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Abstract

The interaction between Λ baryons and kaons/antikaons is a crucial ingredient for the strangeness
S = 0 and S =−2 sector of the meson–baryon interaction at low energies. In particular, the ΛK might
help in understanding the origin of states such as the Ξ(1620), whose nature and properties are still
under debate. Experimental data on Λ–K and Λ–K systems are scarce, leading to large uncertainties
and tension between the available theoretical predictions constrained by such data. In this Letter we
present the measurements of Λ–K+⊕Λ–K− and Λ–K−⊕Λ–K+ correlations obtained in the high-
multiplicity triggered data sample in pp collisions at

√
s = 13 TeV recorded by ALICE at the LHC.

The correlation function for both pairs is modeled using the Lednický–Lyuboshits analytical formula
and the corresponding scattering parameters are extracted. The Λ–K− ⊕Λ–K+ correlations show
the presence of several structures at relative momenta k∗ above 200 MeV/c, compatible with the
Ω baryon, the Ξ(1690), and Ξ(1820) resonances decaying into Λ–K− pairs. The low k∗ region in
the Λ–K−⊕Λ–K+ also exhibits the presence of the Ξ(1620) state, expected to strongly couple to
the measured pair. The presented data allow to access the ΛK+ and ΛK− strong interaction with an
unprecedented precision and deliver the first experimental observation of the Ξ(1620) decaying into
ΛK− .

*See Appendix A for the list of collaboration members
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1 Introduction

Measurements of correlations of particle pairs in the relative momentum space performed in small collid-
ing systems at the Large Hadron Collider (LHC), such as proton–proton (pp) and p–Pb collisions, have
proven to be a sensitive experimental tool to investigate hadron–hadron interactions. In recent years, this
so-called femtoscopy technique [1] was employed by the ALICE Collaboration to deliver a large amount
of high-precision data on interactions involving strange baryons and antibaryons [2–9]. This made it
possible to validate for the first time state-of-the-art lattice QCD predictions at the physical point and to
provide crucial experimental tests for low-energy effective field theories. Lately, the same technique was
applied to meson–baryon pairs giving the possibility to access the interaction of protons with φ , charm
D mesons, and kaons [10–13]. In the strangeness S =−1 meson–baryon sector, the measurement of the
K−p correlation function in different colliding systems [12–14] provided a detailed picture of the K−p
strong interaction above threshold and novel constraints on the coupling strength to the K0n and πΣ chan-
nels. These femtoscopic correlations delivered the most precise data on the K−p interaction and a crucial
input to pin down the KN–πΣ dynamics, responsible for the formation of the Λ(1405) resonance [15–17],
which currently is the only accepted molecular state in the hadronic spectrum.

States with a similar nature, namely arising dynamically in multi-channel interactions, are predicted to
exist also in the S =−2 meson–baryon sector in which antikaons (K) interact with the strange Λ baryon.
Theoretical calculations based on chiral unitary frameworks [18–23], Bethe-Salpeter approaches [24],
and meson-exchange models [25] indicate that several Ξ resonances, such as the Ξ(1620) and the
Ξ(1690), might indeed originate from the coupling between the Λ–K system and other S =−2 channels,
like πΞ and ΣK. The knowledge on these low-lying Ξ resonances is rather scarce. Several measurements
are available [26–30] but not all quantum numbers and branching ratios for the different decay channels
can be estimated [31]. Both resonances are too light to be accomodated in most quark models [32, 33]
and, particularly for the Ξ(1620) state, only the decay in the neutral πΞ channel has recently been ob-
served by the Belle Collaboration [28], confirming the first experimental evidence in the same channel
obtained in the 1970s [26, 27, 34]. Due to the lack of experimental data, the nature and the properties
of the Ξ(1620) are still open for discussion and its theoretical modeling is far away from being settled.
Since this state can in principle couple to the Λ–K system, the possibility to access the ΛK interaction
with the femtoscopy technique opens a new road in the study of double-strange resonances.
By considering the interaction between a Λ and a kaon, the S= 0 meson–baryon dynamics can be probed,
in which, as for the Λ–K system, many inelastic channels are present (such as πN, ΣK). Effective La-
grangians describing the coupled-channel S = 0 system are mainly anchored to the large database on
elastic πN scattering [35–38], which leads to a detailed understanding of most of the light-flavor baryonic
resonances known today, such as N∗ and ∆. However, there might also be states which strongly couple
to inelastic channels with no net strangeness, such as ΛK [20,39]. Providing experimental constraints on
the ΛK interaction can hence contribute to improve the knowledge of the light hadronic spectrum.

Additional data on the interaction between Λ baryons and strange mesons is also important in view of the
recent efforts in going beyond the non-interacting picture of hadrons in the statistical approaches applied
in heavy-ion collisions (HIC) [40–42]. The proton-to-pion ratio [43], which was not properly reproduced
within the basic assumption of thermal models describing the hadronic phase as a non-interacting sys-
tem, found its explanation in the inclusion of the πN scattering parameters in a more sophisticated recent
statistical approach [44]. Since Λ and kaons/antikaons are the most abundant strange hadrons produced
in HICs, the interaction between them can be used as an input for these new calculations within the ther-
mal model and help to shed light on the role of strangeness in the hadronization process [45].
Correlations of all the neutral and charged combinations between Λ and kaons (Λ–K, Λ–K, Λ–K0

S)
have been published by the ALICE Collaboration in Pb–Pb collisions at a center-of-mass energy per
nucleon–nucleon collision

√
sNN = 2.76 TeV [46], and delivered the first scattering parameters on the

underlying interaction, being repulsive for Λ–K and attractive for the remaining pairs. A similar mea-
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surement on Λ–K0
S has also been conducted recently by the CMS Collaboration in Pb–Pb collisions at√

sNN = 5.02 TeV [47], in which a different treatment of feed-down contributions is used.

In this Letter, we study the ΛK and ΛK interaction via the measurement of the correlations for the charged
combinations Λ–K+⊕Λ–K− and Λ–K−⊕Λ–K+ in pp collisions at

√
s = 13 TeV [48, 49].

In order to enhance the number of Λ–K+⊕Λ–K− and Λ–K−⊕Λ–K+ pairs, the analysis is performed in
the high-multiplicity (HM) data sample in which an enhanced yield of strange particles, as Λ and kaons,
is observed [50]. Note that the correlation functions of Λ–K+ (Λ–K− ) pairs and Λ–K− (Λ–K+ ) pairs are
added together in order to enhance the statistical significance of the results. The results are obtained by
comparing the experimental data to the modeled correlation using the Lednický–Lyuboshits analytical
formula, from which scattering parameters and properties of the Ξ(1620) are extracted.

2 Data analysis

The data sample studied in this work was collected by ALICE [51] at the LHC in pp collisions at√
s = 13 TeV during the Run 2 period. All analyzed events passed a HM trigger, based on the mea-

sured amplitude in the V0 detector system, consisting of two arrays of plastic scintillators located at
forward (2.8 < η < 5.1) and backward (−3.7 < η < −1.7) pseudorapidities [52]. The selected events
correspond to the inelastic pp collisions with the top 0.17% of the measured signal amplitudes, with at
least one charged particle in the range |η | < 1 (referred to as INEL > 0) [48, 49]. The resulting data
sample contains events with an average of 30 produced charged particles in the pseudorapidity interval
|η | < 0.5 [5].Approximately 1.0×109 HM events are selected by adopting the procedure described in
Refs. [4, 5, 53].

The Monte Carlo simulated data used in this analysis are obtained from the PYTHIA 8.2 event gener-
ator [54]. The transport through the ALICE detector is simulated using GEANT 3 [55] and the recon-
struction follows the dedicated ALICE reconstruction algorithm [48]. An additional selection on large
charged-particle multiplicities, which mimics the effect of the HM trigger, is applied.

The primary vertex (PV) of the collision is measured using the charged-particle tracks reconstructed from
the Inner Tracking System (ITS) [56] and the Time Projection Chamber (TPC) [57]. A maximal displace-
ment of the PV with respect to the nominal interaction point of 10 cm along the beam axis is required
in order to ensure a uniform acceptance. Charged particles are identified using information provided
by the TPC [57] and the Time-of-Flight (TOF) detector [58]. The ITS, TPC, and TOF detectors, used
for charged-particle tracking and identification, cover the full azimuthal angle and the pseudorapidity
interval |η | < 0.9, and are embedded in a uniform magnetic field of 0.5 T along the beam axis.

The information provided by these detectors is used to extract the kinematic and topological quantities
needed to reconstruct the K (K) and Λ (Λ) candidates. The selection on these variables is varied to
evaluate the related systematic uncertainties. In the following, the systematic variations of the selections
specifically mentioned in the text are enclosed in parentheses.

The identification of kaons (antikaons) is conducted employing both the TPC and TOF detectors by
applying a strict selection on the deviation nσ between the measured quantities (dE/dx, time-of-flight)
and the signal hypothesis for a kaon, electron, or pion, normalized by the detector resolution σ . The
nσ thresholds are chosen so as to remove possible contamination from electrons and pions to the kaon
sample. The kaon candidates are selected within a transverse momentum range of pT ∈ [0.15 (0.1, 0.2),
4.0] GeV/c and a pseudorapidity range of |η | < 0.8(0.75,0.85), to avoid regions of the detector with
limited acceptance. To significantly improve the amount of primary kaons with respect to secondary par-
ticles coming from weak decays and particle–detector interactions, a selection criterion on the Distance
of Closest Approach (DCA) to the primary vertex is applied, both in the transverse plane (DCAxy < 0.1
cm) and along the direction of the beam (DCAz < 0.2 cm). The purity, referring to the fraction of cor-
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rectly identified kaon and antikaon candidates, is around 99.5% and the primary fraction is estimated to
be 57.6%, using the same procedure described in Ref. [59].

The kinematic and topological selection criteria related to the reconstruction of Λ and Λ, as well as the
associated systematic uncertainties, are the same as described in Ref. [53]. Due to their charge neutrality
and their short lifetime, the Λ candidates are reconstructed through the weak decay Λ → pπ−, which
has a branching ratio of BR = (63.9 ± 0.5)% and a decay length of cτ = (7.89±0.06) cm [31]. The
charge-conjugate decay is used for the Λ reconstruction. The candidates are then identified within a pπ−

invariant mass window of |Mpπ −MΛ|< 4 MeV/c 2 (corresponding to about 3σ ), with the nominal mass
MΛ = 1116 MeV/c 2 [31]. This leads to purities of PΛ = 94.2%, P

Λ
= 95.1% for Λ and Λ, respectively.

A primary fraction of 57.6% is extracted following the procedure described in Ref. [60]. Secondary
contributions from weak decays of neutral and charged Ξ baryons account for 23.2% of the candidate
sample. The remaining 19.2% are attributed to Σ0 particles.

3 Analysis of the correlation function

The observable of this analysis is the two-particle correlation function C(k∗), defined as [1]

C(k∗) = N × Nsame(k∗)
Nmixed(k∗)

, (1)

where k∗ = 1
2 ×|p∗

1 −p∗
2| is the relative momentum of the pair in its rest frame. Here Nsame(k∗) is the k∗

distribution of pairs measured in the same event, Nmixed(k∗) is the reference distribution of uncorrelated
pairs sampled from different (mixed) events. The mixed-event sample is obtained by pairing particles
stemming from events with a similar number of charged particles at midrapidity and a close-by primary
vertex position along the beam direction, following [4,5,12]. The constant N is a normalization param-
eter determined by assuming particle pairs with large k∗ to be uncorrelated, which corresponds to a flat
C(k∗)= 1 [1]. This normalization constant N is evaluated in k∗ ∈ [240−340] MeV/c for Λ–K+⊕Λ–K−

and in the region [500−800] MeV/c for Λ–K−⊕Λ–K+, where no resonances are present.

A total of 4.45× 106 Λ–K+⊕Λ–K− and 4.38× 106 Λ–K−⊕Λ–K+ pairs contribute to the correlation
signal for k∗ < 200 MeV/c. For brevity, in the following Λ–K+ denotes the combination Λ–K+⊕Λ–K−

and Λ–K− is used for Λ–K−⊕Λ–K+. The resulting experimental correlation functions are shown in the
upper panel of Fig. 1 and in Fig. 2.

The measured correlations are fitted with a correlation function:

Ctot(k∗) =ND ×Cmodel(k∗)×Cbackground(k∗), (2)

where ND is a normalization constant, free to vary in the fit. The default fit range is 0 < k∗ < 500 MeV/c.
A variation of ±10% to the upper limit of the default fit range is applied for evaluating the system-
atic uncertainties. The term Cbackground is related to a possible residual background, which can still be
present in the femtoscopic correlation. Its modeling is addressed in details later in this section. The
term Cmodel(k∗) = 1+∑i λi × (Ci(k∗)−1) includes the genuine correlation (i = gen), which arises from
final state interaction among the two particles of interest, as well as residual contributions involving
secondary particles from weak or electromagnetic decays and misidentified ones. Each of these con-
tributions is weighted by the corresponding λi parameter, evaluated as the product of the purities and
fractions (primary or secondary) of the particles composing the i pair [2]. The latter are reported for
kaons and Λ baryons in Sec. 2.
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The genuine contribution for Λ–K+ and Λ–K− pairs amounts to λgen = 51%; the residual correlations be-
tween kaons (antikaons) and Λ (Λ) from the decay of Ξ (Ξ) contribute each with a weight of λΛΞK = 10%.
The correlations for the charged combinations (e.g Ξ±–K±) are modeled with the CATS framework [61]
assuming Coulomb-only interaction. The presence of a residual strong interaction between Ξ and kaons
is neglected in this analysis since currently no experimental data are available and the corresponding
theoretical predictions are hence not validated yet [62, 63]. Similarly, residual correlations involving Ξ0

and Σ0 are considered to be flat due to the absence of Coulomb interaction. Such residual contributions,
along with correlations involving misidentified particles, amount to λflat = 39% of the measured signal.
The systematic uncertainties related to the λi parameters are estimated based on the purities obtained for
each varied set of kinematic and topological cuts, as well as by varying the values of secondary fractions
by ±10%. In addition to the feed-down contributions, a correction for the finite experimental momentum
resolution is taken into account for a direct comparison with data [2].

The last factor in Eq. 2, Cbackground, accounts for the non-femtoscopic background visible in both mea-
sured correlations [2]. In particular, the Λ–K+ data are affected by the presence of the so-called mini-jet
contributions, typically associated to the initial hard processes occurring at the parton level during the
collision [64]. This type of background has already been observed in several meson–meson [65–68],
meson–baryon [10, 12], and baryon–antibaryon femtoscopic analyses [9] and it is particularly enhanced
when the net-charges, such as baryon number, electric charge and strangeness, are zero for the pair at
hand. The mini-jet term included in the Cbackground(k∗) for Λ–K+ is modeled using Monte Carlo sim-
ulated data and following the same procedure adopted in Ref. [9]. A polynomial of second order is
added as baseline to the mini-jet part of the background to take into account energy–momentum con-
servation effects developing at large k∗ [2], which lead to an enhancement of the correlation function in
this momentum region. The coefficients of the polynomial are fixed by a prefit of Cbackground(k∗) to the
Λ–K+ data in the region of 400< k∗ < 2000 MeV/c. A variation of ±10% in the lower and upper limit of
this range range is included to estimate the systematic uncertainty related to the total background. In the
case of Λ–K− , the mini-jet background is much less pronounced since the the net-strangeness of the pair
is not zero. The measured Λ–K− correlation function outside the femtoscopic region of k∗ > 200 MeV/c
is well reproduced by Monte Carlo simulated data and no additional baselines are required to describe
the large k∗ region. Hence, the total Cbackground(k∗) in the Λ–K− case is modeled using only the simulated
correlation, parametrized by a third-order polynomial constrained to be flat at k∗ → 0 since no signal is
expected to arise from the background [6, 8] at low k∗. The coefficients of the polynomial are fixed by
fitting the Monte Carlo simulated data in the range k∗ ∈ [0,600] MeV/c, with systematic variations of
the upper limit of ±10%.

Besides the background, which shifts the data upwards with respect to unity in the region of relative
momenta above 200 MeV/c, there are several structures present in the measured Λ–K− correlation (upper
panel in Fig. 1), related to resonances decaying into Λ–K− pairs. In the lower panel of Fig. 1, the
invariant mass of Λ–K− pairs, expressed in k∗, is shown in order to better visualize the location of these
three resonances. The Λ–K− invariant mass spectrum in k∗ is obtained using the same- and mixed-
event distributions in Eq. 1 and by following the same approach employed in resonance analyses [69].
The uncorrelated mixed-event distribution, normalized to the signal outside the resonance region (k∗ ∈
[500,800] MeV/c), is subtracted from the same-event Λ–K− signal. After this subtraction, a residual
background is still present, corresponding to the Cbackground(k∗) contribution in the measured correlation
function shown above. This remaining background in the invariant mass distribution can be modeled
as well using Monte Carlo data, fitted with a fourth-order polynomial, and it can be finally subtracted
from the measured spectrum in order to investigate in more details the Λ–K− dynamics at low k∗. The
peak appearing at k∗ ≈ 211 MeV/c (green dashed line) corresponds to the Ω baryon decaying weakly
into ΛK− with a branching ratio of (67.8± 0.7)% [31]. The Ξ(1690) and Ξ(1820) resonances can be
associated to the second and third peaks in the correlation. The negative counts in the region 100 < k∗ <
200 MeV/c of the Λ–K− invariant mass are due to the presence of a residual non-resonant interaction,
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which will be discussed in detail in Sec. 4.
Currently the branching ratios of the strong decays of these states into ΛK− are not precisely known [31].
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Figure 1: (Color online) Upper: measured correlation function for Λ–K− pairs (empty points) with statistical
(line) and systematic (gray boxes) uncertainties. Lower: invariant mass spectrum of Λ–K− pairs used to build
the measured correlation function. Only the statistical uncertainties are shown. The upper x-axis indicates the

energy at rest E =
√
(k∗)2 +m2

Λ
+
√
(k∗)2 +m2

K of the pair written as a function of the relative momentum of the
Λ–K− pair. The quantity E corresponds to the invariant mass M of the Λ–K− pairs. The colored vertical dashed
lines indicate the values of the relative momentum k∗ (upper panel) and the value of the energy E at rest of each
resonance (lower panel) corresponding to its nominal mass extracted in the final femtoscopic fit.

In the upper x-axis of the bottom panel of Fig. 1, the corresponding mass of the resonance obtained from

the kinematic relation E =
√

(k∗)2 +m2
Λ
+
√
(k∗)2 +m2

K , is shown. In order to properly model the
background outside the femtoscopic range, these three resonances must be taken into account. The total
background correlation for Λ–K− can hence be written as
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CΛK−
background(k

∗) = αpol3(1+bk∗2 + ck∗3)+αΩ fG(MΩ,σΩ)+∑
i

αi fBW(Mi,Γi), (3)

in which a Gaussian distribution fG is used for the Ω baryon decaying weakly to Λ–K− , and a typical
Breit-Wigner one fBW for the two excited Ξ resonances, having broader widths due to the strong decay
to Λ–K− . In order to help the convergence of the final femtoscopic fit, a fit of the total Cbackground(k∗)
correlation to the data is performed in the k∗ region of 190−600 MeV/c to estimate the weights αΩ, αi

as well as the masses and widths of the resonances. A change of ±10% in the upper limit of the prefit
range is included in the evaluation of the final systematic uncertainties. These parameters are then kept
free in the final femtoscopic fit of Ctot(k∗) to the data and the values obtained for the masses and widths
are found to be compatible with the available PDG values [31] and recent measurements [29, 30]. The
orange band in Figs. 2 and 3 shows the total Cbackground(k∗) correlation function extracted in the final
femtoscopic fit, multiplied by the normalization factor ND, for Λ–K+ and Λ–K− pairs, respectively.

The last ingredient needed to model the data is the strong interaction of the Λ–K+ and Λ–K− pairs en-
tering in the Cmodel(k∗) in Eq. 2 via the genuine correlation function Cgen(k∗). This is modeled for both
pairs using the Lednický–Lyuboshits analytical formula [70], following the approach used in Ref. [46],

C(k∗)LL = 1+

[
1
2

∣∣∣∣∣ f (k∗)
R

∣∣∣∣∣
2(

1− d0

2
√

πR

)
+

2ℜ f (k∗)√
πR

F1(2k∗R)− ℑ f (k∗)
R

F2(2k∗R)

]
. (4)

The scattering amplitude f (k∗) is the quantity embedding the scattering parameters and providing in-
formation on the underlying interaction. Typically, f (k∗) is expressed via the effective-range expan-

sion (ERE) f (k∗) =
(

1
f0
+ 1

2 d0k∗
2 − ik∗

)−1
, in which f0 is the scattering length and d0 is the effective

range. The parameter R is the size of the emitting source with a Gaussian profile. In this work it
was fixed using the core-resonance model taken from Ref. [53], already employed in several previous
femtoscopic analyses performed in small colliding systems as pp collisions and anchored to p–p corre-
lations. The core radius for Λ–K+ and Λ–K− pairs is rcore(⟨mT⟩ = 1.35 GeV/c2) = 1.11± 0.04 fm. In
order to use the core-resonance total source in Eq. 4, this must be parametrized with a Gaussian distri-
bution. The presence of long-lived strong resonances feeding to Λ and kaons introduces a significant
exponential tail for large r∗, which cannot be described with a single Gaussian [5, 6, 8, 10, 13]. The
total source is hence modeled with a weighted sum of two Gaussians, leading to an effective emitting
source Seff(r∗) = λS[ωSS1(r∗)+ (1−ωS)S2(r∗)], in which r1 = 1.202+0.043

−0.042 fm , r2 = 2.330+0.050
−0.045 fm,

λS = 0.9806+0.0006
−0.0008, and ωS = 0.7993+0.0037

−0.0027. As systematic variation of the source function, these values
are varied within the uncertainties. Due to the additive property of correlation functions, the final gen-
uine correlation is then taken as the sum of two correlations evaluated with the two properly weighted
Gaussian sources. To preserve the correct normalization of the emitting source and the unitarity of the λ

parameters [2] in Cmodel(k∗), a (1−λS) contribution is added.

The understanding of the ΛK− interaction, particularly in the low k∗ region, is strictly connected to the
Ξ(1620) state. In principle, since Ξ(1620) shares the same quantum numbers as the Λ–K− pair, the two
systems can couple strongly. The Belle collaboration recently published the observation of the Ξ(1620)
state in the Ξπ decay channel (Ethr.1 =mπ+mΞ = 1461.3 MeV/c2) [28]. The reported mass and widths in
Ref. [28] are MΞ(1620) = 1610.4±6.0 MeV/c2, ΓΞ(1620) = 60.0±4.8 MeV, which indicates that the decay
of Ξ(1620) into ΛK− (Ethr.2 = mK− +mΛ = 1609.4 MeV/c2) is kinematically allowed. No experimental
evidence of this decay channel has been observed so far. The presented work provides quantitative
evidence of this process.
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The Ξ(1620) state can be clearly seen in the peak at k∗ ≈ 80 MeV/c in the lower panel of Fig. 1. Hence, to
model the ΛK− interaction at low k∗, the Ξ(1620) must be taken into account in the Lednický–Lyuboshits
approach. Similar scenarios, with resonances contributing to the signal in the low k∗ region, were ob-
served in K0

S −K± correlations measured in pp and Pb–Pb collisions, in which the interaction mainly
goes through the formation of the a0 resonance. A way to properly include such a resonant interaction
is to write the scattering amplitude in Eq. 4 in terms of the probability distribution describing the state.
Due to the vicinity of the ΛK− decay-channel threshold, the Ξ(1620) resonance must be described with
a Flatté-like distribution [71] such as the Sill distribution used in Ref. [72]. The corresponding scattering
amplitude can be written as

f (k∗) =
−2Γ̃ΛK−

E2 −M2 + iΓ̃Ξπ

√
E2 −E2

thr.Ξπ
+ iΓ̃ΛK−

√
E2 −E2

thr.ΛK−

(5)

in which M is the mass of the Ξ(1620) state, Γ̃i=Ξπ,ΛK− are the effective partial widths as defined in
Ref. [72], and Ethr.i=Ξπ,ΛK− are the threshold energies for the two channels, as defined above.

Besides the interaction between Λ and antikaons through the Ξ(1620) state, a non-resonant strong inter-
action is present in the measured correlation function, which can be explicitly seen in the lower panel of
Fig. 1 for 100 < k∗ < 200 MeV/c. In this k∗ region the data, corrected by the background contribution as
described above, go below zero indicating a depletion in the measured Λ–K− pairs arising from the un-
derlying non-resonant component of the interaction. Since there are no theoretical approaches available
at the moment in which the ΛK− interaction is composed of a resonant part, through the Ξ(1620) state
above the ΛK− threshold, and a non-resonant one, an effective modeling of these two contributions will
be adopted employing the Lednický–Lyuboshits formula. The non-resonant Cnon-res

LL (k∗) and resonant
Cres

LL(k
∗) correlations are modeled using Eq. 4: for Cnon-res

LL (k∗) an ERE scattering amplitude is assumed,
while for Cres

LL(k
∗) a Sill amplitude is employed, according to Eq. 5. Taking both interactions into ac-

count, the final genuine correlation for Λ–K− is composed of a weighted sum of a correlation including
the resonant process and another one responsible for the non-resonant part

Cgen(k∗) = ωCnon-res
LL (k∗)+(1−ω)Cres

LL(k
∗). (6)

The remaining free parameters to be extracted in the final femtoscopic fit of Ctot(k∗) to the data are the
weight ω for non-resonant scattering parameters (ℜ f0,ℑ f0,d0), the mass M, the partial widths Γ̃i=1,2 of
the Ξ(1620) state, and the masses and widths of the Ω, Ξ(1690), and Ξ(1820).

4 Results

The results for Λ–K+ and Λ–K− systems are shown in Figs. 2 and 3, respectively. The lower panels in
each plot show the deviation between data and model in terms of number of standard deviations nσ . The
width of the band represents the total uncertainty of the fit, including the statistical and the systematic
uncertainties. The gray boxes correspond to the systematic uncertainties of the data and they maximally
amount to 3%–4% in the lowest k∗ interval for each pair. The measured Λ–K+ correlation function,
shown in Fig. 2, is below unity at low k∗, indicating a repulsive strong interaction between Λ and kaons,
in agreement with the femtoscopic results obtained in Pb–Pb collisions [46]. The behavior of the data is
well reproduced by the fit using Eq. 2 with an average reduced χ2/NDF of 3.9 estimated in the default
fit range.
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Figure 2: (Color online) Measured correlation function of Λ–K+ pairs. Statistical (bars) and systematic (boxes)
uncertainties are shown separately. The light cyan band represents the total fit obtained using Eq. 2 from which the
normalization ND, and the scattering parameters (ℜ f0,ℑ f0, and d0) are extracted. The orange band represents the
Cbackground(k∗) contribution, modeled as described in Section 3, and multiplied by the constant ND. Lower panel:
nσ deviation between data and model in terms of numbers of standard deviations.

In Fig. 3, the results for the Λ–K− system are presented. The light cyan band represents the total cor-
relation function (Eq. 2) with the genuine interaction modeled, including a non-resonant and a reso-
nant contribution through the formation of the Ξ(1620). The fit well describes the data and the re-
duced χ2/NDF, evaluated within the fit range, is 2.9. The obtained weight ω in Eq. 6 is found to be
0.950±0.005(stat.)±0.006(syst.), indicating that a dominant contribution from the non-resonant inter-
action is needed to reproduce the data. However, the approach taking into account both contributions,
which is used in this work, should be considered as a phenomenological approach and more theoretical
investigations are needed in order to provide a better description of the interplay between resonant and
non-resonant processes. The two additional bands reported in Fig. 3 correspond to the weighted cor-
relation functions obtained from the fit, which represent the resonant (violet) and non-resonant (olive)
ΛK− interaction, respectively.

The Λ–K− pairs interacting through the resonance lead to a rather flat correlation profile at low k∗, which
peaks at the mass of the observed Ξ(1620) (k∗ ≈ 80 MeV/c) and then quickly reaches unity. The ex-
tracted values of mass and partial effective widths for the Ξ(1620) from the femtoscopic fit are also
reported in Fig. 3. The mass MΞ(1620) = 1618.49 ± 0.28(stat.)± 0.21(syst.) MeV/c2 obtained from
the fit, as stated in Sec. 3, is in agreement with the Belle measurement [28]. The numerical values of
Γ̃Ξπ = 1.01±0.14(stat.)±0.39(syst.) MeV and Γ̃ΛK− = 115.99±8.56(stat.)±4.08(syst.) MeV, obtained
from the fit using a Flatté-like distribution, should not be taken literally since mainly the ratio between
the two coupling constants to these channels is constrained by near-threshold data [73]. Nevertheless,
the large Γ̃ΛK− indicates a strong coupling of the Ξ(1620) state to the ΛK− channel. To provide a qual-
itative comparison between the results obtained in this work and the total width reported by Belle, the
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Figure 3: (Color online) Measured correlation function of Λ–K− pairs. Statistical (bars) and systematic (boxes)
uncertainties are shown separately. The light cyan band represents the total fit obtained using Eq. 2 from which the
normalization ND, the non-resonant scattering parameters (ℜ f0,ℑ f0 and d0) and the properties of the Ξ(1620) state
are extracted. The violet band represents the Cres

LL(k
∗) correlation multiplied by the corresponding weight (1−ω),

while the olive green band is the ωCnon−res
LL (k∗). The orange band represents the Cbackground(k∗) modeled using the

Monte Carlo simulations multiplied by the constant ND. Lower panel: nσ deviation between data and model in
terms of numbers of standard deviations.

determination of the poles for the Sill scattering amplitude in Eq. 5 is performed. By inserting the values
of the extracted mass and widths in the denominator and searching for its zeros, the pole position for the
Ξ(1620) resonance corresponds to a state with a mass M = 1616.34+0.01

−0.05 MeV/c2 and a total width of
Γ = 12.00±1.24 MeV. The total uncertainty reported is propagated in the calculation from the quadratic
sum of the statistical and systematic error on the mass and widths obtained from the femtoscopic fit. The
value of the mass obtained from the pole is compatible with the results reported by Belle, while the width
Γ is smaller. This discrepancy can arise, as mentioned above, from the presence of a close-by threshold
and the typical interpretation of the mass and in particular of the width obtained directly from the energy
of the pole might not hold for a near-threshold resonance, as the Ξ(1620) in this case.

The ERE of the scattering amplitude f (k∗) in the Lednický–Lyuboshits formula allows the scattering pa-
rameters ℜ f0, ℑ f0, and d0 to be extracted. The results for ΛK+ (red diamonds) and for the non-resonant
ΛK− interaction (red circles) are shown in Fig. 4 with statistical (bars) and systematic (shaded areas) un-
certainties, and summarized in Table 1. The left panel of Fig. 4 shows the real part of the scattering length
ℜ f0 (x-axis) as a function of the imaginary part ℑ f0 (y-axis) obtained in this work and its comparison
to the measurements in Pb–Pb collisions (blue markers) [46]. The available theoretical predictions for
ℜ f0 and ℑ f0, also presented in Fig. 4, are based on unitarized chiral perturbation theory at leading order
(LO) (green open circles [18], light-cyan open circles [22, 23]) and on the standard chiral perturbation
theory at next-to-leading order (NLO) (orange open squares [35], magenta open markers [36]). The out-
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put of these chiral calculations strongly depends on the so-called low-energy and subtraction constants,
parameters of the model which need as input the experimental data to be fixed. In particular, the results
obtained in Ref. [35,36] arise from a full treatment of the SU(3) flavor meson–baryon interaction and are
hence anchored to large |S|= 0 pion–nucleon database. Moreover, to reduce the number of input param-
eters, isospin symmetry is assumed, and then the crossing symmetry leads to almost identical scattering
parameters for the ΛK+ and ΛK− interaction. In the unitarized framework of [18, 22, 23], the Ξ(1620)
is dynamically generated, meaning that the state is not introduced in the Lagrangian investigated at LO,
but it appears in the scattering amplitude due to the meson–baryon interaction dynamics. The results in
Ref. [18] were published before the Belle measurement on Ξ(1620) [28], hence the model parameters
were constrained mainly by symmetry assumptions and by experimental data on the antikaon–nucleon
interaction. The scattering amplitude obtained within this work has been studied in Ref. [22, 23], allow-
ing for variations in the subtraction constants of the model in order to reproduce the Ξ(1620) properties
measured by Belle. An agreement with the measured Ξ(1620) mass and width is achieved only with very
large values of these constants, in contrast with the typical trend seen in similar works. Such discrep-
ancy might arise from the inclusion of only LO contributions in the interaction and it can be investigated
in the future with an updated version of the chiral potentials in Ref. [74] at NLO that recently became
available. The studies in Ref. [18, 22, 23] show that the ΛK− interaction is crucial in the understanding
of the Ξ(1620) state and it must be properly taken into account in the dynamics.

The negative value of ℜ f0 obtained in this work for Λ–K+ pairs is compatible with the Pb–Pb results [46],
confirming the presence of a repulsive interaction. This is in tension with the chiral calculations [35,
36], indicating an overall attraction. The extracted ΛK+ ℑ f0 is in agreement within 1σ with the value
obtained from the Pb–Pb measurements and it is in line with the available predictions. The non-negligible
value (roughly 1/3 of the ℜ f0), reported in Table 1, indicates the presence of inelastic channels in the
measured interaction. The d0 is shown in the right panel of Fig. 4 and it can be seen that, for both
Λ–K+ and Λ–K− systems, the values extracted in pp and Pb–Pb colliding systems are in agreement
within uncertainties.

The Λ–K− pairs undergoing the non-resonant interaction in Fig. 3 (olive green bands) show an attractive
interaction with a depletion in the region 100 < k∗ < 200 MeV/c (as seen in the lower panel of Fig. 1)
given by a non-negligible ℑ f0. The ℜ f0 lies in the positive side of the x-axis, hence indicating an
attractive ΛK− strong interaction as observed in Pb–Pb collisions. Similarly, the ℑ f0 is compatible within
uncertainties with Pb–Pb results. The agreement between the non-resonant ΛK− scattering parameters
obtained in this work and the ones obtained in Pb–Pb collisions is expected since in large colliding
systems the effect of resonances, such as the Ξ(1620), on the measured correlation function is suppressed.
Hence, the femtoscopic signal will be driven by the non-resonant contribution. The theoretical models
currently available on the ΛK− interaction are far from converging to a common description of this
system, as can be seen in the predicted values of scattering parameters in Fig. 4. As mentioned above,
the tension mainly arises from the extremely scarce amount of data available on this system. The work
presented in this Letter will significantly improve the knowledge on the interactions between Λ and
antikaons and shed light on the role played by the Ξ(1620) state, observed for the first time in this decay
channel.

5 Summary

The two-particle correlation technique is used to access the strong interaction between Λ hyperons and
charged kaons. This is achieved by measuring the Λ–K+ and Λ–K− correlation functions in pp colli-
sions, down to zero momenta. The results presented in this work provide the most precise data on these
interactions. The ΛK+ interaction is found to be repulsive, with a non-negligible ℑ f0, indicating that in-
elastic channels are present. The measured Λ–K− correlation function shows a signal above unity at low
k∗, pointing to an overall attractive interaction, as well as several resonances at different k∗ values above
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Figure 4: (Color online) Left: extracted ℜ f0 and ℑ f0 for the ΛK+ (red diamonds) and ΛK− (red dots) interaction in
pp collisions, compared to Pb–Pb results (blue) [46] and available models (orange [35], magenta [36], green [18],
and light cyan [22, 23]). For [18], the scattering parameters obtained for different sets of input parameters are
reported. Statistical (bars) and systematic (boxes) uncertainties are shown. Right: extracted effective range d0

obtained in this work (red) and in Pb–Pb collisions (blue) [46].

Table 1: Extracted scattering parameters for ΛK+ interaction and for the non-resonant part of ΛK− interaction in
pp collisions. Statistical and systematic uncertainties are reported.

Pair Λ–K+ Λ–K−

ℜ f0 (fm) −0.61±0.03(stat)±0.03(syst) 0.33±0.03(stat)±0.02(syst)

ℑ f0 (fm) 0.23±0.06(stat)±0.04(syst) 0.46±0.03(stat)±0.02(syst)

d0 (fm) 0.80±0.19(stat)±0.18(syst) −5.47±0.36(stat)±0.26(syst)

200 MeV/c. The masses and widths of these states, extracted from the fit to the correlation function, are
compatible with the Ω baryon and with two excited Ξ states: the Ξ(1690) and the Ξ(1820). The invariant
mass spectrum of the Λ–K− pairs, obtained from the same- and mixed-event distributions entering the
measured correlation function shows an additional peak at k∗ ≈ 80 MeV/c. This structure corresponds to
the Ξ(1620) state, expected to couple to the Λ–K− system. The Ξ(1620) is observed so far only in the Ξπ

channel [26–28], hence these data represent the first experimental evidence of the decay of the Ξ(1620)
into Λ–K− pairs. The measurements performed in this work show that the Ξ(1620) plays an important
role at the level of the strong ΛK− interaction. To reproduce the measured Λ–K− correlation two con-
tributions must be taken into account in the genuine interaction: a resonant term, in which Λ–K− pairs
interact through the formation of Ξ(1620) and modeled via a Sill distribution [72], and a residual non-
resonant part. Both contributions are modeled using the Lednický–Lyuboshits analytical formula with
different scattering amplitudes f (k∗). The extracted mass and partial widths for the Ξ(1620) state are
expressed in terms of poles of the Sill scattering amplitude. The mass is found to be consistent with
the recent Belle measurements in the Ξπ decay channel. The extracted scattering parameters for the
ΛK+ and the ΛK− (non-resonant) interaction are in agreement with the femtoscopic measurements of
the same pairs performed by the ALICE collaboration in Pb–Pb collisions.
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The presented data provide important experimental constraints for low-energy effective theories, aiming
at describing the strangeness S = 0 and S = −2 sectors of the meson–baryon interaction, and show the
possibility to investigate the role of still not established resonances, such as the Ξ(1620), in hadron–
hadron interactions.

Acknowledgements

The ALICE Collaboration is grateful to Prof. Francesco Giacosa for the extremely valuable guidance on
the theoretical aspects and to Dr. Albert Feijoo for the fruitful discussions.

The ALICE Collaboration would like to thank all its engineers and technicians for their invaluable con-
tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE Collaboration gratefully acknowledges the resources and
support provided by all Grid centres and the Worldwide LHC Computing Grid (WLCG) collaboration.
The ALICE Collaboration acknowledges the following funding agencies for their support in building
and running the ALICE detector: A. I. Alikhanyan National Science Laboratory (Yerevan Physics In-
stitute) Foundation (ANSL), State Committee of Science and World Federation of Scientists (WFS),
Armenia; Austrian Academy of Sciences, Austrian Science Fund (FWF): [M 2467-N36] and National-
stiftung für Forschung, Technologie und Entwicklung, Austria; Ministry of Communications and High
Technologies, National Nuclear Research Center, Azerbaijan; Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Financiadora de Estudos e Projetos (Finep), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP) and Universidade Federal do Rio Grande do Sul (UFRGS),
Brazil; Bulgarian Ministry of Education and Science, within the National Roadmap for Research Infras-
tructures 2020-2027 (object CERN), Bulgaria; Ministry of Education of China (MOEC) , Ministry of
Science & Technology of China (MSTC) and National Natural Science Foundation of China (NSFC),
China; Ministry of Science and Education and Croatian Science Foundation, Croatia; Centro de Apli-
caciones Tecnológicas y Desarrollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of Education,
Youth and Sports of the Czech Republic, Czech Republic; The Danish Council for Independent Re-
search | Natural Sciences, the VILLUM FONDEN and Danish National Research Foundation (DNRF),
Denmark; Helsinki Institute of Physics (HIP), Finland; Commissariat à l’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des Particules (IN2P3) and Centre National de la
Recherche Scientifique (CNRS), France; Bundesministerium für Bildung und Forschung (BMBF) and
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany; General Secretariat for Research
and Technology, Ministry of Education, Research and Religions, Greece; National Research, Devel-
opment and Innovation Office, Hungary; Department of Atomic Energy Government of India (DAE),
Department of Science and Technology, Government of India (DST), University Grants Commission,
Government of India (UGC) and Council of Scientific and Industrial Research (CSIR), India; National
Research and Innovation Agency - BRIN, Indonesia; Istituto Nazionale di Fisica Nucleare (INFN), Italy;
Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT) and Japan Society
for the Promotion of Science (JSPS) KAKENHI, Japan; Consejo Nacional de Ciencia (CONACYT) y
Tecnología, through Fondo de Cooperación Internacional en Ciencia y Tecnología (FONCICYT) and Di-
rección General de Asuntos del Personal Academico (DGAPA), Mexico; Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO), Netherlands; The Research Council of Norway, Norway; Com-
mission on Science and Technology for Sustainable Development in the South (COMSATS), Pakistan;
Pontificia Universidad Católica del Perú, Peru; Ministry of Education and Science, National Science
Centre and WUT ID-UB, Poland; Korea Institute of Science and Technology Information and National
Research Foundation of Korea (NRF), Republic of Korea; Ministry of Education and Scientific Research,
Institute of Atomic Physics, Ministry of Research and Innovation and Institute of Atomic Physics and
University Politehnica of Bucharest, Romania; Ministry of Education, Science, Research and Sport of
the Slovak Republic, Slovakia; National Research Foundation of South Africa, South Africa; Swedish

13



ALICE Collaboration

Research Council (VR) and Knut & Alice Wallenberg Foundation (KAW), Sweden; European Organi-
zation for Nuclear Research, Switzerland; Suranaree University of Technology (SUT), National Science
and Technology Development Agency (NSTDA), Thailand Science Research and Innovation (TSRI) and
National Science, Research and Innovation Fund (NSRF), Thailand; Turkish Energy, Nuclear and Min-
eral Research Agency (TENMAK), Turkey; National Academy of Sciences of Ukraine, Ukraine; Science
and Technology Facilities Council (STFC), United Kingdom; National Science Foundation of the United
States of America (NSF) and United States Department of Energy, Office of Nuclear Physics (DOE NP),
United States of America. In addition, individual groups or members have received support from: Eu-
ropean Research Council, Strong 2020 - Horizon 2020 (grant nos. 950692, 824093), European Union;
Academy of Finland (Center of Excellence in Quark Matter) (grant nos. 346327, 346328), Finland.

References

[1] M. A. Lisa, S. Pratt, R. Soltz, and U. Wiedemann, “Femtoscopy in relativistic heavy ion
collisions”, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357–402, arXiv:nucl-ex/0505014.

[2] ALICE Collaboration, S. Acharya et al., “p-p, p-Λ and Λ-Λ correlations studied via femtoscopy
in pp reactions at

√
s = 7 TeV”, Phys. Rev. C99 (2019) 024001, arXiv:1805.12455 [nucl-ex].

[3] ALICE Collaboration, S. Acharya et al., “First Observation of an Attractive Interaction between a
Proton and a Cascade Baryon”, Phys. Rev. Lett. 123 (2019) 112002, arXiv:1904.12198
[nucl-ex].

[4] ALICE Collaboration, S. Acharya et al., “Investigation of the p-Σ0 interaction via femtoscopy in
pp collisions”, Phys. Lett. B 805 (2020) 135419, arXiv:1910.14407 [nucl-ex].

[5] ALICE Collaboration, S. Acharya et al., “Unveiling the strong interaction among hadrons at the
LHC”, Nature 588 (2020) 232–238, arXiv:2005.11495 [nucl-ex].

[6] ALICE Collaboration, S. Acharya et al., “Exploring the NΛ–NΣ coupled system with high
precision correlation techniques at the LHC”, Phys. Lett. B 833 (2022) 137272,
arXiv:2104.04427 [nucl-ex].

[7] ALICE Collaboration, S. Acharya et al., “Study of the Λ-Λ interaction with femtoscopy
correlations in pp and p–Pb collisions at the LHC”, Phys. Lett. B 797 (2019) 134822,
arXiv:1905.07209 [nucl-ex].

[8] ALICE Collaboration, S. Acharya et al., “First measurement of the Λ-Ξ interaction in
proton–proton collisions at the LHC”, Phys. Lett. B (2022) 137223.
https://www.sciencedirect.com/science/article/pii/S0370269322003574.

[9] ALICE Collaboration, S. Acharya et al., “Investigating the role of strangeness in
baryon–antibaryon annihilation at the LHC”, Phys. Lett. B 829 (2022) 137060,
arXiv:2105.05190 [nucl-ex].

[10] ALICE Collaboration, S. Acharya et al., “Experimental Evidence for an Attractive p-φ
Interaction”, Phys. Rev. Lett. 127 (2021) 172301, arXiv:2105.05578 [nucl-ex].

[11] ALICE Collaboration, S. Acharya et al., “First study of the two-body scattering involving charm
hadrons”, Phys. Rev. D 106 (2022) 052010, arXiv:2201.05352 [nucl-ex].

[12] ALICE Collaboration, S. Acharya et al., “Scattering studies with low-energy kaon–proton
femtoscopy in proton-proton collisions at the LHC”, Phys. Rev. Lett. 124 (2020) 092301,
arXiv:1905.13470 [nucl-ex].

[13] ALICE Collaboration, S. Acharya et al., “Constraining the KN coupled channel dynamics using
femtoscopic correlations at the LHC”, Eur.Phys.J.C 83 (5, 2022) , arXiv:2205.15176
[nucl-ex].

[14] ALICE Collaboration, S. Acharya et al., “Kaon–proton strong interaction at low relative
momentum via femtoscopy in Pb–Pb collisions at the LHC”, Phys. Lett. B 822 (2021) 136708,

14

http://dx.doi.org/10.1146/annurev.nucl.55.090704.151533
http://arxiv.org/abs/nucl-ex/0505014
http://dx.doi.org/10.1103/PhysRevC.99.024001
http://arxiv.org/abs/1805.12455
http://dx.doi.org/10.1103/PhysRevLett.123.112002
http://arxiv.org/abs/1904.12198
http://arxiv.org/abs/1904.12198
http://dx.doi.org/10.1016/j.physletb.2020.135419
http://arxiv.org/abs/1910.14407
http://dx.doi.org/10.1038/s41586-020-3001-6
http://arxiv.org/abs/2005.11495
http://dx.doi.org/10.1016/j.physletb.2022.137272
http://arxiv.org/abs/2104.04427
http://dx.doi.org/10.1016/j.physletb.2019.134822
http://arxiv.org/abs/1905.07209
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2022.137223
https://www.sciencedirect.com/science/article/pii/S0370269322003574
http://dx.doi.org/10.1016/j.physletb.2022.137060
http://arxiv.org/abs/2105.05190
http://dx.doi.org/10.1103/PhysRevLett.127.172301
http://arxiv.org/abs/2105.05578
http://dx.doi.org/10.1103/PhysRevD.106.052010
http://arxiv.org/abs/2201.05352
http://dx.doi.org/10.1103/PhysRevLett.124.092301
http://arxiv.org/abs/1905.13470
http://dx.doi.org/10.1140/epjc/s10052-023-11476-0
http://arxiv.org/abs/2205.15176
http://arxiv.org/abs/2205.15176
http://dx.doi.org/10.1016/j.physletb.2021.136708


ALICE Collaboration

arXiv:2105.05683 [nucl-ex].
[15] M. Jonathan et al., “Lattice QCD evidence that the Λ(1405) resonance is an antikaon-nucleon

molecule”, Phys. Rev. Lett. 114 (2015) 132002, arXiv:1411.3402 [hep-lat].
[16] Y. Kamiya and T. Hyodo, “Structure of near-threshold quasibound states”, Phys. Rev. C 93 (2016)

035203, arXiv:1509.00146 [hep-ph].
[17] Y. Kamiya and T. Hyodo, “Generalized weak-binding relations of compositeness in effective field

theory”, PTEP 2017 (2017) 023D02, arXiv:1607.01899 [hep-ph].
[18] A. Ramos, E. Oset, and C. Bennhold, “On the spin, parity and nature of the Ξ(1620) resonance”,

Phys. Rev. Lett. 89 (2002) 252001, arXiv:nucl-th/0204044.
[19] C. Garcia-Recio, M. F. M. Lutz, and J. Nieves, “Quark mass dependence of s wave baryon

resonances”, Phys. Lett. B 582 (2004) 49–54, arXiv:nucl-th/0305100.
[20] T. Sekihara, T. Arai, J. Yamagata-Sekihara, and S. Yasui, “Compositeness of baryonic resonances:

Application to the ∆(1232), N(1535), and N(1650) resonances”, Phys. Rev. C 93 (2016) 035204,
arXiv:1511.01200 [hep-ph].

[21] K. Miyahara, T. Hyodo, M. Oka, J. Nieves, and E. Oset, “Theoretical study of the Ξ(1620) and
Ξ(1690) resonances in Ξc→π+MB decays”, Phys. Rev. C 95 (2017) 035212, arXiv:1609.00895
[nucl-th].

[22] T. Nishibuchi and T. Hyodo, “Nature of excited Ξ baryons with threshold effects”, in 14th
International Conference on Hypernuclear and Strange Particle Physics, vol. 271, p. 10002.
2022. arXiv:2208.14608 [hep-ph].

[23] T. Nishibuchi and T. Hyodo, “Analysis of Ξ(1620) resonance and K̄Λ scattering length with chiral
unitary approach”, arXiv:2305.10753 [hep-ph].

[24] Z.-Y. Wang, J.-J. Qi, J. Xu, and X.-H. Guo, “Analyzing Ξ(1620) in the molecule picture in the
Bethe-Salpeter equation approach”, Eur. Phys. J. C 79 (2019) 640, arXiv:1901.04474
[hep-ph].

[25] K. Chen, R. Chen, Z.-F. Sun, and X. Liu, “K̄Λ molecular explanation to the newly observed
Ξ(1620)0”, Phys. Rev. D 100 (2019) 074006, arXiv:1906.05553 [hep-ph].

[26] R. T. Ross, T. Buran, J. L. Lloyd, J. H. Mulvey, and D. Radojicic, “Ξ π resonance with mass 1606
MeV/c2”, Phys. Lett. B 38 (1972) 177–180.

[27] E. Briefel et al., “Search for Ξ∗ Production in K–p Interactions at 2.87 GeV/c”, Phys. Rev. D 16
(1977) 2706.

[28] Belle Collaboration, M. Sumihama et al., “Observation of Ξ(1620)0 and evidence for Ξ(1690)0 in
Ξ+

c → Ξ−π+π+ decays”, Phys. Rev. Lett. 122 (2019) 072501, arXiv:1810.06181 [hep-ex].
[29] BESIII Collaboration, M. Ablikim et al., “Measurement of the cross section for e+e− → Ξ−Ξ̄+

and observation of an excited Ξ baryon”, Phys. Rev. Lett. 124 (2020) 032002, arXiv:1910.04921
[hep-ex].

[30] LHCb Collaboration, R. Aaij et al., “Evidence of a J/ψΛ structure and observation of excited Ξ−

states in the Ξ
−
b → J/ψΛK− decay”, Sci. Bull. 66 (2021) 1278–1287, arXiv:2012.10380

[hep-ex].
[31] Particle Data Group Collaboration, R. L. Workman et al., “Review of Particle Physics”, PTEP

2022 (2022) 083C01.
[32] S. Capstick and N. Isgur, “Baryons in a relativized quark model with chromodynamics”, Phys.

Rev. D 34 (1986) 2809–2835.
[33] W. H. Blask, U. Bohn, M. G. Huber, B. C. Metsch, and H. R. Petry, “Hadron spectroscopy with

instanton induced quark forces”, Z. Phys. A 337 (1990) 327–335.

[34] A. d. Bellefon, A. Berthon, and P. Billoir, “Reactions K− p –> Ξ− K
0
1 π

1
0 between 2210 and 2435

MeV c.m.s energy”, Nuovo Cim. A 28 (1975) 289.

15

http://arxiv.org/abs/2105.05683
http://dx.doi.org/10.1103/PhysRevLett.114.132002
http://arxiv.org/abs/1411.3402
http://dx.doi.org/10.1103/PhysRevC.93.035203
http://dx.doi.org/10.1103/PhysRevC.93.035203
http://arxiv.org/abs/1509.00146
http://dx.doi.org/10.1093/ptep/ptw188
http://arxiv.org/abs/1607.01899
http://dx.doi.org/10.1103/PhysRevLett.89.252001
http://arxiv.org/abs/nucl-th/0204044
http://dx.doi.org/10.1016/j.physletb.2003.11.073
http://arxiv.org/abs/nucl-th/0305100
http://dx.doi.org/10.1103/PhysRevC.93.035204
http://arxiv.org/abs/1511.01200
http://dx.doi.org/10.1103/PhysRevC.95.035212
http://arxiv.org/abs/1609.00895
http://arxiv.org/abs/1609.00895
http://dx.doi.org/10.1051/epjconf/202227110002
http://arxiv.org/abs/2208.14608
http://arxiv.org/abs/2305.10753
http://dx.doi.org/10.1140/epjc/s10052-019-7135-3
http://arxiv.org/abs/1901.04474
http://arxiv.org/abs/1901.04474
http://dx.doi.org/10.1103/PhysRevD.100.074006
http://arxiv.org/abs/1906.05553
http://dx.doi.org/10.1016/0370-2693(72)90043-3
http://dx.doi.org/10.1103/PhysRevD.16.2706
http://dx.doi.org/10.1103/PhysRevD.16.2706
http://dx.doi.org/10.1103/PhysRevLett.122.072501
http://arxiv.org/abs/1810.06181
http://dx.doi.org/10.1103/PhysRevLett.124.032002
http://arxiv.org/abs/1910.04921
http://arxiv.org/abs/1910.04921
http://dx.doi.org/10.1016/j.scib.2021.02.030
http://arxiv.org/abs/2012.10380
http://arxiv.org/abs/2012.10380
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1093/ptep/ptac097
http://dx.doi.org/10.1103/physrevd.34.2809
http://dx.doi.org/10.1103/physrevd.34.2809
http://dx.doi.org/10.1007/BF01289701
http://dx.doi.org/10.1007/BF02729820


ALICE Collaboration

[35] Y.-R. Liu and S.-L. Zhu, “Meson-baryon scattering lengths in HB χ PT”, Phys. Rev. D 75 (2007)
034003, arXiv:hep-ph/0607100.

[36] M. Mai, P. C. Bruns, B. Kubis, and U.-G. Meissner, “Aspects of meson-baryon scattering in three
and two-flavor chiral perturbation theory”, Phys. Rev. D 80 (2009) 094006, arXiv:0905.2810
[hep-ph].

[37] D. Ronchen et al., “Coupled-channel dynamics in the reactions πN –> πN, ηN, KΛ, KΣ”, Eur.
Phys. J. A 49 (2013) 44, arXiv:1211.6998 [nucl-th].

[38] Y.-F. Wang, D. Rönchen, U.-G. Meißner, Y. Lu, C.-W. Shen, and J.-J. Wu, “Reaction πN→ωN in
a dynamical coupled-channel approach”, Phys. Rev. D 106 (2022) 094031, arXiv:2208.03061
[nucl-th].

[39] P. C. Bruns, M. Mai, and U. G. Meissner, “Chiral dynamics of the S11(1535) and S11(1650)
resonances revisited”, Phys. Lett. B 697 (2011) 254–259, arXiv:1012.2233 [nucl-th].

[40] R. Dashen, S.-K. Ma, and H. J. Bernstein, “S Matrix formulation of statistical mechanics”, Phys.
Rev. 187 (1969) 345–370.

[41] P. M. Lo, “S-matrix formulation of thermodynamics with N-body scatterings”, Eur. Phys. J. C 77
(2017) 533, arXiv:1707.04490 [hep-ph].

[42] R. Venugopalan and M. Prakash, “Thermal properties of interacting hadrons”, Nucl. Phys. A 546
(1992) 718–760.

[43] ALICE Collaboration, B. Abelev et al., “Centrality dependence of π , K, p production in Pb–Pb
collisions at

√
sNN = 2.76 TeV”, Phys. Rev. C 88 (2013) 044910, arXiv:1303.0737 [hep-ex].

[44] A. Andronic, P. Braun-Munzinger, B. Friman, P. M. Lo, K. Redlich, and J. Stachel, “The thermal
proton yield anomaly in Pb-Pb collisions at the LHC and its resolution”, Phys. Lett. B 792 (2019)
304–309, arXiv:1808.03102 [hep-ph].

[45] ALICE Collaboration, J. Adam et al., “Enhanced production of multi-strange hadrons in
high-multiplicity proton-proton collisions”, Nature Phys. 13 (2017) 535–539, arXiv:1606.07424
[nucl-ex].

[46] ALICE Collaboration, S. Acharya et al., “ΛK femtoscopy in Pb–Pb collisions at
√

sNN = 2.76
TeV”, Phys. Rev. C 103 (2021) 055201, arXiv:2005.11124 [nucl-ex].

[47] CMS Collaboration, “K0
S and Λ(Λ) two-particle femtoscopic correlations in PbPb collisions at√

sNN = 5.02 TeV”, arXiv:2301.05290 [nucl-ex].
[48] ALICE Collaboration, K. Aamodt et al., “The ALICE experiment at the CERN LHC”, J. Instr. 3

(2008) S08002.
[49] ALICE Collaboration, B. Abelev et al., “Performance of the ALICE experiment at the CERN

LHC”, Int. J. Mod. Phys. A29 (2014) 1430044, arXiv:1402.4476 [nucl-ex].
[50] ALICE Collaboration, J. Adam et al., “Enhanced production of multi-strange hadrons in

high-multiplicity proton-proton collisions”, Nature Phys. 13 (2017) 535–539, arXiv:1606.07424
[nucl-ex].

[51] ALICE Collaboration, “The ALICE experiment – A journey through QCD”, arXiv:2211.04384
[nucl-ex].

[52] ALICE Collaboration, E. Abbas et al., “Performance of the ALICE VZERO system”, J. Instrum.
8 (2013) P10016–P10016, arXiv:1306.3130 [nucl-ex].

[53] ALICE Collaboration, S. Acharya et al., “Search for a common baryon source in high-multiplicity
pp collisions at the LHC”, Phys. Lett. B 811 (2020) 135849, arXiv:2004.08018 [nucl-ex].

[54] T. Sjöstrand et al., “An Introduction to PYTHIA 8.2”, Comput. Phys. Commun. 191 (2015)
159–177, arXiv:1410.3012 [hep-ph].

[55] R. Brun, A. McPherson, P. Zanarini, M. Maire, and F. Bruyant, “Geant 3: user’s guide geant 3.10,
geant 3.11”, tech. rep., CERN, 1987.

16

http://dx.doi.org/10.1103/PhysRevD.75.034003
http://dx.doi.org/10.1103/PhysRevD.75.034003
http://arxiv.org/abs/hep-ph/0607100
http://dx.doi.org/10.1103/PhysRevD.80.094006
http://arxiv.org/abs/0905.2810
http://arxiv.org/abs/0905.2810
http://dx.doi.org/10.1140/epja/i2013-13044-5
http://dx.doi.org/10.1140/epja/i2013-13044-5
http://arxiv.org/abs/1211.6998
http://dx.doi.org/10.1103/PhysRevD.106.094031
http://arxiv.org/abs/2208.03061
http://arxiv.org/abs/2208.03061
http://dx.doi.org/10.1016/j.physletb.2011.02.008
http://arxiv.org/abs/1012.2233
http://dx.doi.org/10.1103/PhysRev.187.345
http://dx.doi.org/10.1103/PhysRev.187.345
http://dx.doi.org/10.1140/epjc/s10052-017-5106-0
http://dx.doi.org/10.1140/epjc/s10052-017-5106-0
http://arxiv.org/abs/1707.04490
http://dx.doi.org/10.1016/0375-9474(92)90005-5
http://dx.doi.org/10.1016/0375-9474(92)90005-5
http://dx.doi.org/10.1103/PhysRevC.88.044910
http://arxiv.org/abs/1303.0737
http://dx.doi.org/10.1016/j.physletb.2019.03.052
http://dx.doi.org/10.1016/j.physletb.2019.03.052
http://arxiv.org/abs/1808.03102
http://dx.doi.org/10.1038/nphys4111
http://arxiv.org/abs/1606.07424
http://arxiv.org/abs/1606.07424
http://dx.doi.org/10.1103/PhysRevC.103.055201
http://arxiv.org/abs/2005.11124
http://arxiv.org/abs/2301.05290
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1142/S0217751X14300440
http://arxiv.org/abs/1402.4476
http://dx.doi.org/10.1038/nphys4111
http://arxiv.org/abs/1606.07424
http://arxiv.org/abs/1606.07424
http://arxiv.org/abs/2211.04384
http://arxiv.org/abs/2211.04384
http://dx.doi.org/10.1088/1748-0221/8/10/p10016
http://dx.doi.org/10.1088/1748-0221/8/10/p10016
http://arxiv.org/abs/1306.3130
http://dx.doi.org/10.1016/j.physletb.2020.135849
http://arxiv.org/abs/2004.08018
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://dx.doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012


ALICE Collaboration

[56] ALICE Collaboration, K. Aamodt et al., “Alignment of the ALICE Inner Tracking System with
cosmic-ray tracks”, JINST 5 (2010) P03003, arXiv:1001.0502 [physics.ins-det].

[57] J. Alme, Y. Andres, H. Appelshäuser, S. Bablok, N. Bialas, et al., “The ALICE TPC, a large
3-dimensional tracking device with fast readout for ultra-high multiplicity events”,
Nucl.Instrum.Meth. A622 (2010) 316–367, arXiv:1001.1950 [physics.ins-det].

[58] A. Akindinov et al., “Performance of the ALICE Time-Of-Flight detector at the LHC”, Eur. Phys.
J. Plus 128 (2013) 44.

[59] ALICE Collaboration, S. Acharya et al., “Scattering studies with low-energy kaon-proton
femtoscopy in proton–proton collisions at the LHC”, Phys. Rev. Lett. 124 (2020) 092301,
arXiv:1905.13470 [nucl-ex].

[60] ALICE Collaboration, S. Acharya et al., “Exploring the NΛ–NΣ coupled system with high
precision correlation techniques at the LHC”, Phys. Lett. B 833 (2022) 137272,
arXiv:2104.04427 [nucl-ex].

[61] D. Mihaylov, V. Mantovani Sarti, O. Arnold, L. Fabbietti, B. Hohlweger, and A. Mathis, “A
femtoscopic Correlation Analysis Tool using the Schrödinger equation (CATS)”, Eur. Phys. J. C
78 (2018) 394, arXiv:1802.08481 [hep-ph].

[62] W. L. Wang, F. Huang, Z. Y. Zhang, and F. Liu, “Ξ anti-K interaction in a chiral model”, J. Phys.
G 35 (2008) 085003.

[63] M. G. L. Nogueira-Santos and C. C. Barros, “Low energy kaon- Ξ interaction in an effective chiral
model”, Phys. Rev. C 102 (2020) 055205.

[64] ALICE Collaboration, J. Adam et al., “Insight into particle production mechanisms via angular
correlations of identified particles in pp collisions at

√
s = 7 TeV”, Eur. Phys. J. C77 (2017) 569,

arXiv:1612.08975 [nucl-ex]. [Erratum: Eur. Phys. J. C 79 no.12(2019)].
[65] ALICE Collaboration, B. Abelev et al., “K0

s −K0
s correlations in pp collisions at

√
s = 7 TeV from

the LHC ALICE experiment”, Phys. Lett. B 717 (2012) 151–161, arXiv:1206.2056 [hep-ex].
[66] ALICE Collaboration, B. Abelev et al., “Charged kaon femtoscopic correlations in pp collisions

at
√

s = 7 TeV”, Phys. Rev. D87 (2013) 052016, arXiv:1212.5958 [hep-ex].
[67] ALICE Collaboration, K. Aamodt et al., “Femtoscopy of pp collisions at

√
s = 0.9 and 7 TeV at

the LHC with two-pion Bose-Einstein correlations”, Phys. Rev. D 84 (2011) 112004,
arXiv:1101.3665 [hep-ex].

[68] ALICE Collaboration, J. Adam et al., “Two-pion femtoscopy in p-Pb collisions at
√

sNN = 5.02
TeV”, Phys. Rev. C 91 (2015) 034906, arXiv:1502.00559 [nucl-ex].

[69] ALICE Collaboration, S. Acharya et al., “Multiplicity dependence of (multi-)strange hadron
production in proton–proton collisions at

√
s = 13 TeV”, Eur. Phys. J. C 80 (2020) 167,

arXiv:1908.01861 [nucl-ex].
[70] R. Lednický and V. Lyuboshits, “Final State Interaction Effect on Pairing Correlations Between

Particles with Small Relative Momenta”, Sov. J. Nucl. Phys. 35 (1982) 770.
[71] S. M. Flatte, “Coupled - Channel Analysis of the πη and K anti-K Systems Near K anti-K

Threshold”, Phys. Lett. B 63 (1976) 224–227.
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