dx) in the detector gas. The
TPC covers an acceptance of |n| < 0.9 for tracks that reach the outer radius of the detector
and |n| < 1.5 for shorter tracks. The TOF is a gaseous detector, which uses multigap
resistive plate chambers [73] as its basic detecting element. The primary-vertex position
was determined with tracks reconstructed in the ITS and TPC, as described in ref. [74].
In order to obtain a uniform acceptance of the detectors, only events with a reconstructed
primary vertex within +10 cm from the center of the detector along the beam direction z
were included in the analysis. The parameters of each track are determined by performing a
Kalman fit to a set of clusters with an additional constraint for the track to pass through
the primary vertex. The fit was required to deliver x?/NDF less than 2. The transverse
momentum of each track was determined from its curvature in the magnetic field. The
particle identification capabilities of the TPC are supplemented with the TOF detector, which
provides a measurement of the time of flight of charged particles.

2.1 Event classification

The 1D analysis was conducted in two different variants. The first was performed in six
multiplicity classes [64, 65]: 0-5%, 5-10%, 10-20%, 20-40%, 40-60%, and 60-80% and two
pair transverse momentum kr ranges: (0.2-0.5) and (0.5-1.0) GeV /c for a finer comparison
with the results from pp [32] and Pb—Pb [37, 58] collision systems and also for crosscheck
with the results of the previous p—Pb analysis [35]. The second was done in three multiplicity
classes: 0-20%, 20-40%, and 40-90% and in eight k1 ranges: (0.2-0.3), (0.3-0.4), (0.4-0.5),
(0.5-0.6), (0.6-0.7), (0.7-0.8), (0.8-1.0), and (1.0-1.3) GeV /c to better study the trend with
k1 and to have a more detailed comparison with the EPOS 3 calculations. The 3D analysis
was performed in three multiplicity classes: 0-20%, 20-40%, and 40-90% and two kT ranges:
(0.2-0.5) and (0.5-1.0) GeV/ec.

Tables 1 and 2 show the mean charged-particle multiplicity densities (dNg,/dn) averaged
over |n| < 0.5 using the method presented in ref. [64] for the analyses in six and three
multiplicity classes, respectively. The (dN.,/dn) values were not corrected for trigger and
vertex-reconstruction inefficiency, which is about 4% for non-single diffractive events [75].

2.2 Particle and pair selection

The identification of kaons was conducted employing both the TPC and the TOF detectors
by applying a strict selection on the deviation n, between the measured quantities (dE/dx
and time-of-flight) and the expected values for a kaon, normalized by the detector resolution
o. The n, thresholds were chosen so as to remove possible contamination from electrons,



Event class (dNg,/dn), |n| < 0.5

0-5% 45.0£1.0
5-10% 36.240.8
10-20% 30.5£0.7
20-40% 23.24+0.5
40-60% 16.1£0.4
60-80% 9.8+0.2

Table 1. Event multiplicity classes and their corresponding (dNg,/dn) [64] for the analysis in six
multiplicity intervals as obtained using the method presented in ref. [75]. The given uncertainties are
systematic only, the statistical uncertainties are negligible.

Event class (dNg,/dn), [n| < 0.5

0-20% 35.6£0.8
20-40% 23.24£0.5
40-90% 12.9+0.3

Table 2. Event multiplicity classes and their corresponding (dNg,/dn) [64] for the analysis in three
multiplicity intervals as obtained using the method presented in ref. [75]. The given uncertainties are
systematic only, the statistical uncertainties are negligible.

pions, and protons to the kaon sample. The kaon candidates were selected within a transverse
momentum range of 0.14 < pp < 1.50 GeV/c and a pseudorapidity range of |n| < 0.8, to
avoid regions of the detector with limited acceptance. To significantly improve the amount of
primary kaons with respect to secondary particles coming from weak decays and particle-
detector interactions, a selection criterion on the distance of closest approach (DCA) to
the primary vertex was applied, both in the transverse plane (DCA,, < 0.135 cm) and
along the direction of the beam (DCA, < 0.13 cm). Tracks reconstructed in the TPC were
selected based on the criteria listed in table 3, which are similar to those used in the analysis
described in ref. [35]. To ensure a good momentum resolution, each track was required
to be composed of at least 80 out of the maximum possible 159 TPC clusters. Charged-
particle tracks with momentum p < 0.5 GeV /c were identified as kaons if they satisfied the
requirement |n, tpc| < 2. Tracks with p > 0.5 GeV/c were required to match to a signal
in the TOF, and satisfy |n,pc| < 3 as well as the following momentum-dependent n, 7o
selection: |n,Tor| < 2 for 0.5 < p < 0.8GeV/c, |nyror| < 1.5 for 0.8 < p < 1.0GeV/c,
and |n,ror| < 1 for 1.0 < p < 1.5GeV/c.

As discussed in detail in ref. [40], the femtoscopic correlation functions of two identical
particles are sensitive to two-track reconstruction effects when the particles are close in
momentum and have close trajectories. Two kinds of two-track effects were investigated in
this work. Track “splitting” occurs when one track is mistakenly reconstructed as two. Track
“merging” corresponds to the reconstruction of two different tracks as one when they cannot
be distinguished if their trajectories stay close to each other through a significant part of
the TPC volume. To suppress such cases, each cluster in the TPC was flagged as “shared”
if it was used in the reconstruction of more than one track, and pairs that shared > 5% of



Selection criterium Value

DT 0.14 < ppr < 1.5GeV/c
I <0.8

DCA,y < 0.135 cm

DCA, < 0.13 cm

< 2 (for 0.14 < p < 0.50GeV/c)

< 3 (for p > 0.5GeV/c)

<2 (for 0.5 < p <0.8GeV/c)

e TOF| < 1.5 (for 0.8 < p < 1.0GeV/c)
< 1.0 (for 1.0 < p < 1.5GeV/c)

Number of track points in TPC > 80

‘nU,TPC ‘

Table 3. Charged kaon selection criteria.

clusters in the TPC were removed from the sample. In addition, the selected pairs of kaons
were required to be separated on average in the TPC detector by at least 3 cm.

2.3 Purity

The kaon purity for p < 0.5 GeV/c was estimated as in ref. [35] by parametrizing the TPC
dFE/dx distribution of the experimental data in momentum slices and computing the fraction
of particle species that could mistakenly contribute to the kaon signal. The purity of the
kaon sample was defined as the fraction of accepted kaon tracks that correspond to true
kaons. The dominant contamination for charged kaons comes from e® in the momentum
range 0.4 < p < 0.5 GeV/c. The parameters of the function fitting the TPC distribution in
momentum slices depend on the fit interval and are the source of the systematic uncertainty
associated with the estimated single kaon purity. The purity for p > 0.5GeV/c, where
the TOF information was employed, was studied with DPMJET [76] simulations using
GEANT 3 [77] to model particle transport through the detector. Based on the results
of this study, the n,tor thresholds were chosen to provide a single kaon purity greater
than 99%. The momentum and multiplicity dependence of the single kaon purity in the
region of maximal contamination is shown in figure 1 (left panel). The pair purity was
calculated as the product of two single-particle purities for pairs with relative momentum
Ginv < 0.25 GeV/c (giny is defined below in section 3), where the momenta were taken from
the experimentally determined distribution. The obtained K* pair purity as a function of
kr is shown in figure 1 (right panel). The pair purity is higher than the single-kaon one
due to the effect of averaging over low- and high-momentum ranges in the full single-kaon
momentum interval p (see ref. [35] for details).

3 Measurement and parametrization of the correlation function

The correlation function (CF) of two particles with momenta p; and ps is measured as a
function of the momentum difference of the pair q = p1 — p2 and can be expressed as the ratio

Cla) = 51D

B(q) (3.1)
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Figure 1. Single (left) and pair (right) K* purities for different event multiplicity classes. The
systematic uncertainties associated with the purity estimation are shown as boxes. Statistical
uncertainties are negligible. The momentum p and kr values for lower multiplicity classes (blue and
green symbols) are slightly shifted for clarity.

of the two-particle distribution in a given event A(q) to the reference distribution B(q) [24].
The distribution A(q) was constructed from the events having at least two identical charged
kaons. The reference distribution was formed by mixing the events containing at least one
charged kaon, where each event was mixed with five other events, which had similar z position
(within 2 cm) of the primary vertex and similar multiplicity (within 1/4 of the width of the
given multiplicity class) [26]. The correlation function C' is normalized to unity such that
C — 1 in the absence of a correlation signal.

The 1D CF was calculated in the pair rest frame (where p; + p2 = 0) as a function of the
invariant relative momentum of the pair giny = 1/|q|? — ¢3, where o = E1—FE» and q = p; —p2
are determined by the energies F1, Es and momenta p1, p2 of the particles, respectively. In
the 3D femtoscopic analysis, the momentum difference q was evaluated in the LCMS.

The correlation functions were corrected for purity according to [35, 37, 45] as

Ccorrected = (Craw -1+ P)/P7 (3'2)

where the pair purity P depends on kp and multiplicity, as shown as an example for the
case of the 3D analysis in figure 1 (right panel).

The effect of finite track momentum resolution in the 1D analysis was accounted for
through the use of a response matrix generated with DPMJET simulations and was applied
on-the-fly during the fitting process (see section 3.1 below) as described in ref. [78]. In the
3D case, the correlation function was corrected for a momentum resolution factor evaluated
with DPMJET simulations as the ratio of the CF as a function of the reconstructed relative
momentum of the pair to the CF as a function of the true pair relative momentum. The
details of the procedure can be found in ref. [45].

To extract information on the particle emitting source from the measured correlation
function, the CFs are parametrized by various formulas depending on the origin of the



correlations between the considered particles. For the K*K®* case, they are quantum statistics
and the Coulomb interaction. The effects in the CF due to strong final-state interactions
between identical charged kaons are negligible given the shallow interaction [79].

3.1 Fitting 1D correlation function

Considering a Gaussian distribution for a spherical particle source in the pair rest frame (PRF),
the fit of the 1D CF was performed using the Bowler-Sinyukov formula [29, 80]

C(Qinv) =N [1 — A+ )\K(T, Qinv) (1 + exp (_Ri?nvqgn\f))} D(Qinv)a (33)

where D(giny) is a function used to parametrize all non-femtoscopic effects such as resonance
decays or mini-jets [32, 40], and N is a normalization coefficient. The factor K(7, giny)
describes the Coulomb interaction with a radius r evaluated according to refs. [80, 81] as

K(r, gine) = CQS+Coulomb7 (3.4)
CQS

where the theoretical correlation function Cqg takes into account quantum statistics (QS)
only and Cqs+coulomb includes quantum statistical and Coulomb final-state interaction effects
evaluated using the Lednicky model [25]. The radius r determines the range of the Coulomb
interaction used to calculate the Cqsycoulomn value. It was set to r = 1.5fm, which is on
average close to the radius values extracted in the presented analysis. Its uncertainty has
systematic effects on the final results (as discussed in section 4 below).

The parameters Rj,, and A describe the size of the source and the correlation strength,
respectively. They were extracted from the fit of eq. (3.3) to the data in the range of
the correlation signal 0 < giny < 0.5 GeV/c handling the baseline D(qginy) as described in
ref. [35]. The non-femtoscopic effects were estimated with the EPOS 3 model [53] without
QS nor Coulomb interaction effects included. The CF was normalized to unity outside
the femtoscopic effect region, i.e. in the 0.25 < giny < 0.50 GeV/c range. The example 1D
correlation functions can be found in ref. [35]. These CFs show all the features inherent in
femtoscopic correlations of identical charged kaons in p-Pb collisions at \/sxy = 5.02 TeV,
which are similar independently of the used multiplicity classes and k1 ranges.

3.2 Fitting 3D correlation function

To extract the information about the 3D size and shape of the particle emitting source, the
3D CF was fitted with the Bowler-Sinyukov formula (for a Gaussian-like source) [80, 82]

C(q) =N |:1 _)‘+>‘K(qinv7 Rinv) (l—l—exp (_Rgutqgut _RgideqSQide _R?ongQIQong)>} D (q) ) (35)

where gout, gside, and qiong are projections of the pair relative momentum q in the LCMS, and
Rout, Rside, and Rjong are the corresponding femtoscopic source radii, with Royt related to the
geometrical size of the emitting source and particle emission duration, Rg4e to the geometrical
size, and Riong to the time of maximal emission. The parameters N, A, K (ginv, Rinv), and
D (gout, Gside, Gilong) have the same meaning as in the 1D analysis in eq. (3.3). The normalization
range was 0.3 < ¢; < 0.4 GeV /c where ¢ = out, side, long. The function K (giny, Riny) is the
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Figure 2. Projection of the 3D CF in the out direction (black full circles) in three multiplicity classes
and two kr ranges fitted (red solid lines) with eq. (3.5). Statistical (systematic) uncertainties are shown
by bars (boxes). The data are integrated over the range of |g;| < 0.15GeV/c in the non-projected
coordinates. Vertical lines not belonging to any marker around |gout| = 0.6 GeV /c are very-large error
bars of data points that are out of the chosen Y axis range.

Coulomb part of the two-kaon wave function integrated over the spherical Gaussian source
with a fixed radius Rj,, calculated in the PRF. The average gi,y in the PRF for the given
“out-side-long” interval was determined during the C'(q) construction. The value of this radius
was chosen to be 1.5fm like in the 1D analysis (see section 3.1).

The CF was fitted with eq. (3.5) in the |g;| < 1.5GeV/c range. The baseline was
parametrized with a fourth-order polynomial

D(q)=1+ aoutq(%ut + asideqs2ide + alonngong + bout‘]éut + bsideq;lide + blong‘]ﬁ)nga (3.6)

which reasonably describes the CF outside the femtoscopic peak region. The results are
shown in figures 2-4. As can be seen from the figures, the fit reproduces well the shape
of the correlation peak and also captures non-femtoscopic behavior of all projections of
the 3D correlation function. The areas with no data points in the g, projection around
+0.6 GeV/c and in the giong projection below —0.8 (and above 0.8) GeV/c originate from



0.2<k;<0.5GeV/ic 0-20% 0.5<k;<1.0GeVic 0-20%

~ 1A ~p 1A

S% S% : p—Pb {s =5.02 TeV ]

QO QO 1.2_— =

AP R B BT I R BRI TR

0.85 — 0 1 2 0.85 — 0 1 2

9o (GeV/c) 9o (GeV/c)

0.2 <k, <0.5GeV/c 20-40% 0.5<k, < 1.0 GeV/c 20-40%
,\0)1,4....]...+.+]....].... —~ 141

kel K'K' &K K kel
kS . data I =
@) ; O

0.2 < k;<0.5GeV/c 40-90%

—~ 1A g 1A
o o
w "
= =
O 1.2 O

T B B B AP N B B
085 = 0 1 2 085 = 0 1 2
)

9o (GeV/c)

Figure 3. Projection of the 3D CF in the side direction (black full circles) in three multiplicity
classes and two kr ranges fitted (red solid lines) with eq. (3.5). Statistical (systematic) uncertainties
are shown by bars (boxes). The data are integrated over the range of |¢;| < 0.15GeV/c in the
non-projected coordinates.

gaps in the acceptance due to the kinematical selections used in the analysis and the limited
pseudorapidity acceptance of the detector, respectively [40].

4 Systematic uncertainties

The systematic uncertainties were estimated by varying the criteria used for the selection of
the events, tracks, and pairs and the fit parameters. The criteria used for particle identification
and pair selection were varied by up to 20%. The influence of the fit range was investigated
by shifting the giny (gout,sidelong) upper (left and right) limit(s) by £20%. The range of
the primary-vertex position from the center of the detector along the beam direction z for
reconstructed events was varied by +10%.

There is also an uncertainty associated with the choice of the radius of the Coulomb
interaction. By default, it was set to » = 1.5fm as a result of averaging the values of the
femtoscopic radii that were extracted from the data for the considered multiplicity classes
and kr ranges and varied by 40.5fm.
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Figure 4. Projection of the 3D CF in the long direction (black full circles) in three multiplicity classes
and two kr ranges fitted (red solid lines) with eq. (3.5). Statistical (systematic) uncertainties are shown
by bars (boxes). The data are integrated over the range of |g;| < 0.15GeV /¢ in the non-projected
coordinates. Vertical lines not belonging to any marker at |giong| & 1.0 GeV/c are very-large error bars
of data points that are out of the chosen Y axis range.

The fitting procedure requires knowledge of the non-femtoscopic background shape and
magnitude. In this work, the EPOS 3 model was used for this purpose in the 1D analysis.
The systematic uncertainty associated with the baseline was estimated using an alternative
MC model, DPMJET, as well as the two methods based on the use of polynomials described
in ref. [35]. In the 3D analysis, a flat baseline and the DPMJET model were considered
as alternative baseline descriptions.

The smearing of the single-particle momenta due to momentum resolution reduces the
height and increases the width of the correlation function. It was shown that this effect
changes the extracted parameters by < 1% both in the 1D and in the 3D analyses, estimated
as described in ref. [39] and in ref. [45], respectively.

The Barlow criterion [83] was applied to estimate a statistical significance level of the
effect produced by every systematic contribution i as

a0
B — |y0 vaar’ — (41)
\/0'8 + 0l — 20003,
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Riny (%) A (%)

DCA 0.8-2.2 1.2-11
Number of points in TPC  0.5-10 1-11
7 range 0.5-10 3-21
z vertex position 0.2-10  0.3-12
Number of mixed events 0.4-3 1-11
Two-track selection 1.4-4 1.8-12
Baseline 2.5-6 0.4-4
Fit range 1-7 0.5-4
Coulomb radius 0.8-1.9 0-5

Table 4. List of contributions to the systematic uncertainty of the 1D femtoscopic radii Rj,, and
correlation strength A in six multiplicity classes: 0-5%, 5-10%, 10-20%, 20-40%, 40-60%, and 60-80%
and two pair transverse momentum kt ranges: (0.2-0.5) and (0.5-1.0) GeV/¢c. The minimum-maximum
values in all multiplicity classes and kr ranges are shown.

where g is the statistical uncertainty of the central value yy extracted from the analysis
i

1 15 the statistical uncertainty of

with the default selection criteria and fit parameters, o
the value 3¢, obtained with a given variation i of particle selections and parameters of the
fit, and p characterizes the correlation between yo and g, . The variation y?, was included

in the total systematic uncertainty

ASYS = Z(Aéys)Qv (42)

i

where Aéys = |yo — ¥iu ), if B in eq. (4.1) was larger than unity.

The contributions to the systematic uncertainty of the radii and correlation strengths
are given in table 4 for the 1D analysis in six multiplicity and two kr ranges, in table 5 for
the analysis in three multiplicity and eight kt ranges, and in table 6 for the 3D analysis.
Selected according to the Barlow criterium, the main sources of systematic uncertainty on the
extracted parameters are the baseline description, the single particle and pair selection criteria,
and the number of events used to construct the reference distribution B(q) in eq. (3.1).

5 Results and discussion

5.1 1D analysis results

The extracted Riny and A\ parameters in six multiplicity classes and two kT ranges are depicted
in figure 5. The presented results are also compared with the EPOS 3 model [84-86] with
the hadronic afterburner (UrQMD cascade) [87] included, for the same collision system and
energy in the same multiplicity and k1 ranges as the experimental data. In the previous work
on p—Pb collisions [35], the experimental radii were compared with the EPOS 3 calculations
in wider 0-20%, 20-40%, and 40-90% multiplicity classes since the available data at the
time did not enable a study in finer multiplicity intervals. The EPOS 3 radii were found to
agree with the data in ref. [35] within uncertainties. The present 1D analysis shows that
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Rinv (%) X (%)

DCA 0.5-13 1-19
Number of points in TPC 1-14 0-18
7 range 1-13.5 2.5-13
z vertex position 0.2-14 1-20
Number of mixed events 1.4-14 2-13.5
Two-track selection 1.5-15 2-27
Baseline 2-10.5 0.5-7
Fit range 0.2-16  0.1-11
Coulomb radius 0.5-2 4.5-5.5

Table 5. List of contributions to the systematic uncertainty of the 1D femtoscopic radii Rj,, and
correlation strength A in three multiplicity classes: 0-20%, 20-40%, and 40-90% and in eight kr
ranges: (0.2-0.3), (0.3-0.4), (0.4-0.5), (0.5-0.6), (0.6-0.7), (0.7-0.8), (0.8-1.0), and (1.0-1.3) GeV /c.
The minimum-maximum values in all multiplicity classes and kt ranges are shown.

Rout (%) Rside (%) Rlong (%) A (%)

DCA 0.2-2.7 1.3-9 14 1-2.5
Number of points in TPC 2-9 2-5 1-5 1.5-10
7 range 2-7.5 2-6 1-10 1-11
z vertex position 0.1-6.5 0.2-3.2 0.3-5.5 0.3-8.5
Number of mixed events 0-6.5 0-6 1-6 0.2-8
Two-track selection 0.2-9 0.2-3.5 0-6 0-10
Baseline 3-16 1.5-25 1-24 6-22
Fit range 1.5-9 2-5 1.5-7 1.3-4
Coulomb radius 1.2-2.1 0.8-1.9 0.8-1.8  4.8-5.2

Table 6. List of contributions to the systematic uncertainty of the 3D femtoscopic radii Rout, Rside,
Riong and correlation strength A in three multiplicity classes: 0-20%, 20-40%, and 40-90% and two
pair transverse momentum kr ranges: (0.2-0.5) and (0.5-1.0) GeV/c. The minimum-maximum values
in all multiplicity classes and kr ranges are shown.

the radii are well reproduced by the EPOS 3 model calculations for the semicentral and
peripheral collisions. At the same time, the model tends to underestimate Ri,, for the 0-5%
multiplicity interval. The EPOS 3 correlation strength values are about 0.65 and larger than
the A values extracted from the experimental data, which lie around 0.35. The value of the A
parameter equals unity in the case of a perfectly Gaussian spherical source with pure primary
particles emitted from the source chaotically. In reality, a fraction of kaons could be emitted
coherently [81, 88], and also there are kaons from K* decays (whose decay width I' & is
50 MeV) and from other long-lived resonances [89], whose contribution decreases the \ value.
A similar difference between the A values from the data and from the EPOS 3 predictions
was already observed before in ref. [35] and was explained by insufficient accounting for all
contributions of kaons from various resonance decays in the model.
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Figure 5. Experimental (symbols) K*K* invariant radii R;,, (left) and correlation strengths A (right)
shown as a function of the pair transverse momentum kr for six multiplicity classes and compared
with the EPOS 3 model predictions. The width of the bands represents the statistical uncertainty of
the EPOS 3 predictions. The different colors of the bands correspond to the respective centralities as
given by the ALICE data. Statistical (lines) and systematic uncertainties (boxes) are shown for the
data points. The points for lower multiplicity classes are slightly shifted with respect to the 0-5%
multiplicity class (black symbols) in the x direction for clarity.
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Figure 6. Experimental (symbols) K*K* invariant radii Ri,, (left) and correlation strengths A
(right) shown as a function of the pair transverse momentum kr for three multiplicity classes and
compared with the EPOS 3 model predictions. The width of the bands represents the statistical
uncertainty of the model calculations. The different colors of the bands correspond to the respective
centralities as given by the ALICE data. Statistical (lines) and systematic uncertainties (boxes) are
shown for the data points. The points for lower multiplicity classes are slightly shifted with respect to
the 0-20% multiplicity class (black symbols) in the x direction for clarity.
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a b x%/NDF
low k‘T
pp&p-Pb  0.11£0.12  0.49+0.04 1.42
Pb-Pb 0.64+0.23 0.45+0.03 0.83
high kr
pp&p-Pb  0.36+0.19 0.32+0.06 1.12
Pb-Pb 0.93+£0.22  0.34+£0.02 0.92

Table 7. Parameters of the (a + b<N1/3)) fit of the 1D radii in figure 7.

ch

The R;,, and A\ parameters in three multiplicity classes and eight k1 ranges are shown
in figure 6, and they provide a more detailed insight into the kr trend. The radii are well
reproduced by the EPOS 3 model except for the 0-20% multiplicity class at low kp < 0.6 GeV/c
where there is an indication that the model underestimates the radii extracted from the
experimental data. This provides a more detailed insight into how the EPOS 3 model
describes the data as compared to the previous analysis of p—Pb collisions that was performed
in wider kt ranges [35]. For the A parameter, the discrepancy between the EPOS 3 result
and the data is similar to that observed in the case of six multiplicity classes and two kr
ranges discussed above.

Figure 7 compares the femtoscopic radii extracted in this analysis as a function of the
cube root of the measured charged-particle multiplicity (Ne,)'/?, at low (left) and high (right)
kr with those obtained in pp [32], p—Pb [35], and Pb-Pb [37, 58] collisions. The radii increase
with Ngp,, and the Run 2 p—Pb results agree within uncertainties with the Run 1 ones [35].
Thanks to the Pb—Pb analysis in the very peripheral centrality ranges [58], it became possible
to compare the radii in p—Pb and Pb—Pb collisions at comparable multiplicities N.,. The
radii are equal in p—Pb and pp collisions at similar multiplicity within uncertainties. As

the figure shows, the trends of the radii as a function of (Ng,)/?

in pp and p—PDb collisions
and separately in Pb—Pb collisions can be well reproduced by a first-order polynomial,
supporting the so-called “scaling hypothesis” [26] that supposes the proportionality of the
total multiplicity to the interferometry volume. It is also seen that the line fitting the pp and
p—Pb data is shifted vertically with respect to the one fitting the Pb—Pb points, and this shift
increases with increasing kr (see table 7). The observed different offsets can be considered
as an indication of different transverse flow velocities in matter created in pp (p—Pb) and
Pb—Pb collisions, originating from the different initial geometric sizes [56], or the different
source geometry in the final state [26]. The obtained result reinforces the conclusion made in
the earlier p—Pb analysis [35] about the similarity of dynamics of the source in p—Pb and pp
collisions at low multiplicities. According to the models in refs. [56, 90], this means that the

expansion is not significantly stronger in p—Pb than in pp collisions.

5.2 3D analysis results
5.2.1 Radius and correlation strength

Figure 8 shows the k1 dependence of the extracted 3D kaon radii Rout, Rside;s fong, and
correlation strength A in the case of three multiplicity and two kr ranges. As seen from

,15,



—_ l T T T T ‘ T T T T ‘ T T l —_ l T T T T | T T T T | T T T T l
E | = ppls=7TeV,(k)=042GeVic § | ® ppis=7TeV,(k)=08GeV/c |
~ | O Runi1p-Pb s, =502TeV,(k)=036GeVic _| ~ | O Run1p-Pb |5,=502TeV, (k=07 GeVic
z 10 Run 2 p-Pb |5, = 5.02 TeV, (k) = 0.36 GeV/ z 10 !
£ | @ Run2p-Pbys, =502TeV,(k)=0.36GeV/ic | £ | ® Run2p-Pb s, =5.02TeV,(k)=0.7 GeV/c
m | 4 Pb-Pb VST,N =276 TeV, <k-r> =0.35 GeV/c | CC | ¢ Pb-Pb ‘/STN =276 TeV, (kT> =0.75 GeV/c
0 Pb-Pb sy =5.02TeV, (k;) = 0.36 GeVic L 0 Pb-Pb|5u,=5.02TeV, (k) = 0.7 GeV/c
L _ .
booemmeens linear fit of pp & p—Pb @@_@i]/ B e linear fit of pp & p—Pb |
| — — linear fit of Pb—Pb _ | — — linear fit of Pb—Pb - ]
5 - 5 JOES
F & <5 R - pos & 4
—
L Joie 4 L o 5 d
L P ﬂ ALICE 4 L g . ALICE |
S K'K'®K K~ i . K'K'&K K~ ]
OL\ IR [ R OLl oo e ey
0 5 10 15 0 5 10 15
1/3 1/3
N N
(N (N

Figure 7. Femtoscopic radii extracted in the present analysis (green solid circles), as a function of
the cube root of the measured charged-particle multiplicity (Ne,)/3, at low (left) and high (right) k
compared with published results from pp [32] (red solid squares), p—Pb [35] (green empty circles),
and Pb—Pb [37, 58] (blue diamonds) collisions. Statistical (lines) and systematic uncertainties (boxes)
are shown. The dotted (dashed) line shows the fit of the pp and p—Pb (Pb—Pb) data with a first-
order polynomial.
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Figure 8. 3D R and A parameters as a function of kr in three multiplicity and two kr classes. The
experimental data (markers) are compared with the EPOS 3 model predictions shown by bands, the
width of which represents the statistical uncertainty on the model calculations. Statistical (bars)
and systematic (rectangles) uncertainties are shown. Points are shifted with respect to the 0-20%
multiplicity class along the x axis for clarity.
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Figure 9. 3D R parameters as a function of kt for pion (empty circles) and kaon (full circles) pairs.
Statistical (bars) and systematic (rectangles) uncertainties are shown. Points are shifted with respect
to the 0-20% multiplicity class along the x axis for clarity.

the figure, the extracted experimental radii decrease for more peripheral collisions and with
increasing kt within the 1.0 to 1.7 fm interval. The obtained A\ values do not depend on
multiplicity or k1, are around = 0.3 and equal within uncertainties to the correlation strength
values extracted in the 1D analysis. The EPOS 3 radii agree with the experimental ones within
uncertainties, although there is an indication that EPOS 3 underestimates the R,y component
of the 3D radius for the most central collisions. A similar behavior was observed for KK+
correlations in Pb-Pb collisions at /syy = 5.02TeV [58] in comparison to the integrated
hydrokinetic model [56] and for 7K correlations in Pb-Pb collisions at ,/snn = 2.76 TeV [91]
in comparison to the (3+1)D hydrodynamic model + THERMINATOR 2 [92]. Therefore,
to provide a better description of the femtoscopic data, hydrodynamic models should be
improved. The EPOS 3 predictions for the A parameter do not depend on k1 and multiplicity
and are larger (= 0.65) than the experimental ones similarly to the 1D analysis result, possibly
due to the contributions of kaons from long-lived (for example, K*) resonance decays.

Figure 9 compares the extracted 3D radii Rout, Rside, and Riong for pion [41] and kaon
pairs as a function of k. The comparison demonstrates that the pion and kaon radii
agree within uncertainties at the same multiplicity and kp. Unfortunately, the quite large
uncertainties of the available experimental data for pions and kaons do not allow for a fine
comparison of the radii to see if they scale better with the pair transverse mass mT or the pair
transverse momentum kr. The kp scaling was observed in the 3D analysis of identical charged
kaon correlations in Pb-Pb collisions at /syy = 2.76 TeV [45], although the hydrodynamic
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scenario of nuclear collisions for the particular case of small transverse flow predicted the m
scaling for the longitudinal radii (Rjong) for pions and kaons [93]. The obtained kt scaling
instead was interpreted as an indication of the importance of the hadronic rescattering phase
at LHC energies [48, 94, 95]. However, more experimental data are needed to clarify whether
mr or kr scaling occurs for pions and kaons in p—Pb collisions.

5.2.2 Time of maximal emission

In this work, based on the combined fit of the kaon Rﬁmg dependence on mt and the pion
and kaon transverse momentum spectra, the time of maximal emission [56, 57] for kaons
Tk was estimated as follows.

The first step is to perform a combined fit of pion and kaon pr spectra using

d3N mo _
EdTp X exp {— <T+a> \/1—1/%

where T is the temperature of maximal emission, « is a parameter characterizing the strength

; (5.1)

of collective flow (infinite value means zero flow, and small value means strong flow), and

v = mTkIaT is the transverse collective velocity. From the fit, the common effective

temperature of pions and kaons T and the value of « for each particle species are extracted.
At the second step, the fit of R120ng for kaons is carried out using the formula

R} (mr) = 7°¢7 (1 + 2<2> , (5.2)
T -
2 = . 1— 2. (5.3)

When performing this fit, the temperature 7T is taken from the fit of the spectra. However,
the ak parameter for kaons was left unconstrained following the approach used for A-A
collisions [56, 57, 59].

The Tk parameter was also extracted in the femtoscopic identical charged kaon analyses in
Pb-Pb collisions at /sy = 2.76 TeV [45] and at /sxn = 5.02 TeV [58]. Unlike the mentioned
Pb—Pb analyses, the available experimental data in p—Pb are limited. Therefore, in this
work, a simultaneous fit of pion and kaon pr spectra (eq. (5.1)) and kaon Riong (eq. (5.2))
was performed to extract the time of kaon maximal emission 7. Such a fitting procedure
provided the stability of the extracted Tk value. The spectra were taken from ref. [64]. In
addition, since the three 7k values extracted in the three corresponding multiplicity classes
were found to agree within uncertainties, they were averaged together to obtain a single
Tk value with a smaller statistical uncertainty. The systematic uncertainties of 7x were
determined by propagating the systematic uncertainties of Rjop,.

The resulting 7x = 2.7 £+ 0.25(stat.) & 0.15(syst.) is shown in figure 10. It agrees within
uncertainties with the value of the time of maximal emission in very peripheral Pb—Pb
collisions at the same collision energy. Thus, the kaon emission duration in p—Pb collisions
is comparable with that in Pb—Pb collisions at a similar multiplicity. In terms of physical
interpretation, it means that the kaon emission process in p—Pb and in very peripheral Pb—Pb
collisions occurs similarly over time.
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Figure 10. Time of maximal emission 7 as a function of the cube root of the charged particle
multiplicity (Ne,)'/? in p-Pb (green symbol, this work) and Pb-Pb (red [58] and blue [45] sym-
bols) collisions.

6 Summary

In summary, identical charged kaon pair 1D and 3D correlations were measured in p—Pb
collisions at /sNNy = 5.02TeV. The source radii decrease with increasing pair transverse
mass and decreasing event multiplicity both in the 1D and the 3D analyses, similar to the
measurements in A—A and high-multiplicity pp collisions in accordance with the hydrodynamic
expansion scenario of the medium created in high-energy collisions. The comparison of the
obtained results with the EPOS 3 predictions shows that this model does not describe
Riny for the most central events, while the description is very good for semicentral and
peripheral collisions. The model describes, within uncertainties, the measured 3D radii for
all the multiplicity classes and kr ranges, although there is an indication of discrepancy
between the experimental and the model R,.;. However, in order to make a statistically
significant statement for this discrepancy more experimental data are needed. The comparison
of Ry, as a function of the multiplicity in pp, p—Pb, and Pb—Pb collisions demonstrates
that pp and p—Pb points follow the same linear trend. The linear trend for the R,y
values in Pb—Pb collisions has a similar slope but a different offset. The gap between
these two fitting lines tends to increase with increasing kp. The same observation was
done for the pion correlation analysis earlier. This result disfavors models that incorporate
substantially stronger collective expansion in p—Pb collisions compared to pp collisions at
similar multiplicity.

The correlation strength A is independent of multiplicity or kt within uncertainties.
The values of the A parameters calculated with EPOS 3 are larger than those extracted
from the experimental data. The observed discrepancy could be due to the influence of
long-lived resonances.
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The 3D pion and kaon radii agree within uncertainties at the same multiplicity and pair
transverse momentum k. The available experimental data do not allow concluding whether
atnt and K*K* radii scale with the transverse mass or the transverse momentum.

Based on the 3D analysis, the time of maximal emission Tk was extracted for identical
charged kaons in p—Pb collisions. The obtained value is equal to the value of 7« in very
peripheral Pb—Pb collisions at the same collision energy indicating the same kaon emission

duration in the matter created in p—Pb and Pb—Pb collisions at similar multiplicity.
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