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Charged kaon-deuteron interactions offer a sensitive probe of the strangeness sector of QCD at low
energy, particularly through their scattering parameters. Despite available theoretical predictions,
experimental constraints remain absent, particularly for the K−d system. The first measurement of
femtoscopic correlation functions for K−d ⊕ Kþd̄ and Kþd ⊕ K−d̄ particle pairs in Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV recorded by ALICE at the LHC is presented. Correlation functions for both systems are
analyzed in three centrality classes and fitted using the Lednický-Lyuboshitz model to extract the source
size and strong interaction scattering lengths. The K−d scattering length is found to be ℜf0 ¼ −1.44�
0.15ðstatÞþ0.10

−0.10 ðstatÞ fm and ℑf0 ¼ 1.34� 0.33ðstatÞþ0.21
−0.15 ðsystÞ fm, while for Kþd the value ℜf0 ¼

−0.68� 0.16ðstatÞþ0.09
−0.09 ðsystÞ fm is obtained. These results provide the first constraints on the K�d

interaction modeling at low energy, delivering a long-awaited experimental benchmark for testing chiral
QCD dynamics.

DOI: 10.1103/5w12-tbm8

Studies of the interactions of matter, as embodied by
nucleons (N) and kaons (K), the lightest pseudoscalar
mesons with strangeness, play an important role in under-
standing quantum chromodynamics (QCD) at low energies,
in the nonperturbative regime. This is because strange
quarks, although significantly more massive than up and
down quarks, are still light enough to justify a treatment of
kaons within chiral perturbation theory, despite the chiral
symmetry breaking. The strong interaction between the
negatively charged kaon and the proton (p) has been
studied through scattering experiments [1], kaonic atom
measurements [2], and femtoscopic correlation studies [3].
These measurements and the corresponding theoretical
calculations have established a robust foundation for
studying the K−p strong interaction [4–14]. In contrast,
the kaon-neutron (K−n) system has not been directly
measured, owing to the challenges of detecting neutral
particles. However, the K−n state, being a pure isospin
I ¼ 1 state, can be accessed indirectly via the K− inter-
action with the deuteron (d). Scattering in the K−p and K−d
systems involves different linear combinations of the
isospin I ¼ 0 and I ¼ 1 amplitudes, and, therefore, mea-
surements of the two systems allow one to disentangle the
individual isospin contributions [15]. This is important

because the I ¼ 1 component, corresponding to K−n
interactions, is a key ingredient for understanding antikaons
in neutron-rich matter [16–20]. Since the parameterization
of the K−d system directly impacts our understanding of
the K̄N interaction, the determination of its scattering
parameters was already recognized as a priority as early
as the 1980s [21,22] and has since been consistently
emphasized by theorists as crucial for the investigation
of systems with strangeness S ¼ −1. Furthermore, the K−d
interaction has been also discussed in the context of a
possible quasibound or resonant K−np state [23,24],
although any such state is expected to be much more
weakly bound than the well-studied K−pp state [16].
So far, theoretical studies of the K−d system have been

performed by employing different approximations, such as
the fixed-center approximation (FCA) [10,25–27], or
within rigorous few-body techniques [6,28–32]. As input,
K̄N amplitudes derived in unitarized chiral perturbation
theory or so-called chirally motivated phenomenological
potentials have been used. However, no direct experimental
measurements are available. Scattering experiments with
low momentum kaon beams are technologically challeng-
ing and have provided only the kaon-deuteron scattering
cross sections [33]. Therefore, until now, the experimental
constraints have been expected mainly from kaonic atom
experiments, which can directly probe the interaction at
zero relative momentum. In kaonic atom experiments, the
atomic levels are modified by the presence of the strong
interaction, and the energy shift and width of the lowest
levels are measured [34] through their x-ray de-excitation.
However, the x-ray yield of kaonic deuterium is at least
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an order of magnitude lower than that of kaonic hydrogen,
rendering such measurements exceptionally challenging
[35]. Recently, the SIDDHARTA-2 experiment has sig-
nificantly advanced the technology of such measurements
[36] and has completed collecting data specifically for the
kaonic deuterium. In parallel, the femtoscopy technique has
proven its ability to investigate the interaction properties of
particle systems at low relative momentum, including
particles with strangeness and nuclei such as deuterons
[11,37–43]. Therefore, the femtoscopy technique is con-
sidered as yet another powerful tool for accessing the
interaction properties of the K−d system.
The Kþd interaction is also highly nontrivial to study, as

it cannot be accessed through kaonic atom experiments.
The interaction of this system has only recently been
explored in more detail for the first time using femtoscopy
in pp collisions [38]. The femtoscopy measurement dem-
onstrated that the system can be effectively described using
the two-body approaches anchored to scattering para-
meters of the KN interaction obtained through the FCA
approach [25], based on KN amplitudes from chiral unitary
models, or by utilizing effective range parameters deduced
from explicit calculations of the Kþd scattering cross
section with an optical potential [44] and in a Faddeev
framework [45]. However, the femtoscopic study of the
Kþd system in pp collisions did not extract the scattering
parameters, as it focused on particle emission properties of
the system containing a deuteron.
This study employs femtoscopy to extract the scattering

lengths of kaon-deuteron systems at low relative momen-
tum. For K−d, both the real part, reflecting the strength and
sign of the elastic interaction, and the imaginary part,
arising from inelastic effects, are determined. For Kþd, the
scattering length has only the real part, which corresponds
to the elastic interaction near threshold. The analysis is
based on data collected by the ALICE experiment [46,47]
during the Run 2 data-taking period of the Large Hadron
Collider (LHC) [48], which includes 337 million Pb-Pb
collisions at the center-of-mass energy per nucleon-nucleon
pair of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. A detailed description of the
ALICE experiment can be found in Ref. [49]. The main
detectors for this study are the inner tracking system (ITS)
[50], the time projection chamber (TPC) [51], time-of-
flight (TOF) [52], and two V0 detectors [53].
The ITS, TPC, and TOF are designed as hollow cylinders

surrounding the collision point. They are embedded in a
homogeneous magnetic field of a maximum 0.5 T provided
by a solenoid magnet and are used to record particle tracks
and associated information. The maximum pseudorapidity
range shared by the three detectors is jηj < 0.9. Only
particles with jηj < 0.8 are included in the study in order to
ensure a uniform particle density. The ITS detector,
consisting of six layers of silicon detectors, is positioned
closest to the beam pipe, covers the radial space from 3.9 to
85 cm, and is primarily responsible for the precise

reconstruction of the collision vertex. Surrounding the
ITS, the TPC covers the radial region from 85 to 247 cm,
and is responsible for track reconstruction, momentum
determination, and particle identification. The TPC is a
gaseous detector that uses the ionization process triggered
by charged particles passing through an active volume
along their trajectories. The signals produced by traversing
particles are registered in up to 159 radial rows and 18
azimuthal sectors. At least 70 ionization deposits associated
with traversing particles are required for the reconstructed
tracks to be included in this analysis. Particle identification
(PID) is performed by measuring the specific energy loss
(dE=dx) in the TPC and the time-of-flight, defined as the
interval between the collision time—determined by the T0
detector [54]—and the detection of the signal in the TOF
multigap resistive plate chambers, positioned 380 cm
radially outward. The time-of-flight allows one to infer
the mass of the particle as also the trajectory of the particle
is known. The V0 detectors are located on either side of the
nominal interaction point in the beam direction with a
pseudorapidity coverage of 2.8 < η < 5.1 (V0A) and
−3.7 < η < −1.7 (V0C) and are responsible for triggering
the collision recording process. This process is initiated
when hits are registered in both V0s in coincidence with the
collision occurring in a beam bunch crossing at the center
of the ALICE detector. The centrality of the collision
expresses the percentage of the total hadronic cross section,
which is proportional to the amplitudes of signals recorded
in both V0s [55]. This work considers three centrality
intervals: 0%–10%, 10%–30%, and 30%–50%, obtained
from a minimum-bias triggered event sample [56]. In
addition, dedicated central (0%–10%) and semicentral
(30%–50%) triggers are employed to enhance the statistical
significance in the corresponding intervals. To ensure a
uniform acceptance, all events are required to have the
collision vertex within �10 cm from the center of the
ALICE detector along the beam direction.
The transverse momentum (pT) ranges of charged kaons

(K�) and (anti)deuterons considered in this study are
0.2–1.5 GeV=c and 0.8–2.0 GeV=c, respectively. For such
particles, the difference between the measured and
expected signals used for PID of particles in the TPC
and TOF, expressed in units of detector resolution Nσ [57],
is calculated. The Nσ requirements depend on the particle
momentum and reflect the varying level of contamination
from other particle species in the detectors used for PID.
For kaons, it is required that in the TPC detector Nσ < 2, 1,
and 3 for momentum (p) ranges 0.2 < p < 0.4 GeV=c,
0.4 < p < 0.45 GeV=c, and 0.45 < p < 1.5 GeV=c, res-
pectively, while in the TOF detector Nσ < 2, 1.5, 1 is
required for 0.45<p<0.8GeV=c, 0.8 < p < 1.0 GeV=c,
and 1 < p < 1.5 GeV=c, respectively. For (anti)deuterons,
Nσ < 2 is employed in the full momentum range for the
TPC, with an additional TOF Nσ < 2 requirement for
1.3 < p < 2.0 GeV=c. Additionally, the distance of closest
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approach (DCA) of the particle track to the collision vertex
for kaons and antideuterons is required to be smaller than
2.4 and 3.2 cm in the transverse and beam directions,
respectively. Deuterons are expected to be subject to
nonprimary contamination from spallation processes, with
these contributions generally directed away from the
collision vertex. To reduce the nonprimary contribution,
the deuteron’s DCA is limited to a maximum 0.0105þ
0.0350=½pT=ðGeV=cÞ�1.1 cm in the transverse plane and
1 cm in the beam direction.
In addition, similar to the approach adopted in

Refs. [11,39–41], particle pairs are subjected to selection
criteria designed to reduce two-particle effects, which come
primarily from detector acceptance, track merging, and
contamination from photon conversions. The effect from
photon conversions is removed by requiring the invariant
mass of the pair, calculated assuming both tracks are
electrons, to be larger than 0.002 GeV=c2, and the relative
polar angle between the two tracks to be larger than
0.008 rad. The points of two tracks in the TPC are
considered as merged if the distance between them is less
than 3 cm. This distance is evaluated for pairs of tracks with
a relative pseudorapidity difference of less than 0.01 with a
step of 1 cm along the TPC radius. Track pairs with a
merged point fraction exceeding 2% are removed.
The correlation function is measured as Cexpðk�Þ ¼

NAðk�Þ=Bðk�Þ, where A and B correspond to the correlated
and uncorrelated distributions of k�, which is the half of the
pair’s relative momentum in the pair rest frame (PRF—when
the pair’s center of mass is at rest), respectively, and
N is a normalization factor. The physically correlated
distribution is constructed from particle pairs originating
from the same collision, while the uncorrelated distribution
(without physical interactions) is constructed by creating
pairs of particles originating from different collisions
with similar collision vertex position and centrality. The
N factor is determined in the k� region where femtoscopic
and nonfemtoscopic correlations are expected to be
negligible—chosen in this work to be 0.25–0.50 GeV=c.
The function C (k�) is equal to unity when there is no
correlation. A deviation above (below) unity indicates an
attractive (repulsive) interaction, while a bound state man-
ifests as a systematic and distinctive depletion in the
correlation function at a k� value, which depends on the
binding energy [58,59]. A more localized area of particle
emission increases the contribution of close-distance particle
pairs with pronounced interaction effects in the correlation
function. Thus, the strength of the measured correlation
function for the same particle pairs vary at different
collision energies and types. In Pb-Pb collisions, the con-
tribution from pairs with large relative distances is
greater, causing the interaction effects to manifest
mainly in the very low-k� region, which in this work is
k� < 0.20 GeV=c. Nevertheless, correlation functions can
be studied differentially across collision centralities, and thus

multiplicities, which provides a laboratory for studying
interaction effects in different environments of particle
emission [11,42,60].
The theoretical correlation function of particle pairs at

low relative momentum can be expressed via the Koonin-
Pratt formula [61,62]

Cðk�Þ ¼
Z

Sðr�ÞjΨðr�; k�Þj2d3r�; ð1Þ

where the variables are defined in the PRF, k� is half of the
pair’s relative momentum vector, and r� is the relative
distance vector. In this Letter, the source function Sðr�Þ
describes the spatial emission properties of the two par-
ticles [63]. This function can be parametrized by a
Gaussian, with the standard deviation interpreted as the
femtoscopic source radius RKd for the Kd pairs [64]. The
pair wave function Ψðr�; k�Þ encodes the Coulomb and
strong interactions between kaons and deuterons. Since in
the PRF particles are moving slowly with respect to each
other, minimizing the effect of nonequal emission time for
k� → 0, the wave function can be described by the Bethe-
Salpeter amplitude in the Lednický-Lyuboshitz formalism
[65–67]. In this Letter, the interaction parameters such as
the scattering lengths (f0) are obtained, while the effective
range (d0) of the interaction is approximated to zero [11].
This femtoscopic analysis is conducted for K−d and Kþd

pairs and their charge conjugates in ultrarelativistic heavy-
ion collisions. The experimental correlation functions are
subject to corrections accounting for imperfect particle
identification, contamination from nonprimary particles,
and non-Gaussianity of the source [64,68]. The fractions of
pairs affected by the first two effects are calculated for
kaons and (anti)deuterons based on dedicated Monte Carlo
(MC) simulations and a data-driven approach as described
in Refs. [11,43]. The Gaussianity correction factor of the
source is calculated following the procedure in Ref. [64].
The total correction factor (fcorr) is evaluated as a function
of k�. Averaged over the low-k� region, the total correction
factor is found to be 0.70, 0.75, and 0.80 for Kþd and K−d
pairs, and 0.84, 0.85, and 0.87 for Kþd̄ and K−d̄ in the
0%–10%, 10%–30%, and 30%–50% centrality intervals,
respectively. Furthermore, the correlation function may
contain nonfemtoscopic effects, e.g., those originating from
the collective motion of the system [69]. The impact of
these effects can be estimated by fitting the correlation
function with a first-order polynomial in the normalization
region and extrapolating the resulting baseline to k� ¼ 0
(Cbg). To remove nonfemtoscopic effects, the correlation
function is then divided by such extrapolation. The afore-
mentioned corrections and baseline treatment are imple-
mented according to
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Cðk�Þ ¼
�
Cexpðk�Þ − 1

fcorrðk�Þ
þ 1

�
=Cbgðk�Þ: ð2Þ

Since pairs and their charge conjugates are expected to
be governed by the same interactions and no systematic
deviations between their correlation functions are
observed, they are combined together after corrections.
The experimental correlation function obtained using
Eq. (2) is presented in Fig. 1. The effects of Coulomb
and strong interactions manifest themselves in the low-k�

range of the Kþd ⊕ K−d̄ and K−d ⊕ Kþd̄ systems as an
enhancement above unity and a depletion below unity,
respectively. The correlation function of kaon-deuteron
pairs behaves similarly to kaon-proton correlation func-
tions [11].

The correlation functions are presented together with
statistical and systematic uncertainties in Fig. 1. Systematic
uncertainties include variations of event and particle selec-
tion criteria. These include varying the pseudorapidity range
by�0.03 and changing the minimum number of clusters in
TPC required for track reconstruction by �10. Also, the
selection of the position of the primary vertex is varied to be
within �8 cm. The PID selection criteria, Nσ, are adjusted
by a change of�0.5σ. Furthermore, the strict requirement on
the deuteron’s DCA in the transverse plane is relaxed to
0.1 cm. The merged fraction in the pair-track selections is
varied by�1%. The systematic uncertainty of each k� point
of the correlation function shown in Fig. 1 reflects the one
standard deviation resulting from the combination of all the
above-mentioned variations of the selection criteria.

(a) (b) (c)

(f)(e)(d)

% % %

%
% %

FIG. 1. The Kþd ⊕ K−d̄ [top pads of panels (a)–(c)] and K−d ⊕ Kþd̄ [top pads of panels (d)–(f)] correlation functions in the three
centrality classes 0%–10%, 10%–30%, 30%–50% represented with markers. The vertical lines and gray boxes correspond to the
statistical and systematic uncertainties, respectively. The light violet and orange bands corresponds to Lednický-Lyuboshits fits (denoted
as L-L), including Coulomb and strong interactions. The width of the bands represents the systematic uncertainties of the fit. The green
bands correspond to baseline fits. The bottom pads in all panels show the difference between the data and the L-L fit normalized by the
statistical uncertainty of the data.
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The correlation functions shown in Fig. 1 are calculated
using the Lednický-Lyuboshits formalism with inclusion of
the Coulomb interaction [11,65] based on the values of the
source size (RKd) and scattering parameters (ℜfK

−d
0 , ℑfK

−d
0 ,

ℜfK
þd

0 ) obtained in the fit to the data. The presence of the
Coulomb interaction requires the inclusion of its effects in
the employed formulas and the resulting scattering param-
eters describe Coulomb-modified quantities. Such model
correlation functions are corrected for detector momentum
resolution effects using the detector response matrix
obtained from the MC HIJING [70] simulation coupled
to the GEANT3 [71] transport code. All six correlation
functions are simultaneously fitted in the low-k� region as
previously done in Refs. [11,39], such that the source
radius parameters are shared among centralities for same-
and opposite-sign pairs, while the scattering parameters are
shared across different centralities separately for same and
opposite-sign pairs. The n-σ distribution in the lower panel
shows that the fit accurately describes the data for all pairs
across the three centrality classes considered in the study.
Systematic uncertainties of the fit parameters are evaluated
from the spread of results obtained with several systematic
variations. These include: statistical resampling of the
correlation function space points; modifications of the
correlation function or the fitting procedure (with non-
femtoscopic backgrounds described by first- and second-
order polynomials in the ranges 0.30–0.55 GeV=c and
0.20–0.90 GeV=c, respectively); variation of the total
correction factor by �0.05 to account for a possible under-
or overestimation of PID purities and the primary contrib-
utors in the particle sample; changes of the fit range in k�
between 0.15 and 0.25 GeV=c; and simultaneous fits
constrained by theoretical predictions for the Kþd scatter-
ing length using the mentioned theoretical predictions from
the FCA and ER calculations. The uncertainty band in
Fig. 1 corresponds to one standard deviation of the fit
solutions across all such variations.
The obtained two-particle radius RKd increases from

4.39� 0.18ðstatÞþ0.09−0.23ðsystÞ fm for 30%–50% centrality,
through 6.48� 0.37ðstatÞþ0.45−0.23ðsystÞ fm for 10%–30% to
8.30� 0.43ðstatÞþ0.39−0.35ðsystÞ fm for 0%–10% centrality.
The increase of the femtoscopic radius with increasing
centrality is expected and observed in other studies
[72–74], as the system size increases with particle multi-
plicity in more central collisions.
The obtained values of the Coulomb modified

K−d scattering length areℜfK
−d

0 ¼ −1.44� 0.15ðstatÞþ0.10−0.10
ðsystÞ fm and ℑfK

−d
0 ¼ 1.34 � 0.33ðstatÞþ0.21−0.15ðsystÞ fm. In

Fig. 2, they are compared with recent model calculations
[6,10,21,27–32]. Most theoretical predictions that are based
on kaonic hydrogen data from the SIDDHARTA [75]
and KEK [76] experiments are consistent with the
ALICE data. However, the extracted parameters do not
favor calculations that incorporate a recoil effect through

the multiple-scattering series method, as discussed in
Refs. [10,31]. Nevertheless, it should be said that
Coulomb effects are not included in the calculations, except
for Ref. [32].

0.3wIn the case of the Kþd system, the obtained
Coulomb modified scattering length value is ℜfK

þd
0 ¼

−0.68� 0.16ðstatÞþ0.09−0.09ðsystÞ fm. As shown in Fig. 3,
the measurement is in good agreement with both theoretical
calculations employing FCA and ER approaches, which
were previously used to successfully describe the femto-
scopic correlation function of the Kþd system in pp
collisions [38].
The determination of the K−d and Kþd scattering lengths

presented here constitutes the first direct experimental
access to the strong interaction in the kaon-deuteron
system. Unlike kaonic-atom studies and traditional

FIG. 2. Scattering lengths of K−d: Lednický-Lyuboshits fit
obtained in this study (red marker), available theoretical calcu-
lations using input data from SIDDHARTA and KEK experi-
ments (blue markers) [6,10,27–32]. The full and empty ellipses
correspond to systematic and statistical uncertainties of the
ALICE measurement, respectively.

FIG. 3. Scattering lengths of Kþd: Lednický-Lyuboshits fit
obtained in this study (red marker), available theoretical calcu-
lations (blue marker) provided with the FCA [25] with the KN
scattering lengths from Ref. [77] and effective range fit (ER) to
the cross-section predictions at threshold anchored to the scatter-
ing data [44]. The full box and line correspond to systematic and
statistical uncertainties of the ALICE measurement, respectively.
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scattering experiments, this femtoscopic approach provides
measurements that are free from extrapolation to threshold
and avoids the need to translate level shifts and widths into
scattering lengths. The extracted K−d, Kþd values are
consistent with recent theoretical calculations and can
improve our knowledge of the low-energy K−n interaction,
which lacks direct experimental constraints. Since the
deuteron contains both proton and neutron components,
the measured scattering lengths probe a mixture of the
I ¼ 0 and I ¼ 1 kaon-nucleon amplitudes, thereby provid-
ing complementary information to single-nucleon systems.
Together with existing measurements of the K�p inter-
actions, these results establish a comprehensive experi-
mental benchmark for QCD-based chiral models and
enable an improved characterization of the K�N sector.
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Cabré, Kaon-deuteron femtoscopy from unitarized chiral
interactions, Phys. Rev. D 113, 036020 (2026).

[38] S. Acharya et al. (ALICE Collaboration), Exploring the
strong interaction of three-body systems at the LHC, Phys.
Rev. X 14, 031051 (2024).

[39] S. Acharya et al. (ALICE Collaboration), Accessing the
deuteron source with Pion–deuteron femtoscopy in Pb–Pb

PHYSICAL REVIEW LETTERS 137, 191904 (2026)

191904-7

https://doi.org/10.1103/PhysRev.127.1305
https://doi.org/10.1103/RevModPhys.91.025006
https://doi.org/10.1103/RevModPhys.91.025006
https://doi.org/10.1146/annurev.nucl.55.090704.151533
https://doi.org/10.1016/0550-3213(81)90247-9
https://doi.org/10.1016/0550-3213(81)90247-9
https://doi.org/10.1103/PhysRevC.58.2366
https://doi.org/10.1103/PhysRevC.96.045204
https://doi.org/10.1016/j.physletb.2011.10.068
https://doi.org/10.1016/j.physletb.2011.10.068
https://doi.org/10.1016/j.nuclphysa.2012.01.029
https://doi.org/10.1103/PhysRevC.74.055201
https://doi.org/10.1103/PhysRevC.74.055201
https://doi.org/10.1016/j.physletb.2020.135652
https://doi.org/10.1016/j.physletb.2021.136708
https://doi.org/10.1016/j.physletb.2021.136708
https://doi.org/10.3390/sym12060981
https://doi.org/10.1140/epjs/s11734-021-00144-7
https://doi.org/10.1140/epjs/s11734-021-00144-7
https://doi.org/10.1016/j.ppnp.2021.103868
https://doi.org/10.5506/APhysPolB.55.5-A2
https://doi.org/10.5506/APhysPolB.55.5-A2
https://doi.org/10.1016/j.ppnp.2020.103770
https://doi.org/10.1103/PhysRevC.90.045801
https://doi.org/10.1103/PhysRevC.90.045801
https://doi.org/10.1103/PhysRevLett.114.092301
https://doi.org/10.1103/RevModPhys.88.035004
https://doi.org/10.1007/978-981-15-8818-1_38-1
https://doi.org/10.1016/0375-9474(81)90502-9
https://doi.org/10.1016/0375-9474(81)90502-9
https://doi.org/10.1016/j.nuclphysa.2012.02.005
https://doi.org/10.1007/s00601-020-01560-6
https://doi.org/10.1007/s00601-020-01560-6
https://doi.org/10.1016/S0375-9474(00)00709-0
https://doi.org/10.1016/S0375-9474(00)00709-0
https://doi.org/10.1140/epjc/s2006-02578-6
https://doi.org/10.1140/epjc/s2006-02578-6
https://doi.org/10.1016/j.physletb.2011.09.099
https://doi.org/10.1016/j.physletb.2011.09.099
https://doi.org/10.1103/PhysRevC.90.034003
https://doi.org/10.1007/s00601-012-0543-7
https://doi.org/10.1007/s00601-012-0543-7
https://doi.org/10.1103/PhysRevC.87.035201
https://doi.org/10.1016/j.nuclphysa.2020.122112
https://doi.org/10.1016/j.nuclphysa.2020.122112
https://doi.org/10.1103/PhysRevC.111.034003
https://doi.org/10.1088/0954-3899/32/11/R02
https://doi.org/10.1088/0954-3899/32/11/R02
https://doi.org/10.1146/annurev.nucl.010909.083806
https://doi.org/10.3390/condmat4020042
https://doi.org/10.3390/condmat9010016
https://doi.org/10.3390/condmat9010016
https://doi.org/10.1103/bhn4-m9nf
https://doi.org/10.1103/PhysRevX.14.031051
https://doi.org/10.1103/PhysRevX.14.031051


collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev. C 112, 064003
(2025).

[40] S. Acharya et al. (ALICE Collaboration), Femtoscopic
study of the proton-proton and proton-deuteron systems
in heavy-ion collisions at the LHC, Phys. Lett. B 871,
139921 (2025).

[41] S. Acharya et al. (ALICE Collaboration), Scattering studies
with low-energy kaon–proton femtoscopy in proton–proton
collisions at the LHC, Phys. Rev. Lett. 124, 092301 (2020).

[42] S. Acharya et al. (ALICE Collaboration), Measurement of
strange baryon–antibaryon interactions with femtoscopic
correlations, Phys. Lett. B 802, 135223 (2020).

[43] S. Acharya et al. (ALICE Collaboration), p-p, p-Λ and Λ-Λ
correlations studied via femtoscopy in pp reactions atffiffiffi
s

p ¼ 7 TeV, Phys. Rev. C 99, 024001 (2019).
[44] T. Takaki, Optical potential approach to Kþd scattering at

low energies, Phys. Rev. C 81, 055204 (2010).
[45] H. Garcilazo, Relativistic Faddeev calculation of Kþd

scattering, Phys. Rev. C 37, 2022 (1988).
[46] ALICE Collaboration, Performance of the ALICE experi-

ment at the CERN LHC, Int. J. Mod. Phys. A 29, 1430044
(2014).

[47] S. Acharya et al. (ALICE Collaboration), The ALICE
Experiment: A journey through QCD, Eur. Phys. J. C 84,
813 (2024).

[48] L. Evans and P. Bryant, LHC Machine, J. Instrum. 3,
S08001 (2008).

[49] K. Aamodt et al. (ALICE Collaboration), The ALICE
experiment at the CERN LHC, J. Instrum. 3, S08002 (2008).

[50] K. Aamodt et al. (ALICE Collaboration), Alignment of the
ALICE inner tracking system with cosmic-ray tracks, J.
Instrum. 5, P03003 (2010).

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

[52] A. Akindinov et al., Performance of the ALICE time-
of-flight detector at the LHC, Eur. Phys. J. Plus 128, 44
(2013).

[53] ALICE Collaboration, Performance of the ALICE VZERO
System, J. Instrum. 8, P10016 (2013).

[54] P. Cortese et al. (ALICE Collaboration), ALICE technical
design report on forward detectors: FMD, T0 and V0 (2004),
CERN-LHCC-2004-025.

[55] B. Abelev et al. (ALICE Collaboration), Centrality deter-
mination of Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV with
ALICE, Phys. Rev. C 88, 044909 (2013).

[56] S. Acharya et al. (ALICE Collaboration), Centrality deter-
mination in heavy ion collisions (2018), ALICE-PUBLIC-
2018-011.

[57] S. Acharya et al. (ALICE Collaboration), Production of
charged pions, kaons, and (anti-)protons in Pb–Pb and
inelastic pp collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev. C
101, 044907 (2020).

[58] ALICE Collaboration, Unveiling the strong interaction
among hadrons at the LHC, Nature (London) 588, 232
(2020); 590, E13 (2021).

[59] L. Fabbietti, V.Mantovani Sarti, andO.VazquezDoce, Study
of the strong interaction among hadrons with correlations at
the LHC, Annu. Rev. Nucl. Part. Sci. 71, 377 (2021).

[60] S. Acharya et al. (ALICE Collaboration), Constraining the
K̄N coupled channel dynamics using femtoscopic correla-
tions at the LHC, Eur. Phys. J. direct C 83, 340 (2023).

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

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

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

[64] A. Kisiel, Non-identical particle femtoscopy at
ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV in hydrodynamics with statistical hadronization,
Phys. Rev. C 81, 064906 (2010).

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

[66] R. Lednický, Correlation femtoscopy of multiparticle
processes, Yad. Fiz. 67, 73 (2004) [Phys. At. Nucl. 67, 72
(2004)].

[67] R. Lednický, Femtoscopic correlations of nonidentical
particles, Acta Phys. Pol. B 40, 1145 (2009).

[68] A. Kisiel, W. Florkowski, and W. Broniowski, Femtoscopy
in hydro-inspired models with resonances, Phys. Rev. C 73,
064902 (2006).

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

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

[71] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis et al.,
GEANT4-a simulation toolkit, Nucl. Instrum. Methods
Phys. Res., Sect. A 506, 250 (2003).

[72] A. Kisiel, M. Gałażyn, and P. Bożek, Pion, kaon, and proton
femtoscopy in Pb–Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV mod-
eled in ð3þ 1ÞD hydrodynamics, Phys. Rev. C 90, 064914
(2014).

[73] A. Kisiel, Pion–kaon femtoscopy in Pb–Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV modeled in ð3þ 1ÞD hydrodynamics
coupled to therminator 2 and the effect of delayed kaon
emission, Phys. Rev. C 98, 044909 (2018).

[74] J. Adam et al. (ALICE Collaboration), One-dimensional
pion, kaon, and proton femtoscopy in Pb–Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys. Rev. C 92, 054908 (2015).
[75] J. Zmeskal et al. (SIDDHARTA Collaboration), Kaonic

atoms at DAFNE: The SIDDHARTA experiment, Int. J.
Mod. Phys. A 24, 190 (2009).

[76] M. Iwasaki, R. S. Hayano, T. M. Ito, S. N. Nakamura et al.,
Observation of Kaonic Hydrogen Kα X Rays, Phys. Rev.
Lett. 78, 3067 (1997).

[77] K. Aoki and D. Jido, KN scattering amplitude revisited in a
chiral unitary approach and a possible broad resonance in
S ¼ þ1 Channel, Prog. Theor. Exp. Phys. 2019, 013D01
(2019).

[78] A. Kisiel, Pion–kaon Femtoscopy in Pb–Pb Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV modeled in ð3þ 1ÞD hydrodynamics
coupled to therminator 2 and the effect of delayed kaon
emission, Phys. Rev. C 98, 044909 (2018).

[79] https://www.hepdata.net/record/ins3123891

PHYSICAL REVIEW LETTERS 137, 191904 (2026)

191904-8

https://doi.org/10.1103/mrp4-z4hh
https://doi.org/10.1103/mrp4-z4hh
https://doi.org/10.1016/j.physletb.2025.139921
https://doi.org/10.1016/j.physletb.2025.139921
https://doi.org/10.1103/PhysRevLett.124.092301
https://doi.org/10.1016/j.physletb.2020.135223
https://doi.org/10.1103/PhysRevC.99.024001
https://doi.org/10.1103/PhysRevC.81.055204
https://doi.org/10.1103/PhysRevC.37.2022
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/5/03/P03003
https://doi.org/10.1088/1748-0221/5/03/P03003
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1140/epjp/i2013-13044-x
https://doi.org/10.1140/epjp/i2013-13044-x
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1103/PhysRevC.88.044909
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1038/s41586-020-3001-6
https://doi.org/10.1038/s41586-020-3001-6
https://doi.org/10.1038/s41586-020-03142-2
https://doi.org/10.1146/annurev-nucl-102419-034438
https://doi.org/10.1140/epjc/s10052-023-11476-0
https://doi.org/10.1016/0370-2693(77)90340-9
https://doi.org/10.1103/PhysRevC.42.2646
https://doi.org/10.1016/0370-2693(95)00765-D
https://doi.org/10.1103/PhysRevC.81.064906
https://doi.org/10.1134/1.1644010
https://doi.org/10.1134/1.1644010
https://doi.org/10.1103/PhysRevC.73.064902
https://doi.org/10.1103/PhysRevC.73.064902
https://doi.org/10.5506/APhysPolB.48.717
https://doi.org/10.5506/APhysPolB.48.717
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevC.90.064914
https://doi.org/10.1103/PhysRevC.90.064914
https://doi.org/10.1103/PhysRevC.98.044909
https://doi.org/10.1103/PhysRevC.92.054908
https://doi.org/10.1142/S0217751X0904347X
https://doi.org/10.1142/S0217751X0904347X
https://doi.org/10.1103/PhysRevLett.78.3067
https://doi.org/10.1103/PhysRevLett.78.3067
https://doi.org/10.1093/ptep/pty130
https://doi.org/10.1093/ptep/pty130
https://doi.org/10.1103/PhysRevC.98.044909
https://www.hepdata.net/record/ins3123891
https://www.hepdata.net/record/ins3123891
https://www.hepdata.net/record/ins3123891


End Matter

Appendix A: Lednický-Lyuboshitz formalism—The pair
wave function Ψðk; rÞ in Eq. (1) reflects the underlying
two-particle interaction. For the case of charged kaons
scattering off deuterons, both electromagnetic and strong
forces contribute. For such nonidentical particle pairs,
the interaction is represented through the Bethe-Salpeter
amplitude, which is the solution to the corresponding
quantum scattering problem approached in reverse time
(indicated by the “−” sign preceding k�)

ΨðþÞ
−k� ðr�Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
ACðεÞ

p 1ffiffiffi
2

p
�
e−ik

�·r�Fð−iε; 1; iζþÞ

þ fCðk�Þ
G̃ðρ; εÞ

r�

�
; ðA1Þ

where AC is the Gamow factor, ε ¼ 1=ðk�aCÞ,
ζ� ¼ k�r�ð1� cos θ�Þ, F is the confluent hypergeometric
function, and G̃ represents a specific combination of the
regular and singular s-wave Coulomb functions. The
angle θ� specifies the orientation between the relative
momentum k� and the relative separation r�, whereas aC
represents the Bohr radius of the pair. The term fCðk�Þ
corresponds to the strong-interaction scattering
amplitude, modified to consistently include the effect of
the Coulomb interaction,

f−1C ðk�Þ ¼ 1

f0
þ 1

2
d0k�2 −

2

aC
hðk�aCÞ − ik�aC; ðA2Þ

where hðεÞ¼ ε2
P∞

n¼1½nðn2þε2Þ�−1−γ− ln jεj (γ¼0.5772
represents the Euler constant).
The correlation function is obtained by numerically

integrating the source function Sðr�Þ, modeled as a
three-dimensional Gaussian in the PRF, where the particle
momenta satisfy (p�1 ¼ −p�2). This integration is carried out
using the Bethe-Salpeter amplitude given in Eq. (A1),
together with the Coulomb-modified scattering amplitude
introduced in Eq. (A2) [64,78].

Appendix B: Correction factor fcorrðk�Þ—The genuine
femtoscopic signal arises from correctly identified
primary particles and is described by the adopted K�d
interaction calculations. As discussed above,
reconstructed pairs may also contain misidentified or
secondary particles from weak decays and spallation
processes in the detector material. Furthermore, the pair
source may exhibit a non-Gaussian tail due to long-lived
resonances not accounted for in the Gaussian
parametrization [64,68]. As these contributions do not
carry femtoscopic correlations, they dilute the measured
signal.

In the present analysis, all nongenuine contributions
enter the correlation function as a flat component. These
include kaons from weak decays, misidentified kaons and
(anti)deuterons, deuterons originating from spallation proc-
esses in the detector material, and pairs associated with the
non-Gaussian source tail induced by long-lived resonances.
The genuine correlation is therefore recovered through a
rescaling procedure using a correction factor that accounts
for effects affecting its strength. The total correction factor
is calculated as the product of single-particle and pair-
related contribution entering the correlation at a given k�,
and is calculated as

fcorr ¼ PKFKPdF dGKd; ðB1Þ

TABLE I. Average values of the PID purity PPID, the primary
fraction F primary for K� and (anti)deuterons, and the Gaussian-
core fractions of the source GKd. The values are listed in the order
corresponding to the centrality intervals (0%–10%)–(10%–
30%)–(30%–50%). When the value is identical for all centrality
intervals, only a single number is reported.

K� d d̄

PPID 98% 94%–95%–98% 94%–95%–96%
F primary 99% 80%–87%–91% 100%
GKd 94%–92%–91%

%
%
%

FIG. 4. The total correction factor fcorr as a function of k� for
K�d (solid markers) and K�d̄ (open markers). The red, blue, and
green markers correspond to the 0%–10%, 10%–30%, and 30%–
50% centrality intervals, respectively.
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where P denotes the PID purity, F the fraction of primary
particles, and G the Gaussianity of the source.
The averaged contribution of each correction component

over the k� region below 200 MeV=c is summarized in
Table I. The resulting total correction factors as a function
of k�, for each pair type and centrality class considered in
this study, are presented in Fig. 4. The residual k� variation
of the total correction factor originates from the momentum
dependence of its individual components. The observed

centrality splitting is driven primarily by differences in
particle-identification performance, source properties, and
the fraction of primary deuterons. In addition, low-momen-
tum deuterons are more susceptible to contamination from
spallation processes in the detector material than high-
momentum deuterons. Since these contributions are
mapped onto the pair’s relative momentum, they introduce
an additional structure in the correction factor, most notably
in the low-k� region of the K�d correlation function.
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128Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France, Strasbourg, France

129Université Paris-Saclay, Centre d’Etudes de Saclay (CEA), IRFU, Départment de Physique Nucléaire (DPhN), Saclay, France
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131Università degli Studi di Foggia, Foggia, Italy
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