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Femtoscopy of nonidentical particle pairs has been instrumental for precision measurements of both two-
particle sources and the final-state interactions in high-energy elementary and heavy-ion collisions. The majority
of measurements assessing the source properties are based on identical particle pairs, providing direct access
to the characteristics of the single-particle source. The work in this paper demonstrates, via femtoscopy mea-
surements of charged pion-deuteron pairs in Pb-Pb collisions at ,/syy = 5.02 TeV, the feasibility of accessing
the characteristics of the single-particle femtoscopic source by using particle pairs with large mass differences
such as pions and deuterons. The first experimental results of the measurement of deuteron source sizes in
ultrarelativistic heavy-ion collisions are presented. The results show good agreement with the trend derived from
other charged hadrons such as pions, kaons, and protons as a function of transverse mass, indicating similar

source properties.

DOLI: 10.1103/mrp4-z4hh

I. INTRODUCTION

In ultrarelativistic heavy-ion collisions, various particle
species emerge from the created fireball. Among them, non-
composite light hadrons are produced predominantly in a
thermal way during the hadronization phase at the chemical
freeze-out, occurring at a system’s temperature of approx-
imately 150-160 MeV [1-6]. The high temperature has
sparked debates about whether composite particles, such as
(anti-)deuterons, can form directly alongside hadrons during
these thermal processes [7—12]. This question arises because
the production and stability of (anti-)deuterons in a hot ther-
mal medium are unexpected, given their modest binding
energy of only 2.2 MeV between the neutron and proton—
approximately 70 times smaller than the system temperature
at chemical freeze-out (~156 MeV [13]). Instead, an alter-
native scenario suggests that (anti-)deuterons form through
coalescence, where protons and neutrons, close in phase space
in their final state, interact via the strong force during the
hadronic phase, between chemical and kinetic freeze-out.
The production of light ions via the thermal or coalescence
processes has been extensively studied experimentally via
measurements of particle yield, spectra [14—17], elliptic flow
[18-20], and fluctuations [21]. However, no single production
model fully explains all observed trends, as different stud-
ies either lack sensitivity or support different mechanisms.
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Therefore, to gain a better understanding of this topic, further
studies of both established and new observables are required.

Recently, there has been a notable interest in correlation
studies involving (anti-)deuterons [22-25]. One method for
such studies is the femtoscopy technique (see Refs. [26,27]
and references therein), which is inspired by Hanbury Brown
and Twiss interferometry [28] in astronomy used to measure
the angular sizes of light sources. Femtoscopy is based on
measurements of correlations as a function of the relative mo-
menta between the two particles and enables the measurement
of space-time characteristics of short-lived dynamic sources
of the size of 1-10 fm [29-31] as well as the final-state in-
teractions (FSI) between the two particles of the pair [32-35].
The study of relative momentum correlations involving (anti-)
deuterons can therefore provide valuable insights into several
open questions, including the interactions of nucleons with
other hadrons [24] as well as the production mechanism of
composite particles in heavy-ion collisions which may affect
the space-time properties of the source [23,36,37]. Femto-
scopic correlations can provide unique and complementary
access to the properties of interactions in the low momentum
regime (<200 MeV/c) to other techniques like scattering ex-
periments or spectroscopy of exotic atoms [35,38].

An important objective of femtoscopy is the measurement
of the size of the homogeneity region of the particle-emitting
source [39]. This region is defined as the part of the source
from which pairs of particles are emitted with similar velocity
magnitude and direction, corresponding to the low relative
momentum in the pair rest frame (PRF). The size of the ho-
mogeneity region follows two dependencies: it scales linearly
with the cube root of charged-particle multiplicity density
(dNe,/dn)'/3, where 7 is the pseudorapidity, and exhibits a
power-law scaling with the transverse mass mr = v/ p% + mj,
where pr and my are the transverse momentum and the rest
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mass of the particle, respectively [40—44]. The my scaling
of the system size in heavy-ion collisions is a sign of the
collectivity arising from the flow field of an expanding system
[45,46] that is predicted by models based on relativistic hy-
drodynamics [47]. The assumption of a common mr scaling
behavior for all particle species is particularly useful as one
can estimate the expected source size for a given particle
species for which experimental data is not available [44,48].
This assumption also greatly reduces uncertainties in the study
of the interaction of the final-state particles that make up
the pair. By constraining the source, one can use experi-
mental data to fit phenomenological models and parametrize
unknown or poorly constrained variables of the interaction
(see Refs. [33,49]). Additionally, it is possible to investigate
the dynamics of the interaction itself, such as many-body
scenarios [24,50]. However, it is not immediately evident
whether composite objects such as light nuclei should fol-
low the same mr scaling trend as noncomposite hadrons like
pions, kaons, and protons [36]. In this study, we specifically
test whether this scaling extends to deuterons, which, despite
being composite objects, have a binding energy that is signif-
icantly lower than the characteristic system temperature. The
validity of the mr scaling assumption for deuterons is directly
examined by extracting their source sizes from femtoscopic
measurements of pion-deuteron pairs and comparing them
to the expected trend for individual hadrons. Determining
the deuteron source size is thus a central goal of this work,
as it provides crucial input for understanding the space-time
evolution of composite particles in heavy-ion collisions.

The structure of this paper is organized as follows. In
Sec. 1II, the experimental setup and data samples used in
this analysis are described. Section III outlines the method-
ology for constructing the experimental correlation functions
and details of the corrections applied. Section IV provides a
theoretical interpretation of the femtoscopic correlation func-
tions, including a description of the models and formalisms
employed. In Sec. V, the results of the femtoscopic mea-
surements and their implications are presented. Section VI
discusses the systematic and statistical uncertainties associ-
ated with the measurements. Finally, Sec. VII summarizes the
key findings of this study and highlights potential avenues for
future research.

II. DATA SAMPLE

This study is based on the analysis of 337 million Pb-Pb
collisions at a center-of-mass energy per nucleon-nucleon pair
of \/snn = 5.02 TeV recorded by ALICE (A Large Ion Col-
lider Experiment) [51] during the Run 2 data-taking period
of the Large Hadron Collider (LHC) [52] in the year 2018.
The collisions were selected by using a trigger system based
on the two VO detectors [53] composed of two arrays of 32
scintillator counters on either side of the nominal interaction
point in the pseudorapidity ranges of 2.8 < n < 5.1 (VOA)
and —3.7 < n < —1.7 (VOC). A minimum-bias event at the
center of the ALICE detector is recorded if, in coincidence to
the crossing of the two LHC beams, hits in both VO detectors
are registered. Following the procedure described in Ref. [54],
the amplitudes of signals measured in both VO detectors are

used to determine the centrality of the collision, expressed in
percentages of the total inelastic hadronic cross section. The
measurement presented here is performed in three intervals
of event centrality: 0—10%, 10-30%, and 30-50%. All three
intervals consist of minimum-bias triggered events, while the
central (0—10%) and semicentral (30-50%) intervals addition-
ally include events from specific centrality triggers enhancing
statistical significance [55].

In this work, the following central barrel subdetectors of
the ALICE apparatus are used to reconstruct tracks and to
infer the corresponding particle identity: the Inner Tracking
System (ITS [56]), the Time Projection Chamber (TPC [57]),
and the Time of Flight detector (TOF [58]). All three of
them are embedded in the homogeneous magnetic field of
maximum 0.5 T provided by a large solenoid magnet.

The ITS consists of six cylindrical layers of silicon de-
tectors placed closest to the beam pipe. Therefore, it is used
for precise reconstruction of the primary vertex. To optimize
detector performance, events with multiple reconstructed pri-
mary interaction vertices, known as pile-up events [59], are
excluded. The main detector of ALICE, responsible for track-
ing, momentum reconstruction of the tracks, and particle
identification, is the TPC. The TPC is a large barrel gas detec-
tor filled with a 90%—10% Ar-CO, gas mixture, placed around
the ITS detector. It covers a radial area from approximately
85 to 247 cm from the beam pipe and provides an active
volume of 88 m>. The TPC acceptance covers the pseudora-
pidity range of |n| < 0.9. The track reconstruction is based
on detecting the radiation induced by the ionizing charged
particle along its trajectory in up to 159 pad rows arranged
radially and 18 sectors in azimuthal angle per TPC side. The
particle identification (PID) is performed through the mea-
surement of specific energy loss (dE/dx) of each track in
the TPC. The difference between the measured and expected
signals, assuming a certain particle identity, is then calculated
in units of the detector resolution, expressed as No. For this
study, the momentum of the particles is determined based
only on the track information coming from the TPC detector.
Since the TPC’s PID is limited to low momenta, where the
Bethe-Bloch curves are well separated, the TOF detector is
additionally used for track identification in the momentum
region exceeding 0.5 GeV/c for pions and 1.3 GeV/c for
deuterons, respectively. The time-of-flight information is cal-
culated as the difference between the arrival time registered
in the TOF and the collision start time provided by the TO
detector [60]. The time of flight of a given particle, together
with its measured momentum and path length, can be used to
infer its mass, whose distribution can then be associated with
a specific particle species using No. It is a cylindrical shape
detector built of Multigap Resistive Plate Chambers (MRPC)
and it is located at ~380 cm from the collision vertex in the
radial direction. The TOF covers the pseudorapidity range of
In] < 0.9.

In this analysis, in order to ensure uniform acceptance, all
collisions are required to have a primary vertex, Vz, within
410 cm from the nominal interaction point along the beam
(Z) axis and tracks are registered within a pseudorapidity
range of |n| < 0.8. The reconstruction of tracks is based on
a minimum of 70 clusters deposited in the TPC detector. The
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TABLE I. Single track selection criteria for pions and (anti-
)deuterons.

Track selection

nipT 0.1 < pr <1.5GeV/c
d/d pr 0.8 < pr <2.0GeV/c
Il <0.8

Pion (7 and 7 ™) selection
Ng‘Tpc (p < 0.5 GeV/c) <3

V N 1or + N3 1pc <3
(p>0.5GeV/c)
DCAy to primary vertex

DCAxy to primary vertex

<3.2cm
<2.4cm

Deuteron (d and d) selection
Ny 1pc (p < 1.3GeV/c) <2
No t0F, <2
Ng.]‘pc(p > 1.3 GeV/c)
DCAy to primary vertex
DCAxy to primary vertex

<1.0cm
< 0.0105 4+ 0.0350
x [pr/(GeV /)™ cm, <2.4 cm

transverse momentum pr range of pions and (anti-)deuterons
covers 0.1 < pr < 1.5GeV/c and 0.8 < pr < 2.0 GeV/c,
respectively. Additionally, pions and antideuterons are ac-
cepted if their distance of closest approach (DCA) to the
primary vertex is smaller than 2.4 cm and 3.2 cm in the
direction transverse to the beam (XY) and along the beam (Z),
respectively. A significant number of deuterons are produced
by spallation processes in the detector material which typi-
cally do not point back to the primary collision vertex. In order
to suppress this background, the DCA of deuterons is required
to be smaller than 0.0105 4 0.0350 x [pr/(GeV/c)]™!'! cm
in the XY plane and 1 cm in the Z direction. The track
selection criteria of pion and (anti-)deuteron are summarized
in Table I.

Moreover, tracks have to pass pair requirements to reduce
the two-track effects, such as track merging, contributing to
the measured distributions. For this purpose, similarly, as in
Ref. [35], a fraction of merged space points in the TPC are
examined to determine whether the two tracks in the pair have
a small relative proximity within the detector (JAn| < 0.01).
Merged space points are defined by the distance between
two tracks being less than 5 cm and are evaluated at 1 cm
intervals in the outward direction of the TPC (starting at
80 cm from the beam). Pairs with a merged fraction above
2% are removed. To avoid spurious correlations coming from
the misidentification of pairs originating from photon conver-
sions, the invariant mass of the pair (assuming an electron
mass hypothesis for both particles) is required to be larger than
0.002 GeV/c2 and the relative polar angle, A6, between the
two tracks, should be larger than 0.008 rad.

III. FORMALISM OF CORRELATION FUNCTIONS

The femtoscopy technique measures the correlation be-
tween two particles as a function of k*, which is defined as
the absolute value of half of the pair relative momentum,

k* = (1;*1‘ — p%)/2, where variables p} and p5 are the mo-
menta in the particle rest frame (p;* = —p,*). At low relative
momenta, correlation functions become sensitive to the space-
time separation of the particle emitters and to effects such as
the (anti-)symmetrization of the wave function (usually re-
ferred to as “quantum statistics”) and/or final state interactions
(Coulomb and strong forces). The nature of the interaction
as well as the particle source depend on the pair type under
consideration, pair transverse mass, types of particles being
collided, and the particle multiplicity of the collision [27,61].
The femtoscopic correlation function can be expressed by the
Koonin-Pratt formula [62,63] as

C(k*) = /S(?*)py(l?*, ) 2d3r, 1)

where 7* is the relative separation vector, S(7*) is two-particle
emitting source function, and q!(l;*, 7*) is the pair wave
function.

The source function S(#*) of the homogeneity region de-
scribes the probability of emitting two particles at a relative
distance r*. It is typically represented as a three-dimensional
spheroid with a Gaussian density profile parametrization
[64—66]. Such a source is then characterized with the so-called
femtoscopic radii (width parameters) expressed either in a
convoluted one-dimensional form, as is the case in this work,
or directly in three dimensions [45]. The Gaussian source
distribution is convoluted with the part representing the ad-
mixture of long-lived strongly decaying resonances (for pions,
e.g., w, K% [67]) present in the studied sample, which con-
tribute to the non-Gaussianity of the experimentally observed
source [68]. In our study, the statistical uncertainties of the
data do not provide enough sensitivity for this effect and thus
it is not considered in the fits. As a consequence, for the preci-
sion expected in the pion-deuteron measurement of this work,
the usage of a Gaussian source, characterized by a single
direction-averaged source size, is justified and sufficient. Ac-
cording to hydrodynamical models [69,70], which mimic the
evolution for the matter produced in ultrarelativistic heavy-ion
collisions, the source is expected to be the same for same- and
opposite-charge pairs, providing a single femtoscopic radius
(Rq) per centrality interval.

The pair wave function for nonidentical particles accounts
only for the effects of FSI. The pion-deuteron wave function is
influenced by the Coulomb interaction, which dominates over
the strong interaction, especially for same-charge pairs. As a
result, the repulsive 7 *d interaction is approximated using a
Coulomb-only solution. However, for opposite-charge pairs,
the strong interaction plays a more significant role due to the
attractive nature of the interaction. Therefore, given the well
constrained scattering parameters [71], the strong interaction
is included in the calculations for 7 ~d pairs. The presence
of both Coulomb and strong forces in the interaction can be
described with the Lednicky-Lyuboshitz formalism [72-74],
in which approximate solutions of the interaction provide
accurate descriptions for meson-nucleus systems in relativis-
tic heavy-ion collisions. This formalism is based on the
s-wave approximation of the asymptotic scattering wave func-
tion, which is fully described by the scattering parameters,
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specifically the scattering length (fj) and the effective range
(dp). In this analysis, the zero-effective-range approximation
(dy = 0) is used. The 7 ~d scattering length of the strong inter-
action has been established as f; = —0.0382(%0.0007) + i x
0.0092(+£0.0010) fm in precise x-ray spectroscopy of pionic
deuterium experiments [71,75] and agrees with theoretical
expectations [76,77]. The pair wave functions for same- and
opposite-charge pairs are defined in the Appendix.

IV. EXPERIMENTAL CORRELATION FUNCTIONS

The correlation function is determined experimentally as
the ratio of distributions of pairs as a function of k* con-
structed by using particles produced in the same event A(k*)
and pairs originating from mixed events B(k*) [65,78]. In
the former case, pairs are physically correlated since both
particles are produced in the same collision, whereas in the
latter case, pairs do not exhibit any physical correlations. Both
distributions contain effects related to the limited detector
acceptance; therefore, the event mixing technique is used to
account for them. Ensuring similar event characteristics, the
two particles forming pairs in the B(k*™) distribution orig-
inate from events with a V; difference of less than 2 cm
and centrality percentages differing by no more than 2.5%
for central collisions (0—-10%) and 5% for semicentral col-
lisions (10-30% and 30-50%). To reduce statistical effects,
particles from one event are mixed with those from up to 10
different similar events. The experimental correlation function
takes the form of Cexp (k™) = NA(k*)/B(k*), where N is a
free normalization factor constrained in the 0.15-0.35 GeV/c
interval of k*, where no femtoscopic signal is expected and
nonfemtoscopic effects are minimal. In this region, the corre-
lation function is flat and approaches unity. The femtoscopic
effects in the correlation function manifest as deviations from
unity [33], which is particularly evident at low relative mo-
mentum. Consequently, the effects of the interaction and
the femtoscopic source distributions are studied in the k* <
0.12 GeV/c region, referred to as low k™ in this work.

The experimental correlation functions have been cor-
rected for particle misidentification, secondary contamination
from weak decays, e.g., Kg or A, and deuterons that are
produced through spallation processes in the detector mate-
rial. The impact of these effects has been estimated using
a data-driven approach and Monte Carlo (MC) simulations
anchored to the detector performance during the correspond-
ing data-taking period [35,79]. The particles originating from
strongly decaying resonances form a long tail in the source
distribution and have also been considered. The correction has
been estimated based on a fraction of the Gaussian core in the
full source, following the method described in Ref. [68]. This
method has already been used in the femtoscopic analysis,
e.g., pion-kaon and kaon-proton pairs by ALICE [35,66]. The
total correction (corr) is expressed as

COIT = Py - Pd * fr * Jd * &rds @)

where p corresponds to the fraction of correctly identified
particles, f is the fraction of particles with primary ori-
gin, and g is the source Gaussianity. The corr factor has
been calculated for each pair as a k*-dependent parameter,

which, on average, in the low k* range was found to be
61.6%, 63.7%, 65.1% for 7*d and 7 ~d pairs and 67.9%,
66.3%, 64.0% for w*d and 7 ~d in centrality bins 0-10%, 10—
30%, 30-50%, respectively. The correlation functions have
also been corrected for a physical background (baseline)
which arises from the collective expansion of the collision
system. This background is estimated by extrapolating a first-
order polynomial fit to the data points in the range 0.15 <
k* < 0.35 GeV/c and equals —0.008k* + 1.002, —0.017k* +
1.004, and —0.018k* + 1.004 for 0-10%, 10-30%, and
30-50%, respectively. The baseline is removed from the cor-
relation function by division. The feed-down and residual
correlations from particles that are not of primary interest are
negligible and are assumed to follow flat distributions in pion-
deuteron measurements. The genuine correlation function is
then extracted as follows:

o (Contk) —1
Co) = ( corr(k*)

+ 1)/baseline(k*). 3)

V. RESULTS

The presented analysis is performed for 7 —d, w*d, 7 *d,
and 7~d pairs. Pairs and their charge conjugates were
combined, as no systematic deviations between them were
observed within uncertainties. The total number of pairs con-
tributing to a low k* range in both cases of 7—d @ 7+d
and 7td @ 7 —d amounts to 3.6 x 107, 3.7 x 10°, and 2.9 x
10° in 0-10%, 10-30%, and 30-50% centrality intervals,
respectively.

Figure 1 shows the experimental correlation functions for
the same- and opposite-charge particle pairs, after baseline
correction and background removal following Eq. (3). The
functions of 7~d @ 7 *d pairs exhibit an interaction that is
repulsive in the low k* range where points are below unity.
In that region, the 7~d @ m*d pairs show the opposite be-
havior of attractive interaction with points consistently above
unity. The experimental data are further used to determine
the femtoscopic source radii of pion-deuteron pairs for each
centrality interval considered in this work. For this purpose,
the employed fitting procedure is analogous to that described
in Ref. [35]. The experimental correlation functions are com-
pared with precomputed model functions and the best source
parameters are determined based on the lowest x >/ndf within
the range of k* < 0.12 GeV/c and are shared among same-
and opposite-charge pairs of particles. The precomputed the-
oretical correlation function is smeared using an experimental
response function modeled with a Gaussian distribution, with
its width determined from the low k* range of the resolution
matrix and weighted by the number of pairs in the correspond-
ing k* bin. The resolution matrix, representing the detector
response, accounts for the finite momentum resolution of the
ALICE detector, which affects the experimentally measured
correlation function. It is derived from a Monte Carlo HI-
JING [80] simulation coupled to GEANT4 [81] transport
code, which provides a realistic description of the ALICE
apparatus.

The bands in Fig. 1 show the result of the simultaneous
fit to same- and opposite-charge particle pairs, described with
the Lednicky-Lyuboshitz [72,73] formalism, considering a
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FIG. 1. Upper row: 7+d @ 7 ~d correlation functions in three centrality classes with Coulomb (Lednicky-Lyuboshitz, denoted as L-L) fits
shown as orange bands. Bottom row: w~d @ mw*d correlation functions in three centrality classes with L-L fits including both Coulomb and
strong interaction shown as blue bands. The data are shown after nonfemtoscopic background subtraction and corrections (see text for more
details). The statistical and systematic uncertainties of the experimental data are represented by lines and boxes, respectively. Bandwidths
represent the systematic uncertainties related to the fit. The bottom subpanels display the data-to-fit differences normalized by the total

uncertainty oy, of the experimental data.

Coulomb-only and a Coulomb-strong parametrization of the
interaction, respectively. The models used for fitting provide a
qualitatively good description of the experimental correlation
functions and the fit bands follow closely the data points. The
fit assumes that the source has the same size for same- and
opposite-charge pairs at a given centrality. The two-particle
R4 radii increase from 6.95 + 0.47(stat)f8:gg(syst) fm for

the 30-50% centrality, then to 8.68 & 0.53(stat) %33 (syst) fm
for the 10-30%, and reaching the highest value of 10.35 &+
0.30(stat)fgzgg (syst) fm for the 0—10% centrality, respectively.
The observed change of femtoscopic source sizes in differ-
ent centrality intervals is expected as it has been observed
already for femtoscopic measurements for other pair types in
heavy-ion collisions [44] and hydrodynamic models [48,82].
In Sec. VI, the details of the systematic uncertainty for the

two-particle radii measurements are discussed.

The properties of particle emission are characteristic of dif-
ferent particle species. Consequently, the two-particle source
parameter R4 is determined by the convolution of the cor-
responding single-particle radii [68], as described by the

following formula:
Rea = /R + R, )

where R, and R4 are the femtoscopic radii of particles of the
pair that have similar velocities. When applied to a pair of
identical particles, this equation can be simplified to \/ERmV,
where Rj,, represents the invariant single-particle source size
for a given particle species. Equation (4) can be further
inverted to determine the source parameter Ry. Here, the nec-
essary inputs are the source radii of the pion-deuteron pair,
R4, which is measured directly in this study and the single-
particle pion source radii, R, obtained from the established
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TABLE II. Source radii of pions (R,) and deuterons (Ry) for different centrality intervals.

Centrality R.(mt)=a-mr+b R, (0.24 GeV/c) (fm) Ry (fm)

0-10% a=-562b=10.94 9.60 £ 0.06(stat) & 0.88(syst) 3.88 & 0.48(stat) ey (syst)
10-30% a=—4.70,b=923 8.09 + 0.05(stat) & 0.70(syst) 3.29 £ 1.21(stat) ™2 (syst)
30-50% a=-3.76,b="136 6.45 & 0.04(stat) + 0.65(syst) 2.72 4 0.99(stat) T 3 (syst)

mr scaling [44]. The latter was measured at /sy = 2.76
TeV; therefore, to apply it in this work, the source radii are
rescaled to a collision energy of /sy = 5.02 TeV using the
well-known linear scaling of femtoscopic sizes with the cube
root of the charged-particle multiplicity density, given by

Riny = a -/ (dNecn/dn) + b, &)

where a and b are free parameters derived for each particle
species based on already measured femtoscopic sizes. The
necessary scaling values of (dN.,/dn)'/? are measured at both
energies [83,84]. To get the mr of pions in the nonidenti-
cal pion-deuteron pairs sample, where differences in mass
are large, only those particles that contribute to low k* are
considered. These particles propagate at comparable veloc-
ities, contributing to the observed correlation effects. The
average mr of pions that build pairs with (anti-)deuterons of
this study is measured to be 0.24 GeV/c?. Such my values
access the ultrasoft pion limit and therefore the mr-scaling
dependence of the rescaled pions is extrapolated with a lin-
ear fit function following the conclusion of Ref. [85]. The
extrapolation of the mr dependence of the pion femtoscopic

€ ' I T I [
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10 r v K A P 7
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FIG. 2. Values of R;,, as a function of mr for Pb-Pb collisions
at /syn = 5.02 TeV for d and d, together with other mesons
and baryons (7%, K=, K{, p, p) taken from Ref. [44] and rescaled
to /ssnw = 5.02 TeV. The red, green, and blue colors stand for
0-10%, 10-30%, and 30-50% centrality intervals, respectively. The
bands correspond to power-law fits of the femtoscopic sources for
all previously measured particles, with the width representing the
uncertainty in the pion source measurements. Statistical uncertainties
are shown as lines. Systematic uncertainties arising from the analysis
settings and from the pion source calculations based on rescaled data
are shown with open and full boxes, respectively.

source size is described by the function R, (mr) = a - mr +
b fm, where a and b are parameters that depend on cen-
trality and are summarized in Table II. Consequently, for
the measured pion my value of 0.24 GeV/c?, the source
radii of pions (R;) are 9.60 % 0.06(stat) = 0.88(syst) fm,
8.09 £ 0.05(stat) £ 0.70(syst) fm, and 6.45 £ 0.04(stat) £
0.65(syst) fm for 0-10%, 10-30%, and 30-50% centrality,
respectively.

In Fig. 2, the femtoscopic single-particle source sizes of the
(anti-)deuteron are presented, together with the source sizes
of other meson and baryon rescaled to the energy./s\v =
5.02 TeV [44]. The mr of (anti-)deuterons has been measured
to be 2.47 GeV/cZ, similar to the case of pions, by consid-
ering only the (pr) of particles that effectively contribute
to low k*. The bands in the plot correspond to power-law
fits for all previously measured particles that are thermally
produced. The bandwidth corresponds to the uncertainty in
the pion source radii. The values of R4 obtained in this
study are equal to 3.88 & 0.48(stat)* ;) (syst) fm, 3.29 +

1.21(stat) 92 (syst) fm, and 2.72 & 0.99(stat) 113 (syst) fm
for centralities 0-10%, 10-30%, and 30-50%, respectively.

According to Refs. [23,36,37], the source sizes of deuteron
emitted through a direct hadronization process should follow
mr scaling and adhere to the scaling behavior of noncompos-
ite particles, whereas deuterons produced via the coalescence
process should exhibit larger femtoscopic source sizes than
expected from the scaling of individual hadrons at the cor-
responding my. However, given the current statistical and
systematic uncertainties, it is not possible to discern any
significant differences in the scaling behavior. All measured
values fall within the systematic uncertainty bands of the mr
scaling trend for thermally produced particles. This suggests
that there are no significant deviations in the femtoscopic
source behavior between (anti-)deuterons and other baryons.
While the assumption of a common scaling appears valid
for deuterons, the present statistical and systematic uncertain-
ties prevent drawing any definitive conclusions about their
production mechanisms. The common behavior of deuterons
following mr scaling of noncomposite particles was also
observed in pp collisions [24]. It is because, under this
assumption, source sizes calculated from common mr scaling
measured in elementary collisions [46] enabled theoretical
models to accurately describe the kaon-deuteron and proton-
deuteron correlation functions.

VI. UNCERTAINTIES

The systematic uncertainties of the measured correlation
functions were evaluated for each k* interval by varying
event, track, and PID selection criteria. The correlation
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TABLE III. Systematic variations of single track selection crite-
ria for pions and (anti-)deuterons.

Selection criterium Variation
at,w,d,d
Il <0.77;0.83
[Vzl <8cm
N space points TPC >60; 80
Number of events for mixing 5
Merge fraction cut 3%
ot
Ny 1pc (p < 0.5GeV/ce) <3.5
\/sz,TOF + Nj,TPC (p>0.5GeV/o) <3.5
d,d
Ny e (p < 1.3 GeV/c) <2.5
N5 1oE, Notec(p > 1.3 GeV/c) <25
DCAxy to primary vertex (only for d) <0.1 cm

functions were recalculated using the default settings de-
scribed in Sec. IV by adjusting one parameter at a time to
the settings summarized in Table III. The final uncertainty at
a given k* is estimated as the standard deviation of a uniform
distribution defined by the range between the maximum and
minimum values of the correlation function.

The statistical uncertainties of the R,q4 and Ry source are
obtained by subsampling data points within the Gaussian
distribution of the statistical error. Each randomly resampled
correlation function is then fitted providing radii of certain
variation. The procedure has been repeated one thousand
times and the final statistical uncertainty corresponds to the
1o range of the resampled radii distribution.

The systematic uncertainties of the R4 and Ry values ob-
tained from the fit to the correlation functions are accounted
for by incorporating the systematic uncertainties of the data
points described above through the subsampling method, sim-
ilar to the treatment of statistical uncertainties. Additionally,
the sampled points are fitted while systematically varying the
fitting settings to account for different fit ranges, nonfem-
toscopic background corrections, normalization ranges, and
the value of the total correction factor, addressing potential
underestimation or overestimation of these settings. The fit-
ting variation settings are summarized in Table IV. The final
systematic uncertainty is derived from the lo range of the

TABLE IV. Systematic variations of the fitting settings.

Parameter Variation
Fit range [0-0.10]; [0-0.12]; [0-0.15] GeV /c
Background First order polynomial, [0.15-0.35] GeV/c
parametrization
First order polynomial, [0.10-0.30] GeV /¢
Third order polynomial, [0.10-0.90] GeV/c
Normalization [0.15-0.35]; [0.10-0.30] GeV/c
range

corr factor [—=5%, +5%]

radii distribution after subsampling process and using varied
fitting settings. The values of Ry also depend on the calculated
value of the femtoscopic source for pions, R,. This contri-
bution has been derived separately by repetitive fitting using
the subsampling method, where the fixed value of R, in the
fitting process is randomly varied according to a Gaussian
distribution. The mean and width of the Gaussian distribution
are equal to the central value of the pion’s source calculation
and the uncertainties of their measurements, respectively. The
uncertainty of deuterons source measurements arising from
the calculation for pions corresponds to the lo range of R,
values obtained from such subsampled fits.

VII. SUMMARY

This paper presents the first-ever study of nonidentical
particle femtoscopy for pion-deuteron pairs in large sys-
tems produced in Pb-Pb collisions at ,/syny = 5.02 TeV.
The measured pion-deuteron femtoscopic radii are equal to
10.35 £ 0.30(stat) "0 82 (syst) fm, 8.68 £ 0.53(stat) {33 (syst)
fm, and 6.95 + 0.47(stat)4_'8:‘5‘g(syst) fm for centralities
0-10%, 10-30%, and 30-50%, respectively. By using as
an input the my scaling observed in previous measurements
on the single-pion source radii, the femtoscopic sizes of
(anti-)deuteron are calculated for the first time for the three
measured centrality classes. The measured femtoscopic radii

of (anti-)deuteron are 3.88 + 0.48(stat) ¢ (syst) fm, 3.29 &
1.21(stat) "0 (syst) fm, and 2.72 & 0.99(stat)* ]2 (syst) fm
for centralities 0-10%, 10-30%, and 30-50%, respectively.
Within statistical and systematic uncertainties, deuterons and
antideuterons follow the mr scaling trend, similar to other
hadrons such as pions, kaons, and protons. This provides
experimental confirmation of the validity of extending mr
scaling to these light ions. Therefore, it opens new pos-
sibilities for future interaction studies involving deuterons,
enabling a more precise determination of particle-emitting
source properties using other abundant particle species. Nev-
ertheless, the current precision of the measured femtoscopic
sources of deuterons does not allow for definitive conclusions
regarding their production mechanism based on their devia-
tion from or alignment with my scaling, which would indicate
either thermal or coalescence production.

Moreover, this study demonstrates that by employing non-
identical particle femtoscopy with highly abundant particles
produced in collisions, such as pions, we can investigate the
properties of the source of rarer particle species. An identical
particle femtoscopy analysis of these species would pose a
major challenge due to the low abundances and large sta-
tistical uncertainties involved. This measurement opens the
possibility to study rare sources, such as multistrange baryons
or even D mesons, with the substantially increased data set
collected by the upgraded ALICE detector in Run 3.
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APPENDIX: LEDNICKY-LYUBOSHITZ FORMALISM

The pair wave function, denoted as \11(/2, 7) in Eq. (1),
depends on the two-particle interaction. Specifically, in the
context of charged pions interacting with deuterons, both the
Coulomb and strong forces come into play. In this scenario,
the interaction between two nonidentical particles is described
by the Bethe-Salpeter amplitude, which corresponds to the
solution of the quantum scattering problem approached in
reverse time (indicated by the “—” sign preceding k*)

- 1
) = VAc(e)—=

V2

x [e—i’?*'?*F(—ig, 1,ic ) + fok)

’

G(p,¢)
r*
(AD)

where Ac is the Gamow factor, ¢ = 1/(k*ac), ¢* = k*r*(1 £
cos 8*), F is the confluent hypergeometric function, and G is
the combination of the regular and singular s-wave Coulomb
functions. The angle 6* delineates the relationship between
the pair’s relative momentum (k™) and relative position within
the pair’s rest frame, whereas ac represents the Bohr ra-
dius of the pair. The term fc(k*) is the scattering amplitude
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resulting from strong interaction, adjusted to accommodate
the Coulomb component

1 1 2
fgl(k*) = JTo + 3 ok*? — Eh(k*aC) —ik*ac, (A2)

where  h(e) = &>y o0 [n(n* + )] —y —In|e]
0.5772 represents the Euler constant).

(y =

The correlation function is computed by numerical inte-
gration of the source function S(r*), which is modeled by
a three-dimensional Gaussian within the PRF (p,* = —p,").
This integration is performed in conjunction with the utiliza-
tion of the Bethe-Salpeter amplitude provided in Eq. (A1) and
with the Coulomb-modified scattering amplitude defined in
Eq. (A2) [68,82].
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