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Abstract

The strong interaction among hadrons has been measured in the past
by scattering experiments. Although this technique has been extremely
successful in providing information about the nucleon–nucleon and
pion–nucleon interactions, when unstable hadrons are considered the
experiments become more challenging. In the last few years, the analysis
of correlations in the momentum space for pairs of stable and unstable
hadrons measured in pp and p+Pb collisions by the ALICE Collaboration at
the LHC has provided a new method to investigate the strong interaction
among hadrons. In this article, we review the numerous results recently
achieved for hyperon–nucleon, hyperon–hyperon, and kaon–nucleon pairs,
which show that this new method opens the possibility of measuring the
residual strong interaction of any hadron pair.
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Equation of state
(EoS): thermodynamic
relation among
pressure, energy
density, and
temperature
describing the
properties of nuclear
matter under extreme
conditions (high T or
high density); strongly
dependent on the
constituents and
interactions among
them
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1. INTRODUCTION

The study of the residual strong interaction among hadrons (colorless bound states of quarks and
antiquarks) is still an open topic in nuclear physics. While the Standard Model of elementary
particle physics provides a satisfactory description at the quark level in the high-energy regime,
the low-energy processes that characterize the interaction among hadronic degrees of freedom
are not yet described by a fundamental theory and are often difficult to access experimentally.

Hadron–hadron interactions have been studied in the past by means of scattering experiments
at low energies (below the nucleon mass) for both stable and unstable beams. A reasonable quan-
tity of scattering data (roughly 8,000 data points) (1, 2) is available for nucleon–nucleon (NN)
reactions, but for kaons (mesons with one strange quark) and hyperons (baryons with at least one
strange quark), the beam realization is more challenging. Kaon–nucleon interactions can be stud-
ied because the necessary secondary beams are accessible (3, 4), but for hyperon–nucleon reactions,
the data are scarcer (17 data points) (5–7) because of the unstable nature of the hyperon beams,
which is due to weak and electromagnetic decays. The lack of statistics in reactions that involve
unstable hadrons affects the current description of the corresponding strong interaction from a
theoretical point of view. If we consider only hadrons that contain u, d, and s quarks, most of the
predicted interactions are not constrained experimentally. This not only represents a limit for nu-
clear physics but also has implications for astrophysics. Neutron stars (NSs), for example, could
be constituted from nucleons, hyperons, and kaons, and their properties strictly depend on the
interactions among these hadrons (8–10). Although the dense environment present within NSs
is not easy to realize under controlled conditions with terrestrial experiments, the study of two-
and three-body interactions among neutrons, protons, hyperons, and kaons in vacuum drives the
equation of state (EoS) of NSs. In this review, we focus on the novel input provided by the ALICE
experiment regarding the topic of interactions among nucleons, hyperons, and kaons by means of
the femtoscopic method applied to data from ultrarelativistic pp and p+Pb collisions at the LHC.
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Historically, the femtoscopic technique can be traced back to the first measurements of particle
interferometry with photons, which were performed by Hanbury Brown & Twiss (11) during the
1950s to determine the size of stars. The same idea has been subsequently applied to pairs of
identical particles in elementary and heavy-ion collisions (HICs) (12–17) and has proved to be a
useful tool to determine the space-time structure of the emitting source. The analysis of pion or
kaon pairs, where the quantum statistics together with the Coulomb interaction characterize the
shape of the correlations, has dominated femtoscopic studies in the last three decades.Results from
intermediate-energy HICs at the Bevalac in the mid-1980s quantitatively showed that the spatial
dynamics of the system could be probed by femtoscopy, and in the following years femtoscopic
studies have been performed in several different experiments and energy ranges, including SIS
(
√
sNN = 1–3 GeV) (18, 19), AGS (

√
sNN = 5–10 GeV) (20, 21), SPS (

√
sNN = 17 GeV) (22, 23),

and, more recently, RHIC (
√
sNN = 200 GeV) (24) and the LHC (

√
sNN = 5–13 TeV) (25).

The abundance of collected data made it possible to study the three-dimensional evolution of
the particle-emitting source, which is helpful in characterizing the kinematic freeze-out of differ-
ent hadron species. The typical source sizes measured in HICs range from 2 fm for SIS energies
up to 5–6 fm for measurements at RHIC and the LHC (26, 27).

In the last two decades,much effort has been put into using femtoscopy to understand and study
the strong interaction among hadrons (28). This line of research was pioneered in the last decade
(18, 29) and then developed further by the STARCollaboration in studies of�� (30), p̄p̄ (31), and,
more recently, p�− (32) correlations measured in Au+Au collisions at

√
sNN = 200 GeV. These

studies showed the limits of the method applied to ultrarelativistic HICs, where the average in-
terparticle distance of 7–8 fm reduces the sensitivity to the short-range strong interaction. This
distance of particles at kinetic freeze-out is obtained from the probability density distribution for
Gaussian sources with radii of 3–4 fm (33). This research also demonstrated that interaction stud-
ies require extremely high purity for particle identification and detailed treatment of the residual
background (34). Following the same approach, the ALICE Collaboration successfully extracted
for the first time the �K and baryon–antibaryon scattering parameters from Pb+Pb collisions
at

√
sNN = 2.76 and 5.02 TeV (35, 36). The results from the ALICE and STAR Collaborations

provided a first proof that the correlation function can be exploited to infer information on the
underlying strong interaction.

In the last 3 years, the ALICE Collaboration has applied the femtoscopic technique to pp and
p+Pb collisions and shown for the first time the potential to precisely assess the strong interac-
tion among stable and unstable hadrons. The average interparticle distance obtained from such
collisions at the LHC is about 1 fm and is therefore comparable to the range of the strong po-
tentials. This feature, combined with the excellent particle identification provided by the ALICE
apparatus and the extensive statistics collected during the LHC Run 2 data taking, has allowed
precise measurement of the following interactions: pp (37), K+p and K−p (38), p� (37), p�0 (39),
�� (40), p�− (41), and p�− (42). This review describes the main features of the femtoscopic tech-
nique, the advantages of using it in small colliding systems, and the results obtained in the study
of hadron–hadron interactions with strangeness.

The review is structured as follows. The femtoscopic method is presented in Section 2. In
Section 3, the modeling of the emitting source in pp collisions is presented, and the main features
of femtoscopy in elementary collisions are discussed. The main results on hadron–hadron
interactions obtained with the ALICE femtoscopic measurements are discussed in Section 4
with a particular emphasis on hyperon–nucleon systems (Section 4.1), the possible detection of
bound states (Section 4.2), and coupled-channel dynamics (Section 4.3). In Section 5, the possible
implications for the presence of hyperons inside NSs are considered. Section 6 discusses the
future prospects for femtoscopic achievements in the next ALICE data-taking periods (Runs 3
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and 4), and Section 7 summarizes the current state of the field and points to future theoretical
and experimental developments.

2. METHODOLOGY

The fundamental quantity to be measured in femtoscopy is the correlation function. It is
expressed as a function of the relative distance between two particles r∗ and their reduced
relative momentum, k∗ = |p∗

2 − p∗
1|/2 in the pair rest frame, with p∗

1 = −p∗
2, by the Koonin–Pratt

formula (33, 43):1

C(k∗ ) =
∫
S(r∗ )|ψ (r∗,k∗ )|2d3r. 1.

The first term in Equation 1, S(r∗ ), describes the source that emits the particles; the second
term contains the interaction part via the two-particle wave function ψ (r∗,k∗ ). The shape of the
correlation function is determined by the characteristics of the source function and the sign and
strength of the interaction.

An analytical model by Lednický & Lyuboshitz (44) exists to compute this correlation func-
tion. The Lednický–Lyuboshitz (LL) model assumes a Gaussian profile that depends only on the
magnitude of the relative distance for the source function

S (r∗ ) = (
4πr20

)−3/2 · exp
(

− r∗2

4r20

)
, 2.

where r0 is the radius parameter that defines the size of the source. The effective range approxi-
mation is used to define the complex scattering amplitude as

f (k∗ )S =
(

1
f S0

+ 1
2
dS0 k

∗2 − ik∗
)−1

, 3.

where S is the total spin of the particle pair, and f S0 and dS0 are the scattering length and the
effective range, respectively. The correlation function for uncharged particles then becomes

C (k∗ )LL = 1 +
∑
S

ρS

[
1
2

∣∣∣∣∣ f (k
∗ )S

r0

∣∣∣∣∣
2 (

1 − dS0
2
√
πr0

)
+ 2� f (k∗ )S√

πr0
F1 (2k∗r0) −

� f (k∗ )S

r0
F2 (2k∗r0)

]
,

where F1(2k∗r0) and F2(2k∗r0) are analytical functions that result from the Gaussian source ap-
proximation, and ρS is the pair fraction that is emitted into the spin state S.

Since the LL approach is based on the effective range expansion, it presents limitations for
small systems because it does not account for the details of the wave function at small distances,
where the effect of the strong potential is more pronounced. Such limitations motivated the devel-
opment of the Correlation Analysis Tool using the Schrödinger equation (CATS) framework (45),
which provides a numerical recipe for the calculation of the exact solution of the two-body non-
relativistic Schrödinger equation given a local interaction potential. The resulting relative wave
function combined with a parameterization of the source makes it possible to compute predictions
for the different correlation functions by means of Equation 1.The CATS framework can account

1The relative momentum formula in terms of the invariant relative momentum qinv reads k∗ =
√

a2−m2
1m

2
2

2a+m2
1+m2

2
,

a = 1
2 (q

2
inv +m2

1 +m2
2) and q

2
inv = |p1 − p2|2 − |E1 − E2|2, wherem1 andm2 are the masses of the particles in

the pair and p1 and p2 are the particle momenta in the laboratory reference system. If the two particles have
the same mass, then k∗ = qinv

2 .
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for both short-range potentials and the Coulomb long-range interaction as well as different pa-
rameterizations of the source function beyond the Gaussian approximation. The LLmodel is also
implemented in CATS with the scattering length f S0 and the effective range dS0 used as input for
the description of the interaction.

The features of the interaction are mapped into the corresponding correlation function. In
particular, the effects of the final-state interactions are more evident in the correlation function at
small k∗ values. A repulsive interaction, with positive values of the local potentials, implies a corre-
lation function with values between 0 and 1. For an attractive interaction, in contrast, the resulting
correlation function yields values above unity. This intuitive picture is modified, however, if the
attraction is strong enough to accommodate the presence of a bound state. In this case, a depletion
in the values of the correlation function can be seen, depending on the binding energy (BE) (46).
This depletion occurs because the pairs that form the bound state are lost to the correlation as
they result in a different final state.

The strength of the correlation can also be enhanced by small sizes of the source function,
as discussed below. Other effects, which are not caused by the final-state interaction, can be vis-
ible at different k∗ ranges of the correlation function, such as quantum mechanical interference,
resonances, and conservation laws.

Figure 1 demonstrates the sensitivity of the femtoscopic method applied to small colliding
systems for the study of the strong interaction assuming an attractive, repulsive, or binding po-
tential. The left lower panel of Figure 1a shows the corresponding squared modulus of the wave
function together with the density distribution according to Gaussian profiles with two different
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(a, top) Examples of an attractive potential (orange), a repulsive potential (blue), and a potential with a shallow bound state (pink).
(a, bottom) Modulus squared of the total wave functions |ψ (r∗,k∗ )|2, as a function of the relative distance r, obtained by solving the
Schrödinger equation employing the CATS framework for the three example potentials. In the same plot, the profile of the emitting
source is shown for 1 fm (dashed black line) and 4 fm (dotted black line). (b) Resulting correlation function C(k∗) for each interaction,
evaluated for the two different source sizes, r0 = 1 fm (dashed lines) and 4 fm (dotted lines).
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Primary and
secondary particles:
the fraction fi of
primary and secondary
(i.e., produced in a
decay) particles
entering the λij
parameters is evaluated
from experimental
data considering weak
and electromagnetic
decays and fake
candidates for each
hadron species

radii (r0 = 1 and 4 fm). The sensitivity of the method to study the strong interaction depends on
the overlap of the square of the wave function with the source density distribution. Typical sizes of
the parameter r0 = 3–6 fm describe the source formed in Pb+Pb collisions at the LHC (47), while
pp and p+Pb collisions at the same energies lead to the formation of sources with much smaller
radii (between 1 and 1.5 fm) (37, 41). One can see that for HICs, the overlap is minimal, and
hence the sensitivity to the short-range interaction is very limited. The typical features of the at-
tractive and repulsive interactions and the presence of the bound state are muchmore pronounced
in the case of the small source size. The less pronounced correlation function obtained with the
larger source is difficult to measure with sufficient precision.

In the case of the bound state, the reason why the correlation function flips around one for
different source sizes is that the wave function is very sharply peaked toward distances equal to
zero because of the much stronger localization of the bound state. This translates to an increased
correlation for small radii, whereas for large radii only the asymptotic part of the wave function,
which is depleted because of conservation of probability, affects the correlation function and brings
it below one.

Themethod used by the ALICECollaboration to study interactions among hadrons is to com-
pare the theoretical expectation for the correlation function with a correlation function obtained
experimentally. The experimental correlation function is obtained as the ratio of the relative mo-
mentum distribution of pairs of particles produced in the same event (SE), which constitutes the
sample of correlated pairs, to a reference distribution obtained by combining particles produced
in different collisions, using the so-called mixed event (ME) technique:

C(k∗ ) = ξ (k∗ ) · NSE(k∗ )
NME(k∗ )

. 4.

The corrections for experimental effects are denoted by ξ (k∗) in Equation 4. Such corrections
take into account the finite experimental resolution and corrections to the ME distributions to
ensure the same experimental conditions and normalization as for the SEs. In general, they do
not account for the contributions from misidentification, weak decays, or residual background
induced by mini-jets and event-by-event momentum conservation. These effects are accounted
for in the fit of the correlation functions.

The experimental correlation function is further distorted by two distinct mechanisms. The
sample of particle pairs can include primary particles as well as misidentified particles and
secondary particles from weak decays of resonances. This introduces contributions of different,
nongenuine pairs into the measured correlation function. The treatment of these contribu-
tions is described in detail in Reference 37, so here we only briefly sketch the procedure. The
contributions of the different nongenuine and genuine correlations to the total experimental
correlation are indicated by weights called λ parameters. These λ parameters are obtained by
pairing single-particle properties, such as the purity (P) and feed-down fractions ( f ): λij = PiPjfifj.
The total correlation function can then be decomposed as

C(k∗) = 1 + λgenuine · [Cgenuine(k∗ ) − 1] +
∑
i j

λi j[Ci j (k∗ ) − 1], 5.

where i and j denote all possible impurity and feed-down contributions.
The correlation functions measured in the ALICE experiment are compared with theoretical

expectations obtained according to Equation 5. For this task, the λ parameters are obtained from
experimental data when possible (e.g., purity, fractions of secondary particles). In addition, the
experimental effects denoted by ξ (k∗) in Equation 4 are taken into account when modeling the
theoretical correlation function. The only exception is the study of the p� and p�− correlation
functions in pp collisions at 13 TeV published in Reference 42, in which the experimental data
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Transverse mass: the
transverse mass of the
pair is defined as

mT =
√
kT

2 +m2,
where m is the average
mass of the particle
pair and
kT = |pT,1+pT,2|

2 is the
relative transverse
momentum

have been unfolded for all effects and directly compared with the genuine theoretical correlation
function.

To account for residual contributions from the mini-jet background to the final correlations,
a baseline with free parameters is multiplied with the correlation function C(k∗) used to fit the
experimental data (37). This baseline assumes different shapes depending on the pair of interest,
but it contributes at most a few percent to the global correlation strength (39, 41).

3. DETERMINATION OF THE PARTICLE-EMITTING SOURCE

After the collision and the completion of the hadronization processes, particles might undergo
some inelastic collisions, but shortly after their production they propagate freely toward the de-
tectors. The distribution of the space coordinates at which the different particles assume their
primary momentum values characterizes the particle-emitting source. Understanding this source
for the selected colliding system is mandatory in order to extract information on the underlying
strong interaction.

Gaussian source profiles in one and three dimensions are typically assumed in femtoscopic
studies performed in HICs (33, 48).However, the presence of a collective expansion can introduce
correlations between the position and momentum of the emitted particles. This effect can be seen
as a decrease of the extracted Gaussian radii with increasing pair transverse momentum kT (33,
49). Experimentally, a common scaling of the source size with the transverse mass of proton and
kaon pairs has been seen in Pb+Pb collisions (50).

High-multiplicity pp collisions and heavy-ion systems exhibit similar behavior in several related
measured quantities, such as angular correlations and strangeness production (51–54). Hence, a
similar transverse mass (mT) scaling of the source size as observed in large systems is expected to
apply in pp collisions. Measurements of this kind in small systems are currently available for light
meson pairs (ππ ,KK) (55–59), accessing only low values ofmT but indicating a dependence of the
radius on the transverse mass.

Recently, similar studies of baryon–baryon femtoscopy, for pp and p� pairs, were conducted
in high-multiplicity pp collisions, and these studies provided for the first time a quantitative mea-
surement of a common scaling in the range mT = 1.3–2.4 GeV/c2 (60). The explicit inclusion of
strongly decaying resonances proved to be a fundamental ingredient for the description of the
data. The presence of feed-down from strong resonances had already been suggested as a possible
explanation for the description of the different scaling of radii extracted in ππ correlations seen in
HICs (61, 62). A similar broken scaling is observed in pp collisions for p� pairs when a Gaussian
source profile is assumed and feed-down effects are not taken into account (60). The extracted
p� radii are typically 20% larger with respect to the pp pair results. In the spirit of testing the
hypothesis of a common source for small colliding systems, a complete modeling of the resonance
contributions has to be performed.

The emitting source S(r∗) used to fit pp and p� correlation functions with Equation 1 is com-
posed of a Gaussian core of width rcore (see Equation 2), related to the emission of all primordial
particles,

Sprim
(
r∗
core

) = (
4πr2core

)−3/2 · exp
(

− r∗
core

2

4r2core

)
, 6.

and of an exponential distribution originating from strong decays of resonances with a specific
lifetime τ res.

The modification of the relative distance r∗ of the particle in the pair, entering the final de-
scription of the source, linearly depends on the core distance r∗

core and also on the distances r∗
res,i
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traveled by the resonances i = 1, 2 of momentum p∗
res,i, mass Mres, i, and flight time tres, i sampled

from the exponential distribution based on the corresponding lifetime τ res, i:

r∗ = r∗
core +

∑
i

r∗
res,i, r∗

res,i = p∗
res,i

Mres,i
tres,i. 7.

These latter quantities, which are related to the resonances feeding to p and �, depend on the
resonance yields and kinematics. The absolute value r∗ = |r∗| needs to be evaluated for the one-
dimensional source function S(r∗). From the definitions in Equation 7, the necessary ingredients
are r∗

core; the momenta, masses, and lifetimes of the resonances; the angles formed by r∗
core; and the

resonance distances s∗
res,1 and s∗

res,2.
The amount and type of resonances can be estimated from calculations based on the statistical

hadronization model (63–65) and are found to be similar (∼65%) between the two particles, com-
ing mostly from � for protons and from �∗ for �. This different composition of secondary par-
ticles translates into a significantly larger average lifetime and average mass (Mres = 1.46 GeV/c2,
cτ res = 4.7 fm) for� hyperons with respect to protons (Mres = 1.36GeV/c2, cτ res = 1.6 fm), explain-
ing qualitatively the larger effective source obtained in Reference 60. The remaining kinematics
parameters—namely, the momenta of the resonances and their relative orientation with respect
to r∗

core—are determined from transport model simulations within the EPOS framework (66).
The total source can be finally decomposed, depending on the origin of each particle in the

pair (either primary or from a resonance), as follows:

S(r∗ ) = PprimPprim × Sprim-prim(r∗ ) + PprimPres × Sprim-res(r∗ )

+ PresPprim × Sres-prim(r∗ ) + PresPres × Sres-res(r∗ ). 8.

Here, Pprim and Pres are the fractions of primordial and resonance contributions estimated from
thermal model calculations. Once all the resonance dynamics and composition for the considered
pair are accounted for, the Gaussian source size rcore, which is related to the prompt emission of
particles, remains as the only free parameter to be determined via a fit to the data.

A differential mT analysis has been performed on pp and p� correlations, and the core radius
has been extracted in each mT bin. Figure 2a shows the resulting mT-integrated pp correlation
function obtained assuming the core resonance source model. The genuine pp term of the cor-
relation is modeled using the CATS framework, assuming the Argonne v18 (67) as the strong
potential (including S-, P-, and D-waves) and including the Coulomb interaction along with the
proper quantum statistical antisymmetrization of the wave function. The underlying strong inter-
action between protons is known with high precision and is accurately described by the Argonne
v18 potential (67), allowing for a reliable determination of the rcore parameter. The data are nicely
reproduced by the modeled correlation, and the same fitting procedure has been adopted in the
single mT bins, leading to similar results. The p� interaction is less constrained (5–7, 37, 68), and
hence both leading order (LO) (69) and next-to-leading order (NLO) (70) chiral effective field
theory (χEFT) calculations have been employed.

Figure 2b shows the mT dependence of the extracted core radii for the two pairs. As can be
clearly seen, the inclusion of resonances in themodeling of the source provides a commonmT scal-
ing for both baryon–baryon pairs, providing the first quantitative evidence of a common emitting
source in small systems. This result delivers a fundamental input to be used in the investigation
of the strong interaction by means of femtoscopy because it allows one to fix the source for any
baryon–baryon pair, given the 〈mT〉 of the pair and the resonance contributions.

If the source S(r∗) is under control from the analysis of particle species for which the final-state
interaction is known, then the relative wave function ψ (r∗,k∗ ) and hence the interaction for other
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(a) Transverse mass (mT)-integrated pp correlation as a function of k∗ measured in high-multiplicity pp collisions, including the
contributions from strong resonances. The width of the green band represents one standard deviation of the systematic uncertainty of
the fit. (b) Gaussian core radius (rcore) as a function of 〈mT〉. Blue crosses correspond to the pp correlation function fitted with the
Argonne v18 potential (67) as the strong potential. The green squared crosses and red diagonal crosses result from fitting the
p� correlation functions with the strong chiral effective field theory at LO (69) and NLO (70), respectively. In both panels, statistical
uncertainties (error bars) and systematic uncertainties (shaded boxes) are shown separately. Abbreviations: LO, leading order; NLO,
next-to-leading order. Panel a adapted from Reference 39 (CC BY 4.0). Panel b adapted from Reference 60 (CC BY 4.0).

species can be determined by studying the correlation function (see Equation 1). Furthermore,
the small values found for the core radius rcore imply that pp collisions at the LHC are excellent
systems through which to study to short-range strong interaction.

4. PROBING THE STRONG INTERACTION FOR STRANGE HADRONS

The interaction between strange hadrons and nucleons is not well constrained by experimental
data. In particular, the unstable nature of hyperons complicates the investigation of two- and three-
body interactions. The high statistics collected for all hyperon species in pp and p+Pb collisions
measured by the ALICE Collaboration during Runs 1 and 2 at the LHC allowed unprecedented
precision in the study of different interactions, including combinations that already had been stud-
ied in the past by means of scattering experiments (pK± and p�) (5–7, 68, 71–74) or that never had
been measured before (p�− and p�−).

The identification, tracking, and momentum resolution provided by the ALICE experiment
for all charged particles make it possible to study correlation functions down to relative momenta
of 4–10 MeV/c. A precise measurement of the correlation function in this momentum range is
necessary to study the details of the strong interaction. Moreover, the large quantity of hyperons,
including species such as � and �, makes it possible to measure hadron pairs not accessible in
the standard scattering experiments. The measurement of these hyperons also allows one to test
predictions from lattice QCD for interactions with nucleons since, for such heavy hyperons, the
calculation results are rather solid (75).

The femtoscopic measurements performed in small colliding systems such as pp and p+Pb
grant access to the short-range strong interaction, as described above in Section 2. In the sections
below, we discuss in detail different features, such as coupled-channel effects and formation of
bound states, that arise from the short-range dynamics of hadron–hadron potentials.
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(a) The p�− correlation function measured in pp collisions at
√
s = 13 TeV (42) recorded with a high-multiplicity trigger. The

experimental data are shown by open circles; error bars indicate statistical errors, and gray boxes indicate systematic errors. The green
curve represents the predicted correlation function assuming only the Coulomb interaction. The pink curve shows the prediction
obtained considering the Coulomb and strong interaction provided by the HAL QCD Collaboration (75). (b) Strong potentials for the
different spin and isospin configurations of the p�− interaction as a function of the interparticle distance (41). The inset shows the
corresponding correlation functions, which have been evaluated using a Gaussian source with a radius of r0 = 1.4 fm. Panel a adapted
from Reference 42 (CC BY 4.0). Panel b adapted from Reference 41 (CC BY 4.0).

4.1. Study of the Hyperon–Nucleon Interaction

One of the challenging measurements achieved by applying the femtoscopic technique to pp and
p+Pb collisions and interpreting the observables with the help of the CATS framework is the
study of the p�− interaction. The �± hyperons are reconstructed by exploiting the weak decays
�± → � + π± and � → p + π−. A total invariant mass resolution below 2 MeV/c2 (76) is ob-
tained for the reconstructed �±, and the obtained p�− ⊕ p̄�+ correlation function is shown in
Figure 3a (the data have been corrected for experimental effects). Figure 3b shows the strong
potentials predicted by the HAL QCD Collaboration for the four allowed spin and isospin states
of the p�− system. One can see that for all cases, an attractive interaction and a repulsive core
characterize the potentials.

All the potentials shown in Figure 3b are similar at interparticle distances above 1.5 fm, but the
corresponding correlation functions are very different. This difference is due to the sensitivity of
themethod to the small distances (below 1 fm) that are typical for pp and p+Pb collisions.The total
p�− correlation function shown inFigure 3a is obtained by including the strong and theCoulomb
potentials in the Schrödinger equation and combining the correlation functions for each of the
allowed spin and isospin states weighted by the proper Clebsch–Gordan coefficients, following
Cp�− = 1

8C(I=0, S=0) + 3
8C(I=0, S=1) + 1

8C(I=1, S=0) + 3
8C(I=1, S=1). The source size for the p�− pair has

been evaluated following the model described in Section 3, considering the average mT of the
pair and the strong resonance contribution for the protons, leading to a value of r0 = 1.02 ±
0.05 fm. The total p�− correlation for the Coulomb and HAL QCD strong interaction shown
in Figure 3a lies above the Coulomb predictions, demonstrating the presence of an additional
attractive strong interaction. These data provide a reference that can now be employed to test any
theoretical calculation of the p�− interaction.
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The p�− system presents two inelastic channels, n�0 and ��, just below threshold and three
others, ��0, �0�0, and �+�−, well above threshold (77). The latter, since their opening oc-
curs far away from the p�− mass threshold and theoretical predictions indicate a shallow interac-
tion for these pairs, will have a negligible effect on the p�− correlation function. In the specific
case of the �� channel, precise femtoscopic measurements confirmed the weak strength of the
strong interaction for these hyperons by means of hypernuclei data (78). Predictions based on
chiral calculations for the n�0 channel show a visible effect in the p�− correlation signal (77), but
this coupling is not yet present in lattice QCD calculations. In the calculation that includes the
strong interaction provided by the HAL QCD Collaboration (75) (see pink curve in Figure 3a),
the nondiagonal terms of the interactions that contain the contribution of coupled channels (see
Section 4.3) are neglected. Nevertheless, a direct measurement of these inelastic contributions is
necessary to draw solid conclusions.

4.2. Search for Bound States

The�� interaction attracted the attention of both theoreticians and experimentalists many years
ago (79) because of the possible existence of theH dibaryon: a bound state composed of six quarks
(uuddss). From an experimental point of view, the �� interaction was first addressed by studying
the production of double-� hypernuclei. The measurement of the BE of the hypernucleus 6

��He
allowed the estimation of the ��BE = 6.91 ± 0.6 MeV (78). This value was considered as an
upper limit for theH dibaryon.Direct searches for the decaysH→�pπ also were carried out (80),
but they never delivered any evidence. A more recent upper limit evaluation of the bound state
BE was obtained from a correlation analysis (40).

An analysis of HIC data to study such an interaction was also proposed (81), and the first
attempt to investigate the �� final state via correlations was carried out by the STAR Collabo-
ration in Au+Au collisions at

√
sNN = 200 GeV (82). This analysis delivered a scattering length

of f −1
0 = −0.91 ± 0.31+0.07

−0.56 fm
−1 and an effective range of d0 = 8.52 ± 2.56+2.09

−0.74 fm. These values
correspond to a repulsive interaction. However, it was shown that the values and sign of the scat-
tering parameters strongly depend on the treatment of feed-down contributions fromweak decays
to the measured correlation. A reanalysis of the data outside the STAR Collaboration extracted
a positive value for f −1

0 corresponding to a shallow attractive interaction potential (34). The ��
correlations measured by the ALICE Collaboration (37, 40) in pp collisions at

√
sNN = 7 and

13 TeV and p+Pb collisions at
√
sNN = 5.02 TeV were also employed to study the interaction, and

the residual correlations were treated by means of a novel data-driven method. Since the statistics
of the �� pairs with small relative momentum were limited, instead of extracting the scattering
parameters from the fit of the correlation function, a different approach was carried out (40). A
scan of different combinations of scattering parameters ( f −1

0 , d0) in the range f −1
0 ∈ [−2, 5] fm−1

and d0 � [0, 18] fm was performed. For each combination of values of the scattering parame-
ters, the correlation function was evaluated by using the LL method. The agreement with the
experimental correlation function, using all data samples from pp collisions at

√
s = 7 and 13 TeV

and p+Pb collisions at
√
sNN = 5.02 TeV, was quantified in terms of a confidence level according

to the method described in chapter 15.6.1 of Reference 83. The CATS framework was used to
cross-check the results from the LL method; the differences in the correlation functions obtained
using the two methods are negligible. The Gaussian source approximation employed in the LL
method was also validated by cross-checks using the source profile predicted by the EPOS trans-
port model (45, 66) and considering the effects of short-lived resonances. The results, expressed in
number of standard deviations (nσ ), are shown in Figure 4a. The black hatched area in Figure 4a
represents an unphysical region where the resulting correlation function becomes negative.
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(a) Exclusion plot of the scattering parameters for the �� interaction evaluated by testing the different
values against the �� correlation. The black hatched area represents the values for which the Lednický–
Lyuboshitz model breaks down for the small source sizes considered and delivers unphysical correlation
functions. (b) Correlation function of p�− pairs measured in the ALICE experiment in high-multiplicity pp
collisions at

√
s = 13 TeV (42). The experimental data are shown by open circles; error bars indicate

statistical errors, and gray boxes indicate systematic errors. The green line represents the correlation
function expected when taking into account only the Coulomb interaction; its width is determined by the
uncertainty in the source radius. The blue and orange bands represent predictions considering both
Coulomb and strong interactions by the HAL QCD Collaboration (92). The prediction represented by the
orange band considers only the elastic contributions for the strong interaction. The prediction represented
by the blue band considers elastic and inelastic contributions; the width of the blue band represents the
uncertainties associated with the lattice QCD calculations, and the gray band represents, in addition, the
uncertainties associated with the determination of the source radius. The source radius, determined
experimentally, is 0.95 ± 0.06 fm. The inset shows in detail the correlation function around unity. Panel a
adapted from Reference 40 (CC BY 4.0). Panel b adapted from Reference 42 (CC BY 4.0).

This analysis has made it possible to extend the constraint to the scattering parameters and the
BE of the �� system. The data are compared with models predicting either a strong attractive
interaction (84), a �� bound state (85, 86), or a shallow attractive interaction potential (87–90).
Through the comparison shown inFigure 4, one can see that the data favor a shallow attractive in-
teraction and are compatible in particular with the models that are in agreement with hypernuclei
data (88, 89) and with the model that consists of preliminary lattice QCD calculations by the HAL
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QCD Collaboration (90). The data exclude the region corresponding to a strongly attractive or a
very weakly binding short-range (small | f −1

0 | and small d0) interaction, and the first results from
the STAR Collaboration (82) corresponding to a repulsive interaction are also excluded. The data
do not exclude a�� bound state with a shallow binding (corresponding to negative f −1

0 and small
d0 values).The upper limit of the BE for theH dibaryon candidate can be evaluated by applying the
effective range approximation and relating the parameters f −1

0 and d0 to a corresponding BE via

BE�� = 1
m�d20

(
1 −

√
1 + 2d0 f −1

0

)2

. 9.

Several caveats apply to this expression (40) since the implied effective range expansion might
not be suited to describing the bound state properties. An analysis of the 1σ region compatible
with the existence of a bound state of the results shown in Figure 4a allows a BE, considering
statistical and systematic uncertainties, of BE = 3.2+1.6

−2.4(stat.)
+1.8
−1.0(syst.) MeV (40).

An additional final state suited to the search for a baryon–baryon bound state is the p�− chan-
nel. Recent studies from phenomenological approaches (91) and first principles calculations (92)
predict an attractive interaction potential at all distances between protons and �− baryons. Both
approaches also predict the existence of a p�− bound state with BEs of the order of a few MeV.
For the strong-only and strong + Coulomb BEs, the two models predict 0.1 and 1 MeV (91) and
1.54 and 2.46 MeV (92), respectively.

As pointed out in Section 2, the presence of a bound state manifests itself in a depletion of
the correlation function with a strength that depends on the BE and the shape of the attractive
potential. In the presence of shallow bound states, the correlation looks similar to that seen in the
case of a strongly attractive interaction, but for more deeply bound states the correlation can also
drop below unity.

The p�− correlation function has been studied recently by the ALICE Collaboration (42)
using data from high-multiplicity pp collisions at 13 TeV, and the results are shown in Figure 4b.
The data in the figure are corrected for feed-down contributions and experimental effects, such as
resolution effects at very small k∗ values, meaning that these data can be directly compared with
any theoretical prediction given a known emitting source.

The data in Figure 4b are compared with the predicted correlation function from calcula-
tions on the lattice by the HAL QCD Collaboration (92) for a Gaussian source with a radius r0 =
0.95 ± 0.06 fm. The source characteristics have been determined according to the method ex-
plained in Section 3, for an 〈mT〉 of the p�− pairs of 2.2 GeV/c, and taking into account the effect
produced by short-lived resonances. In Figure 4b, the difference between the blue and orange
colored bands corresponding to the HAL QCD prediction reflects the current uncertainty of the
calculations due to the presence of strangeness-rearrangement processes in the p�− channel.

For the p�− S-wave interaction, the total angular momentum J can take on values of J = 2 or
J = 1. Processes such as p�− →��,�� can occur (46), affecting the p�− interaction in particular
in the J = 1 channel. For the J = 2 channel, the presence of strangeness-rearrangement processes
should be strongly suppressed since they are possible only through D-wave interaction processes.
This J = 2 channel is, so far, the only channel calculated by the HALQCDCollaboration (92). To
compare the lattice QCD calculations with the ALICE data, two extreme assumptions are made
for the description of the interaction in the J = 1 channel, following the method explained in Ref-
erence 46: (a) no strangeness-rearrangement processes occur, and the shape of the J = 1 channel
shows an attraction analogous to the J = 2 channel as calculated by the HALQCDCollaboration;
and (b) the J = 1 channel is completely dominated by strangeness-rearrangement processes—that
is, a complete absorption is assumed for this channel. The correlation functions that result from
assumptions a and b are represented in Figure 4b by the orange and blue lines, respectively. For
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both predictions, the Coulomb interaction is also taken into account, and the colored widths of
the curves in Figure 4b represent the intrinsic uncertainties of the lattice QCD calculations, with
the gray curves showing, in addition, the uncertainties related to the experimental determination
of the source radius. Clearly, the most attractive solution is preferred by the data, although the
calculations underpredict the ALICE results at all k∗ values. In the absence of measurements of
the p�− → ��,�� cross sections, future studies of ��− and �0�− correlations will help re-
duce the uncertainties in the expectations from theory by pinning down the contributions of the
inelastic channels.

An evident depletion is present in the lattice QCD predictions shown in Figure 4b. By look-
ing in particular to the region k∗ � [100, 200] MeV/c, one can see that the correlation function
reaches values below the Coulomb-only prediction. Such depletion, which is not confirmed by
the experimental data, is due to the presence of the p�− dibaryon state. The strength of the de-
pletion depends on (a) the characteristics of the interaction, (b) the BE of the p�− state, and (c) the
size of the particle-emitting source. This dependence has been analyzed in detail in Reference 46
through the study of the interplay of the scattering length associated with the p�− interaction and
the corresponding correlation function obtained for different source sizes.

The ALICE data shown in Figure 4b do not follow the depletion predicted by the lattice QCD
calculations. To obtain firm conclusions on the possible existence of the p�− state and, if existent,
to experimentally quantify its BE, a differential analysis of the p�− correlations in systems with
slightly different source sizes is necessary. This can be done at the LHC in the ALICE experiment
by studying p+Pb and peripheral Pb+Pb collisions.

To showmore clearly the effect of a possible bound state in the correlation function, it is useful
to compare several local potentials describing the p�− J = 2 interaction that either are associated
with p�− bound states with different properties or do not predict any bound state. We make use
here of the potentials presented in Reference 93, labeled VI, VII, and VIII. These potentials are
based on past calculations by the HALQCDCollaboration with nonphysical quark masses (mπ =
875 MeV,mK = 916 MeV) (94). For the construction of the VII potential, the lattice QCD data in
Reference 94 are fitted by an attractive Gaussian core plus and attractive Yukawa tail, while for the
VI and VIII potentials the range parameter at long distance of the fit is varied to obtain a weaker
and stronger attraction, respectively. The radial shape of such potentials compared with the most
recent HALQCD potential with physical quark masses (mπ = 146MeV,mK = 525MeV) (46) can
be seen in Figure 5a. For VI, no bound state is predicted; for VII, a bound state with strong-only
binding of 0.05 MeV and strong + Coulomb binding of 0.63 MeV is predicted; and for VIII, a
bound state with strong-only binding of 24.8 MeV and strong + Coulomb binding of 26.9 MeV
is predicted (93).

Figure 5b displays the corresponding correlation functions for a source with r0 = 0.95 ±
0.06 fm.One can compare the limiting case of a deeply bound p�− state that has a BE of 24.8MeV
(VIII potential) with the case of a very shallow BE of 0.05 MeV (VII potential) or no bound state
(VI potential). Although the VI potential is much less attractive than the VIII at all distances, the
correlation function of the former is higher because of the deep depletion caused in the latter by
the presence of a deeply bound state. A comparison of the VII and VIII curves shows the same
effect; the shallow BE of the VII potential is reflected in a much shallower depletion as well.
The correlation function corresponding to the most recent HAL QCD potential with physical
quark masses (46) is also shown. The BE of a few MeV is reflected in a correlation function that
is lower than the one for the VII potential even though the latter is less attractive for distances
r > 0.6 fm. In general, a consistent picture is shown in which, for a very attractive interaction at
all distances, the final correlation function for a small source size of around 1 fm is determined to
a high degree from the predicted BE of the bound state and the depletion caused by it.
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(a) Comparison of the strong interaction potentials for p�− from Reference 93 (dashed lines) and Reference 46 (solid orange line). The
potentials VII (red) and VIII (blue) imply a p�− bound state with binding energies due to strong interactions of 0.05 and 24.8 MeV. No
bound state is associated with the VI (green) potential. The solid orange line represents the HAL QCD potential with nearly physical
quark masses (46) predicting a binding energy of 1.54 MeV. (b) Correlation functions for p�− pairs corresponding to the potentials
shown in panel a for a radius of 0.95 fm.

The correlation functions obtained from the VI,VII, and VIII potentials for source sizes ranging
from 2 to 5 fm have been compared with data from ultrarelativistic Au+Au collisions at a center-
of-mass energy of 200GeV per nucleon pair by the STARCollaboration (32).The combination of
low purity and statistical significance of the data with such a large system size reduces the sensitivity
of the comparison, as discussed at the end of Section 2. The ratio of the correlation function
for p�− pairs in peripheral collisions (centralities of 40–80%) to the one in central collisions
(centralities of 0–40%) at k∗ = 20 MeV/c is compatible within 1σ with the VIII and within 3σ
with the VI and VII potentials for an expanding source.

4.3. Coupled-Channel Dynamics

Coupled-channel processes are widely present in hadron–hadron interactions whenever pairs of
particles that are relatively close in mass share the same quantum numbers: baryonic charge (B),
electric charge (Q), and strangeness (S).The coupling translates into on-/off-shell transitions from
one system to the other.

Whenever present, the multichannel dynamics deeply affects the hadron–hadron interaction
and is at the origin of several phenomena, such as bound states and resonances, which crucially
depend on the coupling between these inelastic channels. A striking example can be found in the
origin of the �(1405), a molecular state that arises from the coupling of an antikaon–nucleon
(K̄N ) to �π (95, 96). In the baryon–baryon sector, the coupling between N� and N� is of great
importance in providing the repulsive behavior of� hyperons in dense nuclear matter (70). Since
in femtoscopicmeasurements the final state is fixed (themeasured particle pair), the corresponding
correlation function represents an inclusive quantity that can show sensitivity to all the available
initial inelastic channels produced in the collision (77, 97).

The effect of coupled channels on the final measured correlation function depends on twomain
ingredients: the coupling constant strength stemming from the strong multichannel dynamics,
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and the conversion weights—namely, the number of pairs in the corresponding channel produced
close enough to convert into the final measured state. The correlation function in Equation 1
needs to be modified, and for a system with N coupled channels, this observable in the i channel
that is measured reads (44, 77, 97)

Ci(k∗ ) =
∫

d3r∗Si(r∗ )|ψi(k∗
i , r

∗ )|2 +
N∑
j �=i

w j

∫
d3r∗Sj (r∗ )|ψ j (k∗′

j , r
∗ )|2. 10.

Generally speaking, the emitting source Si(r∗) and the one for the incoming inelastic channels,
Sj(r∗), might be different (since themT distribution of the different pairs can differ), but the results
presented in Section 3 and the proximity inmass among the different channels quantitatively prove
that the equality Si(r∗) = Sj(r∗) can be assumed.

The first integral on the right-hand side of Equation 10 describes the elastic contribution
where initial and final state coincide, while the second integral is responsible for the remaining
inelastic processes j → i. The last integral depends on two main ingredients: the wave function
ψ j (k∗

j , r
∗ ) for channel j going to the final state i and the conversion weights wj. The latter are

directly related to the number of pairs, for each inelastic channel, produced in the initial collision
that are kinematically available to convert into the final measured state.Estimates for these weights
can be obtained using information on yields from statistical hadronization models (63–65) and on
the kinematics of the produced pairs from transport models (66).

As can be seen from Equation 10, the correlation function involves contributions from both
elastic and inelastic components, and in principle, the scattering amplitude of the single-channel
i cannot be fully isolated from the inelastic contributions. Depending on the coupling strength,
the coupled-channel contributions j modify the C(k∗) in two different ways based on whether
their opening (the minimum energy at which they can be produced) occurs below or above the
production threshold of the considered pair (the reduced mass of the pair). Inelastic channels that
open below threshold do not introduce any shape modification to the C(k∗); rather, they act simply
as an effective attraction, increasing the signal strength of the correlation function. Channels that
appear above threshold instead lead to a modification of the k∗ dependence of the C(k∗) in the
vicinity of the opening, which is typically translated into a cusp structure whose height is driven
by the coupling strength.

These two main differences are illustrated in Figure 6 for the K−p and p� systems. The K−p
system presents couplings to several inelastic channels below threshold, such as π� and π�, and,
due to the breaking of isospin symmetry, to charge-conjugated K̄0N at roughly 4 MeV above
threshold corresponding to k∗ ≈ 60 MeV/c in the C(k∗). Figure 6a shows a schematic representa-
tion of the collision. From the emitting source formed after the collision, all the pairs constituting
the four coupled channels are produced and described by the corresponding wave functions
ψ j (k∗

j , r
∗ ). The correlation of K−p pairs composing the final state (channel 1) is measured

(Figure 6b), and the decomposition in the different channels’ contributions is shown in
Figure 6c,d for two different source sizes. The largest contributions to the C(k∗) from coupled
channels occur for a small emitting source with rG = 1 fm (Figure 6c). The C(k∗) signal increases
as the inelastic contributions are added, and the cusp structure, which is visible when the K̄0n
channel is explicitly added, indicates the opening of this channel above threshold. For both source
radii, this structure already appears when the mass difference between K− and K̄0 is considered,
and it is also present in the elastic K−p → K−p contribution. As mentioned above, the explicit
inclusion of the K̄0N contribution acts as an “effective” attraction component, increasing the
signal of the correlation function and of the cusp according to the strength of the coupling
between the two channels. This effect is suppressed when the source size is increased up to rG =
4 fm (Figure 6d), as in central HICs.
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Schematic representation of the effects of coupled channels on the K−p and p� correlation function. (a,b) System configuration in
femtoscopic measurements, where only the final K−p and p� channels are measured. The upper panels (c,e) on the right show results
for radii achieved in pp collisions (1 fm). The lower panels (d,f ) on the right show results for radii achieved in heavy-ion collisions (4
fm). Panels c and d show the correlation functions for K−p from the pure elastic term (dotted line) to the full C(k∗) (solid line) with all
coupled channels (K̄0n, π�, π�) included and the conversion weights fixed to unity. Panels e and f show the p� correlation functions
obtained assuming LO [LO13 (69)] and two versions of NLO [NLO13 (69), NLO19 (70)] chiral effective field theory calculations.
Contributions from S-, P-, and D-waves are included. Dashed lines indicate results with only the elastic term p�→ p� in Equation 10.
Solid lines indicate results with the inclusion of coupled-channel contributions in Equation 10 from n�+ and p�0 with conversion
weight 1/3. Abbreviations: LO, leading order; NLO, next-to-leading order.

A similar trend can be seen when another strongly coupled channel is introduced: the π� (see
dashed–dotted line inFigure 6c),which is responsible for the dynamic generation of themolecular
state �(1405). The strong coupling to this channel, lying below threshold, is directly translated
into the correlation function of K−p pairs and is visible as a clear enhancement of the signal at low
momentum with respect to the single-channel contribution.

The extreme sensitivity to coupled-channel contributions of the C(k∗) obtained in small sys-
tems has been confirmed recently by results for the K−p correlation function, measured by the
ALICE Collaboration in pp collisions at different energies (38). Future measurements of this pair,
performed in different colliding systems, will also provide quantitative constraints on the coupling
strength to the K̄0n channel.

In Figure 6e,f, another coupled system, which is formed by the interaction of a � and a �
with nucleons, is depicted. The strength in the N� ↔ N� conversion is not experimentally well
constrained since scattering measurements cannot currently provide precise enough data on the
p� cross section at momenta close to the opening (5–7). The only experimental observations of
the �p cusp have been extracted in partial-wave analyses of pp → pK+� reactions at low energy,
but they are strongly affected by �p final-state interactions (98, 99).

In Figure 6e, the theoretical p� correlation function obtained with different calculations based
on χEFT at NLO (69, 70) and LO (69) is shown for a source radius of 1 fm and for a momentum
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cutoff parameter of 600 MeV/c. The coupling to theN� (n�+, p�0) occurs already in the S-wave
and finds the largest contribution fromD-waves; hence, partial waves up to l= 2 are included.The
conversion weights wj for this coupling in Equation 10 can be fixed to 1/3 from isospin symmetry,
a value comparable to thermal model calculations (63) and measurements of production ratios
between these two hadrons at high energies (100, 101). The inclusion of theN� coupled-channel
contributions, as shown for the K−p case, leads to the appearance of a cusp structure at k∗ =
289 MeV/c, which corresponds to the kinematic opening of the inelastic n�+ and p�0 channels.
The low-momentum region of the C(k∗) is not deeply affected by the explicit inclusion of the
inelastic terms since the opening of the N� occurs above threshold.

The largest differences in the behavior of theC(k∗), regardless of the presence or absence ofN�
contributions, arise in the LO andNLOdescriptions.The LO predictions have already been ruled
out by scattering data in the proximity of the cusp region since the calculation deviates significantly
from the data despite the large uncertainties. The two versions of the NLO calculations (NLO13,
NLO19) differ mainly in the description and strength of the �↔� conversion potential, which
leads to significant modifications of the � hyperon interaction in dense nuclear matter and to
different results for light hypernuclei.

As can be seen in Figure 6, the cusp height predicted from these two approaches is similar,
but mild differences are present below and above the cusp. The high-precision data delivered
by the recent ALICE measurements on p� pairs (102) favor the latest NLO19 chiral potential,
indicating a weak coupling between N–� and N–� channels and predicting a more attractive
� single-particle potential in neutron matter. This current picture regarding the p� interaction
has profound implications for three-body hyperonic forces. This scenario is also directly relevant
to open problems in astrophysics, such as the presence of hyperons in NSs (9, 10, 103).

In conclusion, femtoscopic measurements in pp collisions are able to probe the short-distance
region of the pair wave function, in which the coupled-channel dynamics dominates the strong
interaction.Moving to larger source sizes tests the asymptotic part of the wave function where the
inelastic terms are noticeably suppressed and partial access to the pure elastic interaction can be
obtained. This makes it possible to investigate the dynamics of the couplings between the elastic
and inelastic channels by performing femtoscopic measurements of the same pair in different
colliding systems, which might lead to a complete description of all hadron–hadron interactions
within SU(3).

5. IMPLICATIONS FOR NEUTRON STARS

Knowledge regarding the interaction of hyperons with nucleons is one of the key ingredients
needed to understand the composition of the most dense objects in our universe: NSs (104, 105).
These kinds of stars are the final outcome of supernova explosions and are typically characterized
by large masses (M ≈ 1.2–2.2M�) and small radii (R ≈ 9–13 km) (106–108). In the standard sce-
nario, the gravitational pressure is typically counterbalanced by the Fermi pressure of neutrons in
the core, which, along with electrons, are the only remnants from the mother star collapse. The
high-density environment (ρ ≈ 3–4ρ0) that is supposed to occur in the interior of NSs leads to
an increase in the Fermi energy of the nucleons, translating into the appearance of new degrees
of freedom, such as hyperons. This energetically favored production of strange hadrons induces
a softening of the EoS. The behavior of the mass as a function of the radius has a unique corre-
spondence with the EoS through the solution of the Tolman–Oppenheimer–Volkoff equations;
hence, the mass–radius relation strongly depends on the constituents of the EoS and on their in-
teractions. The inclusion of hyperons leads to NS configurations that cannot reach the current
highest mass limit from experimental observations of 2.2M� (108). For this reason, the presence
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of hyperons inside the inner cores of NSs is still under debate, and this so-called hyperon puzzle
is far from being solved (109, 110).

A key element in the complete understanding of this puzzle is the interaction of hyperons with
the surrounding medium, which strongly affects the properties of the corresponding EoS (8, 111)
and can be related to the interaction between hyperons and nucleons (YN and YNN) in vacuum.
A repulsive YN interaction occurring already at the two-body level can push the appearance of
hyperons to larger densities, limiting the possible presence of these particle species inside NSs,
stiffening the EoS, and allowing for larger star masses.

The more precisely the hyperon–nucleon two-body and three-body interactions are known
in vacuum, the more detailed the knowledge of the hyperonic content inside NSs will be. Much
interest in this topic has been triggered by the recent measurements of gravitational wave signals
fromNSmergers, which opened a new gate through which to experimentally access the properties
of the matter inside NSs.

As shown in the sections above, femtoscopy can provide new insight into interactions involving
nucleons and hyperons that are poorly understood or not accessible with scattering experiments.
A key example is given by the femtoscopic measurements of the p� strong interaction. Because
of their light mass, the � baryons are typically the first hyperon species produced inside NSs.
Their appearance is also theoretically favored by the overall attractive potential that a � feels at
the saturation density,U� = −30 MeV (68). The results obtained on this system, as discussed in
Section 4.3, support recent χEFT calculations in which an even more attractive interaction of the
� with the surrounding nucleons, due to the �N ↔ �N dynamics, is predicted. In this case, the
early appearance of� hyperons in neutron matter will lead to an overly soft EoS and ultimately to
stable light NS configurations. To coexist with the astrophysical constraints on NS masses, such a
scenario requires the introduction of repulsive forces that might be present in other YN systems
and in the inclusion of three-body interactions.

Repulsive hyperon–nucleon–nucleon interactions, such as �NN, have already been included
in several approaches to obtain a stiffer EoS (9, 112). However, at the moment, these three-body
forces rely on the experimental measurements of hypernuclei BEs (4�H, 4�He), in which the deter-
mination of the genuine�NN interaction is not straightforward and can be affected bymany-body
effects. For this reason, the current theoretical understanding of the role played by three-body
terms in the strangeness |S| = 1 sector inside NSs is not yet settled.

A major advance in understanding the role played by heavier strange hadrons in the hyperon
puzzle has been achieved by the validation of lattice QCD predictions for the N� interaction. As
shown in Section 4.1, the measurement of the p�− correlation (41) confirmed a strong attractive
interaction between these two hadrons and provided a direct confirmation of lattice potentials (75).
Using this same interaction as a starting point to extrapolate results in a neutron-rich dense system,
one can obtain a repulsive average interaction of roughly +6 MeV (113). Currently, models for
EoSs that include� hyperons assume large variations in the values of the single-particle potential
(−40, +40 MeV) (8), and hence the validated lattice predictions impose a much more stringent
constraint.Figure 7a shows the fractions [obtained frommean-field calculations (8, 111, 114, 115;
D. Chatterjee, S. Gosh, J. Schaffner-Bielich, manuscript in preparation)] of particles produced in
the inner part of NSs as a function of the energy density. The single-particle potentials for � and
� hyperons have been fixed to the current values constrained from scattering data and hypernuclei
and confirmed by the LHC measurements.

The isovector couplings to the� have been adjusted to reproduce the predicted results in pure
neutron matter obtained from HAL QCD calculations at finite density (113), stemming from
the predictions in vacuum discussed in Section 4.1. The slight repulsion acquired by a �− in pure
neutron matter directly translates into larger energy densities, and hence larger nuclear densities,
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(a) Fraction of particles produced in the inner core of a neutron star as a function of the energy density, in units of energy density ε0 at
the nuclear saturation point. The single-particle potential depths in symmetric nuclear matter for �,�, and � hyperons are displayed.
The vertical dotted lines indicate the central energy densities reached for a standard neutron star of 1.4M� and for the maximum mass,
2.13M�, reached within this specific equation of state. The mean-field calculations (8, 111, 114, 115) have been tuned to reproduce the
lattice predicted value ofU� in pure neutron matter obtained in Reference 113, using the in-vacuum results validated by ALICE data in
Reference 41. The equation of state obtained with these constraints provides a stable neutron star with a maximum mass ofMmax =
2.13M�, as seen in the mass–radius plot in panel b, and is compatible with recent astrophysical measurements of heavy neutron stars,
indicated by the orange (106), green (107), and blue (108) bands in panel b.

for the appearance of this hyperon species.Figure 7b shows the resulting mass–radius relation ob-
tained by assuming the predictedHALQCD� interaction in medium.The production of cascade
hyperons that occurs at higher densities leads to a maximum NS mass of 2.13M�, which is fully
compatible with the recent measurements of NSs close to and above two solar masses (106–108).

Recent results in small colliding systems have proved that femtoscopy can play a central role
in understanding the dynamics among hyperons and nucleons in vacuum. Comparisons between
hadronic models and these data are necessary to constrain calculations at finite density and to
pin down the behavior of hyperons in a dense matter environment. The unique possibility of
investigating different YN interactions and extending the measurements to three-body forces may
finally provide quantitative input to the long-standing hyperon puzzle.

6. OUTLOOK

A complete program of new measurements in pp collisions at 14 TeV has been approved for the
upcoming Runs 3 and 4 of the LHC with ALICE (116). To address further questions regard-
ing two- and three-body forces that involve hyperons, correlation studies constitute one of the
main foci of such a program. Studies will benefit from data taking with increased instantaneous
luminosity and readout speed, plus better tracking and vertexing performance of the upgraded ap-
paratus.Moreover, the new data acquisition system will make it possible to select events with very
high multiplicity, up to 16 times the average multiplicity of minimum-bias pp collisions. Accessing
such a regime of multiplicities in pp events is particularly beneficial for measurements including
strange hadrons because of the enhanced production of strangeness in collisions with high multi-
plicity (53). Assuming an acquired luminosity of 200 pb−1 and a selection of events with a number
of produced charged particles (Nch) seven times higher than the mean number of charged particles
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in minimum-bias collisions,Nch > 7 〈Nch〉, an overall increase up to a factor of 50 for particle pairs
per event is expected for the Run 3 high-multiplicity data with respect to the sample collected in
Run 2 (116).

Several new analyses can be performed with the Run 3 and Run 4 data that were not possible
with the Run 1 and Run 2 statistics, and the question of three-body forces including hyperons can
finally be addressed experimentally.

6.1. K−d Correlations

Following the measurement of K−p correlations in pp collisions (38), the study of the correlation
function of K−d pairs will be realized.Together with the planned measurements at threshold using
kaonic atoms by SIDDHARTA-2 (117), theK−d femtoscopy will allow us to determine for the first
time the full isospin dependence of the KN interaction, a fundamental problem in the strangeness
sector in the low-energy regime of QCD.

6.2. p�0 Correlations

Investigation of the p�0 correlation will provide precise data on an interaction that, in contrast to
theN� interaction, is currently very poorly known experimentally.A firstmeasurement (39) of this
correlation was performed using high-multiplicity pp collisions and demonstrated the feasibility
of the approach, although with large statistical uncertainties and relatively low signal purity. The
minimum-bias pp Run 3 data will allow a yield of p�0 pairs 10 times higher than in the Run 2 data,
which will deliver the first precise data in the field. At the same time, lattice QCD calculations are
expected to reach precision in the |S| = 1 sector within the next few years, and hence the new
measurement can contribute to the validation of the state-of-the-art theoretical calculations.

6.3. �� Correlations

The enhancement of the yield of strange particles in the high-multiplicity data from Run 3 will
allow us to study the �� interaction with high precision. Such a study will complement the mea-
surements of p�− correlations, and their comparison to the lattice QCD calculations. For the p�−

interaction, the J = 1 channel lacks any prediction so far since it is dominated by absorption in the
�� and �� channels. The study of the �� will hence provide the first experimental constraints
to the contribution of the coupled channels for the p�− system.

6.4. �� Correlations

The HAL QCD Collaboration has provided lattice QCD calculations at the physical point for
the �� system, which predict the existence of “the most strange dibaryon” with a BE of around
1.6 MeV (118), as implied by the strong attractive character of the �� strong interaction and by
the fact that the Pauli principle does not apply for this system.

So far, no experimental data are available for this interaction. The measurement of the ��
correlation function is extremely challenging and is constantly requested by theoreticians. During
Run 3, the data acquisition of the ALICE experiment will be implemented with a dedicated trigger
for � decays that can sample the whole 200 pb−1 of the pp data taking, resulting in a total of
2 × 109 reconstructed and recorded�− ��+. For the correlation studies, about 500�� pairs are
expected to be reconstructed with low relative momentum (k∗ < 200 MeV/c).

On the theoretical side, the predictions from theHALQCDCollaboration (46) provide the 1S0
channel of the �� interaction alone. This is the channel with the smallest contribution (weight
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Expected precision of the �� correlation function with ALICE Run 3 data (black points). The red curve
represents the Coulomb-only scenario, and the green, black, and blue lines indicate the strong interaction
potentials predicted by the HAL QCD Collaboration for different integration times (t/a = 16, 17, and 18,
respectively). The Gaussian source used for the calculations has a radius of r = 0.8 fm. The simulated data
follow the Coulomb + HAL QCD t/a = 17 scenario.

1/16), and an attractive interaction is also expected for the 5S2 channel (weight 5/16), but the
calculations are not available yet.

Figure 8 shows a projection of the measurement of the �� correlation compared with the
Coulomb-only scenario and three different curves with the additional strong interaction predicted
by the HALQCDCollaboration. One can see that for the lattice calculations (1S0 channel), there
are substantial differences in the expected correlation function considering different integration
times (t/a parameter). This is true in particular for a very small source like the one expected for
�� pairs in pp collisions, with a radius of around r = 0.8 fm.

A precision of 31% at k∗ = 25MeV/c is expected in the correlation function using a bin width of
50 MeV/c. This would constitute a groundbreaking measurement of the �� interaction; it would
provide the first constraint on the lattice QCD calculations and the potential to experimentally
determine, for the first time ever, the sign of the strong interaction between �� pairs.

6.5. �d Correlations

Complementing the studies of �p correlations, the study of the �d correlation function pro-
vides additional information on the�N interaction. Experimental access to information on direct
�d scattering is even harder to obtain than that from �p scattering, and correlation studies will
constitute an additional and independent source of information for this channel. Moreover, the
measurement of the �d correlation function in small systems complements the measurement of
the hypertriton BE and delivers information on many-body forces (119).

There are two different spin configurations in the S-wave �d interaction: the doublet 2S1/2
and the quartet 4S3/2 states. With no scattering data available for the �d channel, the scattering
parameters in the doublet state are constrained by measurements of the lifetime of the bound state
found in this partial wave: the hypertriton, 3H�. The hypertriton BE is related to the scattering
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parameters in the effective range approximation via the Bethe formula (120). The higher spin
configurations are not binding, and they are currently not tested by any experimental data. For
the constraint of the quartet state, chiral SU(3) calculations (121) have been used so far.

The expected precision of the measurement of the �d correlation function with the pp high-
multiplicity data sample with Nch > 7 〈Nch〉 during Run 3 at k∗ = 50 MeV/c is on the order of 5%
(with a bin width of 20 MeV/c). Such a precise measurement will complement the hypertriton BE
measurements, scanning the full spin dependence of the� interaction and, as has been suggested,
possibly providing insight into the coalescence process. These studies in pp collisions can be com-
plemented by studies in larger systems (Pb+Pb) and lead to better knowledge and understanding
of many-body forces acting in light hypernuclei (119).

6.6. Three-Body Forces

In addition to the �d measurement, the study of three-body interactions involving hyperons,
which are extremely important in understanding the structure of NSs, will be experimentally ac-
cessible with high precision for the first time. Exclusive measurements of pp� and correlations
with a newly developed mathematical formalism using cumulants that allow the study of the cor-
relation function of three particles with nonidentical masses will enable one to access the final-state
interaction. For this purpose, the data acquisition will be implemented to sample the whole data
taking, recording events where at least two proton candidates and one � candidate are recon-
structed using an online trigger selection.

7. SUMMARY

The correlation technique employed to study the strong interaction among hadrons has been
discussed. Since a precise understanding of the source that characterizes the particle emission is
mandatory to extract the strong interaction from correlations, a dedicated model for small collid-
ing systems at the LHC has been motivated and explained. In this formulation, the contribution
from the strong decay of short-lived resonances has been modeled, and the hypothesis of a uni-
versal source for all hadron–hadron pairs has been demonstrated and exploited in all the discussed
analyses. The method has been tested employing pp and p� correlations, where the interaction is
rather well known, especially for pp pairs. Following this scheme, the results achieved for several
hyperon–nucleon, hyperon–hyperon, and kaon–nucleon combinations have been presented. The
first measurement of the attractive p�− strong interaction was presented and confirmed by lattice
calculations by the HAL QCD Collaboration. The precise measurement of the �� interaction
has allowed for extraction of the most precise upper limit for the BE of a possibleH dibaryon state.
The first measurement of the attractive strong p�− interaction has been shown as well. In the lat-
ter case, the results compared with lattice calculations for the first time do not show any clear
evidence for the existence of a bound state. It has been shown that the presence of the coupled-
channel dynamics in the K−p and p� channels manifests itself on the correlation functions. The
couplings K̄0N ↔ K−p and N�↔ N� have been directly observed for the first time.

The consequences of the new measurement of the strong interaction among protons and
strange hadrons for the physics of NSs have also been addressed. The example related to the �−

strong interaction has shown the impact of the new measurements on astrophysics. The measure-
ment of additional two-body correlations and possibly three-body correlations among hyperons
and nucleons is planned for the future and, if achieved, will impose more stringent constraints for
NSs. In particular, the physics opportunities that will be available during the LHC Run 3 data
taking have been sketched above.
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In general, the correlation technique applied to small colliding systems at the LHC is a promis-
ing tool with which to investigate the strong interactions. For this reason, a new laboratory to
study hadron–hadron interactions has been established with the capability to unveil the strong
interaction among any hadron–hadron pair.
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