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Recent discoveries of exotic hadrons, which cannot be classified within the conventional quark model of
qq mesons and ggq baryons, strongly imply the existence of dynamically generated hadronic molecules.
Some of these hadron-hadron interactions are accompanied by coupled-channel effects, which remain
challenging to quantitatively determine. In this work, we demonstrate that femtoscopy provides a sensitive
probe of such coupled-channel dynamics. We calculate correlation functions for the double-strangeness
pentaquark candidates P, (4493) (J© =1/27) and P, (4633) (J¥ =1/27 or 3/27), revealing clear
signatures of the attractive interactions that can form bound states. The results are markedly different from
those obtained in scenarios that neglect off-diagonal transitions, highlighting the importance of coupled-
channel effects for understanding the structure of these hadrons.
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I. INTRODUCTION

Quantum chromodynamics, the fundamental theory
governing the strong interaction, dictates that quarks are
confined within color-singlet states, i.e., hadrons, in the
low-energy region. Consequently, understanding hadron-
hadron interactions is a core goal of modern theoretical
particle and nuclear physics, as it can deepen our under-
standing of the nonperturbative behavior of QCD [1,2] and
is essential for studies of beyond-the-Standard-Model
physics [3-6].

Since 2003, numerous exotic hadrons with structures
beyond the conventional gg mesons and ggq baryons have
been observed [7-21]. Various interpretations have been
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proposed, including compact multiquark states, hadronic
molecules, glueballs, and quark-gluon hybrid states. Some
of these observed exotic structures may alternatively arise
from kinematic effects, such as triangle singularities
[22-25]. Among these interpretations, hadronic molecules
are the most favored because most of these hadrons lie near
the two-hadron thresholds of conventional hadron pairs
[13,26]. This molecular picture is analogous to the deu-
teron, a bound state of a proton and a neutron [27]. It is
worth mentioning that research on exotic three-hadron
molecular states has also advanced significantly [28-30].

The interpretation of hadronic molecules relies heavily on
our understanding of hadron-hadron interactions. However,
accurate characterization of these hadron-hadron inter-
actions is severely hampered by the scarcity of experimental
data, with only a few exceptions, such as nucleon-nucleon
and zN interactions. The primary reason is that these
hadrons, typically hyperons or heavy-flavored hadrons,
have extremely short lifetimes. It is impossible to produce
them in sufficient amounts to form fixed targets or particle
beams, thereby making conventional scattering experiments
infeasible. Therefore, hadron-hadron interactions associated
with hadronic-molecule candidates are mainly constrained
by invariant-mass distributions. Recently, three approaches
have been reviewed in Ref. [26] to help reveal the nature of
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hadronic molecules, including studying multiplets of had-
ronic molecules based on heavy-quark spin/flavor sym-
metry or SU(3) symmetry, studying three-body hadronic
molecules that can help verify the molecular nature of
related two-body systems, and employing the femtoscopic
technique with which one can extract insights into hadron-
hadron interactions directly from pp, pA, and AA colli-
sions. Notably, the femtoscopic technique can reveal the
internal structure of many such exotic hadrons [31-36].

In the present work, we focus on a key issue in hadron-
hadron interactions: coupled-channel effects, i.e., off-
diagonal transitions. Quantum mechanics allows the
mixing of different reaction channels with identical quan-
tum numbers, a manifestation of underlying symmetries.
Thus, in addition to elastic channels, scattering processes
naturally involve inelastic channels. Coupled-channel
effects modify the scattering amplitudes and consequently
alter the pole structure of the scattering matrix, ultimately
resulting in observable signatures in invariant-mass distri-
butions, including threshold effects and line shapes. The
well-known two-pole structure of the A(1405) [37-40] is a
typical manifestation of coupled-channel effects. In scatter-
ing processes featuring identical initial and final hadron
pairs, coupled channels merely emerge as intermediate
states, whose contributions are frequently treated as minor
effects, though this assumption is not always justified.

Inspired by the capability of femtoscopy to extract
interaction information and reveal the intrinsic nature of
hadronic states, we further demonstrate in this work that the
technique is sensitive to coupled-channel dynamics and can
uncover the essential properties of related hadronic mol-
ecules. We take the double-strangeness pentaquark states
P, dynamically generated via charmed meson-baryon
interactions, as typical examples in which coupled-channel
effects dominate.

The existence of double-strangeness hidden-charm pen-
taquark states has been expected since the discovery of the
pentaquark states P.(4380), P.(4312), P.(4440),
P.(4457), and P.(4337) [41-43], and strange hidden-
charm pentaquark states P, (4459) [44] and P (4338)
[45], though no solid experimental evidence has been found
so far. At present, the pentaquark states are widely inter-
preted as meson-baryon molecular states, though several
ambiguities remain, such as the spins of P.(4440) and
P.(4457). See Refs. [10-14,17,19,26] for recent reviews.
Double-strangeness hidden-charm pentaquark states were
first proposed in Ref. [46] within the light-meson (no pion)
exchange model, but this approach requires an unphysical
regularization cutoff. Later in Ref. [47], via the vector
meson exchange model, two P, states of molecular nature
located at (Mg, I'z) = (4493.35,73.67) MeV due to pseu-
doscalar meson-baryon (PB) interactions, denoted as
P, (4493) with JP =1/27, and (4633.38,79.58) MeV
due to vector meson-baryon (VB) interactions, denoted
as P, (4633) with JP =1/27 or 3/27, are predicted.

The two bound states are generated predominantly through
coupled-channel dynamics. The dominant attraction arises
from the strong off-diagonal interactions between the two
heaviest meson-baryon channels, whereas the diagonal
interactions are significantly suppressed or even repulsive.
A similar model was applied in Ref. [48], using an
alternative approach to evaluate the baryon-baryon-vector
(BBV) vertices leading to the prediction of four P, states.

In the present work, by taking the P, (4493) and
P, (4633) states dominated by coupled-channel effects
as representative examples, we investigate how coupled-
channel dynamics are reflected in femtoscopic momentum
correlation functions. To further illustrate the generality of
the mechanism, we also consider the Q(2012) state as a
more extreme example in which the diagonal interactions
vanish at leading order in the I = O sector, together with a
simplified two-channel model that isolates the role of the
off-diagonal transition.

The manuscript is organized as follows: in Sec. II, we
briefly revisit the mechanisms underlying the dynamical
generation of the P, states and introduce the Koonin-Pratt
(KP) formalism for correlation functions. In Sec. III, we
present the numerical results and corresponding discus-
sions. Finally, a summary is given in Sec. I'V.

II. FORMALISM

In this section, we briefly review the mechanisms
underlying the dynamical generation of the two P states
in the unitarized coupled-channel approach based on
vector-meson exchange interactions. More details are
available in Ref. [47]. The thresholds for the relevant
channels are listed in Table 1. Notably, these channels are
not subject to the Coulomb interaction, which allows the
contributions from the strong interaction to be isolated.

A. Dynamical generation of the P, (4493) and
P, (4633)

Following Ref. [47], when considering the interactions
between the pseudoscalar mesons and baryons, the coupled
channels in the particle basis are .2, D7EY, DyE9, and
D~QY. Note that such a choice of charge states ensures that
the interaction is free of Coulomb effects. The #-channel

vector-meson exchange diagrams reduce to contact

TABLEI. Thresholds of the coupled channels considered in the
PB and VB systems.

PB system VB system
Channel  Threshold (MeV) Channel  Threshold (MeV)
n.E~ 4298 nes 4415
D7 E? 4437 D:~E0 4581
D;ED 4545 D:~E0 4689
D~Q 4564 D~ QY 4706
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TABLEIL C;; coefficients of the PB interaction in the (1, S) =
(1/2,-2) sector, where k.~ 1/4 and k.. ~ 1/9. We note that
there is a typo in Table I of Ref. [47] as pointed out in Ref. [48].

neE" Dy D;ED DQ
a2 1 -
Ne= 0 \/gkc N K. K.
D7E? —1 4 k. 0 0
D;Eio -1 +K(rc —\/Z
D~ Kee

interactions up to O(p?), where p denotes a generic small
momentum. Upon projection onto the S-wave, the potential
becomes

v, (v5) = —c,»,ﬁ (2v5—M,~ M)NN, (1)

where N; and N; are the normalization factors for baryon
spinors, N; = \/(E; + M;)/2M;, and M,(E;) and M,(E;)
are the masses (energies) of the baryons in the incoming
and outgoing channels, respectively. The C;; coefficients of
the PB interaction are listed in Table II.

We employ the Bethe-Salpeter equation in coupled
channels to account for the nonperturbative effects,

T,;=V+VuG/Ty, (2)

where G, denotes the meson and baryon propagator labeled
by the /th intermediate channel. Under the on-shell
approximation, the above integral equation reduces to a
simple algebraic one: T = (1 —VG)~'V, where G is a
diagonal matrix whose elements are meson-baryon loop
functions defined as

d* 2M 1
GI(P)_i/ q4 2 I 2 4 2 24 00 (3)
(27)* (P —q)* — M +ieq*> —mj + ie

in which M; and m; correspond to the masses of baryon and
meson inside the loop. In Eq. (3), P = p + k = (/s,0) is
the total four-momentum in the c.m. frame, and ¢ is the
internal meson four-momentum.

We closely follow the treatment of Ref. [47] and employ
the cutoff method with A = 800 MeV to regularize the loop
function G;. A double-strangeness pentaquark state with a
mass of Mp = 4493 MeV and a width of ['; = 74 MeV is
dynamically generated and strongly couples to D~Q0. As
mentioned in Ref. [47], the attractive interaction of the
D~QY channel alone is insufficient to generate the state,
and the off-diagonal transition amplitude D~Q? — D7E/
provides the additional attraction required. A similar
picture is also found in Ref. [48], where the vector-
vector-baryon (VVB) vertices are evaluated by directly
using the flavor and spin wave functions after appropriate

symmetrization [49,50], instead of employing the SU(4)
symmetry adopted in Ref. [47].

On the other hand, in Ref. [51], an off-shell coupled-
channel formalism based on the one-boson-exchange
model was applied, and a double-strangeness pentaquark
at (Mg, Tg) = (4504,0.4) MeV was found. The three
dominant coupled channels are D;E%, D;E9, and
D~QV. However, the P, state was shown to persist even
without the D Z. contribution [51], indicating a distinct
binding mechanism compared with the one in Ref. [47].

The P.,,(4633) state in the vector-meson-baryon sector
is generated analogously. In the VB sector, four coupled
channels in the particle basis—J /wE~, D*"2%, D:~E9, and
D*~Q)—are taken into account, in which the P, (4633)
state is dominated by the transition amplitude between the
last two heavier channels. Note that the VB interaction has
the same structure and coupling strength as the PB
interaction, except for the scalar product between the
polarization vectors of the incoming and outgoing vector
mesons.

B. Femtoscopic correlation functions

Femtoscopic correlation functions are calculated via the
KP formula [52,53],

Clp1.p2) = / S, ()| ¥ (. K) . (4)

where we adopt a Gaussian source function

Sia(r) = (2\/1—7)36_r2/(4R2>- (5)

In Eq. (4), the ¥(r, k) is the relative wave function of the
two-body outgoing state, which, taking the on-shell
approximation, can be written as [35]

P(r.k) = ™"+ T(k. k) - O(qmax = k) - G(r.V/5), (6)

where T(k, k) is the scattering amplitude in Eq. (2) and
G(r,+/s) is given by

_ dme K’ Mp
G(r.\/s) = A (27)3 Ex(K')Ep (K')
‘ Jo(K'r) (7)
Vs = (Ep(K') + Ey(K')) + i€’

where Eg(K') = /M% + k'? and Ey (k') = \/M3, + k'?
are the energies of the corresponding baryon and meson.
The cutoff g, is set to 800 MeV in the calculation of G;.

Substituting the wave function into the KP formula and
considering coupled channels, one obtains
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Ci(k) =1+ 0(qmax — k)/ drdnr?S,,(r)
0
 ilhr) + (V) Gl V5P = (k)
+ > @)l Ti(Vs) - Gi(r, \/E)d’ (8)
i#]

where ; is the weight for each component of the
multichannel wave function, and the sum runs over
all possible coupled channels. For simplicity, we assume

the weights are all equal to 1 in this study. The sub-
scripts i, j label the corresponding coupled channels

III. RESULTS AND DISCUSSIONS

A. Coupled-channel effects in the correlation functions

Coupled-channel effects enter momentum correlation
functions through two distinct mechanisms. The first

(@)
NcE
1.1 -
=)
~ &——-
1.0 F--=
—— ----R=1fm
—— ----R=2fm
—— ----R=3fm
—— ----R=5fm
0.9 L L L
0 100 200 300 400
k(MeV)

200
k(MeV)

0 100

FIG. 1. 7.2 (a), D;E0 (b), DyEP

mechanism originates from the nonperturbative structure of
the scattering amplitude, as illustrated in Eq. (8), which
includes all intermediate channels. The second mechanism
arises from the off-diagonal elements of the scattering matrix,
T jif}j with i # j, which correspond to transitions between
different reaction channels. Physically, this represents the
contributions to the ith channel scattering wave function from
the process in which particles in the initial state of channel j
undergo rescattering and convert into particles in channel i.

To explore the influence of coupled-channel dynamics
on hadron-hadron interactions, we calculate the momentum
correlation functions for the PB and VB systems associated
with the P, (4493) and P.,(4633) states. By comparing
results obtained with and without off-diagonal interactions,
we aim to elucidate how coupled-channel effects modify
the correlation functions and encode the underlying attrac-
tive or repulsive interactions.

In Fig. 1, we present the correlation functions for 7 .E,
D;E0, D7EP, and D~Q? for four typical representative

(b)

1.1}F

0.8

K(MeV)
(d)

200
k(MeV)

0 100

(c), and D~Q? (d) correlation functions as a function of the relative momentum k for different

source sizes R = 1,2, 3, and 5 fm. The solid lines represent the results obtained in the coupled-channel case, while the short dashed lines
represent the results obtained in the single-channel scattering process.
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source sizes R = 1,2, 3, and 5 fm. For comparison, we also
show the results obtained in the uncoupled-channel case, in
which all off-diagonal elements in Table II are set to zero,
denoted by dashed lines. According to the general analysis
in Ref. [54], the correlation functions of D7EX and D~Q?
channels exhibit clear signatures of strong attractive inter-
actions when taking into account full coupled-channel
effects, which is consistent with the existence of the
P..(4493) below the thresholds of both channels.

To further clarify the role of the coupled-channel
dynamics, we have also examined the pole structure by
switching off all the off-diagonal interactions. In the
uncoupled-channel calculation, the poles associated with
P..(4493) and P, (4633) in the full coupled-channel
calculation no longer survive in the relevant energy region.
This confirms that the P.(4493) and P, (4633) states
cannot be generated by the diagonal interactions alone.

This observation can be understood from the diagonal
interactions themselves. The D~Q? — D~QU interaction is
strongly suppressed, since it proceeds only via heavy J/y
exchange. The D;E? — D;E? interaction is even repul-
sive due to the exchange of the ¢ meson. This correspon-
dence can be seen more explicitly in Ref. [48], where the
relevant diagonal coefficients are expressed in terms of the
masses of the exchanged vector mesons, as follows:

1 1 1
CDJE’C—J)SE’C Sl ) + 2’ CD(L—»DQE & m2
@ Iy Iy

Thus, without considering coupled channels, one expects
the correlation function of D~Q? to exhibit a totally
different line shape, as shown in Fig. 1 with a dashed
line. The D~QY correlation function in the uncoupled-
channel calculation is enhanced at low momenta, exhibiting
a weakly attractive behavior. For the D;Z channel, on the
other hand, the correlation function is suppressed below
unity at low momenta, especially for sources with small
sizes, as shown by the short dashed lines, indicating a
repulsive interaction kernel. However, the line shapes of
correlation functions for deeply bound states and repulsive
interactions are similar [54]. Consequently, the line-shape
variations in the correlation function of D;E/ are unlikely
to be as pronounced as that of D~QY, regardless of whether
coupled-channel effects are included. As for the n.E~
channel, the deviation of the correlation function from
unity originates entirely from coupled-channel effects,
since the interaction vanishes in the uncoupled case.
This contrast indicates that the scattering amplitudes
receive substantial contributions from coupled-channel
transitions, which dominate their attractive behavior.

It is worth noting that although the P, (4493) state
emerges as a resonance in the D;EY channel, the corre-
lation function of this channel still exhibits a repulsive
pattern [54], which is suppressed in the low-momentum
region and rises as momentum increases, rather than the

typical resonance behavior observed in Ref. [32], which is
enhanced in the low-momentum region and decreases with
increasing momentum. This is mainly because D7 E?
cannot directly couple to the two dominant D;ZP and
D~QY channels, as shown in Table II, but only indirectly
via 7.27. Such a mechanism naturally leads to a rather
weak coupling of D;E? to P,,,, and the coupled-channel
effects have only a minor impact on the 7’5, matrix element.
The small differences between the correlation functions
calculated with full coupled-channel effects and those
without any coupled-channel effects confirm this picture,
as shown in Fig. 1. This suggests that the repulsive nature
of the D;EY channel does not substantially weaken the
attractive interactions in the D7 = and D~QC channels. To
further explore the role of this channel, we increase the
coupling strength between D;E and D;EP® to approx-
imately 75% of that between the D;EP and D~Q?
channels. Under this assumption, the correlation function
of D;EY exhibits typical behavior in which a resonance
emerges, consistent with the findings of Ref. [32]. This tells
us that D;E? is not an optimal channel to study the
P (4493) state. A similar pattern is also observed in
the VB systems. Finally, we note that the source size R is
selected arbitrarily for illustration. The coupled-channel
effects discussed above are valid for any reasonable R and
are not sensitive to the specific choice of the source size R.

In Fig. 2, we show the correlation functions of the vector-
meson-baryon counterparts, J/wZ~, D:"E%, D:~E9°, and
D*~Q? pairs related to the P,,(4633) state. Given that the
spin dependence is not resolved in the standard measure-
ments of correlation functions, we have to take the spin
average for the VB interactions with J* = 1/2~ and 3/2".
However, in the present calculation, because the potentials
and the momentum cutoff are identical, the resulting
correlation functions for J* = 1/2~ and 3/2 are identical.
The solid curves obtained from the coupled-channel
calculation indicate strong attractive interactions in the
D:~E° and D*~QY channels. In contrast, in the D:~Z"
channel the dashed curve, which reflects the behavior of the
diagonal interactions alone, exhibits a suppression below
unity, indicating a repulsive interaction, while in the D*~Q
channel, the dashed curve exhibits only a mild enhance-
ment, corresponding to a weakly attractive interaction [54].
These features are very similar to those in the PB system
and support the interpretation that the strong enhancement
represented by the solid curves does not originate from the
diagonal terms, but rather originates predominantly from
the coupled-channel dynamics encoded in VST of Eq. (13).

In the above discussion, we have compared the calcu-
lation with no coupled-channel effects at all (the short
dashed lines), where the off-diagonal elements of the
interaction V are set to zero, against the full calculation
that includes the coupled-channel effects both from T';;G,
and the transition terms 7T j,G ; with j # i (the solid lines).
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FIG. 2. Same as Fig. 1 but for the J/wZE~ (a), D

In the following, we further distinguish their relative
magnitudes and show how these coupled-channel effects
are manifested in the correlation function. In the PB and
VB interactions considered here, we find that the TﬁG j

terms are significantly smaller than T;;G; when computing
the correlation function for channel i. Especially, given a
relatively small relative momentum k of channel i within
our energy range of interest, e.g., k €[0,400] MeV, the
ratio of the loop function of channel j (which has a higher
threshold) to that of channel i, i.e., G;(r, \/5)/G;(r,/s) is
much less than unity, due to the spherical Bessel function
Jo(kr). Moreover, the ratio drops sharply as the threshold
difference between channels j and i increases. Meanwhile,
for channels with lower thresholds than channel i, the off-
diagonal element of the 7" matrix is smaller than the
diagonal element T';; in the present system. As a conse-
quence, the contribution from the off-diagonal element,
T j,C ;» to the correlation function is negligible compared
with the diagonal elements. Therefore, the coupled-channel
dynamics affect the correlation function mainly through the
modification of T;, rather than through the explicit Tj,-G j

(b)

1.1

--=-R=5fm
0.7 1 L 1
0 100 200 300 400
k(MeV)
(d)
1.2 T T T
D Q!
1.1
1.0
0.9
)
Q0.8

‘R=1fm

0.6 —— ----R=2fm]
—— ----R=3fm
05F —— ----R=5fm]
0 100 200 300 400
k(MeV)
(b), D:"EP (c), and D*~Q? (d) correlation functions.

terms in Eq. (8). We confirm this conclusion in Fig. 3 by
calculating the contributions from the diagonal and off-
diagonal 7- matrix elements.

In the above study, we have set the weight factors w; = 1.
It is important to examine whether different weights could
affect the resulting correlation functions. To quantify the
impact of w;, i.e., the relative importance of explicit

coupled-channel terms T j,»G ;» we define the following ratio:
I|T;i(v/5) - G,(r. v/5)P]

Lo(kr) + Ti(V/5) - Gir. /5)I* = Ljo(kr) P
©)

Rji(k> = I

for i # j, where

111) = (e =) [ drdar’ S (k). (10)

The values of Rj; are summarized in Table III. One
observes that all off-diagonal contributions satisfy R;; < 1,
indicating that the explicit coupled-channel terms are much
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FIG. 3. #.E (a), D7E (b), D;EP (c), and D~QV (d) correlation functions as a function of the relative momentum k for source sizes
R =1, 2, 3, and 5 fm. The short dash-dotted lines represent the full coupled-channel results, while the solid lines are obtained by
retaining only the elastic-channel term involving the full coupled-channel amplitude 7', namely 7;;G;, and omitting the explicit
coupled-channel terms 7' j,-G ; with j # i. The gray-shaded area represents the overlap between the full coupled-channel calculation and
the calculation including only the diagonal term T';G;, indicating that the explicit T_j,C_, terms provide only a small additional
contribution to the correlation function.

TABLE III. Relative contributions of coupled channels to the ~ smaller than the corresponding diagonal contributions.
PB correlation functions for a source size R =1 fm. The Consequent]y’ even if Weight factors w; other than 1 are
tabulated values are arithmetic averages over uniformly sampled assigned to different channels, their ‘influence on the
momemur_n pmflts,k € [0’400] MeV. No,te that R, (k) depends on correlation functions remains negligible unless extremely
k and varies within this range, so the listed numbers should be 1 .
. arge values of w; are adopted [55]. Once experimental data
understood as representative averages rather than fixed constants. N . . .
become available, the corresponding production weights

i\Jj n.E” D;E? D;ED D=Q° can be determined following the methods proposed in
7o — 0.029 0.037 0.074 Refs. [56-58], thereby enabling a more quantitative under-
15_30 —0.013 o —0.006 —0.011 standing of the coupled-channel effects.

D;EZQ ~0013 —0.003 ~0070 In this situation, we are safe to omit the last term in

Eq. (8), and the correlation function for channel i can be
simplified as

D~ -0.013 —-0.004 —0.058
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Ci(k)=1 +/oodr47rr2512(r)
0
ljo(kr) + Ti:(\V/s) - Gi(r./5) [ = |jo(kr)[*].  (11)

It is even more interesting that such a conclusion is not
only valid for the present PB or VB interactions. This
conclusion, though maybe not universal, has also been
verified in studies of the correlation function for various
systems, including the DK — D;n system associated with
D?,(2317) [54] and the KZE(1530) —nQ — K= system
associated with Q(2012) [55]. Note that the contributions
from coupled channels belonging to isospin multiplets
cannot be neglected, since their thresholds are compatible.

To examine whether the above observation is specific to
the P, systems, it is useful to consider another interesting
case in which the role of the off-diagonal interaction is
particularly transparent. The Q(2012) state, in the molecu-
lar picture involving KZ(1530) and #Q within the chiral
perturbation theory, provides such an example of a reso-
nance dynamically generated by coupled-channel effects
[58-74]. We note that, in the charge basis, the K’Z~(1530)
or K~E°(1530) channel contains both / =0 and I =1
components, and their diagonal interactions do not vanish.
In contrast, the #Q channel contains only an /=0
component, and its leading-order diagonal interaction
nQ~ — »Q~ vanishes. For this reason, the #Q~ correlation
function provides a particularly clean reference for illus-
trating the coupled-channel mechanism. More importantly,
unlike the n.E~ channel in the P, system, which is not
among the dominant channels responsible for the gener-
ation of the P, state, the 2~ channel participates directly
in the coupled-channel mechanism responsible for the
dynamical generation of the Q(2012) state. The correlation
functions of the yQ~, E*°K~ and Z*~K° channels relevant
to the ©(2012) have been studied in Ref. [55]. The nQ~
correlation function is exactly unity in the uncoupled-
channel calculation, whereas the correlation functions that
account for off-diagonal effects again exhibit the typical
features of a strongly attractive interaction. This feature
clearly indicates that the deviation of the #Q~ correlation
function from unity arises solely from off-diagonal
coupled-channel interactions, similar to the correlation
functions of the #.E~ channel in Fig. 1 and the J/yE~
channel in Fig. 2.

B. Two-channel illustration of coupled-channel
dynamics

One notices that the correlation functions for the D; =

and D~Q? channels in the PB sector, as well as D:~Z° and
D*~QY channels in the VB sector are comparable in
magnitude when coupled-channel effects are included in
the calculations.

To gain further insight into how coupled-channel dynam-
ics manifests itself in momentum correlation functions, it is

useful to consider the simplest two-channel system as an
illustration. The simplified two-channel model represents
an extreme case designed to isolate the mechanism by
which off-diagonal transitions generate an effective inter-
action in the elastic channel. We assume that the diagonal
interactions vanish, while only the off-diagonal transition
potential survives, i.e.,

0o Vv G, 0
V= ., G= . (12)
Vo0 0 G,

with V' the off-diagonal elements of the potential.

From the perspective of channel 1, the effect of channel 2
can be absorbed into an effective interaction. Physically, the
particles first make a transition from channel 1 to channel 2
through the off-diagonal potential V', propagate in chan-
nel 2, and then return to channel 1 through another
transition. This process generates the effective interaction

(13)

where G, is the loop function of channel 2.
Correspondingly, the scattering amplitude reads

Vit =V'G,V/,

eff
Vl

T - v,

(14)

Remarkably, a bound state or resonance may emerge in
the absence of any direct interaction, given the condition

1-G Vst =0,
which is entirely governed by the off-diagonal transitions.

Now the correlation function for channel 1 can be further
simplified as

—4I2R? _
Ci(k) =1 +21€27Rz1
+/oo dranr?S,,(r)|jo(kr) — F(r, k)
0
1 2
+F(r,k)m s (15)
where
F(r.k) =Gy (r.k)/G;(k). (16)

The correlation function of channel 2 can be obtained
similarly. Notably, in this simplest two-channel situation,
the only difference between the correlation functions of
channels 1 and 2 lies in the particle masses in F(r, k) of
Eq. (15). Particularly, under the nonrelativistic expansion of
the loop functions, which is equivalent to solving the
Lippmann-Schwinger equation instead of the Bethe-
Salpeter equation, the ratio F (r, k) is independent of particle
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masses. In the present situation involving heavy mesons and
baryons, such a difference is relatively small, and it is
anticipated that the correlation functions of these two
channels will be very similar not only in line shapes but
also in magnitude.

Although the P, systems contain nonvanishing diago-
nal interactions, the qualitative similarity of the two corre-
lation functions is consistent with the mechanism illustrated
by Eq. (15), namely that the common off-diagonal transition
largely governs their dynamics. Such a similarity further
implies that the off-diagonal elements dominate the dynam-
ics, while the diagonal elements play only a minor role,
given the markedly different behavior in the uncoupled-
channel calculations. Thus, if future experimental measure-
ments confirm that both channels exhibit strong attraction,
this would support the physical picture in which the
P.(4493) and P, (4633) states are molecular states
dynamically generated by the attractive interaction arising
from coupled-channel effects. Specifically, the magnitude of
the difference between the correlation functions of these two
channels directly reveals the strength of the coupled-channel
dynamics. This is challenging for DFY*)_E/CO, because the
correlation functions corresponding to a bound state and to
repulsive interactions behave similarly.

IV. SUMMARY

In this work, we explored the capability of femtoscopy to
probe coupled-channel effects in hadron-hadron interactions
and unravel the intrinsic nature of relevant hadronic mol-
ecules. To this end, we revisited interactions of heavy
pseudoscalar mesons and baryons, including #,.Z~, D7E?,
D7EP, and D~Q, associated with the double strangeness
pentaquark state P,(4493), which is governed by vector
meson exchanges. Using the Koonin-Pratt formula with a
Gaussian source and a unitarized coupled-channel approach,
we calculated the correlation functions for all coupled
channels. We further extended our study to heavy vector
meson-baryon interactions and the associated P, (4633)
state. To reveal the coupled-channel effects, we also com-
puted the correlation functions in the uncoupled-channel
case, in which all off-diagonal elements are set to zero.

In the heavy pseudoscalar meson-baryon interactions, our
calculations revealed that the correlation functions of the
D;E9 and D~QY channels display typical features of strong
attractive interactions, even though their diagonal potentials
are either suppressed or even repulsive. This indicates that
the nature of the state is driven predominantly by the
coupled-channel mechanism. Meanwhile, the correlation
function of 5.2~ manifests weak attractive behavior,

consistent with the nature of an above-threshold resonance
[32]. Notably, the elastic interaction of #5.Z~ vanishes
entirely, so such behavior arises purely from coupled-
channel effects. In contrast, since the D;Z? channel is very
weakly coupled to the two dominant D;E® and D~Q?
channels, its correlation function is almost unaffected
whether coupled-channel effects are incorporated or not.
A similar scenario is also found in the heavy-flavor vector
meson-baryon interactions relevant to the P (4633) state.

We notice that a similar physical picture exists in the
interactions between decuplet baryons and pseudoscalar
mesons, i.e., KE(1530) and 7Q™, related to the (2012), in
the I = 0 sector, where only off-diagonal elements survive
at leading order. The #€~ correlation function exhibits the
characteristic behavior of a strong attraction, even though
the leading-order diagonal interaction vanishes.

These results demonstrate that future femtoscopic mea-
surements of these correlation functions will serve as a
sensitive probe of coupled-channel dynamics, providing
direct insight into the mechanisms underlying the gener-
ation of these states.
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