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The first experimental information on the strong interaction between � and �− strange baryons is 
presented in this Letter. The correlation function of �–�− and �–�

+
pairs produced in high-multiplicity 

proton–proton (pp) collisions at 
√

s = 13 TeV at the LHC is measured as a function of the relative 
momentum of the pair. The femtoscopy method is used to calculate the correlation function, which is 
then compared with theoretical expectations obtained using a meson exchange model, chiral effective 
field theory, and Lattice QCD calculations close to the physical point. Data support predictions of 
small scattering parameters while discarding versions with large ones, thus suggesting a weak �–�−
interaction. The limited statistical significance of the data does not yet allow one to constrain the effects 
of coupled channels like �–� and N–�.

© 2022 European Organization for Nuclear Research, ALICE. Published by Elsevier B.V. This is an open 
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Understanding the strong interaction among hadrons with 
strange quarks is one of the main challenges faced by nuclear 
physics at low energies. Recent theoretical developments, in par-
allel with the improvement of computing facilities, enabled Lat-
tice QCD calculations close to the physical point for systems rich 
in strangeness [1–4]. In contrast to other approaches describing 
hadron–hadron interactions, such first principles calculations be-
come more stable the higher the (quark) masses involved, and 
they are expected to deliver reliable results for the interaction 
of hadrons involving several strange quarks. On the experimen-
tal side, data are scarce for hadron–hadron interactions in the 
strangeness |S| > 1 sector due to the difficulties of producing 
hyperons in large amounts and the fact that those are unstable 
particles. Hence, the interest in this sector resides in delivering 
precise data in order to test the ab-initio calculations.

The study of baryon–baryon interactions with strangeness is 
also crucial for the search of possible di-baryon states beyond the 
deuteron. One debated case is the N� state predicted by Lattice 
QCD calculations [3] and meson exchange models [5]. It would be 
held together by an attractive strong interaction at all distances fa-
vored by the absence of Pauli blocking in this system. Two-particle 
correlation studies of p–�− [6,7] show that drawing a firm con-
clusion on its existence is a difficult task due to the complexity of 
this system that arises from the coupling to several other chan-
nels. It has been demonstrated in Ref. [8] that the presence of 

� E-mail address: alice -publications @cern .ch.

coupled channels modifies the correlation function, in particular 
in the case of systems size of the order of 1 fm, such as those pro-
duced in pp collisions. The thresholds of the �–� and the �–�

channels lie around 180 and 90 MeV/c2 below the N–� thresh-
old, respectively; the influence of those channels could severely 
modify the p–�− correlation function [9,10] depending on the 
coupling strength and the characteristics of the �–� and the �–�

interactions themselves. The investigation of those channels is thus 
mandatory in order to clarify the existence of the N� bound state.

Besides the first principles calculations, in the sector of nu-
cleon–hyperon (N–Y) and hyperon–hyperon (Y–Y) interactions 
with strangeness content |S| ≤ 3, several predictions from dif-
ferent theoretical approaches are waiting for validation since 
over a decade. Leading order (LO) chiral Effective Field Theory 
(χEFT) [11], meson exchange models [12], and quark constituent 
models [13] produced predictions for the |S| ≤ 2 sectors relying 
on SU(3) symmetry considerations. Those approaches were an-
chored to the vast database available in the N–N sector, which 
includes precise determination of scattering cross sections that 
enable differential studies and partial wave analyses, to measure-
ments of �–N cross sections and, to a lesser extent, to �–N 
cross sections. Very recently, the extension of NLO χEFT poten-
tials from S = −2 [14,15] to S = −3 and S = −4 systems has been 
explored [16]. These potentials are in accordance with the few 
experimental constraints on the �–� and �–N interactions and 
account for effects from SU(3) symmetry breaking in the exten-
sion.

At the time when most of those potentials were constructed 
there was little hope for precise data on the interaction between 
baryon pairs with more than two strange quarks, and the experi-
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mental information was limited to the scarce data derived from the 
detection of hypernuclei, such as binding energies for double-�
hypernuclei [17–20] and � hypernuclei [21,22]. However, bind-
ing energies alone do not allow unambiguous conclusions on the 
underlying baryon–baryon interactions, and so the available theo-
retical predictions were awaiting more demanding tests.

Only recently, the femtoscopy technique has delivered precise 
data with valuable information for the description of the strong 
interaction among hadrons via the study of two-particle correla-
tions as a function of the relative momentum using collider exper-
iments [23]. Measurements of multi-strange systems �–� [24–26], 
p–�− [27], and p–�− [6,7] have been made available from Au–Au 
collisions at RHIC by STAR and from pp collisions at the LHC by 
ALICE.

A pioneering study with the first experimental information of 
the �–�− interaction is presented in this Letter. This measure-
ment constitutes the first benchmark for models and theoretical 
approaches delivering predictions for this system.

2. Data analysis

The analysis of the correlation function of �–�− and �–�
+

pairs is performed in the sample of high-multiplicity pp collisions 
at 

√
s = 13 TeV collected by ALICE [28,29] at the LHC dur-

ing the Run 2 period. The V0 detector of the ALICE apparatus is 
used for event selection and triggering. The V0 detector consists 
of two plastic scintillator arrays located on both sides of the col-
lision vertex at pseudorapidities 2.8 < η < 5.1 and −3.7 < η <

−1.7 [30]. In order to guarantee an uniform acceptance at midra-
pidity, events are accepted for analysis if the reconstructed primary 
interaction vertex position along the beam axis (V z) is located 
no more than 10 cm away from the nominal interaction point. 
In addition, a V0-based high-multiplicity trigger is used for se-
lecting events in which the detected signal amplitude exceeds a 
defined threshold corresponding to the 0.17% highest-multiplicity 
events out of all inelastic collisions with at least one measured 
charged particle within |η| < 1 (INEL> 0). The resulting average 
charged-particle multiplicity density at midrapidity (|η| < 0.5) is 
about 〈dNch/dη〉 = 30. An enhanced production of hyperons was 
reported for such high-multiplicity events [31], which provides an 
abundant sample of hyperons for this analysis.

Strange baryon reconstruction is performed using topological 
properties of their weak decays, which in turn employs the track-
ing and particle identification capabilities of the ALICE detector. 
The Inner Tracking System (ITS) and the Time-Projection Cham-
ber (TPC) are used for charged-particle tracking and momentum 
reconstruction, the TPC is used as well for particle identification 
(PID), and the Time-of-Flight detector (TOF) is used for timing in-
formation. The ITS, TPC, and TOF are immersed in a uniform mag-
netic field along the beam direction with a strength of 0.5 T. The 
ITS [32] is made up of six layers of high position-resolution sili-
con detectors placed at a radial distance between 3.9 and 43 cm
around the beam pipe. The TPC [33] is a 5 m long gaseous cylindri-
cal detector covering the whole azimuth within the pseudorapidity 
range |η| < 0.9. It performs PID by measuring the specific en-
ergy loss (dE/dx). The TOF [34] consists of Multigap Resistive Plate 
Chambers which cover the full azimuth range at |η| < 0.9. Combi-
natorial background from out-of-bunch collision pile-up in the TPC 
is suppressed by rejecting charged tracks unless a matched hit in 
the ITS, which does not have out-of-bunch pile-up, or in the TOF, 
with timing information, is present.

The � (�) are identified exploiting their characteristic V-
shaped weak decay � → p + π− and � → p + π+ , henceforth 
denoted “V0” decays, and selected within an invariant mass win-
dow of 4 MeV/c2 around the � nominal mass. Proton and pion 
tracks are reconstructed using the TPC, and they are identified 

through the TPC dE/dx measurement. They are further combined 
into V0 candidates if a certain pair of proton and pion tracks passes 
a set of geometrical criteria that ensures their consistency with 
the desired decay topology. These include a selection on the dis-
tance of closest approach (DCA) of the two tracks, the cosine of 
the pointing angle (CPA) between the line connecting the primary 
vertex with the candidate’s decay vertex and its momentum, and 
the decay radius. Furthermore, a minimal transverse momentum 
of pT ≥ 0.3 MeV/c is required for the � (�) candidates.

The �− (�
+

) candidates are identified via the weak decay 
channel �− → � + π− and �+ → � + π+ by combining V0 can-
didates with a third track with a TPC energy loss signature that is 
consistent with the pion mass hypothesis. They are selected within 
an invariant mass window of 5 MeV/c2 around the nominal �−
mass. Also in this case, geometric selections serve to identify the 
expected trajectory arrangement and include standard � and � se-
lections as well as a DCA between the V0 and the third track and a 
CPA of the � candidate momentum with respect to the estimated 
decay position. Also the �− (�

+
) candidates are required to have 

a minimal transverse momentum of pT ≥ 0.3 MeV/c. Candidates 
are rejected if they are compatible within 5 MeV/c2 with the �−
(�

+
) baryon invariant mass through the weak decay �− → �+K−

(�
+ → �+K+) by assuming the kaon mass hypothesis for the 

third track.
The numerical values of the geometrical variables used to se-

lect � (�) and �− (�
+

), as well as the variations of such val-
ues used to estimate the systematic uncertainties of the data, are 
based on previous analyses; see Ref. [25] and Ref. [35] for � (�)
and �− (�

+
), respectively. A fit to the invariant mass spectrum 

of � (�) and �− (�
+

) candidates is performed using a double 
Gaussian to describe the signal and a first-order polynomial for 
the combinatorial background. For the calculation of the invariant 
mass of � (�) the pion and proton hypothesis are used for the 
daughter tracks; in the case of �− (�

+
) the � (�) mass is used 

for the V0 and the pion mass for the charged track. The results of 
the fit deliver average mass resolutions of around 1.5 and 2 MeV/c2

and purities of 95% and 92% for � (�) and �− (�
+

), respectively.
Events are kept for further analysis if at least one � (�) and 

one �− (�
+

) candidate are reconstructed, which results in a total 
number of 8.57 × 106 events and 5.08 × 106 (4.75 × 106) �–�−
(�–�

+
) pairs.

During the reconstruction, a charged track can be assigned as 
a decay product of multiple V0 candidates. For such cases, an ad-
ditional selection procedure is implemented to reduce the combi-
natorial background and choose the best candidate in an unbiased 
way. The V0 candidates that share a charged track are discrimi-
nated by using several kinematic variables simultaneously, namely 
the invariant mass, the DCA, and the CPA. They are compared to 
template distributions from Monte Carlo (MC) simulations and nor-
malized by their expected resolution such that they have the same 
incidence in the comparison. For the MC templates, pp events 
are generated using PYTHIA 8.2 [36] and the resulting particles 
are propagated through the simulation of the ALICE detector us-
ing GEANT3 [37]. An analogous track cleaning procedure is used 
as well for the � candidates that share charged tracks. The track 
cleaning procedure reduces the sample of �− and �+

candidates 
by 0.6% and the sample of � and � candidates by 1.9%.

In order to avoid autocorrelations generated by the pairing 
of � (�) candidates with their mother particles, pairs of �–�−
(�–�

+
) are not considered if the � (�) candidate shares any 

charged track with the �− (�
+

) candidate.
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3. Correlation function

Experimentally, the two-particle correlation function is defined 
as [38]

C
(
k∗) = N × Nsame (k∗)

Nmixed(k∗)
, (1)

where k∗ is the relative momentum in the pair rest frame, de-
fined as k∗ = 1

2 × ∣∣p∗
1 − p∗

2

∣∣ with pi being the three-momenta of 
the involved particle candidates. The Nsame is the k∗ distribution 
of particle pairs produced in the same collision, whereas Nmixed is 
the k∗ distribution obtained by pairing particles produced in dif-
ferent collisions with similar V z and multiplicity. Due to the event 
mixing procedure, the number of pairs in Nmixed is higher than in 
Nsame, hence the correlation function has to be normalized at large 
k∗ , where the effects of the final state interactions are absent. This 
is denoted by the factor N ; the normalization is performed in the 
region k∗ ∈ [450, 650] MeV/c. In the following, �–�− is used to 
refer to the sum of �–�− and �–�

+
pairs, since both experience 

the same interaction and correlation and no significant differences 
are observed between both pairs during the analysis. A total of 
6142 �–�− pairs are found with k∗ below 200 MeV/c.

On the theoretical side, the correlation function can be ex-
pressed as a function of the particle emitting source S (r∗) and 
the two-particle pair wave function |
(r∗,k∗)| which contains the 
interaction component [38]

C
(
k∗) =

∫
d3r∗ S

(
r∗) ∣∣
 (

r∗,k∗)∣∣2
, (2)

where r∗ refers to the relative distance between the two particles. 
The source function is assumed to have a Gaussian shape. Its size is 
obtained from the universal baryon–baryon transverse mass (mT) 
scaling observed in high-multiplicity pp collisions [39], and con-
sidering its enlargement due to shortly lived resonances [39]. The 
average transverse mass of �–�− pairs with k∗ < 200 MeV/c is 
〈mT〉 = 2.01 GeV/c2, which leads to an effective source radius of 
reff = 1.032+0.055

−0.056 fm. The quoted uncertainties take into account 
the statistical and systematic uncertainties of the parametrization 
of the mT dependence [39].

Given the source size, the theoretical correlation function is 
computed using two different methods. The Lednický–Lyuboshits 
(LL) approach [40,41] allows one to calculate the theoretical cor-
relation function when the effective range parameters are known: 
scattering length f s

0 and effective range ds
0, with s denoting the 

spin state of the pair. Note that in this Letter the standard notation 
and sign convention in femtoscopy is used, where a positive f0
corresponds to an attractive interaction, while a negative scatter-
ing length corresponds either to a repulsive potential or a bound 
state. For �–�− pairs, there are two spin configurations, namely 
a singlet with s = 0 and a triplet with s = 1. They contribute 
with a weight of 1/4 and 3/4 to the total theoretical correla-
tion function, respectively. The LL model is used to evaluate the 
predictions from the Nijmegen meson exchange model [12] and 
the interactions from χEFT [11,16]. The second method uses the 
CATS framework [42], a Schrödinger equation solver, to evaluate 
the wave functions for the potentials extracted from Lattice QCD 
calculations performed by the HAL QCD Collaboration [2].

The �–�− correlation functions evaluated for the central value 
of the radius reff for each considered theoretical prediction are 
shown in Fig. 1. Since the Coulomb interaction is absent, the devi-
ations from unity at small relative momentum are exclusively due 
to the strong interaction. Details on the characteristics of each in-
teraction are discussed in Section 4.

The experimental correlation function contains additional con-
tributions to the genuine �–�− strong interaction as it is defined 

Fig. 1. Theoretical �–�− correlation functions from predictions ([2,11,12,16]) eval-
uated for the experimental source radius. See text for details. In the case of the LO 
and NLO χEFT potentials the solid (dotted) lines correspond to the lowest (highest) 
cutoff [11,16].

in Eq. 2. In order to compare the theoretical expectations with the 
experimental data, a model is built for each theoretical prediction 
containing all contributions to the experimental correlation func-
tion as detected by ALICE

Cmodel
(
k∗) = Cnon-femto (k∗) ×

[∑
i

λi × Ci
(
k∗)] , (3)

where the sum contains all femtoscopic contributions Ci(k∗)
namely the genuine as well as contamination induced by the 
misidentification background and feed-down. Each of them is 
multiplied with its relative contribution λi . The Cnon-femto (k∗)
describes non-femtoscopic effects such as energy conservation 
which are dominant for large k∗ . It is modelled phenomenolog-
ically by a polynomial with a constant and a third degree term 
Cnon-femto (k∗) = a × (1 − b × k∗3), which ensures a flat behaviour 
at k∗ → 0, and is fitted to the measured correlation function.

In the feed-down contributions, at least one particle of the pair 
originates from a decay and appears on timescales larger than the 
strong interaction which is measured here. They carry the resid-
ual correlation from their mother particle which is washed out 
because of the decay. The main feed-down to the � (�) candi-

dates comes from the �− (�
+

), �0 (�
0

), and �0 (�
0

) decays. The 
combined relative contribution is obtained by fitting the CPA dis-
tribution to MC templates. Then, the λ parameter for each contri-
bution is determined via isospin considerations. The feed-down to 
the �− (�

+
) candidates comes from the decays of the resonances 

�−(1530) and �0(1530) as well as the �− (�
+

) hyperons. Their 
λ parameters are extracted from the production rates reported in 
Refs. [31,43] and their branching ratios [44]. All feed-down contri-
butions to the correlation function are assumed to be constant in 
k∗ with a value equal to unity, except for the case of the �− − �−
feed-down, with the identified � coming from the decay of an 
unidentified �− . The latter contributes with λ�−–�− = 8%; it is 
modelled assuming a pure Coulomb �− − �− interaction and it 
is propagated to Cmodel(k∗) via a momentum transformation from 
the �− − �− to the �–�− pair rest frame. The relative contribu-
tion of all the other feed-down contributions is of λflat = 48%.

The relative contribution from misidentification is of λmis. =
12% and is calculated from the purities in the selection of the �
and �− . This contribution is modelled by a second order polyno-
mial Cmis.(k∗) = p0 + p1k∗ + p2k∗2 with parameters obtained via 
a fit to the correlation function constructed using �–�− pairs 
from an invariant mass sideband analysis [45]. The values of the 
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parameters are p0 = 1.22, p1 = −8.94 × 10−4 (MeV/c)−1, and 
p2 = 8.90 × 10−7 (MeV/c)−2.

The relative contribution from the genuine �–�− interaction is 
λgenuine = 32%. In order to consider the finite momentum resolu-
tion, evaluated via full simulations of the ALICE apparatus and its 
response, Cmodel (k∗) has to be transformed into the basis of the 
reconstructed momenta as it was done in previous analysis [25].

4. Results

The experimental �–�− correlation function is shown in Fig. 2
in two different k∗ and C(k∗) ranges. The systematic uncertainties 
of the data displayed in Fig. 2 are associated with variations on 
the selection criteria of � (�) and �− (�

+
) as explained in Sec-

tion 2. The analysis is repeated with 39 random combinations of 
such variations. For each k∗ point, the final systematic uncertainty 
is given by the width of a Gaussian fit including all 39 measure-
ments of the correlation function.

The data are compared in Fig. 2 with predictions of the correla-
tion function, according to Eq. 3, from several theoretical descrip-
tions of the �–�− strong interaction and from the assumption of 
no interaction. The parameter of the non-femtoscopic baseline is 
fitted to the data for each case in the range k∗ ∈ [0, 800] MeV/c. 
The width of the theoretical bands reflect the uncertainties in the 
evaluation of the correlation function, namely: i) variations of the 
radius of the source function according to the experimental de-
termination reff = 1.032+0.055

−0.056 fm; ii) variation of the normaliza-
tion range by ±50 MeV/c; iii) variation of the range of the fit 
to the non-femtoscopic baseline by ±50 MeV/c; iv) variation in 
the parametrization of the baseline using a second order poly-
nomial (i.e. the non-femto contribution becomes Cnon-femto (k∗) =
a′ × (1 − b′ × k∗2)); and v) variation of the functional form de-
scribing the sidebands correlation function to p0 + exp(p1 + p2k∗). 
The evaluation of the theoretical correlation function and the fit of 
the baseline parameters were performed with all possible combi-
nations of such variations. The width of the theoretical band for 
each model is given in each k∗ point by the root mean squared of 
all fit results.

The dotted black line in Fig. 2 represents the result of the base-
line fit assuming no �–�− strong interaction, for which a = 0.95
and b = 2.4 × 10−10 (MeV/c)−3 are obtained. The compatibility 
with the data is evaluated in terms of the number of standard de-
viations nσ , which were obtained from the p-value computed in 
the range k∗ < 200 MeV/c. The uncertainties of the data were con-
sidered by adding the statistical and systematic uncertainties in 
quadrature. The result for the “no strong interaction” assumption 
is nσ = 0.78 showing that in the low relative momentum region, 
where femtoscopic effects are expected, data do not deviate signif-
icantly from the baseline.

The dark blue and light blue bands in the left panel of Fig. 2
represent the correlation function evaluated from LO χEFT [11]
for a regulator function cut-off of 550 and 700 MeV, respectively. 
The genuine �–�− correlation function is evaluated by using the 
LL model with the scattering parameters for �–� provided in 
Ref. [11]. The scattering length in this case indicates a rather 
strong attraction in the singlet channel and a mild repulsion in 
the triplet channel. The predicted values depend strongly on the 
cut-off choice, which is reflected in the correlation function. The 
curve corresponding to the LO χEFT potential with 550 MeV cut-
off, with rather large scattering length, is not compatible with the 
experimental correlation function. On the other hand, the result 
for the potential with cut-off 700 MeV is close to the data. How-
ever, this interaction implies the presence of a shallow �� bound 
state with a binding energy of just 0.43 MeV. Such bound states 
are not seen anymore in the extrapolation of the NLO interactions 
from S = −2 [14,15] to S = −3 [16], where effects from SU(3) 

symmetry breaking have been properly accounted for, in line with 
the power counting. They are also not supported by the available 
lattice QCD simulations close to the physical point [2]. The cor-
relation functions expected from the NLO calculations, based on 
NLO16 [14] and NLO19 [15], are represented by the magenta and 
green bands in the left panel of Fig. 2, respectively. The dark and 
light bands represent the interactions with regulator function cut-
offs of 500 and 650 MeV, respectively, for both potentials. The 
correlation function was evaluated by using the LL model with 
the scattering lengthsI provided in Ref. [16]. The NLO19 poten-
tial is more attractive than the NLO16 in the triplet channel, and 
there is also a sizable cut-off dependence. This is reflected in a 
larger correlation function, in particular for the 500 MeV cut-off 
(dark green band), that clearly exceeds the data. This demonstrates 
that the ALICE data delivers important constraints in the S = −3
sector needed to fix the free parameters in the χEFT NLO calcula-
tions [16].

The Nijmegen meson exchange model [12] predicts the exis-
tence of a �� bound state, though in the case of the �–�− chan-
nel, for 5 of the 6 different versions of the model, a mild attraction 
and a mild repulsion in the singlet and triplet configurations, re-
spectively, are predicted. The light orange band in Fig. 2 shows 
the expectation from the version NSC97a. The substantially smaller 
scattering lengths in the singlet state compared to the χEFT poten-
tials are reflected in a suppressed correlation function that agrees 
with the data.

It is worth mentioning that the scattering parameters from the 
quark constituent model fss2 [13] coincide qualitatively with the 
Nijmegen potential, although that model does not predict any ��

or �� bound states.
The right panel of Fig. 2 shows the comparison with the re-

sults for the HAL QCD �–�− potential [2]. The width of the HAL 
QCD curves include statistical and systematic variations of the lat-
tice calculations following the recipe in Ref. [7]. The HAL QCD 
potential is a ��–�� coupled-channel potential. It presents at-
traction in both the singlet and the triplet configurations but does 
not predict the formation of any bound state. The orange curve 
shows the results from an effective �–�− potential, where the 
coupling to �–� from the lattice simulations is incorporated effec-
tively into the strength of the �–�− interaction. For reference, the 
red curve shows the correlation function from the ��–�� elas-
tic potential alone, free of effects from the coupling. The difference 
between the orange and red curves in Figs. 2 and 1 demonstrates a 
rather strong coupling. This is particularly noticeable if the results 
are compared to the HAL QCD p�–�� potential in the |S| = 2
sector [1], in which case the coupling between channels is small 
and has negligible effects in the correlation function [46]. While 
the ALICE data shows better compatibility with the single channel 
��–�� elastic potential, it is not sensitive to the effects of the 
coupling as shown by Lattice QCD.

Threshold cusp-like structures at the channel opening created 
by the inelastic channels could be formed [47] with an amplitude 
depending on the properties of the interaction, the strength of the 
coupling between channels, and the amount of initial state pairs 
in the inelastic channels. The ALICE data do not present significant 
structures at the kinematic opening of the �−–�0, �0–�− and 
n–�− channels, at k∗ values of 303, 308 and 468 MeV/c respec-
tively.

The scattering parameters of all considered interactions are 
summarized in Table 1, together with the compatibility of each 
of them with the �–�− correlation function in terms of nσ com-
puted in the range k∗ < 200 MeV/c, considering the statistical and 

I For the triplet state in NLO16 the effective range is set to d0 = 0 fm. This is 
necessary since the LL does not provide stable results for the large effective ranges 
predicted by the theory (see Table 1) in combination with the small source radius.
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Fig. 2. Experimental �–�− correlation function with statistical (vertical black lines) and systematic (gray boxes) uncertainties. The square brackets show the bin width of 
the measurement and the horizontal black lines represent the statistical uncertainty in the determination of the mean k∗ for each bin. Left panel: Comparison to LO [11] and 
NLO [16] χEFT and NSC97a [12] potentials evaluated with the Lednický–Lyuboshits model [40,41]. In the χEFT models the darker and light bands correspond to the version 
with the lower and higher cut-off value, respectively. Right panel: Comparison with Lattice QCD calculations by the HAL QCD Collaboration [2] using an effective potential 
including the coupling to �–� (orange) and the �–�− elastic potential alone (red). The width of the bands in both panels correspond to the systematic uncertainties of the 
fit as described in the text. The dotted black line represents the result of the baseline fit assuming no �–�− strong interaction.

Table 1
Summary of scattering parameters and agreement with the data in terms of nσ of the considered interactions. The effective range parameters for the Lattice QCD results are 
obtained from the low-energy phase shifts which are extracted with CATS in the evaluation of the potentials. The agreement of the baseline (no interaction assumed) is also 
given.

Potential Cut-off (MeV) / version Singlet Triplet nσ

f 0
0 d0

0 f 1
0 d1

0

χEFT LO [11]
550 33.5 1.00 −0.33 −0.36 3.06 − 5.12
700 −9.07 0.87 −0.31 −0.27 0.78 − 1.60

χEFT NLO16 [14]
500 0.99 5.77 −0.026 142.9 0.56 − 0.93
650 0.91 4.63 0.12 32.02 0.91 − 1.61

χEFT NLO19 [15]
500 0.99 5.77 1.66 1.49 5.47 − 7.26
650 0.91 4.63 0.42 6.33 1.30 − 2.10

NSC97a [12] 0.80 4.71 −0.54 −0.47 0.68 − 1.04

HAL QCD [2]
��–�� eff. 0.60 6.01 0.50 5.36 1.43 − 2.34
��–�� only – – – – 0.64 − 1.04

Baseline – – – – 0.78

systematic uncertainties of the data. The scattering parameters of 
the HAL QCD calculations were extracted using CATS by fitting the 
phase shifts δ0 with the effective range approximation [48,49].

5. Summary

This Letter presents the first measurement of the �–�− in-
teraction, quantified via the correlation function C(k∗) in high-
multiplicity pp collisions at 

√
s = 13 TeV. The measured C(k∗)

were compared with different descriptions of the �–�− interac-
tion, including leading-order and next-to-leading-order chiral Ef-
fective Field Theory calculations, a meson exchange model, and 
recent Lattice QCD calculations. Despite the limited statistical sig-
nificance and the contamination from feed-down contributions, the 
data provide the first constraint for theoretical investigations and 
are seen to be more compatible with predictions of small scatter-
ing parameters and hence a weak �–�− interaction. The limita-
tions of the data sample prevent from drawing further conclusions 
on the influence of coupled channels in the correlation function, 
and no significant cusp-like structures are observed at the open-
ing of the �−–�0, �0–�− or n–�− channels. The presented data 
demonstrate that the characteristics of the strong interaction in 
the |S| = 3 sector can be investigated with the femtoscopy tech-
nique. New measurements with the upgraded ALICE apparatus [50]
will exploit the data collected during upcoming LHC Run 3 and 
Run 4 [51,52] and should deliver a precise insight into the �–�−
interaction, providing valuable information for the search of di-
baryon states with strangeness content.
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T. Kumaoka 125, D. Kumar 134, L. Kumar 91, , N. Kumar 91, S. Kundu 32, , P. Kurashvili 80, , 
A. Kurepin 142, , A.B. Kurepin 142, , S. Kushpil 87, , J. Kvapil 103, , M.J. Kweon 57, , J.Y. Kwon 57, , 

Y. Kwon 140, , S.L. La Pointe 38, , P. La Rocca 26, , Y.S. Lai 75, A. Lakrathok 107, M. Lamanna 32, , 
R. Langoy 121, , P. Larionov 48, , E. Laudi 32, , L. Lautner 32,97, , R. Lavicka 105, , T. Lazareva 142, , 

R. Lea 133,54, , J. Lehrbach 38, , R.C. Lemmon 86, , I. León Monzón 111, , M.M. Lesch 97, , 

E.D. Lesser 18, , M. Lettrich 97, P. Lévai 138, , X. Li 10, X.L. Li 6, J. Lien 121, , R. Lietava 103, , B. Lim 16, , 

S.H. Lim 16, , V. Lindenstruth 38, , A. Lindner 45, C. Lippmann 100, , A. Liu 18, , D.H. Liu 6, , J. Liu 119, , 

I.M. Lofnes 20, , V. Loginov 142, C. Loizides 88, , P. Loncar 33, , J.A. Lopez 96, , X. Lopez 127, , E. López 

Torres 7, , P. Lu 100,120, , J.R. Luhder 137, , M. Lunardon 27, , G. Luparello 56, , Y.G. Ma 39, , 

A. Maevskaya 142, M. Mager 32, , T. Mahmoud 42, A. Maire 129, , M. Malaev 142, , N.M. Malik 92, , 

Q.W. Malik 19, S.K. Malik 92, , L. Malinina 143, ,VII, D. Mal’Kevich 142, , D. Mallick 81, , N. Mallick 47, , 
G. Mandaglio 30,52, , V. Manko 142, , F. Manso 127, , G. Mantzaridis 97, , V. Manzari 49, , Y. Mao 6, , 

G.V. Margagliotti 23, , A. Margotti 50, , A. Marín 100, , C. Markert 110, , M. Marquard 64, N.A. Martin 96, 

P. Martinengo 32, , J.L. Martinez 116, M.I. Martínez 44, , G. Martínez García 106, , S. Masciocchi 100, , 

M. Masera 24, , A. Masoni 51, , L. Massacrier 73, , A. Mastroserio 131,49, , A.M. Mathis 97, , 
O. Matonoha 76, , P.F.T. Matuoka 112, A. Matyja 109, , C. Mayer 109, , A.L. Mazuecos 32, , 

F. Mazzaschi 24, , M. Mazzilli 32, , J.E. Mdhluli 123, , A.F. Mechler 64, Y. Melikyan 142, , 

A. Menchaca-Rocha 67, , E. Meninno 105,28, , A.S. Menon 116, , M. Meres 12, , S. Mhlanga 115,68, 

Y. Miake 125, L. Micheletti 55, , L.C. Migliorin 128, D.L. Mihaylov 97, , K. Mikhaylov 143,142, , 
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Y. Pestov 142, V. Petráček 35, , V. Petrov 142, , M. Petrovici 45, , R.P. Pezzi 106,66, , S. Piano 56, , 
M. Pikna 12, , P. Pillot 106, , O. Pinazza 50,32, , L. Pinsky 116, C. Pinto 97,26, , S. Pisano 48, , 
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A. Shabanov 142, A. Shabetai 106, , R. Shahoyan 32, W. Shaikh 102, A. Shangaraev 142, , A. Sharma 91, 

D. Sharma 46, , H. Sharma 109, , M. Sharma 92, , N. Sharma 91, , S. Sharma 92, , U. Sharma 92, , 
A. Shatat 73, , O. Sheibani 116, K. Shigaki 94, , M. Shimomura 78, S. Shirinkin 142, , Q. Shou 39, , 

Y. Sibiriak 142, , S. Siddhanta 51, , T. Siemiarczuk 80, , T.F. Silva 112, , D. Silvermyr 76, , 

T. Simantathammakul 107, R. Simeonov 36, , G. Simonetti 32, B. Singh 92, B. Singh 97, , R. Singh 81, , 

R. Singh 92, , R. Singh 47, , V.K. Singh 134, , V. Singhal 134, , T. Sinha 102, , B. Sitar 12, , 

M. Sitta 132,55, , T.B. Skaali 19, G. Skorodumovs 96, , M. Slupecki 43, , N. Smirnov 139, , 

10



ALICE Collaboration Physics Letters B 844 (2023) 137223

R.J.M. Snellings 59, , E.H. Solheim 19, , C. Soncco 104, J. Song 116, , A. Songmoolnak 107, F. Soramel 27, , 

S. Sorensen 122, , R. Spijkers 85, , I. Sputowska 109, , J. Staa 76, , J. Stachel 96, , I. Stan 63, , 

P.J. Steffanic 122, , S.F. Stiefelmaier 96, , D. Stocco 106, , I. Storehaug 19, , M.M. Storetvedt 34, , 

P. Stratmann 137, , S. Strazzi 25, , C.P. Stylianidis 85, A.A.P. Suaide 112, , C. Suire 73, , M. Sukhanov 142, , 

M. Suljic 32, , V. Sumberia 92, , S. Sumowidagdo 83, , S. Swain 61, A. Szabo 12, I. Szarka 12, , 

U. Tabassam 13, S.F. Taghavi 97, , G. Taillepied 100,127, , J. Takahashi 113, , G.J. Tambave 20, , 

S. Tang 127,6, , Z. Tang 120, , J.D. Tapia Takaki 118, , N. Tapus 126, L.A. Tarasovicova 137, , 

M.G. Tarzila 45, , A. Tauro 32, , A. Telesca 32, , L. Terlizzi 24, , C. Terrevoli 116, , G. Tersimonov 3, 
S. Thakur 134, , D. Thomas 110, , R. Tieulent 128, , A. Tikhonov 142, , A.R. Timmins 116, , M. Tkacik 108, 
T. Tkacik 108, , A. Toia 64, , N. Topilskaya 142, , M. Toppi 48, , F. Torales-Acosta 18, T. Tork 73, , 

A.G. Torres Ramos 31, , A. Trifiró 30,52, , A.S. Triolo 30,52, , S. Tripathy 50, , T. Tripathy 46, , 

S. Trogolo 32, , V. Trubnikov 3, , W.H. Trzaska 117, , T.P. Trzcinski 135, , R. Turrisi 53, , T.S. Tveter 19, , 

K. Ullaland 20, , B. Ulukutlu 97, , A. Uras 128, , M. Urioni 54,133, , G.L. Usai 22, , M. Vala 37, 
N. Valle 21, , S. Vallero 55, , L.V.R. van Doremalen 59, M. van Leeuwen 85, , C.A. van Veen 96, , 
R.J.G. van Weelden 85, , P. Vande Vyvre 32, , D. Varga 138, , Z. Varga 138, , M. Varga-Kofarago 138, , 

M. Vasileiou 79, , A. Vasiliev 142, , O. Vázquez Doce 97, , V. Vechernin 142, , E. Vercellin 24, , 

S. Vergara Limón 44, L. Vermunt 59, , R. Vértesi 138, , M. Verweij 59, , L. Vickovic 33, Z. Vilakazi 123, 

O. Villalobos Baillie 103, , G. Vino 49, , A. Vinogradov 142, , T. Virgili 28, , V. Vislavicius 84, 

A. Vodopyanov 143, , B. Volkel 32, , M.A. Völkl 96, , K. Voloshin 142, S.A. Voloshin 136, , G. Volpe 31, , 

B. von Haller 32, , I. Vorobyev 97, , N. Vozniuk 142, , J. Vrláková 37, , B. Wagner 20, C. Wang 39, , 

D. Wang 39, M. Weber 105, , A. Wegrzynek 32, , F.T. Weiglhofer 38, S.C. Wenzel 32, , J.P. Wessels 137, , 

S.L. Weyhmiller 139, , J. Wiechula 64, , J. Wikne 19, , G. Wilk 80, , J. Wilkinson 100, , 

G.A. Willems 137, , B. Windelband 96, , M. Winn 130, , J.R. Wright 110, , W. Wu 39, Y. Wu 120, , 

R. Xu 6, , A.K. Yadav 134, , S. Yalcin 72, , Y. Yamaguchi 94, , K. Yamakawa 94, S. Yang 20, S. Yano 94, , 

Z. Yin 6, , I.-K. Yoo 16, , J.H. Yoon 57, , S. Yuan 20, A. Yuncu 96, , V. Zaccolo 23, , C. Zampolli 32, , 

H.J.C. Zanoli 59, F. Zanone 96, , N. Zardoshti 32,103, , A. Zarochentsev 142, , P. Závada 62, , 

N. Zaviyalov 142, M. Zhalov 142, , B. Zhang 6, , S. Zhang 39, , X. Zhang 6, , Y. Zhang 120, M. Zhao 10, , 

V. Zherebchevskii 142, , Y. Zhi 10, N. Zhigareva 142, D. Zhou 6, , Y. Zhou 84, , J. Zhu 100,6, , Y. Zhu 6, 

G. Zinovjev 3,I, N. Zurlo 133,54,

1 A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2 AGH University of Science and Technology, Cracow, Poland
3 Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev, Ukraine
4 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS), Kolkata, India
5 California Polytechnic State University, San Luis Obispo, CA, United States
6 Central China Normal University, Wuhan, China
7 Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
8 Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico
9 Chicago State University, Chicago, IL, United States
10 China Institute of Atomic Energy, Beijing, China
11 Chungbuk National University, Cheongju, Republic of Korea
12 Comenius University Bratislava, Faculty of Mathematics, Physics and Informatics, Bratislava, Slovak Republic
13 COMSATS University Islamabad, Islamabad, Pakistan
14 Creighton University, Omaha, NE, United States
15 Department of Physics, Aligarh Muslim University, Aligarh, India
16 Department of Physics, Pusan National University, Pusan, Republic of Korea
17 Department of Physics, Sejong University, Seoul, Republic of Korea
18 Department of Physics, University of California, Berkeley, CA, United States
19 Department of Physics, University of Oslo, Oslo, Norway
20 Department of Physics and Technology, University of Bergen, Bergen, Norway
21 Dipartimento di Fisica, Università di Pavia, Pavia, Italy
22 Dipartimento di Fisica dell’Università and Sezione INFN, Cagliari, Italy
23 Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
24 Dipartimento di Fisica dell’Università and Sezione INFN, Turin, Italy

11



ALICE Collaboration Physics Letters B 844 (2023) 137223

25 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Bologna, Italy
26 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Catania, Italy
27 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Padova, Italy
28 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Università and Gruppo Collegato INFN, Salerno, Italy
29 Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy
30 Dipartimento di Scienze MIFT, Università di Messina, Messina, Italy
31 Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
32 European Organization for Nuclear Research (CERN), Geneva, Switzerland
33 Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, Split, Croatia
34 Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen, Norway
35 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic
36 Faculty of Physics, Sofia University, Sofia, Bulgaria
37 Faculty of Science, P.J. Šafárik University, Košice, Slovak Republic
38 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
39 Fudan University, Shanghai, China
40 Gangneung-Wonju National University, Gangneung, Republic of Korea
41 Gauhati University, Department of Physics, Guwahati, India
42 Helmholtz-Institut für Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn, Germany
43 Helsinki Institute of Physics (HIP), Helsinki, Finland
44 High Energy Physics Group, Universidad Autónoma de Puebla, Puebla, Mexico
45 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
46 Indian Institute of Technology Bombay (IIT), Mumbai, India
47 Indian Institute of Technology Indore, Indore, India
48 INFN, Laboratori Nazionali di Frascati, Frascati, Italy
49 INFN, Sezione di Bari, Bari, Italy
50 INFN, Sezione di Bologna, Bologna, Italy
51 INFN, Sezione di Cagliari, Cagliari, Italy
52 INFN, Sezione di Catania, Catania, Italy
53 INFN, Sezione di Padova, Padova, Italy
54 INFN, Sezione di Pavia, Pavia, Italy
55 INFN, Sezione di Torino, Turin, Italy
56 INFN, Sezione di Trieste, Trieste, Italy
57 Inha University, Incheon, Republic of Korea
58 Institute for Advanced Simulation, Forschungszentrum Jülich, Jülich, Germany
59 Institute for Gravitational and Subatomic Physics (GRASP), Utrecht University/Nikhef, Utrecht, Netherlands
60 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovak Republic
61 Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
62 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
63 Institute of Space Science (ISS), Bucharest, Romania
64 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
65 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
66 Instituto de Física, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
67 Instituto de Física, Universidad Nacional Autónoma de México, Mexico City, Mexico
68 iThemba LABS, National Research Foundation, Somerset West, South Africa
69 Jeonbuk National University, Jeonju, Republic of Korea
70 Johann-Wolfgang-Goethe Universität Frankfurt Institut für Informatik, Fachbereich Informatik und Mathematik, Frankfurt, Germany
71 Korea Institute of Science and Technology Information, Daejeon, Republic of Korea
72 KTO Karatay University, Konya, Turkey
73 Laboratoire de Physique des 2 Infinis, Irène Joliot-Curie, Orsay, France
74 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France
75 Lawrence Berkeley National Laboratory, Berkeley, CA, United States
76 Lund University Department of Physics, Division of Particle Physics, Lund, Sweden
77 Nagasaki Institute of Applied Science, Nagasaki, Japan
78 Nara Women’s University (NWU), Nara, Japan
79 National and Kapodistrian University of Athens, School of Science, Department of Physics, Athens, Greece
80 National Centre for Nuclear Research, Warsaw, Poland
81 National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India
82 National Nuclear Research Center, Baku, Azerbaijan
83 National Research and Innovation Agency – BRIN, Jakarta, Indonesia
84 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
85 Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
86 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom
87 Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Řež, Czech Republic
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