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 a b s t r a c t

Meson-baryon systems with strangeness content provide a unique laboratory for investigating the strong inter-
action and testing theoretical models of hadron structure and dynamics. In this work, the measured correlation 
functions for oppositely charged Ξ-K and Ξ − 𝜋 pairs obtained in high-multiplicity pp collisions at √𝑠 = 13 TeV 
at the LHC are presented. For the first time, high-precision data on the Ξ-K interaction are delivered at small rela-
tive momenta. The scattering lengths, extracted via the Lednický–Lyuboshits expression of the pair wavefunction, 
indicate a repulsive and a shallow attractive strong interaction for the Ξ-K and Ξ − 𝜋 systems, respectively. The 
Ξ(1620) and Ξ(1690) states are observed in the Ξ − 𝜋 correlation function and their properties, mass and width, 
are determined. These measurements are in agreement with other available results. Such high-precision data can 
help refine the understanding of these resonant states, provide stronger constraints for chirally motivated poten-
tials, and address the key challenge of describing the coupled-channel dynamics that may give rise to molecular 
configurations .

1.  Introduction

Understanding the strong force acting at the hadronic level is fun-
damental for the development of Quantum Chromodynamics (QCD) in 
the non-perturbative regime. The experimental and theoretical efforts 
in the study of the hadron spectrum over several decades revealed fea-
tures of QCD which lead to the appearance of exotic states beyond 
the conventional classification of hadrons with two and three valence 
quarks (mesons and baryons). This scenario is particularly evident for 
the charm sector, with several observations of tetra- and penta-quark 
states at high-energy pp and e+e− collider experiments [1,2]. In the 
light sector, where u, d and s quarks are considered, several predic-
tions for molecular states exist, in particular for the meson-baryon sec-
tors with strangeness S = −1  [3–9] and S = −2  [10–14]. The origin 
of these hadronic molecules lies in the characteristic coupled-channel 
dynamics occurring among meson-baryon pairs sharing the same quan-
tum numbers. This coupled-channel interplay enables at the level of the 
interaction possible transitions, occurring both on- and off-shell, from 
one channel to the other. An example of a molecular state, the only 
one widely accepted so far, is the Λ(1405), whose double-pole struc-
ture has been assessed to be arising from the πΣ − KN coupling [3]. A 
stranger counterpart of the Λ(1405) is represented by the Ξ(1620) in the 
S = −2meson-baryon sector, whose structure is still rather unclear. This 
state was observed for the first time in 2019 by the Belle collaboration 
in the Ξ − 𝜋 channel [12]. Along with the Ξ(1620), also the Ξ(1690) can 
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be interpreted as a molecular state due to its proximity to the ΣK chan-
nels [11,13]. Thanks to a larger amount of spectroscopy data, in both 
Λ–K−  [15] and Ξ − 𝜋 [12] final states, the properties of this state, such 
as mass and width, are better known.

Effective field theories (EFTs), such as Chiral Perturbation Theory 
(ChPT) [16,17], offer a systematic framework to investigate the nature 
and composition of these challenging states. They enable the inclusion of 
higher-order corrections in the interaction terms and make it possible to 
predict physical properties such as masses, decay widths, and scattering 
amplitudes. Both the Ξ(1620) and Ξ(1690) states have been investigated 
within perturbation theories based on chirally-motivated Lagrangians, 
starting from the first Ξ(1620) prediction in Ref. [10], followed by a 
subsequent work in Ref. [18], in which a second pole was found and 
assigned to the Ξ(1690). EFT-based potentials involving elastic and in-
elastic transitions depend on the so-called low energy constants [19], 
which must be determined from fits to the data. The number of these 
parameters increases as the potentials are extended to higher orders, 
hence larger data sets in wide energy ranges are needed as input, in 
particular for recent calculations at next-to-leading order (NLO) [20]. 
In the strangeness sector, such experimental inputs are often scarce and 
challenging to obtain, due to the difficulties in performing experiments 
with unstable strange particles.

Femtoscopy applied in high-energy pp and nucleus-nucleus collisions 
has been proved to be a powerful experimental technique, able to pro-
vide precise data on hadron-hadron interactions [21,22]. Studies on the 
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S = −2meson-baryon interaction via measurements of Λ–K correlations 
in pp [23] and Pb–Pb [24] systems delivered for the first time evidence 
of the Ξ(1620) at the Λ–K− channel threshold, offering a complemen-
tary approach to spectroscopy for investigating these molecular states by 
unveiling the interaction between their constituents [13]. A further im-
provement in NLO Lagrangians, aimed at describing the S = −2 meson-
baryon interaction and the nature of molecular candidates in this sector, 
requires precise experimental input on the Ξ − 𝜋 system [11,14], which 
is dynamically coupled to Λ–K and provides crucial constraints on the 
coupled-channel dynamics.

The S = −1 meson-baryon interaction is constrained by low-energy 
KN scattering [25–30] and kaonic atom data [31], but theoretical mod-
els often exhibit discrepancies not only in describing the Λ(1405) region 
below the KN threshold but also at significantly higher energies. ALICE 
used femtoscopy as an alternative method to study the KN threshold in-
teraction via K−p [32–34] correlations across pp, p–Pb and Pb–Pb colli-
sions. The femtoscopy measurements of K−p pairs, in particular in small 
collision systems, demonstrated high sensitivity to the interplay among 
the different channels in this sector. The region of energy well above 
the KN threshold is more challenging to be explored experimentally 
since it involves systems with a neutral meson (η) and a multi-strange 
baryon (Ξ), which are difficult to reconstruct due to low detection ef-
ficiency or low production yield. Inelastic cross sections of K−p → ηΛ, 
ηΣ0, K0Ξ0 and K+Ξ− reactions are available, but are subject to large un-
certainties, which impede the extraction of precise information on the 
underlying interaction [27,29,35–46]. Dedicated studies based on ChPT 
calculations at NLO showed how incorporating data from high-energy 
channels leads to tighter constraints on the model  [20,47–49]. The Ξ-
K channel is of particular relevance since it allows to investigate the 
isospin-triplet component of the S = −1 meson-baryon interaction [50], 
currently poorly constrained due to the limited availability of scattering 
data. Precise data on the Ξ-K interaction [51], in particular using fem-
toscopy [52], are able to provide crucial experimental input for model 
discrimination across a wide energy range.

This work presents the first measurement of femtoscopic correlations 
between Ξ− baryons (dss) and K+ (us) and π+ (ud) mesons, and charge 
conjugates, in high-multiplicity (HM) ppcollisions at √𝑠 = 13 TeV, 
recorded by ALICE at the Large Hadron Collider. The obtained corre-
lations are compared with available models and the scattering parame-
ters for the Ξ-K and Ξ − 𝜋 interaction are extracted through a fit using 
the Lednický–Lyuboshits wavefunction including both the strong and 
Coulomb interactions. In the fit to the Ξ − 𝜋 correlation function, the 
properties of Ξ(1620) and Ξ(1690) states are determined.

2.  Data analysis

A total of 1 × 109 high-multiplicity pp collisions at √𝑠 = 13TeV were 
selected by ALICE [53] using an online trigger based on the total signal 
amplitude measured by the V0 detector [54], which consists of two plas-
tic scintillator arrays located on both sides of the collision point along 
the beam axis. The selected HM events correspond to the 0.17% highest-
multiplicity events in the sample of inelastic collisions with at least 
one measured charged particle within the pseudorapidity range |𝜂| < 1
(INEL > 0). The primary interaction vertex is reconstructed by extrap-
olating track segments from the innermost layers of the Inner Track-
ing System (ITS) [55], composed of six layers of silicon detectors pro-
viding high-precision position measurements, back to the beam line. 
Events with multiple reconstructed vertices are efficiently identified as 
in-bunch pile-up and rejected from the analysis [56]; in the HM sam-
ple, the residual pile-up contamination is at the percent level and has 
a negligible impact on the final results. These HM events have an av-
erage charged-particle multiplicity density at midrapidity (|𝜂| < 0.5) of 
⟨d𝑁ch∕d𝜂⟩ ≈ 30, about 4 times larger than the INEL > 0 events. It is also 
worth noting the enhanced production of hyperons in HM events [57] 
which facilitates the collection of large samples of the particle pairs of 
interest for this analysis.

Charged particles are reconstructed and identified using the ITS, the 
Time Projection Chamber (TPC) [58], and the Time Of Flight detector 
(TOF) [59], which are immersed in a uniform magnetic field of 0.5 T 
along the beam direction and cover the pseudorapidity range |𝜂| < 0.9. 
The TPC is a cylindrical gaseous detector that performs particle tracking 
and identification by measuring the specific energy loss (d𝐸/d𝑥). The 
TOF detector consists of Multigap Resistive Plate Chambers and provides 
timing information. Charged particles used for this analysis, including 
decay products from reconstructed Ξ decays, are required to be within 
the pseudorapidity range |𝜂| < 0.8. The transverse-momentum (𝑝T) res-
olution for charged particles typically varies from about 2% for tracks 
with 𝑝T = 10 GeV/𝑐 to below 1% for 0.14 < 𝑝T < 1 GeV/𝑐.

Pions (kaons) are selected with a minimum transverse momentum of 
0.14 (0.20) GeV∕𝑐. Particle identification (PID) is performed using the 
d𝐸/d𝑥 measurement in the TPC and the timing information from the 
TOF, both as a function of the reconstructed track momentum. The basic 
selection criteria for charged particles can be found in Ref. [60], and 
further details on the pion (kaon) selection are given in Refs. [61–63]. 
The purity of the pion and kaon sample was estimated to be 98% and 
100%, respectively, using Monte Carlo (MC) simulations. The primary 
fraction, i.e. the fraction of particles stemming directly from the collision 
point, is calculated using the Monte Carlo template procedure described 
in Ref. [64] and it amounted to 94% for pions and 99% for kaons.

The identification of charged Ξ baryons exploits their characteristic 
weak decay cascade pattern. The primary decay is Ξ− → Λ + π

− , which 
has a branching ratio (BR) of nearly 100% [65]. This is subsequently 
followed by the weak decay of the daughter Λ baryon, Λ → p+π

− (BR 
= 63.9±0.5% [65]) . The selection of Ξ candidates is performed in two 
main steps. First, a pre-selection step applies loose, single-variable re-
quirements on several topological quantities, as well as on the invariant 
masses of the Λ and Ξ candidates. This initial stage is designed to min-
imize signal loss rather than aggressively reduce combinatorial back-
ground. In the second step, a multivariate analysis (MVA) is employed 
using a Boosted Decision Tree (BDT) technique, as detailed in Ref. [66]. 
A similar procedure was already used in previous femtoscopy analyses 
by ALICE involving D mesons [61,67]. A total of nine variables serve 
as input for the BDT. These include the distance of closest approach 
(DCA) between tracks, the DCA of tracks to the primary and decay ver-
tices, the pointing angles of the Λ and Ξ candidates, and PID informa-
tion for the charged particles. The BDT is trained using MC simulations 
for the signal, where the production and decay of Ξ baryons in HM pp 
events are simulated with PYTHIA. The reconstruction of Ξ candidates 
is performed after propagating the daughter tracks through a full de-
tector simulation incorporating the ALICE geometry and response using 
GEANT3 [68]. The combinatorial background sample for the training 
is derived from data candidates that pass the pre-selection criteria but 
have a Ξ invariant mass outside the signal region, specifically within 
the ranges 1280–1308MeV∕𝑐2 and 1322–1370MeV∕𝑐2. The application 
of the BDT selection significantly enhances the purity of the Ξ sample 
while maintaining high signal efficiency. Following an optimization of 
the BDT output score threshold used to select signal candidates, the pu-
rity of the selected Ξ sample reaches 97%, with minimal signal loss rel-
ative to the pre-selected data. Finally, Ξ candidates are retained if their 
invariant mass falls within a 10MeV∕𝑐2 window centered around the 
nominal Ξ− mass.

The relative momentum between the selected particles in their pair 
rest frame, denoted as 𝑘∗, is measured for all combinations of interest. 
The experimental correlation function is then determined as

𝐶(𝑘∗) = 
𝑁same(𝑘∗)
𝑁mixed(𝑘∗)

, (1)

where 𝑁same(𝑘∗) represents the 𝑘∗ distribution constructed from pairs of 
particles emitted within the same collision event. The 𝑁mixed(𝑘∗) distri-
bution, which serves as a reference for uncorrelated pairs, is obtained 
by pairing particles from different events that exhibit similar primary 
vertex 𝑧-positions and event multiplicities. To account for the differ-
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ing event sample sizes, the mixed-event distribution is normalized, via 
the constant  , to the same-event distribution within the range 𝑘∗ ∈
[1000–1200] MeV∕𝑐, a region of the spectra where final state interac-
tion (FSI) and resonance effects are absent.

The correlation functions are calculated for all oppositely charged 
particle combinations. No statistically significant differences are ob-
served between the correlation functions of Ξ−–K+ and Ξ+

–K− pairs, 
nor between Ξ−–π

+ and Ξ+
–π

− pairs. Since the correlation functions are 
expected to be identical for charge-conjugate pairs, the respective pairs 
are combined to improve statistical precision. In the following, Ξ-K and 
Ξ − 𝜋 refer to the correlation functions obtained from summing the dis-
tributions of pairs and theirs charge-conjugates.

In the case of Ξ − 𝜋 correlations, autocorrelation effects are mitigated 
by excluding pions identified as decay products of Ξ baryons from the 
pairing. Detector effects, such as track merging or track splitting, are 
evaluated by analyzing the Δ𝜂 − Δ𝜑∗ distributions, with 𝜑∗ being the az-
imuthal coordinate between the Ξ decay products and the paired meson 
at several radial positions within the TPC volume. These contributions 
are found to be negligible. Possible effects from combinatorial back-
ground due to out-of-bunch collision pile-up in the TPC are evaluated 
by repeating the analysis while requiring that all charged tracks have a 
matched hit in either the ITS or the TOF, which can provide precise tim-
ing information to remove pile-up contamination. The effect is found to 
be negligible, and therefore, this requirement is not applied in the final 
analysis.

The measured Ξ-K and Ξ − 𝜋 correlation functions are presented in 
Figs. 1 and 3, respectively. The corresponding figures with extended 𝑘∗
range can be seen in the Appendix A. The systematic uncertainties of 
the data points, depicted as shaded boxes in the figures, are estimated 
by varying the track selection criteria, following the procedure used in 
previous ALICE femtoscopy analyses, see Refs. [63,69] for the procedure 
and for pion and kaon selections. For the Ξ selection, the BDT threshold 
is varied within 25%. The total systematic uncertainty remains below 
1% for both measured correlation functions in all 𝑘∗ bins. Both the Ξ-K 
and Ξ − 𝜋 correlation functions show a clear signal of the FSI in the low 
relative momentum region, visible as a deviation from unity. The Ξ-K 
correlation also shows a steadily increasing baseline, an enhancement 
that grows as 𝑘∗ decreases that is clearly visible in the region above 200 
MeV∕𝑐, where FSI effects are negligible. This behavior contrasts with 
the Ξ − 𝜋 data, which show no such trend and remain mostly constant 
in the large 𝑘∗ region. Additionally, the Ξ − 𝜋 correlation shows a promi-
nent peak at 𝑘∗ ≈ 150 MeV∕𝑐, corresponding to the invariant mass of ≈
1530MeV∕𝑐2, where the signal of the Ξ(1530) decaying into the Ξ − 𝜋
pairs with BR of 100% [65] is expected, and other structures. The fea-
tures shown by both correlation functions are discussed in Sections 3–5.

3.  Analysis of the correlation function

The measured correlation functions for Ξ-K and Ξ − 𝜋 pairs are fitted 
using the expression 
𝐶tot (𝑘∗) =𝑁D × 𝐶model(𝑘∗) × 𝐶background(𝑘∗), (2)

where 𝑁D is a normalization constant, left free to vary in the fit. Due to 
the different contribution of the background in the two pairs, discussed 
in details later in this section, the total fit range is 𝑘∗ ∈ [0, 1000] MeV∕𝑐
for Ξ − 𝜋 and 𝑘∗ ∈ [0, 1600] MeV∕𝑐 for Ξ-K. The modeling term 𝐶model(𝑘∗)
in Eq. (2) is analogous for both pairs and it is expressed as
𝐶model(𝑘∗) = 𝜆gen𝐶gen(𝑘∗) + 𝜆M−Ξ(1530)ch.𝐶M−Ξ(1530)ch. (𝑘

∗) + 𝜆M−Ξ̃𝐶M−Ξ̃(𝑘∗)

+ 𝜆f lat𝐶f lat . (3)

Each of the contributions entering in the modeled correlation is 
weighted by a corresponding 𝜆 parameter, representing its relative frac-
tion in the measured sample.

The first term 𝐶gen(𝑘∗) embeds the correlation signal stemming from 
the genuine FSI of meson-Ξ pairs. The corresponding 𝜆gen amounts to 

0.68 and 0.61 for Ξ-K and Ξ − 𝜋 pairs, respectively, and is determined 
as a product of the purity and fractions of the considered particles [64], 
provided in Section 2.

The second term, 𝐶M−Ξ(1530)ch. (𝑘∗), accounts for residual correlations 
arising when a primary pion/kaon (meson, M) is paired with a Ξ orig-
inating from the decay of a charged (ch.) Ξ(1530) resonance. A frac-
tion of reconstructed Ξ candidates indeed stems from the strong decay 
Ξ(1530)−,0 → Ξ−𝜋0,+, leading to a residual correlation that dilutes the 
genuine signal in the correlation function. Since no theoretical predic-
tions exist for the strong interaction between mesons and excited Ξ(1530)
states, only the contribution from the charged Ξ(1530)− (Ξ̄(1530)+) is 
modeled, assuming Coulomb interaction via the CATS framework [70]. 
The relative 𝑘∗ between the charged Ξ(1530) and the meson is trans-
formed, via the decay kinematics, into that of the measured Ξ − 𝜋 and 
Ξ-K pairs. The corresponding weight 𝜆M−Ξ(1530)ch. = 0.14 is evaluated fol-
lowing the same approach of Ref. [71] and is based on the measurement 
of the Ξ(1530)0 yield in pp collisions at 7TeV [72]. In contrast, contribu-
tions from initial M-Ξ(1530)0 pairs, with a relative contribution of 0.07, 
are assumed to be flat (equal to unity for any 𝑘∗) and are absorbed into 
the 𝜆f lat term (see below).

The third term in Eq. (3), 𝐶M−Ξ̃(𝑘∗), includes the contribution from 
primary mesons paired to misidentified Ξ candidates and it amounts 
to 𝜆M−Ξ̃ = 0.03. This residual contribution is modeled in a data-driven 
approach by calculating the correlation function using a selection of 
misidentified Ξ candidates, realized by requiring a very low BDT score 
in the Ξ selection.

Finally, the last term in Eq. (3) refers to remaining contributions for 
which independence on 𝑘∗ is assumed and hence 𝐶f lat is equal to unity, 
with a total weight 𝜆f lat = 0.15. The dominant contribution to 𝜆f lat arises 
from Ξ(1530) feed-down. The remaining contributions consist of pairs 
where pions or kaons are misidentified and, for Ξ-K pairs, kaons origi-
nating from the decay of 𝜙 mesons. The latter contribution is calculated 
consistently with previous femtoscopic studies involving kaons [23,61].

To model the genuine 𝐶gen(𝑘∗) contribution, the Lednický–
Lyuboshits (LL) wavefunction approach for a charged pair is employed, 
including both strong and Coulomb interactions in s-wave [73]. The 
corresponding relative wave function reads

𝜓(𝑘⃗∗, 𝑟∗) = 𝑒𝑖𝛿𝑐
√

𝐴𝑐 (𝜂)
[

𝑒−𝑖𝑘⃗
∗⋅𝑟∗𝐹 (−𝑖𝜂, 1, 𝑖𝜉) + 𝑓𝐶 (𝑘∗)

𝐺̃(𝜌, 𝜂)
𝑟∗

]

. (4)

Here, 𝜂 = (𝑘∗𝑎𝐶 )−1 with 𝑎𝐶 being the Bohr radius and 𝛿𝑐 = Arg[Γ(1 +
𝑖𝜂)] is the s-wave Coulomb phase-shift. The variable 𝜉 = 𝜌(1 + cos(𝜃∗))
is given in terms of 𝜌 = 𝑘∗𝑟∗, with 𝑟∗ representing the distance be-
tween the emitted particles and 𝜃∗ being the angle between ⃗𝑘∗ and 𝑟∗. 
The asterisk refers to the evaluation in the pair rest frame. The term 
𝐴𝐶 (𝜂) = 2𝜋𝜂

[

exp(2𝜋𝜂) − 1
]−1 represents the Coulomb penetration factor. 

The asymptotic expression of the Coulomb wave function is given by the 
term 𝑒−𝜄𝑘⃗∗ ⋅⃗𝑟∗𝐹 (𝛼, 1, 𝑧) together with 𝐺(𝜌, 𝜂), where 𝐹 (𝛼, 1, 𝑧) is a conflu-
ent hypergeometric function and 𝐺(𝜌, 𝜂) =

√

𝐴𝑐(𝐺0 + 𝑖𝐹0) is a combina-
tion of the regular (𝐹0) and singular (𝐺0) 𝑠-wave Coulomb functions. The 
strong interaction is taken into account using the Coulomb-corrected 
scattering amplitude defined as

𝑓𝐶 (𝑘∗) =

[

1
𝑓0

+
𝑑0𝑘∗

2

2
− 𝑖𝑘∗𝐴𝐶 (𝑘∗) −

2
𝑎𝐶
ℎ(𝑘∗)

]−1

, (5)

with the effective range 𝑑0 and the complex scattering length 𝑓0 =
ℜ𝑓0 + 𝑖 ⋅ℑ𝑓0. Here, the real and imaginary part of 𝑓0 take into 
account the elastic and inelastic part on the interacting poten-
tial, respectively. The last term depends on the function ℎ(𝑘∗) =

1
(𝑘∗𝑎𝐶 )2

∑∞
𝑛=1

[

𝑛
(

𝑛2 + (𝑘∗𝑎𝐶 )−2
)]−1 − 𝛾 + ln |𝑘∗𝑎𝐶 | with the Euler constant 

𝛾 equal to 0.5772. In order to leave only the real (ℜ𝑓0) and imaginary 
(ℑ𝑓0) parts of the scattering length 𝑓0 as free parameters to be deter-
mined from a fit to the data, the calculation is performed assuming a 
zero effective range 𝑑0. Note that there are known limitations of the LL 
model, particularly when dealing with the small source sizes character-
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istic of pp collisions and in presence of a rich coupled-channel dynamics, 
as in the systems under study [63,70,74–77]. The LL approach has been 
employed in this study in order to provide an indication on the charac-
ter and strength of strong interaction acting between Ξ baryons and the 
light mesons.

In order to calculate the modeled correlations via the Koonin–Pratt 
formula [78,79], information on the emitting source size and pro-
file are needed. Following previous femtoscopic analyses performed in 
the same high-multiplicity data sample, the Resonance Source Model 
(RSM) [80,81] is employed. The RSM is based on a data-driven ap-
proach in which the source is composed by a Gaussian core, common 
to all pairs and dependent only on the pair transverse mass 𝑚T, and a 
non-Gaussian tail due to strongly-decaying resonances. The transverse 
mass of the pair is defined here as 𝑚T =

√

𝑘2T + 𝑚2, with pair transverse 
momentum 𝑘T and average pair mass 𝑚. Recent works on same-charge 
π − π and p−π pairs performed by the ALICE collaboration confirmed the 
validity of this approach [62,69]. The core radius for Ξ-K pairs, deter-
mined following Ref. [81], is 𝑟core(⟨𝑚T⟩ = 1.69 GeV∕𝑐2) = 0.89 ± 0.04 fm
, and the one for Ξ − 𝜋 is 𝑟core(⟨𝑚T⟩ = 1.55 GeV∕𝑐2) = 0.94 ± 0.04 fm. As 
observed already in previous femtoscopy studies [23,61], the presence 
of long-lived strong resonances decaying into kaons and pions intro-
duces a significant exponential tail to the source profile for large 𝑟∗. 
Consequently, a simple Gaussian function fails to describe the full source 
profile. Following the approach used in the femtoscopy studies on ΛK±

in Ref. [23], the total core-halo source is therefore modeled with a 
weighted sum of two Gaussian functions, 𝑆1(𝑟∗) and 𝑆2(𝑟∗), weighted by 
the terms 𝜔S and 𝜆S, leading to an effective emitting source 𝑆eff (𝑟∗) =
𝜆S[𝜔S𝑆1(𝑟∗) + (1 − 𝜔S)𝑆2(𝑟∗)]. The values of the source parametrization 
for Ξ-K (Ξ − 𝜋) pairs are 𝑟1 = 1.00 ± 0.04 fm, 𝑟2 = 2.45 ± 0.04 fm, 𝜆S =
0.97, and 𝜔S = 0.86 (𝑟1 = 1.19 ± 0.04 fm, 𝑟2 = 3.16 ± 0.04 fm, 𝜆S = 0.97, 
and 𝜔S = 0.74).

A significant difference between the modeling of the Ξ-K, which oc-
curs solely via Eq. (3), and the Ξ − 𝜋 pairs must be highlighted, and lies 
in the presence of several states in the latter. In particular, as can be 
seen in Fig. 3, the peak of the Ξ(1530) is observed at 𝑘∗ ≈ 145 MeV∕𝑐. 
Additionally, the Ξ(1620) and Ξ(1690), expected to appear at 𝑘∗ ≈ 240
MeV∕𝑐 and at 𝑘∗ ≈ 303 MeV∕𝑐, can be identified. Both these states lie 
close to the opening of the ΛK̄0 (𝑘∗

ΛK̄0 = 232 MeV∕𝑐) and Σ0K̄0 − Σ±K∓

(𝑘∗
ΣK̄

= 297 − 304 MeV∕𝑐) channels coupled to the Ξ − 𝜋 system. The cur-
rent data do not permit an unambiguous identification between the 
channel openings and the resonant structures in this momentum region. 
For the same reason, the Ξ0

η opening and the Ξ(1950) state, at 𝑘∗ ≈ 446
MeV∕𝑐 and 𝑘∗ ≈ 513 MeV∕𝑐 respectively, cannot be discriminated from 
the combinatorial background. Since the two visible Ξ(1620) and Ξ(1690)
states carry as well information on the underlying Ξ − 𝜋 interaction, the 
modeled correlation for the Ξ − 𝜋 system includes as well these contri-
butions, namely in the form 
𝐶 (Ξ−𝜋)
model (𝑘

∗) = 𝐶model(𝑘∗) +
∑

𝑖
𝑤𝑖𝑓𝑖(𝑀𝑖,Γ𝑖), (6)

where the sum 𝑖 runs over the three Ξ∗ states of mass 𝑀𝑖, width Γ𝑖, each 
described with a distribution 𝑓𝑖 weighted by the parameters 𝑤𝑖 to be 
determined in the fit. The narrow Ξ(1530) is modeled assuming a Voigt 
distribution with mass and width given by the PDG values [65]. The 
corresponding Gaussian broadening due to finite momentum resolution 
is also applied while performing the fit. The broader Ξ(1620) and Ξ(1690)
states are modeled via a Breit-Wigner profile distribution with masses 
and widths extracted from the fit.

The final contribution needed to compare the total fit function in 
Eq. (2) with the measured correlations is the background 𝐶background(𝑘∗). 
As already observed in several meson-baryon pairs [23,32,33,61,82], 
the dominant contribution to the non-femtoscopic signal is coming from 
the so-called mini-jet background. This background is typically associ-
ated with the initial hard processes occurring at the partonic level dur-
ing the ppcollision [83], which can produce correlations visible up to 
𝑘∗ values of around 1 GeV∕𝑐 or more. The effect of this background 

on the measured correlation has been observed to increase when the 
net-quantum numbers (baryon B, charge Q, strangeness S) within the 
pair are conserved [84]. Such a trend has been observed for example in 
the measured ΛK+ (S = 0) and ΛK− (S = −2 ) correlations in Ref. [23]. 
Therefore, a much larger contribution in the Ξ-K case, in which an ss
pair is present in the final-state hadrons and can originate from a com-
mon partonic source, with respect to the Ξ − 𝜋 one is expected. For both 
pairs, the 𝐶background(𝑘∗) was built from Monte Carlo simulations based 
on the PYTHIA 8.2 generator [85] (Monash tune [86]), and a simula-
tion of the ALICE detector using GEANT3 [68]. For the Ξ − 𝜋 system, 
the PYTHIA simulation provides a reasonable description of the data 
outside the femtoscopic region of 𝑘∗ ≥ 200 MeV∕𝑐. The MC correlation 
is hence fitted in this case with a third-order degree polynomial in the 
range 𝑘∗ ∈ [0, 1200] MeV∕𝑐 and kept fixed in the fit of the experimental 
Ξ − 𝜋 correlation function.

As anticipated, the mini-jet background in the Ξ-K system has a 
larger influence on the shape of the correlation function. The PYTHIA 
simulation captures the shape of the background correlation as a func-
tion of 𝑘∗, but the strength of the correlation is underestimated as com-
pared to data. Hence, in order to describe the data outside the fem-
toscopic region and extrapolate this baseline to the lower 𝑘∗ region, 
the correlation obtained from PYTHIA must be scaled. For this, the Ξ-K 
background component is expressed as 
𝐶 (Ξ−𝐾)
background(𝑘

∗) = 1 + (𝐶MC(𝑘∗) − 1) × 𝑆, (7)

where 𝐶MC(𝑘∗) represents the PYTHIA correlation function and 𝑆 is 
a scaling factor parameter to be determined by fitting the data. The 
PYTHIA correlation is modeled with a functional form including three 
Gaussian functions, with its parameters determined by a fit to the 
PYTHIA MC data in a large momentum range 𝑘∗ ∈ [0, 1600] MeV∕𝑐 in 
order to constrain as much as possible the shape. The ALICE collab-
oration has reported substantial differences between PYTHIA tunes in 
the description of the angular correlations induced for Ξ-K pairs pro-
duced in pp collisions [87]. In the current study, the Ropes tune [88] 
was explored as an alternative to Monash; however, it did not lead to 
a substantial improvement in the overall description. The need to scale 
the correlation strength persists as a requirement to achieve a better fit 
to the data.

4.  Results on 𝚵-K correlations

The experimental correlation function for Ξ-K pairs is presented in 
Fig. 1. The correlation function is fitted to the model presented in Sec-
tion 3 using the LL approach that incorporates the Coulomb interaction 
and a parametrization of the strong interaction based on the scatter-
ing parameters. The fit is performed in the range 𝑘∗ ∈ [0, 1600] MeV∕𝑐. 
The resulting model of the correlation function, according to Eq. (3), is 
shown as the pink band in Fig. 1. The free parameters in this fit are ℜ𝑓0
and ℑ𝑓0 of the s-wave scattering length that enter in the LL model cal-
culation of the wave-function, along with the parameter 𝑆 scaling the 
MC description of the mini-jet baseline contribution. The mini-jet back-
ground alone is shown in Fig. 1 by the gray band. The lower panel shows 
the difference between the data and the modeled correlation function as 
a function of 𝑘∗, expressed in units of standard deviations (𝑛𝜎), obtained 
by dividing the difference 𝐶data − 𝐶model by the statistical uncertainty of 
the data. See full fit range figure in the Appendix A .

The widths of the pink and gray bands reflect the systematic uncer-
tainties propagated from the fit. These uncertainties arise from several 
variations considered in the fitting procedure, namely: i) variation of 
the upper limit of the fit range by ±100 MeV∕𝑐; ii) variation in the func-
tional form used to model the mini-jet background as given by PYTHIA 
simulations, including just two Gaussian functions instead of three; iii) 
variations in the 𝜆 parameters according to the uncertainties associated 
with their determination, which are at the level of 3%; iv) variations in 
the effective source radius according to the errors reported in the pre-
vious section. The fit is repeated for all possible combinations of these 
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Fig. 1. Measured correlation function of Ξ-K pairs. Data are represented by the black circles, with statistical (black vertical lines) and systematic (orange boxes) 
uncertainties shown separately. The pink and blue bands represent the results from the fit considering strong and Coulomb FSI via the LL approach and the BCN 
model, respectively. The gray band represents the mini-jet background associated with the LL fit. The green line represents the Coulomb-only assumption. The lower 
panel presents the difference between the data and the modeled correlation functions for the LL (pink) and BCN (blue) models expressed as the number of standard 
deviations, n𝜎, see text for details.

variations. At each 𝑘∗ value, the width of the band corresponds to one 
standard deviation of the resulting distribution of solutions.

Fig. 1 also displays the expectation from the Coulomb interaction 
alone, represented by the green line. To build the Coulomb-only cor-
relation function, intended just as a qualitative test, the data have not 
been fitted again, instead the effect of the genuine FSI from the LL fit 
has been substituted by a Coulomb-only calculation, hence the mini-
jet background baseline determined from the full LL fit is used. A clear 
difference is observed between the Coulomb-only expectation and the 
LL approach: the data lie significantly below the Coulomb-only curve, 
indicating that a repulsive strong interaction is necessary to describe 
the measured correlation function. Indeed the scattering parameters ob-
tained from the LL fit are ℜ𝑓0 = −0.61 ± 0.02(stat.) ± 0.07(syst.) fm and 
ℑ𝑓0 = 0.41 ± 0.04(stat.) ± 0.01(syst.) fm . Such rather large value of the 
real part of the scattering length reflects the necessity of a sizable re-
pulsive interaction, while the value of the imaginary part shows a large 
influence of the inelastic channels, as expected for the Ξ-K system, being 
the last channel opening in the S = −1 sector.

Furthermore, Fig. 1 includes a theoretical prediction from a unita-
rized ChPT (UChPT) approach in coupled-channels, the BCN model [52], 
shown as the blue line. This model derives unitarized s-wave meson-
baryon scattering amplitudes from a chiral Lagrangian up to NLO. It 
is constrained to the available scattering data in the S = −1 sector, in-
cluding the higher-energy K−p → Ξ-K reactions, and it is capable of 
describing the K−p correlation function measured by ALICE in pp colli-
sions [32,33] and the signature from the channel coupling in such data. 
The BCN correlation function is calculated from these amplitudes us-
ing the Koonin–Pratt formula, applying the source function described 
in the previous section. The mini-jet background parameter 𝑆 is also 
fitted when comparing the BCN model prediction to the data, although 
for clarity, the resulting baseline is not explicitly shown in the figure. 
The BCN model fails to describe the ALICE data in the low relative mo-
mentum region, showing a weaker anticorrelation than observed in the 
data. The scattering parameters for the Ξ-K interaction predicted by the 
BCN model, ℜ𝑓0 = −0.39 fm, ℑ𝑓0 = 0.20 fm, with an effective range 
of 𝑑0 = 0.668 + 𝑖 ⋅ (−0.683) fm, are indeed smaller in absolute value com-

pared with the ones obtained using the LL model under the zero effective 
range approximation.

Another coupled-channel calculation, under the Dynamical Coupled-
Channels (DCC) approach by the ANL-Osaka group [48,49], which also 
starts from SU(3) Lagrangians to derive meson-baryon potentials, also 
delivers scattering parameters that differ from those obtained from the 
LL fit to the data. The Ξ-K isospin averaged scattering lengths from 
the ANL-Osaka approach are obtained considering two different mod-
els, with ℜ𝑓0 = −0.76 fm and ℑ𝑓0 = 0.11 fm , and ℜ𝑓0 = −0.86 fm and 
ℑ𝑓0 = 0.09 fm. In this case the real part of the scattering length is larger 
than the results from the LL fit while the imaginary part is smaller. It 
is not surprising that the BCN and ANL-Osaka approaches deliver such 
different scattering parameters, even when both use the scattering data 
from reactions such as K−p → Ξ-K as input in the high energy regime. 
The large uncertainties and limited availability of such data prevents 
from constraining the models at large energies [51] and this is reflected 
as well in the difficulties of describing the Ξ-K correlation data presented 
here.

Regarding a potential direct influence of resonant states on the Ξ-
K correlation function, several theoretical frameworks predict indeed a 
plethora of Λ∗ and Σ∗ resonances that could couple to the Ξ-K channel 
across various energy ranges [47–49,89–92]. However, the statistical 
precision of the current ALICE Ξ-K femtoscopic data is insufficient to 
discern clear, statistically significant structures in the correlation func-
tion that could be unambiguously attributed to the decay of such reso-
nances into Ξ-K. Consequently such resonant states are not considered 
in the fits to the experimental Ξ-K correlation function, although their 
undetected presence could influence the modeling of the measured cor-
relations. Moreover, the possible presence of bound states or resonances 
below the Ξ-K threshold could induce an additional depletion of the cor-
relation function. It is worth noting that the BCN model used for com-
parison with the data does not dynamically generate such states.

Fig. 2 shows a data-driven extracted genuine Ξ-K correlation func-
tion, obtained by identifying 𝐶tot (𝑘∗) in Eq. (2) with the experimental Ξ-
K correlation function and isolating the 𝐶gen(𝑘∗) contribution in Eq. (3). 
The associated systematic uncertainties, depicted by the orange boxes, 
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Fig. 2. Extracted genuine Ξ-K correlation (data points) and genuine theoretical correlation function with the LL approach (pink line). Statistical (black vertical lines) 
and systematic (orange boxes) uncertainties of the data are shown separately. See text for details.

take into account both the data systematic uncertainties (see Section 2), 
and the systematic variations of the fit. The genuine correlation func-
tion is compared with the genuine interaction part from the fit with 
the LL model (pink band) after consideration of the finite momentum 
resolution effects.

While the experimentally obtained 𝐶gen(𝑘∗) can be compared to any 
model of the Ξ-K interaction, given the source size reported in this work, 
it is important to note that its determination, and consequently the de-
termination of the interaction parameters, inherently depends on the 
modeling of the mini-jet background baseline. Since this baseline is de-
termined simultaneously with the interaction parameters during the fit 
to the total correlation function, its characterization directly influences 
the extracted strong interaction signal represented by 𝐶gen(𝑘∗).

5.  Results on 𝚵 − 𝝅 correlations

The measured Ξ − 𝜋 correlation function is shown in Fig. 3. The pink 
and green bands depict the modeling of the total correlation function 
based on Eq. (2), incorporating genuine, residuals and background con-
tributions. The influence of the 𝐶background(𝑘∗) contribution, highlighted 
in gray and multiplied by 𝑁D, is clearly visible in the deviation of data 
from unity, starting already at large 𝑘∗ values. The width of the bands 
represents the total uncertainty of the fit, estimated analogously to the 
Ξ-K case, except for the exclusion of variations on the background shape. 
Uncertainties on the Ξ − 𝜋 background are included by a bootstrap sam-
pling from the MC correlation template [93]. The fit range considered 
in the Ξ − 𝜋 case is 𝑘∗ ∈ [0, 1000] MeV∕𝑐. See full fit range figure in the 
Appendix A.

The Ξ − 𝜋 correlation function lies above unity in the low 𝑘∗ re-
gion, indicating an overall attractive interaction between Ξ baryons 
and pions. A first scenario, shown by the green band, assumes a pure 
attraction coming from the Coulomb interaction and it clearly under-
estimates the data in the 𝑘∗ region below the Ξ(1530) peak. With the 
inclusion of the strong potential, via the Lednický–Lyuboshits wave-
function approach discussed in Section 3, a better description of the 
data is achieved, particularly in this low 𝑘∗ region. The extracted value 
of ℜ𝑓0 = 0.070 ± 0.004(stat.) ± 0.011(syst.) fm confirms the need for an 
additional shallow strong attraction to describe the data. The ℑ𝑓0 =
0.002 ± 0.003(stat.) ± 0.010(syst.) is compatible with zero. Such a result 
is expected since the Ξ − 𝜋 is the lowest energy channel that opens in 

the meson-baryon S = −2 sector. The values of 𝑓0 obtained in this work 
are overall compatible with results on the Ξ − 𝜋 scattering length eval-
uated within UChPT in a coupled-channel approach in Ref. [11]. The 
improvement in the fit with the inclusion of a strong Ξ − 𝜋 interaction 
is estimated in terms of number of standard deviations 𝑛𝜎 between the 
data and the assumed model calculated over the full fit range. With the 
introduction of an additional strong attraction, the 𝑛𝜎 decreases to 15 
from a value of 25 for the Coulomb-only scenario. A deviation between 
the assumed modeling and the data can be seen in the region below 
𝑘∗ ≈ 50 MeV∕𝑐, with a clear overestimation of the measured correlation. 
Such a discrepancy might be caused by the need to include in the model 
higher-partial waves which could play a role in the Ξ − 𝜋 interacting 
potential already at low momenta, due to the appearance of the Ξ(1530)
state. Indeed, a deviation above the 5𝜎 level is also observed within the 
few data points around the 𝑘∗ region of the Ξ(1530) peak, pointing as 
well to the need of an improved modeling of this state. More refined 
theoretical calculations, able to go beyond the s-wave assumption done 
in this work, could be useful in reducing the current disagreement.

As already discussed in Section 3, two additional neutral states are 
visible in the measured Ξ − 𝜋 correlation, just above the Ξ(1530) sig-
nal: the Ξ(1620) at 𝑘∗ ≈ 240 MeV∕𝑐 and the Ξ(1690) at 𝑘∗ ≈ 300 MeV∕𝑐. 
Both these states are shown in detail in the inset of Fig. 3. The prop-
erties of these two excited Ξ∗ have been determined from the fit that 
yields: 𝑀Ξ(1620) = 1608.16 ± 1.56(stat. + syst.) MeV∕𝑐2, ΓΞ(1620) = 47.12 ±
5.63(stat. + syst.) MeV, 𝑀Ξ(1690) = 1680.72 ± 3.27(stat. + syst.) MeV∕𝑐2, 
ΓΞ(1690) = 26.41 ± 13.86(stat. + syst.) MeV. The mass and width obtained 
for the neutral Ξ(1690) state are in agreement with the reported PDG 
values [65] and with measurements by LHCb [15] and Belle [12] col-
laborations. For the much less known Ξ(1620) state, a lower mass value 
for the neutral state is extracted in comparison to the results obtained 
for the charged partner observed in the Λ–K− correlation [23]. Such a 
trend is expected, and widely observed, in isospin doublets based on the 
slight breaking of isospin symmetry [65]. Compared with the Belle mea-
surement in the same Ξ − 𝜋 channel, the mass value obtained from the 
Ξ − 𝜋 correlation is in agreement, while a narrower width is obtained, 
consistent with the results reported from Λ–K− correlations [23].

Finally, it is worth mentioning a third structure present in the mea-
sured Ξ − 𝜋 correlation which appears at very large momenta. In the re-
gion of 850 < 𝑘∗ < 950 MeV∕𝑐, the peak of the produced Ξ0

𝑐  decaying into 
Ξ − 𝜋 (BR= 1.43 ± 0.27%) is visible (see Fig. A.3 in Appendix A). In the 
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Fig. 3. Measured correlation function of Ξ − 𝜋 pairs. Statistical (bars) and systematic (boxes) uncertainties are shown separately. The pink band represents the fit 
with both Coulomb and strong interactions via the LL approach, while the green band indicates the Coulomb-only results. The 𝐶background(𝑘∗) within the Coulomb 
+ strong fit is reported in gray. The inset shows a zoomed-in view of the 𝑦-axis, highlighting the 𝑘∗ region of the Ξ(1620) and Ξ(1690) states in greater detail. The 
lower panel presents the difference between the data and the modeled correlation functions using Coulomb and strong interactions (pink) and Coulomb only (green) 
expressed as the number of standard deviations, n𝜎.

Fig. 4. Genuine Ξ − 𝜋 correlation function. Statistical (bars) and systematic (boxes) uncertainties are shown separately. The pink band represents the genuine 
theoretical correlation function obtained with both Coulomb and strong interactions. The inset shows a zoomed-in view of the 𝑦-axis, highlighting the 𝑘∗ region of 
the Ξ(1620) and Ξ(1690) states in greater detail.

same 𝑘∗ region, the PDG reports another heavy excited Ξ∗ state, namely 
the Ξ(2500). Currently this state is very poorly known, with no precise 
information reported on mass, width and quantum numbers. A test of 
the feasibility of delivering quantitative constraints on the Ξ(2500) has 
been performed; however, the current femtoscopy data can be described 
solely by the presence of the signal from the Ξ0

𝑐  decay. Additional details 
on this test are reported in the Appendix A.

Fig. 4 showcases the extracted genuine Ξ − 𝜋 correlation, obtained 
in an analogous way to the Ξ-K pairs. The genuine Ξ − 𝜋 correlation is 

above unity, confirming the attractive nature of the Ξ − 𝜋 interaction, 
and it reaches unity just above the Ξ(1690) state, indicating the robust 
treatment of the non-femtoscopic background thanks to the constrained 
MC template described in Section 3. The reported pink band represents 
the genuine theoretical correlation, corrected for momentum resolution 
effects, obtained assuming the above-mentioned Ξ − 𝜋 scattering length. 
In the inset, the Ξ(1620) and Ξ(1690) states are also shown and well re-
produced by the considered model. The extraction of the genuine Ξ − 𝜋
correlation is free from the indetermination in the background descrip-
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tion found in the case of Ξ-K, hence a model-independent set of high-
precision data is delivered, covering a wide range of momenta, from the 
threshold up to 1GeV∕𝑐.

6.  Conclusions

In this work, high-precision data on oppositely charged Ξ-K and 
Ξ − 𝜋 interactions are presented via measurements of their correla-
tion functions in HM ppcollisions at √𝑠 = 13 TeV. Scattering pa-
rameters for both systems are extracted using the Lednický–Lyuboshits 
approximation for the wavefunction, indicating a repulsive strong in-
teraction for Ξ-K and a shallow attraction for Ξ − 𝜋. The data pre-
sented in this work constitute a fundamental input in understand-
ing the underlying strong interaction between multi-strange and light
hadrons.

The Ξ-K correlation function provides new data in an energy region 
where direct scattering measurements are scarce. These results there-
fore impose an important constraint for theoretical models aiming to 
describe the meson-baryon interaction in the S = −1 sector. So far, the 
observed level of repulsion in the Ξ-K system is not fully captured by 
the current theoretical approaches, highlighting the necessity of further 
refinement in the theoretical understanding of these interactions. It is 
important to highlight that the coupling to the Λ𝜋 channel is predicted to 
have a substantial influence on the final Ξ-K correlation function [52]. 
For this reason, it would be desirable to perform in the future a full 
coupled-channel analysis of the femtoscopy data in the S = −1 sector, 
aiming to simultaneously describe the high-precision ALICE data for K−p 
correlations together with the Ξ-K data here presented, and forthcoming 
Λ–𝜋 correlations.

The properties of Ξ(1620) and Ξ(1690) states, visible in the measured 
Ξ − 𝜋 correlation function, are extracted and found to be overall com-
patible with previous measurements. Future measurements within the 
current LHC Run 3 and Run 4, aimed at a better understanding of the 
underlying coupled-channel dynamics in the S = −2 sector, should in-
volve the challenging measurements of correlations involving ΣK pairs. 
Insights into these high energy channels could provide access to many 
heavy Ξ∗ states, still poorly known.
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Fig. A.1. Region of the measured Ξ − 𝜋 correlation corresponding to the production of Ξ0
𝑐 decaying into Ξ − 𝜋 pairs. Left: results assuming only the presence of the 

Ξ𝑐 state. Right: results assuming also the presence of the Ξ(2500) state. The pink band represents the fit with Eq. (A.1), the polynomial background is given by the 
grey band. In blue and red, the center values of the profile shape of the Ξ(2500) and Ξ0

𝑐 are shown, respectively.

Appendix A.  Additional material

A.1.  Results on Ξ(2500) state

In this section, more details on the study performed on Ξ − 𝜋 pairs 
in the region of 𝑘∗ between 830 and 920 MeV∕𝑐 are provided, where a 
structure corresponding to the produced Ξ𝑐 → Ξπ resonance is visible. 
In the same region, an excited cascade, the Ξ(2500), is expected to be 
present. This state is currently poorly known, with one-star PDG rat-
ing [65]. The PDG is reporting only an approximate value of the mass 
(≈ 2500MeV∕𝑐2) and the related references are mainly experimental 
searches using kaon beams conducted in the early seventies and eight-
ies [94–96].

A chi-squared based likelihood test is conducted in the region 𝑘∗ ∈
[750 − 950]MeV∕𝑐 by fitting the structure visible in Fig. A.1 assuming 
either the only presence of the Ξ𝑐 or adding as well the Ξ(2500) state. 
In an attempt to extract properties of the Ξ(2500) state, the known Ξ𝑐
state is used as a constraint, i.e. it is included in the fit with fixed 
mass and width to its PDG nominal values [65]. Since the Ξ𝑐 state is 
extremely narrow (Γ ≈ 10−6 MeV), a Monte Carlo simulation was per-
formed in order to evaluate the effect of the 𝑘∗ momentum resolution 
on the original distribution. The momentum smearing matrix, relating 
the original "true" 𝑘∗true to the reconstructed 𝑘∗reco one, is taken as initial 
input, limited to the region of interest in 𝑘∗. From the latter, at each 
value of 𝑘∗true, a corresponding Gaussian distribution in 𝑘∗reco provides 
the mean ⟨𝑘∗reco⟩ value and 𝜎𝑘∗reco  dispersion. As expected, the width of 
the Ξ0

𝑐  is fully dominated by the resolution in 𝑘∗, found to be equal to
ΓΞ𝑐 = 𝜎res. = 6.9 MeV∕𝑐.

The function used to perform the fit reads
𝑓f it (𝑘∗) = 𝐵pol2(𝑘∗)

+𝐴 ⋅
[

𝑤Ξ𝑐𝑓
𝐺
Ξ𝑐
(𝑀Ξ𝑐 ,ΓΞ𝑐 ) +𝑤Ξ(2500)𝑓

𝐵𝑊
Ξ(2500)(𝑀Ξ(2500),ΓΞ(2500))

]

, (A.1)

in which the free parameters to be determined in the fit are the ones 
related to the polynomial background 𝐵pol2(𝑘∗) = 𝑎0(1 + 𝑎1𝑘∗ + 𝑎2(𝑘∗)2), 
𝐴, 𝑤Ξ𝑐 , 𝑤Ξ(2500), 𝑀Ξ(2500) and ΓΞ(2500). The Ξ𝑐 is modeled via a Gaussian 
distribution with fixed width ΓΞ𝑐 = 𝜎res. and fixed mass to the PDG value, 
𝑀Ξ𝑐 = 2470.4 MeV (corresponding to 𝑘∗ = 874.7 MeV∕𝑐) [65]. The corre-
sponding distribution is shown in blue in both panels of Fig. A.1. A Breit-
Wigner distribution is employed for the Ξ(2500), with mass 𝑀Ξ(2500) and 
width ΓΞ(2500) to be extracted from the comparison to data.

Two scenarios have been tested in order to probe the sensitivity to 
the presence of the Ξ(2500) state. In the left panel of Fig. A.1, the fit as-
suming only the Ξ𝑐 state is shown, using Eq. (A.1) with 𝑤Ξ(2500) = 0, and 
a reduced chi-square of 1.99 is obtained. On the right panel of Fig. A.1, 
the results with the additional inclusion of the Ξ(2500) state are pre-
sented for completeness. The limits of variation for the mass and width 
of the Ξ(2500) are taken from the lower and upper limits provided by 
the previous measurements as listed by the PDG (see Refs. [94–96]). 
In red, the obtained shape of the Ξ(2500) state, scaled by its weight 
𝑤Ξ(2500), is also reported. The extracted values of mass and width are 
𝑀Ξ(2500) = 2469.0 ± 14.3 (stat. + syst.) MeV∕𝑐2 and ΓΞ(2500) = 32.0 ± 22.2
(stat. + syst.) MeV. In this case, a reduced chi-square of 2.07 is achieved, 
therefore indicating that within the current experimental precision, 
the presence of the Ξ(2500) state is not necessary to describe the
data.
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A.2.  Full fit range correlation functions for Ξ-K and Ξ − 𝜋 pairs

Fig. A.2. Measured correlation function of Ξ-K pairs in the whole fit range. Statistical (bars) and systematic (boxes) uncertainties are shown separately. The pink 
band represents the fit with both Coulomb and strong interaction using the LL method. The 𝐶background(𝑘∗) multiplied by the normalization constant 𝑁𝐷 obtained 
within the Coulomb + strong fit is reported in gray.

Fig. A.3. Measured correlation function of Ξ − 𝜋 pairs in the whole fit range. Statistical (bars) and systematic (boxes) uncertainties are shown separately. The pink 
band represents the fit with both Coulomb and strong interaction using the LL method,. The 𝐶background(𝑘∗) multiplied by the normalization constant 𝑁𝐷 obtained 
within the Coulomb + strong fit is reported in gray. The inset shows a zoomed-in view of the 𝑦-axis, highlighting the 𝑘∗ region of the Ξ(1620) and Ξ(1690) states in 
greater detail.
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