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In quantum scattering processes between two particles, aspects characterizing the strong and Coulomb
forces can be observed in kinematic distributions of the particle pairs. The sensitivity to the interaction
potential reaches a maximum at low relative momentum and vanishing distance between the two
particles. Ultrarelativistic heavy-ion collisions at the LHC provide an abundant source of many hadron
species and can be employed as a measurement method of scattering parameters that is complementary
to scattering experiments. This study confirms that momentum correlations of particles produced in
Pb-Pb collisions at the LHC provide an accurate measurement of kaon-proton scattering parameters at
low relative momentum, allowing precise access to the K~p — K~ p process. This work also validates
the femtoscopic measurement in ultrarelativistic heavy-ion collisions as an alternative to scattering
experiments and a complementary tool to the study of exotic atoms with comparable precision. In this
work, the first femtoscopic measurement of momentum correlations of K=p (K*p) and K*p (K~ p) pairs
in Pb-Pb collisions at centre-of-mass energy per nucleon pair of ,/syy = 5.02 TeV registered by the ALICE
experiment is reported. The components of the K~ p complex scattering length are extracted and found to
be N fo=—-0.91+ 0.03(stat)ir8:é§(syst) and Jfp =0.92 + 0.05(stat)f8:;§(syst). The results are compared
with chiral effective field theory predictions as well as with existing data from dedicated scattering and
exotic kaonic atom experiments.

© 2021 ALICE, European Organization for Nuclear Research. Published by Elsevier B.V. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction ever, scattering measurements can only be performed for pairs of
charged and long-lived particles, because of the technical chal-
lenges of creating beams of other particle species, especially in-
volving strangeness or antimatter [3]. Finally, attaining zero rela-
tive momentum for strange hadrons, such as kaons, is also chal-
lenging. Current K~ p measurements can only reach a kaon mo-
mentum of approximately 100 MeV/c with respect to the proton
at rest [4-10]. Therefore, the present accuracy of the K™p cross
sections and branching ratios at threshold does not sufficiently
constrain the scattering amplitudes.

Another way of studying the low-energy KN interaction is by
observing the shifts and widths of energy levels in exotic kaonic
atoms [11], where a negative kaon replaces an electron, see Fig. 1
b. In particular, kaonic hydrogen and kaonic deuterium can be
formed in dedicated experimental setups and measurements of

The study of kaon-nucleon (KN) and antikaon-nucleon (KN) in-
teractions is essential to understand low-energy quantum chromo-
dynamics (QCD). The Goldstone boson nature of the kaon and its
role as an active degree of freedom within effective field theories
are used to describe processes within the chiral SU(3) dynamics at
low energies. Since perturbation theory is not applicable in this
energy regime, experimental data are essential to constrain the
currently available effective theories [1]. In general, three experi-
mental techniques can be used to access hadron-hadron interac-
tion, such as KN, which will be discussed below. Their schematic
illustration is shown in Fig. 1.

A direct measurement of the KN interaction was first possible
in scattering experiments with secondary K~ beams impinging on
hydrogen targets. Such experiments allow the precise control of
both the initial (incoming) and final (outgoing) states, see Fig. 1 a.
Furthermore, polarised beams and targets can be used [2]. How-
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their X-ray deexcitation spectra provide a link to the K™p strong
interaction at zero relative momentum [12]. When the negative
hadron, such as K—, transits between the lowest energy states,
its wave function overlaps with the nucleus and the presence of
the strong force modifies the energy levels and their widths due
to coupling to intermediate states before absorption [13,14]. The
measurement of the energy shift and width of the 1S state of
the kaonic hydrogen line can be connected to the K™p scatter-
ing length ( fp) through the Trueman-Deser formula [15,16]. How-
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Fig. 1. Schematic illustration of available experimental techniques for measuring the interaction among hadrons: a) scattering experiments, b) measurements of energy shifts
from the X-ray de-excitation spectrum of exotic atoms, c¢) femtoscopy in small collision systems (pp) with coupled channel effects shown in green, and in large collision

systems (Pb-Pb) with vanishing coupled channel contributions shown in blue.

ever, it requires model-dependent corrections to account for the
presence of the isospin-breaking couplings and the Coulomb in-
teraction [16]. The scattering length is a complex number related
to both the elastic and inelastic cross sections of the interaction.
The current benchmark result is from chiral effective field the-
ory (xET calculations) [17,18] anchored to the kaonic hydrogen
data [19,20] collected by the SIDDHARTA experiment [21] at the
DA®NE electron-positron collider [22], and estimates the real part
R fo=—0.65+0.10 fm! and the imaginary part Jfo = 0.81 +
0.15 fm of the scattering length. Historically, the scattering param-
eters extracted from the kaonic hydrogen experiments pointed to
an attractive interaction, while a repulsive K™p scattering length
in free space was measured via scattering experiments. Currently,
both results are explained simultaneously by the presence of the
A(1405) resonance located just below the KN threshold [23]. Sim-
ilar experiments have been performed with other hadrons, such
as pions [14,24] and antiprotons [25], providing precise measure-
ments of the interaction at the kinematic threshold.

On the other hand, the repulsive nature of the K*p interac-
tion is well established. It is described by an s-wave [26] scattering
length with a negative real part (i fo = —0.308 £ 0.003) and the
Coulomb interaction [27,28].

Scattering experiments are special in that both the initial and
final states are fixed, which implies that only the K~p —K™p
process can be accessed. This is not the case for ultrarelativistic
particle collisions since only the K™ p final state is fixed and dif-
ferent initial states are allowed, such as K’n and nX, which are
referred to as coupled channels. Collisions of nuclei at the Large
Hadron Collider (LHC) provide an abundant source of various par-
ticle species (including strange hadrons [29]), in both small (pp, p-
Pb) and large (Pb-Pb) systems. In a single central Pb-Pb collision,
the number of produced particles reaches thousands at midra-
pidity (|y| < 0.5) [30-32]. Moreover, since the baryon chemical
potential for ultrarelativistic heavy-ion collisions at LHC energies
approaches zero, a nearly equal amount of matter and antimat-
ter are produced [33]. Therefore, they are an ideal environment for

1 The usual femtoscopic sign convention is used, where a positive % f corre-
sponds to attractive strong interaction.

conducting interaction studies involving both strangeness and an-
timatter [34-36], as shown in Fig. 1 c. A recent breakthrough in
the field was achieved by analysing the kaon-proton momentum
correlations [37] using the technique of femtoscopy in high-energy
pp collisions at the ALICE experiment [38], showing clear evidence
for the presence of coupled channels in the measured correlation
function. In particular, a clear signature for the opening at the

threshold of the K'n isospin breaking channel is observed due to
the mass difference between the pairs.

In order to reproduce the experimental data, theoretical models
need to describe the Coulomb interaction, the coupled-channels ef-
fects, and the threshold energy difference among the isospin mul-
tiplets used in the calculation [39]. This can be done in a realistic
KN-7tZ-mtA coupled-channel potential which can be constructed
starting from chiral SU(3) dynamics [18]. Alternatively, the KN in-
teraction can also be characterized by the Lednicky-Lyuboshitz an-
alytical model where the s-wave scattering parameters are used to
describe the measurements [40,41].

It has been recently predicted that the strength of the coupled
channels is significantly reduced for source sizes larger than 3 fm,
because channels other than K~p have a considerable magnitude
only around a distance of 1 fm [39]. It is therefore expected that
for larger sources, such as those created in heavy-ion collisions,
their effect on the correlation function should be significantly re-
duced or become asymptotically small. Therefore, the analysis of
K~ p pairs in Pb-Pb collisions, as shown in this work for the first
time, can help to disentangle the K~p —K™p process from contri-
butions stemming from on-shell coupled channels at the reaction
threshold.

2. Experimental setup and particle selection

The ALICE apparatus [38] is designed to measure the particles
produced in proton and lead (Pb) collisions at the LHC [42]. The
central barrel consists of a large solenoid magnet used to generate
homogeneous magnetic fields up to 0.5 T along the beam direc-
tions and a set of detectors located in the interior surrounding
the beam axis. Additional detectors are located outside the cen-
tral barrel in the forward beam direction. A detailed description of
the performance of the ALICE detector can be found in Ref. [43].
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Table 1

Centrality ranges and corresponding aver-
age charged-particle multiplicity densities at
midrapidity (dN,/dn) for Pb-Pb collisions at
/SNN = 5.02 TeV [45].

Centrality (dNcp/dn)
0-5% 1943 +53
5-10% 1586 + 46
10-20% 1180 + 31
20-30% 786 + 20
30-40% 512+ 15
40-50% 318+ 12

In this work, the minimum-bias Pb-Pb data at a collision en-
ergy per nucleon-nucleon pair of ,/syy = 5.02 TeV collected by
ALICE in the LHC Run 2 (2015) are used. The recording of the
collisions products was triggered using the VO detector consisting
of two arrays of 32 scintillator counters covering pseudorapidity
(n) ranges of 2.8 <n < 51 (VOA) and —3.7 < n < —1.7 (VOC).
A coincident signal in both detectors consistent with the collision
occurring at the centre of the ALICE detector was required. The
centrality of the collision, expressed in percentages of the total
hadronic cross section, was determined using the amplitudes of
the signals in the VO detectors following the procedure described
in Ref. [44] and classified into six intervals of the Pb-Pb cross sec-
tion: 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, and 40-50%. Those
intervals together with the corresponding charged-particle multi-
plicity densities at midrapidity (dN¢,/dn) are listed in Table 1.
Only collisions within £10 cm of the nominal interaction point
along the beam axis are considered in this analysis in order to
achieve uniform tracking and particle identification performance.

For track reconstruction and hadron identification the analysis
uses information provided by the Inner Tracking System (ITS) [38],
the Time Projection Chamber (TPC) [38,46], and the Time-of-Flight
detector (TOF) [47], located inside the solenoid magnet.

The ITS is composed of six cylindrical layers of silicon detectors
and it is used to determine the locations of the primary vertex by
extrapolation of primary tracks.

The TPC is a large (volume of 88 m?) cylindrical detector filled
with gas and is used as the main tracking and particle identifica-
tion detector of ALICE. The central electrode divides the TPC into
two halves. At the end of each half there is a readout plane com-
posed of 18 sectors (with full azimuthal angle ¢ coverage). Each
sector contains 159 padrows arranged radially. A track signal in
the TPC consists of space points (referred to as clusters), each re-
constructed in one of the padrows. A Kalman fit is performed on a
set of clusters in order to obtain the parameters of a given track. In
this analysis, the determination of momentum is performed using
the track curvature from the TPC detector only.

TOF is a cylindrical detector composed of Multigap Resistive
Plate Chambers (MRPC) located at r = 380 cm from the beam axis.
They are also arranged into 18 azimuthal sectors. The detector
measures the arrival of particles with a precision of the order of
50 ps.

Acceptance is restricted to || < 0.8. Selected kaons have trans-
verse momenta of 0.19 < pt < 0.45 GeV/c, while for protons the
interval is 0.5 < pt < 4.0 GeV/c. The distances of closest approach
(DCA) of a proton track to the primary vertex in the transverse
(DCAxy) and longitudinal (DCAz) directions are required to be less
than 0.0105 + 0.0350/(pt/(GeV/c)~11) cm and 3.2 cm, respec-
tively. These selections are imposed to reduce the contamination
from secondary tracks originating from weak decays and from in-
teraction with the detector material. All selections are summarized
in Table 2.

Particle identification is based on energy loss dE/dx in the TPC
and time of flight in the TOF. The difference between the mea-
sured and expected signals can be expressed in units of detector
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Table 2
Single particle selection criteria for kaons and protons.

Track selection

K= pr 0.19 < pr < 0.45 GeV/c
p/P p1 0.5 < pr <4 GeV/c
7] <0.8
DCA; to primary vertex <3.2cm
Kaon selection
No 1pc (for p < 0.4 GeV/c) <2
Ng 1pc (for 0.4 < p < 0.45 GeV/c) <1
No 1pc (for p > 0.45 GeV/c) <3
No 1oF (for 0.5 < p < 0.8 GeV/c) <2
Ny toF (for 0.8 < p < 1.0 GeV/c) <15
No TOF (fOl’ 1.0< p<15 GeV/c) <1
DCAyy to primary vertex 24 cm
Proton selection
/N2 1o + N2 1o (for pr>0.5 GeV/c)  <3+/2

DCAyy to primary vertex 0.0105 + 0.0350/(pr/(GeV/c)~ 1) cm

resolution called N,. For protons, the combined signal from TOF
and TPC is allowed to differ from the expected one by Ny, = 3v/2.
For kaons, five selection criteria (depending on the momentum
p) were introduced, as detailed in Table 2. The selection criteria
are optimised to obtain a high-purity sample without compromis-
ing the efficiency. The identification purity of the data sample is
estimated from detailed Monte Carlo (MC) simulations using the
HIJING [48] event generator coupled to the GEANT3 [49] transport
package and found to be above 98.5% for both the kaon and pro-
ton samples. The fraction of protons originating from weak decays
is determined to be 5.6% and negligible for kaons (< 0.05%). An
additional method based on template fits to the distributions of
the DCAz is used to determine the contribution from weak decays
in the proton sample. The fraction of 7.9% obtained for secondary
protons is averaged with the fraction from MC, resulting in a con-
tamination of 6.5% of weak decays in the sample.

The identified tracks from each event are combined into pairs
to form the distribution A(k*). Two-particle detector acceptance
effects, including track splitting, track merging, as well as effects
coming from y — ete™ conversion, contribute to the measured
distributions. The following selections are applied to reduce these
effects. For pairs of tracks within the relative pseudorapidity of the
two tracks |An| < 0.01, an exclusion on the fraction of merged
points is introduced. The merged fraction is defined as the ratio of
the number of steps of 1 cm considered in the TPC radius range
for which the distance between the tracks is less than 3 c¢m, to the
total number of steps. Pairs with a merged fraction above 3% are
removed. The ete™ pairs originating from photon conversions can
be misidentified as real kaon-proton pairs and it is necessary to
remove spurious correlations arising from such pairs. These pairs
are removed if their invariant mass, assuming the electron mass
for both particles, is less than 0.002 GeV/c?, and the relative polar
angle, A6, between the two tracks is less than 0.008 rad.

3. Data analysis

The femtoscopic measurements are based on the sensitivity of
two-particle correlations at low relative momentum to the space-
time separation of the particle emitters due to the effects of quan-
tum statistics and/or final state interactions (FSI), i.e. Coulomb and
strong forces, depending on the pair under consideration [50,51].
The femtoscopic correlation function, as shown in Fig. 1 ¢, in the
pair rest frame (PRF) can be written as [52,53]

- . SN
C(k*):/S(r*) ‘\Il(k*,r*) &3, 1)
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Table 3
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Components of the systematic uncertainty expressed as relative uncertainties from various sources. For a detailed description of

each variation see the text.

Variation ARyp (%) Adfo (%) AIfo (%)

Centrality

0-5% 5-10% 10-20%  20-30% 30-40%  40-50%
Background 1 4 <1 <1 <1 <1 <1 3 1
Background 2 3 3 4 3 1 3 6 13
Pair purity —3% -3 —4 -3 -3 -3 -3 +1 -5
Pair purity +3% +6 +4 +7 +4 +4 +4 -2 +11
Momentum resolution —14 -13 -9 —-11 —-10 -10 +19 —27
Fit range 0-0.2 GeV/c 5 2 1 1 <1 <1 2 <1
Fit range 0.005-0.150 GeV/c 3 3 8 <1 <1 <1 4 1
Alternative DCA selection 8 6 4 6 <1 7 1 5
Kaon selection (low and high pt) —-11 -8 -8 —-13 -5 —4 +16 -10
Kaon selection (high pt only) Does not apply +19 -35

where |kq*\ =k* is half the kaon-proton pair relative momentum,
which is equal to the momentum of the first particle in the PRF,
where the pair centre of mass is at rest (p; = —p3). The two-
particle emitting source function is denoted as S(F*), W(k*, 1) is
the pair wave function, and 7* is the relative separation vector.
The pair wave function depends on the interactions between the
two hadrons [40,41]. In the case of equal emission time in the PRF,
the Bethe-Salpeter amplitude in the Lednicky-Lyuboshitz formal-
ism [40,41,54], described in detail in Appendix A, coincides with a
stationary solution of the scattering problem with reversed time
direction in the emission process. The interaction then depends
only on the scattering length, fy, and the effective range of the
interaction, dg. In this work, the spin-averaged scattering parame-
ters are obtained, i.e. the real and imaginary parts, i fo and 3 fo,
respectively, of the scattering length. Moreover, the zero-effective-
range approximation (do = 0) is used in the analysis.

The experimental correlation function, C(k*) =N A(k*)/B(k*),
is constructed as a ratio between the measured distribution of pair
relative momenta A(k*) and the uncorrelated distribution B(k*)
obtained using the mixed-event technique [55,56], where N is a
free normalization factor which is constrained by C(k*) =1 at
300 < k* < 800 MeV/c. Effects of the scattering length as well as
of the size of the femtoscopic source are studied in the region of
k* < 150 MeV/c. Deviations from unity of C(k*) in this region indi-
cate the presence of an interaction between the studied particles.
In general, the attractive or repulsive forces manifest themselves
in values of the correlation function greater or smaller than one,
respectively [57].

The femtoscopic correlation functions for K~p and K*p pairs
and their charge conjugates K*p and K~p are measured in six cen-
trality intervals [44]. The centrality intervals and the corresponding
charged-particle multiplicity densities at midrapidity (dN,/dn)
are listed in Table 1. Since no deviations, apart from statistical
ones, between pairs and corresponding charge conjugate pairs are
observed, they are combined and denoted as K*p @ K~ for same-
and K~p @ K*P for opposite-charge combinations, respectively.

In Pb-Pb collisions, particles are also correlated due to the col-
lective expansion of the system. This generates a slope in the cor-
relation function [58] which appears to be well described by both
hydrodynamic simulations [59] coupled to the statistical hadroni-
sation code THERMINATOR 2 [60] or using the AMPT model [61].
These background correlations are therefore subtracted before fit-
ting the correlation functions by employing a first-order polyno-
mial fit to the AMPT simulated data in the first two centrality in-
tervals (0-10%) and a fit to the THERMINATOR 2 simulated data for
the remaining centrality classes (10-50%). The fixed value of the
impact parameter used for 0-10% centrality interval in THERMINA-
TOR 2 was not reproducing the distribution of measured average
charged-particle multiplicity.

The extraction of the scattering length parameters of K- p@K*p
pairs from the measured correlation functions uses a dedicated
fitting procedure based on the Lednicky-Lyuboshitz formalism. A
simultaneous fit to all measured pairs in the six centrality classes
is performed in the range up to k* = 175 MeV/c. The final val-
ues of the fitted parameters are obtained from the comparison of
the experimental correlation functions to the set of precomputed
model functions and based on the lowest y?2/ndf.

The assumption for the source function S(7*) is that, for each
centrality, it is a three-dimensional spheroid with a Gaussian den-
sity profile in the PRF [56,62,63] with a common width parameter
for same- and opposite-charge pairs Rp, referred to as the source
size or femtoscopic radius. This assumption is based on hydro-
dynamic models [64,65] of the matter produced in ultrarelativis-
tic heavy-ion collisions which provide quantitative agreement [66]
with collective phenomena [67], particle transverse-momentum
spectra [68], and femtoscopy of both identical [56,69] and non-
identical particles [63]. The femtoscopic radii follow the previously
observed linear scaling with (dN.,/dn)!/? and the transverse-mass
scaling behaviour [69-73]. This allows one to fix the source func-
tional form in Eq. (1) and use the Lednicky-Lyuboshitz formalism
for measurements of the interaction between any pair of particles
that can be detected in the final state. Moreover, the fit is fur-
ther constrained by using the measured scattering length values
for Kt p @K~ pairs, established from a partial wave analysis to be
N fo = —0.308 £0.003 fm [28]. Finally, there are six different fem-
toscopic radii corresponding to each centrality class and two, real
and imaginary, components of the K~ p @ K*p scattering length. In
a simultaneous fit to all measured correlation functions, the fitting
procedure determines the six radii from the K*p correlations and
the real and imaginary parameters of the strong interaction scat-
tering length from the K™p correlations.

The fitting procedure also accounts for the purity of the sample,
defined as the percentage of properly identified primary parti-
cle pairs originating from the three-dimensional Gaussian profile
of the source, following the method described in Ref. [74]. This
method was successfully employed in the pion-kaon femtoscopic
analysis by ALICE [63]. The value for the purity parameter was es-
timated to be 87% and depends on the misidentification, secondary
contamination from weak decays, and percentage of kaons and
protons that come from strongly decaying resonances constituting
the long tails in the source distribution, outside the Gaussian core.

The measured correlation function is also affected by the finite
momentum resolution of the ALICE detector. The detector response
matrix is obtained using a detailed Monte Carlo simulation of the
detector based on HIJING [48] coupled to GEANT3 [49] transport
code and is used to smear the theoretical calculations.
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4. Systematic uncertainties

The final systematic uncertainties are the maximum and mini-
mum deviations from the reference values obtained for different
variations of the analysis. The relative values of the important
sources of uncorrelated systematic uncertainty are listed in Ta-
ble 3. One of the most significant sources of uncertainty comes
from background estimation. The analysis considers two variations
of the default option. The first one (Background 1) defines the
background as a first-order polynomial fit to the raw data in the k*
region 0.35-0.6 GeV/c instead of predictions from the AMPT model
in the first two centrality intervals. The second one (Background 2)
estimates the background from the average of the first-order poly-
nomial fit to the raw data and the AMPT prediction in the first two
centrality intervals and the average of functions provided by the
THERMINATOR 2 code and the AMPT model in the other four cen-
trality intervals. The pair purity value used for scaling data points
is also varied. The default value equals 87%, the effect of possi-
ble additional sources of impurities is evaluated and found to be
smaller than 7%. The systematic effect of the finite resolution of
the detectors is evaluated using an alternative technique based on
a smoothed detector response matrix. Another variation of the de-
fault analysis is obtained by using a different sample of kaons. The
default data contain kaons in the transverse-momentum range be-
tween 0.19-0.45 GeV/c, while the variations cover the regions of
0.5-1.5 GeV/c as well as 0.19-1.5 GeV/c. The sample with high pt
is the most significant source of the uncertainty of the real and
imaginary parts of the scattering length due to the change in the
average pair transverse mass mr (the changes of radii are expected
and should not be treated as systematic uncertainty). The system-
atic uncertainty related to the DCA is evaluated using an alterna-
tive selection of a pr dependent DCAz < 0.418 — 0.372 x p.?'GG cm
and a constant value of DCAxy < 2.4 cm, preserving the integrated
proton purity. Additionally, results from the combined fit to both
kaon selections are also taken into account where the high pr kaon
sample radii are scaled to the low-pt according to the average pair
mr. Variations of the fitting range and track reconstruction have a
negligible contribution compared with other sources.

5. Results

The correlation functions for opposite-charge particle pairs
(K~p @ K*p), after division by the AMPT or THERMINATOR 2
baselines, are shown in Fig. 2. The correlation functions for
same-charge particle pairs (K™p @ K~p) are presented as inserts.
The cyan band represents the result of the simultaneous fit to
all obtained correlation functions with the Lednicky-Lyuboshitz
model [40,41]. The orange band corresponds to predictions from
% EFT calculations. These are computed using the Kyoto model [39]
and evaluated with the CATS framework [80]. The Kyoto model is
based on a chiral effective SU(3) calculation in which all coupled

channels, such as K’n and 7x are included. At present, this model
is able to describe both the ALICE results from proton-proton col-
lisions [37] and the SIDDHARTA measurement [18]. The bottom
panels of Fig. 2 show the difference between the data and the fit
(model) divided by the statistical uncertainty of the data, ogat.
The following effects can be observed: the K~p @ K*p pairs
show an attractive Coulomb interaction for small k*. The effect is
opposite for K*p@ K~p pairs. The influence of the repulsive strong
interaction manifests as correlation functions reaching values be-
low unity in the region of k* ~ 20 — 50 MeV/c and becomes more
pronounced towards more peripheral events, i.e., smaller source
sizes. As predicted in Ref. [39], features of the correlation func-
tion related to the coupled channels, observed in the analysis of
pp collisions [37], are negligible here. Neither the cusp structure
at 58 MeV/c due to the presence of the isospin-breaking channel
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K°n —K~p nor the enhancement due to the coupled channels be-
low threshold enhancing the correlation above unity in the inter-
mediate k* range are visible in the correlation function in Pb-Pb.

The common femtoscopic radii Rgp for same- and opposite-
charge pairs obtained from the Lednicky-Lyuboshitz fit are pro-
vided in Fig. 2 as well. They increase from around 5 fm for pe-
ripheral events to almost 9 fm for central events, and all are
larger than 3 fm where the predicted effect of coupled chan-
nels is reduced or negligible [39]. The radii scale linearly with
the cube root of the mean charged-particle multiplicity density
(dNe/dn)1/3, as observed for pion-pion [73], kaon-kaon [56],
and pion-kaon [63] pairs. The scattering length parameters ob-
tained from the fit are i fo = —0.91+ 0‘03(stat)f8f]§(syst) fm and
3fo=0.92+ 0.05(stat)")-35(syst) fm.

The obtained parameters of the scattering length are compared
with the available experimental values as well as model calcu-
lations [18,75-79] in the left panel of Fig. 3. Numerical values
of those parameters are also provided in Table 4. The ALICE re-
sults are compatible with them within uncertainties.> Up until
this point, the world’s best experimental data on Kp scattering
are mainly from exotic kaonic atoms, where the interaction at the
threshold is measured, and from scattering experiments. Theory
predictions and calculations are based on xEfT models.

Moreover, the Lednicky-Lyuboshitz formalism is also used to
compute femtoscopic correlation functions using scattering length
parameters from previous measurements and theory predictions.
They are then compared with the experimental data and the de-
viations in units of x2/ndf are obtained. The result of such a
procedure is shown in Fig. 3 (right), while the x2/ndf values
are presented in Table 4. The Kyoto model, which captures well
the structures related to coupled channels in pp collisions, repro-
duces the data trends in all measured Pb-Pb centrality intervals,
confirming that the coupled channels are fundamental in the de-
scription of small sources but have a negligible influence on cor-
relation functions at large source sizes [39]. However, the model
still requires further development as the resulting x?2/ndf = 2.8
is slightly worse than the best calculations using the Lednicky-
Lyuboshitz analytical approach.

6. Summary

In this work, we present the first measurement of non-identical
particle femtoscopy of K" p@®K*™p and K™p @ K™ p pairs performed
in Pb-Pb collisions at ,/syy = 5.02 TeV in six centrality intervals.
Up to now, the existing experimental data on K~p scattering al-
lowed us to study the interaction at a fixed range, either in the
asymptotic regime, where the effect of the coupled channels is not
present, or at very small ranges (Rgp ~ 1 fm) where they are dom-
inant and difficult to disentangle from the K~p —K™p channel.
The analysis of the Pb-Pb data with the ALICE detector addresses
these issues by testing the K™ p interaction as a function of the
source size in the range Rgp € (4.9, 8.9) fm. In femtoscopy, a pre-
cise knowledge of the source from which hadrons are emitted is
needed to measure the interaction using quantum scattering the-
ory. In the case of pp collisions, where this is of the order of 1 fm,
very short interaction distances are probed. In Pb-Pb collisions,
the larger average distance of several fm between the hadrons
probes the asymptotic form of the two-particle wave function,
as demonstrated in this work. The obtained values of Ry, follow
a linear scaling with the cube root of averaged charged-particle
multiplicity density and the transverse-mass scaling. This is in

2 Note that systematic uncertainties are not provided for some of the older re-
sults.
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Table 4

Physics Letters B 822 (2021) 136708

Values of the scattering parameters and the x2/ndf for the deviation between the ALICE data and available model calculations and

previous measurements for K™p pairs at low relative momentum.

Model calculation: N fo (fm) 3 fo (fm) x2/ndf
Lednicky-Lyuboshitz fit to data —0.91= 0.03(stat)™5 27 (syst) 0.92: 0.05(stat) 312 (syst) 14
Kyoto [39,80] - - 2.8
Lednicky-Lyuboshitz with fixed parameters from:

Kaonic deuterium (Hoshino et al.) [78] —0.66 0.89 2.0
Scattering experiments (Martin) [75] —0.67+0.1 0.64+0.1 33
Chiral SU(3) (Ikeda et al.) [17,18] —0.7 0.89 19
SIDDHARTA chiral SU(3) [17,18] —0.65+0.1 0.81+0.15 2.3
Hamiltonian EFT (Liu et al.) [77] -0.75 0.80 19
Kaonic hydrogen (Ito et al.) [76] —0.78+0.15 0.49+0.25 4.2
Chiral SU(3) (Borasoy et al.) [79] —1.05+0.5 0.75+0.4 1.6

agreement with other femtoscopic measurements in heavy-ion col-
lisions, as expected from the hydrodynamic models. The result-
ing correlation functions are fitted simultaneously to extract the
complex scattering length whose components are N fop = —0.91 &+
0.03(stat)™5: 03 (syst) fm and 3 fo = 0.92 = 0.05(stat) "3 3%(syst) fm.
The obtained result is consistent with existing data from scattering
experiments. Moreover, theoretical computations based on xEfT
(the Kyoto model) provide a comparably good description across
all centrality intervals, providing further confirmation on the valid-
ity of the model.
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Appendix A. Lednicky-Lyuboshitz formalism

The pair wave function in Eq. (1), W(E*,F*), depends on the
two-particle interaction. Kaons interact with protons via the strong
and, for charged kaons, also the Coulomb force. In such a sce-
nario, the interaction of two non-identical particles is given by
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the Bethe-Salpeter amplitude, corresponding to the solution of the
quantum scattering problem taken in the inverse time direction’:

W () = ,/Ac(s)% [e*iE*XF*F(—is, 1,i¢™)

- G(p.
+ fc(k*)y], (A1)

where Ac is the Gamow factor, £+ = k*r* (1% cos*), £ = 1/(k*ac),
F is the confluent hypergeometric function, and G is the com-
bination of the regular and singular s-wave Coulomb functions.
The angle 6* is defined between the pair relative momentum and
relative position in the pair rest frame, while ac is the Bohr ra-
dius of the pair (ac = —83.59 fm for K™ p pairs). The component
fc(k*) is the strong-interaction scattering amplitude, modified by
the Coulomb component:

1 1 2
FEN k) = — + =dok** — = h(k*ac) — ik*ac, (A2)
0o 2 ac

f

o0

where h(g) = &2 Y. [n(n®> + &%)]7! —v —Inlg| (y =0.5772 is the
n=1

Euler constant).

Moreover, the description becomes more complicated when
coupled channels are present. For details, see Refs. [51,81].

The correlation function is obtained by numerical integration of
the source function S(r*), parameterised by a three-dimensional
Gaussian in the PRF, with the Bethe-Salpeter amplitude given in
Eq. (A.1) and with the Coulomb-modified scattering amplitude de-
fined in Eq. (A.2) [74,82].
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