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In this work, we investigate the interaction between the 2 baryon and the s§ meson within the framework
of the quark delocalization color-screening model. The spectra calculations show that no bound state is formed
in any of the considered channels, while the scattering indicates that the Q¢ interaction with J* = 1/27 is
weakly attractive. As for the Q¢ interactions with J* = 3/2~ and 5/27, as well as the 5’ interaction with
JP =327, they are all repulsive. After an investigation on the femtoscopic correlation functions, we find that,
due to the spin-averaging effect, the overall Q¢ correlation function exhibits a weak dependence on the source
size, which provides a crucial significance of our model for future experimental examinations in relativistic

heavy-ion collisions.
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I. INTRODUCTION

Decoding the interaction between hadrons is one of the
central goals of hadronic and nuclear physics. At low energies,
hadron-hadron interactions encode essential information on
nonperturbative quantum chromodynamics (QCD), including
color confinement, quark exchange effects, and the emergence
of effective forces between color-singlet objects. In particular,
systems involving strange and multistrange hadrons provide
a unique testing ground for theoretical models, as they are
less affected by light-quark exchange and Pauli blocking at the
hadronic level, and are therefore expected to exhibit relatively
clean manifestations of quark-level dynamics.

In recent years, growing attention has been paid to baryon-
baryon and baryon-meson interactions involving multistrange
baryons, such as the 2 baryon. The Q2 baryon, being com-
posed solely of strange quarks, plays a special role in hadron
physics. Its interactions are free from valence light-quark
contributions and are thus particularly sensitive to short-range
dynamics and gluon exchange. From the experimental side,
relativistic heavy-ion collisions have opened new opportu-
nities to access 2-related interactions through femtoscopic
correlation measurements, thereby compensating for the lack
of experimental information from conventional scattering
measurements of unstable hadrons.
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Two representative examples of 2-baryon interactions that
have attracted considerable attention are the NQ with J* = 2+
and the QQ with J¥ = 0T, Following its initial proposal,
the NQ system with J¥ = 2% has been extensively studied
in various theoretical approaches. Early quark-model calcu-
lations suggested a narrow resonance or quasibound state
in this channel [1,2]. Later, lattice QCD simulations by the
HAL QCD Collaboration demonstrated that the N2 interac-
tion supports a bound state, both at heavy pion masses and
near the physical point [3,4]. Femtoscopic analyses based on
lattice-derived interactions, together with direct correlation
measurements by the STAR and ALICE Collaborations in
heavy-ion and pp collisions, provided experimental support
for an attractive interaction [5-8]. Consistent conclusions
have also been obtained in other approaches, including the
chromomagnetic model, QCD sum rules, and constituent
quark models [9—-13].

As another prominent example, the Q€ system with J* =
0" was first suggested as a possible dibaryon configuration
in a chiral soliton model with explicit scalar mesons [14].
Subsequent studies based on quark models further explored
its energy spectrum and stability, providing additional support
for the existence of an attractive interaction in this channel
[15,16]. A quantitative investigation was later carried out by
the HAL QCD Collaboration, which employed lattice QCD
simulations to extract the Q22 interaction and revealed an
intermediate-range attraction in the 1§, channel [17]. Based
on the lattice-derived potential, the femtoscopic correlation
function of the Q€2 pair was subsequently analyzed, and char-
acteristic correlation signatures were proposed to guide future
experimental searches in relativistic heavy-ion collisions [6].

Compared with the extensively studied 2-baryon interac-
tions, investigations of $2-meson interactions remain rather
limited. The observation of the €2(2012) resonance has
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renewed interest in this sector, as its internal structure is
difficult to accommodate within a conventional three-quark
picture. In studies interpreting €2(2012) as a hadronic molec-
ular state, the Q27 interaction has attracted particular attention
and has been explored within various theoretical frameworks,
including quark models and effective field-theory approaches,
with the aim of elucidating the role of coupled-channel dy-
namics in the formation of the €2(2012) [18-30]. In addition,
the interaction between the €2 baryon and charmonium was
investigated within a potential quark model in Ref. [31].

In recent years, significant progress has been achieved in
both experimental measurements [8,32-41] and theoretical
studies [42-59] of femtoscopic correlation functions, driven
by advances in detection techniques and data analysis meth-
ods. In particular, attractive strong interactions between the
2 baryon and the proton [8], as well as between the ¢ me-
son and the proton [41], have been experimentally supported
by the ALICE Collaboration using femtoscopic techniques.
These observations naturally motivate further investigations
of the Q¢ interaction and the corresponding femtoscopic
correlation functions, which may provide new insights into
hadron-hadron interactions involving multistrange systems.
Moreover, due to the Pauli principle acting at the quark level,
the total spin configuration of the system can strongly influ-
ence the effective interaction, leading to different behaviors in
different spin-parity channels.

Motivated by these developments, in this work we perform
a systematic study of the Q2-s5 meson interaction, focusing on
the Q¢ and Qn’ systems in the S wave. We first investigate
the possible existence of bound state, analyze the low-energy
scattering behavior in different spin-parity channels, and ex-
tract the corresponding scattering parameters. Based on these
results, we further evaluate the femtoscopic correlation func-
tions using the Lednicky-Lyuboshits (LL) model, aiming to
provide theoretical guidance for future experimental stud-
ies of ©2-meson interactions. In our previous work, the p<2
interaction and its femtoscopic correlation functions were
studied within the quark delocalization color-screening model
(QDCSM) [60]. The QDCSM is a constituent quark model
incorporating quark delocalization and color screening, which
are responsible for generating intermediate-range attraction in
baryon-baryon interactions [61-63]. It has been successfully
applied to various dibaryon and pentaquark systems, includ-
ing the d*, N2, P,, and sscqq states [60,64—66]. On this basis,
we extend the QDCSM to investigate the 2-s5 interaction in
the present work.

The structure of this paper is as follows: The detail of the
QDCSM are presented in the next section. In Sec. III, nu-
merical analysis of the Q-s5 systems is carried out, including
the energy spectrum, scattering phase shifts, and correlation
functions. Finally, Sec. IV summarizes the main conclusions
of this work.

II. THEORETICAL FORMALISM

A. Quark delocalization color-screening model

In this section, we briefly introduce the salient features
of the used quark model. The QDCSM is an extension of

the quark cluster model [61] and the general form of the
pentaquark Hamiltonian is given by

H= Z(m,—i——)

where m; is the quark mass, p; is the momentum of the quark,
and Tt . is the center-of-mass kinetic energy. The dynamics
of the hexaquark system is driven by two-body potentials,
including color confinement V.., perturbative one-gluon ex-
change interaction Vpgg, and dynamical chiral symmetry
breaking V, .

V(#i;) = Veont (rij) + Voge(rij) + Vy (rij). ()

Here, a phenomenological color-screening confinement
potential V,q¢ is used as

5
—Tem+ Y V@, (1)

Jj>i=1

Veont (rij) = — acAf - MLf (rij) + Vol, 3

12,, ,J occur in the same cluster,

1—e —Haiq T, 1/

frij) = —. i, j occur in different cluster,

i4j
where ac, Vo, and pg, q; are model parameters, and A¢ stands
for the SU(3) color Gell-Mann matrices. Among them, the
color-screening parameter (i, is determined by fitting the
deuteron properties, nucleon-nucleon scattering phase shifts,
and hyperon-nucleon scattering phase shifts, respectively,
with p1gg = 0.45, g = 0.19, and pg = 0.08 fm 2, satisfying
the relation uzs = gglss [67].

In the present work, we mainly focus on the low-lying
negative-parity system of the S wave, so the spin-orbit and
tensor interactions are not included. The one-gluon exchange
potential Vogg, which includes Coulomb and chromomagnetic
interactions, is written as

1
Voge(rij) = Zotxlf Y

1 T 5(r:) 1 n 1 n 4o;-0;
X - - A i. -y -y 9
rpo 2\ m? mf 3mim;
(€]

where o is the Pauli matrices and «; is the quark-gluon cou-
pling constant.

The dynamical breaking of chiral symmetry results in the
SU(3) Goldstone boson exchange interactions appearing be-
tween constituent light quarks u, d, and s. Hence, the chiral
interaction is expressed as

V(i) =Va(rij) + Vi (rij) + V, (ri5). Q)

Among them,
Sn my AL

Vi(rii) =
(rij) = 47{12mmjA2—

> Mz |:Y(m7rrij)

A
Y(Anrl])}w, o,)Z (A 29), (6

a=1
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TABLE I. Model parameters used in this work: m, = 0.7, mg =
251, m, =277, Ay =42, Ak =52, A, =52 fm™', o/ (4m) =
0.54.

b my my Vogg Vo,i a.

(fm) (MeV) (MeV)  (fm™?) (fm™?)  (MeVfm™2)
0.518 313 573 —1.288  —0.743 58.03
a»ﬁiq O(qu a-YEx O[Sqq O[Sq.r a&m
1.491 1.427 1.004 0.565 0.524 0.451

& ml A2
Vi rii)= Sch L K Y r;;
k(ris) 4 12mim; A%( —mimK (mgrij)

7

A3
- m—?’ZY(AKr,-,)](a,» o) Y (M), (D)

a=4
2 2
g%h m’l A n

4 12m;m; A% — m%

V’I (r,,) = ny |:Y (mnrij)

A3
B m_;]Y(Anrij)]("i : ”j)[cosep()‘? ) )‘?)
n

—sin6, (A7) -19)], ®)

where Y (x) = e™/x is the standard Yukawa function. The
physical 7 meson is considered by introducing the angle 6, in-
stead of the octet one. The A* are the SU(3) flavor Gell-Mann
matrices. The values of m,, mg, and m,, are the masses of the
SU(3) Goldstone bosons, which adopt the experimental values
[68]. For the ssss5 pentaquark system, the 7- and K-exchange
interactions vanish due to the absence of light quarks. Only
the n-exchange interaction survives formally; however, its
contribution is suppressed because of the large strange-quark
mass and the short-range nature of the interaction. As a result,
the dynamics of the system is mainly governed by the color in-
teractions, including the one-gluon exchange and confinement
potentials.

In the present work, the same chiral coupling constant
gch as in the light-quark sector is adopted for consis-
tency, which is determined from the NN coupling constant
through

é = (%)2@@ )
dr  \5) 47 m}’

The other symbols in the above expressions have their usual
meanings. The parameters used in this work are the same
as those adopted in our previous studies of the interpreta-
tion of excited 2. from a pentaquark perspective [66] and
the NQ2 system [12,60]. Table I lists the model parame-
ters, while Table II summarizes the calculated masses of the
hadrons.

In the QDCSM, quark delocalization was introduced to
enlarge the model variational space to take into account the
mutual distortion or the internal excitations of nucleons in the
course of interaction. It is realized by specifying the single-
particle orbital wave function of the QDCSM as a linear
combination of left and right Gaussians, the single-particle

TABLE II. The masses (in MeV) of the baryons and mesons.
Experimental values are taken from the Particle Data Group [68].

Baryon MExP MTheo Meson MExP MTheo
N 939 939 T 139 139
A 1232 1232 P 770 770
A 1115 1123 n 582 283
) 1189 1238 w 782 721
x* 1385 1360 K 495 495
o) 1318 1375 K* 892 814
=* 1536 1496 n 958 912
Q 1672 1642 [ 1020 1020

orbital wave functions used in the ordinary quark cluster
model

Vo (Si, €) = (9o (Si) + €¢o(—Si))/N(e),
Yg(=Si, €) = (Pg(—Si) + €dp(S:))/N(e),
N(Si,€) = V1 + €2 + 2ee=S /42, (10)

It is worth noting that the mixing parameter € is not an ad-
justed one but determined variationally by the dynamics of the
multiquark system itself. In this way, the multiquark system
chooses its favorable configuration in the interacting pro-
cess. This mechanism has been used to explain the crossover
transition between the hadron phase and quark-gluon plasma
phase [69].

B. Resonating group method for bound-state
and scattering process

The resonating group method (RGM) [70,71] and gen-
erating coordinates method [72,73] are used to carry out a
dynamical calculation. The main feature of the RGM for two-
cluster systems is that it assumes that two clusters are frozen
inside, and only considers the relative motion between the two
clusters. So the conventional ansatz for the two-cluster wave
functions is

¥sq = Allgsdu]l ™" @ xRV, an

where the symbol A is the antisymmetrization operator, and
A=1— Py — Py — P3y. [0] =[222] gives the total color
symmetry and all other symbols have their usual meanings. ¢p
and ¢y are the ¢° and gq cluster wave functions, respectively.
From the variational principle, after variation with respect
to the relative motion wave function x(R) = )", x.(R), one
obtains the RGM equation

/H(R,R’)X(R')dR' =E/N(R,R/)X(R’)dR', (12)

where H(R, R') and N(R, R") are Hamiltonian and norm ker-
nels. By solving the RGM equation, we can get the energies
E and the wave functions. In fact, it is not convenient to work
with the RGM expressions. Then, we expand the relative-
motion wave function x (R) by using a set of Gaussians with
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different centers,

E Ci,L
V4 5 b? iLM

x/exp[—@(R S)Z}YLM(S)dQS (13)

XR) = —

where L is the orbital angular momentum between two clus-
ters, and S;, i =1,2,...,n are the generator coordinates,
which are introduced to expand the relative-motion wave
function. By including the center-of-mass motion

5\ ke
¢C(Rc)=<ﬁ> e 2, (14)

the ansatz Eq. (11) can be rewritten as
3 5
dQs.
— o (Si) (=S
= 1:[1 ¢ g s

x [[xns, (B)xns, MY (S:)1
X [xe(B)xe (M), (15)

where xps, and s, are the product of the flavor and spin
wave functions, and . is the color wave function. These
will be shown in detail later. ¢(S;) and ¢g(—S;) are the
single-particle orbital wave functions with different reference

centers,
3/4 1 2 2
9u(S) = (L) w5,

Ysg = A Z Cir
iL

wbh?

3/4 2
Pp(=S;) = < ll)2> e_2_lbz("ﬁ+%sf), (16)

With the reformulated ansatz Eq. (15), the RGM Eq. (12)
becomes an algebraic eigenvalue equation

ZCjHi'j :EZCjNi’j’ 17
J J

where H; ; and N, ; are the Hamiltonian matrix elements and
overlaps, respectively. By solving the generalized eigenprob-
lem, we can obtain the energy and the corresponding wave
functions of the pentaquark systems.

For a scattering problem, the relative wave function is
expanded as

i (R, S;) .
xt(R) = ZC,-TYL,M(R), (18)
with
our (R, S;), R <Rc,
RS =1\ 19
s {[hL(k’R)_Sihz(kvR)]RAB, R>RC,( )
where
6 \34 s i
ur(R,S;) = vVar | —— )| Re 52 &S)
S5ab?
6
| =g )- 20
x1 ]L< 52 ) (20)

hf are the Lth spherical Hankel functions, & is the momen-
tum of the relative motion with k = /2uE;., u is the reduced
mass of two hadrons of the open channel, Ej. is the incident
energy of the relevant open channels, which can be written
as Eie = Eioral — Ewn, where Eq, denotes the total energy, and
Ey, represents the threshold of the open channel. R¢ is a cutoff
radius beyond which all the strong interaction can be disre-
garded. Additionally, «; and s; are complex parameters that
are determined by the smoothness condition at R = R¢ and C;
satisfy ), C; = 1. After performing the variational procedure,
a Lth partial-wave equation for the scattering problem can be
deduced as

ZELC =MEi=0,1,....,n—1), Q21
with
EiLj = ’CL K — Kéj + Kbo»
M; = Kg — K, (22)
and

i =\abp——— R You(R)H - E|

~ ~ U (R,S;
xA[@%%J)YL,M(R)D 23)

By solving Eq. (21), we can obtain the expansion coefficients
C;, then the S-matrix element S; and the phase shifts §; are
given by

ICL_<A N ML(R S)

e?o = Z C;si. (24)

Resonances are unstable particles usually observed as bell-
shaped structures in scattering cross sections of their open
channels. For a simple narrow resonance, its fundamental
properties correspond to the visible cross-section features:
mass M is at the peak position, and decay width I" is the
half-width of the bell shape. The cross section oy and the
scattering phase shifts &, have relations

4 .9
oL = ﬁ(ZL + 1)sin“ §;. (25)

Therefore, resonances can also usually be observed in the
scattering phase shift, where the phase shift of the scattering
channels rises through 7 /2 at a resonance mass. We can ob-
tain a resonance mass at the position of the phase shift of 7 /2.
The decay width is the mass difference between the phase shift
of 37 /4 and /4.

C. Two-particle correlation function
The correlation function can be calculated using the
Koonin-Pratt (KP) formula [74-76]
Nia(pi, py)
Ni(p)N2(p,)

where W(r, k) is the relative wave function in the two-body
outgoing state with an asymptotic relative momentum k and

Ck) = ~ /drSlz(r)|\If(r, k)P, (26)
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S12(r) is the normalized pair source function in the relative
coordinate, given by the expression

1 r?
Si2(r) = WCXP IR ) 27

where R is the size parameter of the source. For a pair of
nonidentical particles, such as Q2¢, assuming that only S-wave
part of the wave function is modified by the two-particle
interaction, W(r, k) can be given by

Wou(r, k) = exp(ik - r) — jo(kr) + Yae(r, k). (28)

Substituting the relative wave function Wy (r, k) into the KP
formula yields the correlation function

Cap(k) =1+ / drr? dr Sio(r) [[Wag(r, k)I* — 1jo(kr)I*].
0
(29)

By assuming that the relative wave function g (7, k) satisfies
the asymptotic scattering form, the expression of the correla-
tion function in the LL model can be derived as

2
Ch=1+ |f (k)] (1 Teff )

2R2 \'  2J=R
2Ref (k) Imf (k)
=R Fi(2kR) = — = B(2kR).  (30)

where f(k) denotes the scattering amplitude, which can be
expressed in terms of the effective range expansion. The re-
maining terms are given by

- S ST b
f(k) =[kcotd(k) —ik] ~ | —— + —regrk” —ik|
ap 2

@31
* 1 2 2
Fl(x)zf —exp(t” — x7)dr, (32)
0 X
F(x) = (1 — exp(—x?))/x. (33)

Additionally, for the S-wave Q¢ system, the possible spin-
parity quantum numbers are JP =1/27,3/27, and 5/27,
respectively. Since the experimentally measured correlation
function is spin averaged, the theoretically obtained correla-
tion function should also consider the average over systems
with different quantum numbers:

1 1

B _ 1,
Cii'(0) = ¢Cap "0+ 3C55 7"k + 2657 (). 34)

III. RESULTS AND DISCUSSIONS

In this section, we present and discuss the numerical results
for the ©2-55 meson systems. We first perform bound-state cal-
culations and analyze the low-energy scattering properties in
different spin-parity channels. On this basis, the correspond-
ing scattering parameters are extracted and the dynamical
features of the interactions are clarified. Finally, the femto-
scopic correlation functions are evaluated to explore possible
experimental signatures and to provide guidance for future
measurements.

TABLE III. Energies of the single-channel and coupled-channel
Q-5 systems (in MeV).

Jr Channel Ey E
1/2 Qo 2662 2666
3/2° Qn' 2554 2560
Q¢ 2662 2668
Qn' — Qo 2554 2559
5/2~ Q¢ 2662 2669

A. Bound-state calculation and scattering process

In this part, we investigate the possible bound states and
low-energy scattering behaviors of the Q¢ and Qn' systems
within the framework of the QDCSM. Calculations are per-
formed for different spin-parity quantum numbers, taking into
account both single-channel and coupled-channel effects. The
resulting energies are summarized in Table II1. For the J¥ =
1/2~ channel, only the Q¢ configuration is allowed. The
calculated energy is slightly higher than the corresponding
threshold, indicating that no bound state is formed in this
channel and that the interaction is weak.

In the J¥ = 3/2 sector, both the Q#' and Q¢ channels
contribute. The single-channel calculations show that neither
channel supports a bound state. When the channel coupling
between Q7' and Q¢ is included, it is insufficient to generate a
bound state. For the J* = 5/2~ channel, only the Q¢ configu-
ration contributes. The calculated energy is again found above
the threshold, implying that the interaction in this channel is
not strong enough to support a bound state. It should be noted
that for unbound systems, the present calculations are carried
out in a finite model space with a limited number of basis
functions. As the model space is enlarged, the eigenenergy
of an unbound state is expected to gradually approach the
corresponding threshold from above.

To further clarify the nature of the interaction in each
channel, we next calculate the S-wave scattering phase shifts
for the Q¢ and Qn’ systems, as shown in Fig. 1. For
the Q¢ system with J® =1/27, the phase shift is posi-
tive at low energies and decreases gradually with increasing

60 | JP=1/2 Qo
JP=3/2"Qp
401 JP=5/2"Qp
o 20} JP=3/2"Qn'
S
£ Of
£
w
o -20}
w
2
a -40+
-60 |
_80 1 1 1
0 20 40 60 80
£cm. (MeV)

FIG. 1. Scattering phase shifts of the Q2-s5 systems.
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TABLE IV. Scattering length and effective range for the 2-s3
systems.

JP Scattering length Effective range
Q¢ with 1/2~ —1.29 fm 1.53 fm
Q¢ with 3/2~ 0.26 fm 0.80 fm
Q¢ with 5/2~ 0.91 fm 0.70 fm
Qn' with 3/2~ 0.71 fm 1.15 fm

center-of-mass energy, indicating a weakly attractive interac-
tion. This attraction, however, is not strong enough to produce
a bound state, in agreement with the energy-spectrum analysis
discussed above.

In contrast, the Q¢ channels with J* =3/2~ and 5/2~
exhibit negative phase shifts over the entire energy region
considered, with magnitudes that increase monotonically as
the energy increases. Such behavior is characteristic of re-
pulsive interactions and explains the absence of bound states
in these channels. A similar trend is observed for the Qn’
system with J¥ = 3/27, whose phase shift remains negative,
indicating a predominantly repulsive interaction. Although
the coupled-channel dynamics between Qn’ and Q¢ slightly
enhances the attraction, it remains insufficient to generate
a bound state. Overall, the phase-shift analysis provides a
consistent and complementary description of the interaction
mechanisms in different spin-parity channels, supporting the
conclusions drawn from the bound-state calculations.

Based on the calculated low-energy scattering phase shifts,
the corresponding scattering length and effective range are
extracted by fitting the phase shifts to the effective-range
expansion,

kcots = 1 + lrefsz + Ok"), (35)
ap 2

which is valid in the low-momentum region. The obtained

low-energy scattering parameters are summarized in Table I'V.

These quantities provide a quantitative characterization of

the interaction strength and its range in different spin-parity

channels.

We can find that for the Q¢ system, the strength of the
interaction exhibits a clear spin dependence: channels with
lower total spin experience stronger attraction, whereas those
with higher spin are characterized by increasingly repulsive
interactions. On the one hand, this behavior is analogous to the
well-known N A system, in which the spin-singlet interaction
is more attractive than the spin-triplet one [77]. On the other
hand, such a spin dependence can be naturally understood at
the quark level in terms of the Pauli exclusion principle. In the
Q¢ system, four identical s quarks are present. In the S-wave
configuration, the spatial wave functions of these quarks are
symmetric, while the color degree of freedom is limited to the
three available colors (r, g, b). For higher-spin states, the four
s quarks are more likely to have their spins aligned, which
enhances the symmetry of the spin wave function. This con-
figuration is increasingly constrained by the Pauli exclusion
principle and therefore leads to a stronger effective repulsion
between the clusters.

150
AT
120 + AV ons
. AVoae
2 90 AV,
E n
c 60r
g
g 307
©
o)
s ot
xe)
<
_30_
00 05 10 15 20 25 30

S; (fm)

FIG. 2. Adiabatic potentials of the Q¢ system in the J© = 1/2~
channel.

To further understand the microscopic origin of the at-
tractive interaction in the J* = 1/27 Q¢ system, we analyze
the adiabatic potential AV (S;). It is defined as the differ-
ence between the adiabatic energy and its asymptotic value:
AV (S;) = E(S;) — E(00), where S; stands for the distance
between the baryon and the meson clusters. The adiabatic
energy is defined as

(Wae (S)IH | Wae(Si))
(Wag (S| Wag (S))

where W, (S;) denotes the wave function of the Q¢ chan-
nel, and <\IJQ¢(S1)|H|\IJQ¢(SZ)> and <\I’Q¢(S,)|\I—’Q¢(S,)) are the
corresponding diagonal matrix elements of the Hamiltonian
and the normalization, respectively. The energy difference
with respect to the asymptotic value is further decomposed
into contributions from different terms of the Hamiltonian,
including the kinetic term AT, the confinement interaction
AVeont, the one-gluon-exchange interaction AVpgg, and the
n-exchange interaction AV,. The corresponding results are
shown in Fig. 2.

The decomposition indicates that both the one-gluon-
exchange interaction and the n-exchange interaction do not
play a significant role in generating attraction. In contrast,
the confinement interaction provides a weak attractive con-
tribution. More importantly, the kinetic-energy term becomes
negative in the intermediate-distance region (around S; =
0.9-1.5 fm), indicating that it is a major source of attrac-
tion in this channel. This behavior can be understood as a
manifestation of the quark delocalization mechanism in the
QDCSM. When the two clusters approach each other, quarks
are allowed to delocalize between them, which effectively
lowers the kinetic-energy contribution and consequently gen-
erates an intermediate-range attraction. Such a mechanism has
been discussed in early studies of baryon-baryon interactions
within the QDCSM, where quark delocalization was shown to
produce effective attraction in the intermediate range [61,78].

Additionally, we note that this mechanism can be sensitive
to the quantum numbers of the system. This feature can also
be interpreted in terms of the Pauli exclusion principle. In

E(S) = , (36)
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contrast to the J¥ = 1/2~ Q¢ channel, the J¥ = 3/2 and
5/2~ Q¢ channels are subject to stronger Pauli blocking,
which suppresses quark delocalization and thus reduces the
attractive contribution from the kinetic-energy term. As a re-
sult, no significant attraction develops in these channels.

B. Femtoscopic correlation function

To connect the microscopic interaction obtained from the
quark model with experimentally accessible observables, we
investigate the femtoscopic correlation functions of the 2-s5
systems for the next step. Femtoscopic correlations provide
a powerful tool to probe hadron-hadron interactions at low
relative momentum, especially for systems involving unstable
particles, where direct scattering experiments are not feasi-
ble. Based on the interaction information extracted from the
scattering analyses, we calculate the correlation functions to
further clarify the nature and strength of the Q¢ and Qn’
interactions, and to assess their possible experimental sig-
natures. Based on the LL model introduced in Sec. IIC,
the femtoscopic correlation functions are calculated using
the scattering parameters extracted from the numerical anal-
ysis of the scattering processes presented in the previous
part.

To test the validity of the LL approximation in the
present study, we perform an explicit comparison with the
KP approach for the J* = 1/2 Q¢ channel. This channel
exhibits an attractive interaction and has the largest effec-
tive range among all considered channels, thus providing a
stringent test of the LL approximation. In this calculation,
the effective interaction is reconstructed using the Gel’fand-
Levitan-Marchenko (GLM) inversion method [79-82] based
on the scattering phase shifts obtained in our model. The
interaction potential is obtained by solving the Marchenko
integral equation, and the corresponding scattering wave func-
tion is then calculated by solving the Schrddinger equation.
The correlation function is subsequently evaluated within the
KP formalism.

The comparison between the LL and KP results for differ-
ent source sizes is shown in Fig. 3. For a small source size
(R = 0.8 fm), a visible deviation between the two approaches
is observed, indicating the limitation of the LL approximation
when the source size becomes comparable to the interaction
range. For R = 1.0 fm, a small difference still appears at
very low momenta, but it remains within an acceptable range.
For larger source sizes (R > 1.0 fm), the two approaches
show very good agreement over the entire momentum re-
gion. Since the source sizes adopted in the present work are
all R > 1.0 fm, the LL approximation is well justified and
provides reliable results for the correlation function in this
study.

With the validity of the LL model confirmed, we next
present the correlation functions for different spin-parity
channels, as well as the spin-averaged result. In Fig. 4,
the source size parameter is fixed to R =1 fm, which is
a typical value adopted in femtoscopic analyses of baryon-
baryon and baryon-meson systems in high-energy collisions.
Additionally, recent investigations of the emission source
characteristics have been reported in Refs. [83—-87]. As shown

4
- ——-KP R=0.8fm
— L R=10fm
R=15fm
3r R =20 fm
s R=3.0fm
<
G 2}

0 50 100 150 200 250 300
k (MeV/c)

FIG. 3. Comparison between the correlation functions calculated
using the LL model (solid lines) and the KP approach (dashed lines)
for the J* = 1/2~ Q¢ channel with different source sizes.

in Fig. 4, the correlation functions exhibit a strong spin
dependence at small relative momentum. For the J* = 1/2~
Q¢ channel, a pronounced enhancement of C(k) is observed
in the low-k region, reflecting the strong attractive inter-
action inferred from the positive scattering phase shift and
the corresponding negative scattering length. In contrast, the
JP = 3/27 channel shows only a weak deviation from unity,
indicating a relatively mild interaction. For the J* =5/2~
channel, the correlation function is suppressed below unity at
small k, which is characteristic of a repulsive interaction and
is consistent with the negative phase-shift behavior.

Since most experimental measurements do not distinguish
spin quantum numbers, the observed Q¢ correlation function
usually corresponds to a spin-averaged quantity. As given in
Eq. (34), it is constructed as a weighted sum over different
spin channels according to their spin degeneracies. Although
the JF =1 /2~ channel exhibits strong attraction, its effect is
partly offset by the repulsive contributions from higher-spin

3
JP=1/2" Qo
JP=3/2"Qp
JP=5/2"Qp
2+ Spin-averaged
X
L
1k
0 L 1

0 50 100 150 200 250 300
k (MeV/c)

FIG. 4. Q¢ correlation functions of different spin channels with
source size R = 1 fm.

065204-7



YAN, WU, TAN, HU, HUANG, HUANG, AND PING

PHYSICAL REVIEW C 113, 065204 (2026)

3
R=10fm
R=15fm
R=20fm
2L R=3.0fm
<
S}
1L
O 1

0 50 100 150 200 250 300
k(MeV/c)

FIG. 5. Q¢ correlation functions for different source sizes R.

channels, leading to only a moderate enhancement of the
spin-averaged correlation function at low relative momentum.
This highlights the crucial role of spin averaging in realistic
comparisons with experimental data.

For the Q¢ system, different spin-parity channels exhibit
qualitatively different source-size dependence. In particular,
the J¥ = 1/2~ channel is dominated by an attractive interac-
tion and has strong sensitivity to the source size, leading to a
correlation function significantly above unity. In contrast, the
JP =3/27 and 5/2~ channels are mainly repulsive, resulting
in correlation functions below unity with relatively weaker
source-size dependence. To examine the sensitivity of the total
Q¢ correlation function to the source size, we further cal-
culate the spin-averaged correlation functions with different
values of source size R, as shown in Fig. 5.

As can be seen from the figure, the spin-averaged Q¢
correlation function exhibits only a mild dependence on the
source size in the considered momentum region. For smaller
source sizes, a slightly stronger suppression of the correla-
tion function is observed at low relative momentum. With
increasing source size, the correlation function gradually
approaches unity, and the low-k structure becomes less pro-
nounced. This behavior reflects the fact that a larger emission
source effectively smears out the sensitivity to short-range
strong interactions, reducing their impact on the correlation
signal.

In addition, due to the coexistence of attractive and re-
pulsive interactions, the contributions from different channels
partially cancel each other after spin averaging. In particular,
the attractive contribution from the J¥ = 1/2~ channel is
largely compensated by repulsive higher-spin channels, lead-
ing to a reduced sensitivity to the emission source size. As
a result, the overall variation of the correlation function with
respect to the source size R remains moderate, indicating that
the Q¢ system is not dominated by a strong near-threshold
attraction or bound-state effect. This feature is consistent with
the scattering analysis presented in the previous subsection,
where no bound states are found and the interaction is shown
to be channel dependent and partly repulsive after spin aver-

aging.

3
R=10fm
R=15fm
R=20fm
2L R=3.0fm
<
V)
1k
0 1

0 50 100 150 200 250 300
k(MeV/c)

FIG. 6. Qn’ correlation functions for different source sizes R.

Furthermore, we extend our analysis to the Qn' system
by performing a femtoscopic study. Figure 6 presents the
corresponding correlation functions obtained with different
values of the source size parameter R. The correlation function
exhibits a dependence on the emission source size in the low
relative momentum region. For small source sizes, the correla-
tion function shows a suppression at low k, indicating that the
Qn’ interaction in the relevant spin channel is predominantly
repulsive. As the source size increases, the low-momentum
suppression gradually weakens, and the correlation function
approaches unity over the entire momentum range.

Compared with the spin-averaged Q¢ system, the source-
size dependence of the Qn' correlation function is more
intuitive, since spin-averaging effects do not play a role in this
system. The behavior can also be traced back to the scattering
parameters extracted in the previous subsection, where the
Q' interaction in the J* = 3/2~ channel is characterized by
a positive scattering length and a moderate effective range,
consistent with a repulsive or weakly interacting scattering
state. Since only one spin-parity channel contributes to the
S-wave Qn’ system, the correlation function provides a rel-
atively clean probe of the underlying two-body interaction,
although its overall deviation from unity remains modest.
These features suggest that future femtoscopic measurements
of the Qn’ system, combined with controlled source sizes,
could provide complementary constraints on the $2-meson
interaction, especially in the absence of bound-state signals.
Taken together, the Q¢ and Q' systems exhibit qualitatively
different sensitivities to the source size, reflecting the inter-
play between spin averaging and the underlying interaction
strength.

IV. SUMMARY

In this work, we have carried out a systematic investi-
gation of the interactions between the €2 baryon and the s5
mesons within the framework of the QDCSM. Focusing on
the S-wave Q¢ and Qn’ systems with different spin-parity
quantum numbers, we studied their energy spectrum, low-
energy scattering behavior, and corresponding femtoscopic
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correlation functions. For the ¢ system, the calculated en-
ergies in the J¥ =1/27,3/27, and 5/2~ channels all lie
above their respective thresholds, indicating unbound scat-
tering states. Similar conclusions are obtained for the Qn’
system.

To further clarify the nature of the interactions, we ana-
lyzed the scattering phase shifts and extracted the low-energy
scattering parameters. The phase-shift analysis reveals that
the Q¢ interaction is attractive in the J¥ = 1/2~ channel,
while it becomes repulsive in the higher-spin channels. For
the Qn' system, the interaction in the J© = 3/2~ channel
is predominantly repulsive. The observed spin dependence
of the interaction can be understood in terms of quark-level
dynamics, where the Pauli principle among the four identical
s quarks plays an important role, especially in higher-spin
configurations.

The results based on the LL model show that, due to the
spin-averaging effect, the repulsive contributions from higher-
spin Q¢ channels partially compensate the attraction in the
JP =1/2~ channel, resulting in a moderate spin-averaged
correlation signal. In addition, the dependence of the total Q¢
correlation function on the source size becomes weaker due to
the spin-averaging effect. For the Qn’ system, the correlation
function exhibits a suppression at low momentum, consistent
with the repulsive nature of the interaction.

Overall, the present study provides a comprehensive quark-
model description of the €2-meson interactions and their
femtoscopic signatures. Our results offer useful theoretical
input for future experimental measurements of Q¢ and Qn’

correlation functions in relativistic heavy-ion and hadronic
collisions, and may help to further elucidate the dynamics of
multistrange hadron interactions.
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