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The discovery of the hidden-charm pentaquarks P.(4312), P.(4440), and P.(4457) by the LHCb

Collaboration are very likely to identify as the 25*) D™ molecules. A natural and crucial extension is the
existence of excited molecular partners built from a ground-state charmed baryon and a radially excited

anticharmed meson, namely E§*>D(*)(2S) molecules. In a framework of the chiral quark model, we
systematically study pion-emission decays of such excited molecules into the known ground-state P,
molecules. Our results show that the decay widths are sensitive to the spin structures and the coupled-
channel interferences, i.e., the £.D(28)/Z.D*(2S)/Z:D* (2S)[1/2(1/27)] state decays to P, (4440) with a
width of several MeV, while the width to P.(4457) is suppressed below 0.3 MeV due to destructive
interference. The pion-emission decay can be the key to unveiling the excited molecular spectrum of
hidden-charm pentaquarks and provides decisive experimental signatures. We expect that future experi-
ments such as the LHCb and PANDA can verify our predictions.

DOI: 10.1103/fgdl-71b7

I. INTRODUCTION

Exotic hadron states represent a frontier topic in hadron
physics. Investigating exotic states cannot only allow us to
test and develop nonperturbative quantum chromodynamics
(QCD) methods (such as lattice QCD, effective field
theories, QCD sum rules, and so on) but also provide
crucial experimental and theoretical evidence for under-
standing the essence of the strong interaction and for
perfecting the system of hadron spectroscopy.

As a representative of typical exotic hadron states,
hidden-charm pentaquarks have seen groundbreaking
progress over the past decade. In 2015, the LHCb
Collaboration first reported the existence of hidden-charm
pentaquark states in the decay process A(,)) - J/ypK~,
analyzing data from run 1 of the Large Hadron Collider
[1]. By examining the invariant mass spectrum of J/yp,
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two resonant structures were observed, named P.(4380)
and P_.(4450), respectively. This discovery opened a new
chapter in the study of exotic hadrons. Initially, the
theoretical community proposed various interpretations
for the nature of these two P, states, including compact
pentaquarks, meson-baryon molecular states, and kinematic
effects (see the review papers [2—15] for further details).
Based on the feature that their masses are very close to the
thresholds of charmed baryons and anticharmed mesons, the
molecular state interpretation quickly became one of the
prevailing views. For instance, in previous works [16,17],
we investigated the £.D* interaction using the one-boson-
exchange (OBE) model and proposed that P.(4380) and
P.(4450) could be interpreted as loosely bound molecular
states composed of a charmed baryon and an anticharmed
meson, respectively.

In 2019, the LHCDb Collaboration reanalyzed the full run 1
and run 2 data and revealed fine structures that were
previously unresolved [18]. The results showed that
P.(4450) consists of two overlapping resonances with
similar masses, named P.(4440) and P.(4457). Simul-
taneously, a new narrow resonance, P.(4312), was discov-
ered. The discovery of these three P, states significantly
advanced theoretical interpretations. The most prominent
feature is that their masses lie just below the corresponding
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charmed baryon and anticharmed meson thresholds:
P.(4312) is close to the X.D threshold, while P,(4440)
and P.(4457) are close to the £.D* threshold. This feature
strongly suggests that they might not be conventional
compact pentaquarks but rather hadronic molecules com-
posed of a charmed baryon and an anticharmed meson
[19-36]. Following the discovery of the three P, states, our
calculations based on the OBE effective potentials and the
coupled-channel analysis explicitly indicated that these three
states can be consistently interpreted as follows: P.(4312)
corresponds to a £.D molecule with I1(J*) = 1/2(1/27),
and P,(4440) and P.(4457) correspond to X.D* molecules
with I(J?) = 1/2(1/27) and 1/2(3/27), respectively [36].

With the observations of the three P, structures, a natural
question arises: Do excited states of these P,. states exist? If
the three reported P, states are indeed molecules composed
of a charmed baryon and a ground-state anticharmed meson
(D, D*), then, following the general systematics of hadron
spectra, such molecular systems should possess radial or
orbital excitations—similar to the energy level structure of
the hydrogen atom from the ground state to excited states in
atomic physics. Therefore, it is possible that hidden-charm
pentaquark molecular states composed of a ground-state
charmed baryon and radially excited anticharmed mesons
exist. For example, in our previous work [37], we adopted
the OBE effective potentials to study the interactions
between a charmed baryon and an anticharmed meson in
P wave, and predicted the existence of possible excited
partners of hidden-charm molecular pentaquarks.

In addition, a more crucial question is as follows: If these
excited P, molecular states exist, how would they decay
into the known ground-state P, states? If molecular states
composed of a charmed baryon and an excited anticharmed
meson exist, one of the important decay channels would be
transitioning to the P,. states composed of a charmed baryon
and a ground-state anticharmed meson by emitting a light
meson (particularly a z meson) [38,39]. The physical
picture of this process is clear: The excited anticharmed
meson de-excites to a ground-state anticharmed meson by
radiating a 7 meson, while the entire molecular system
remains bound, thus completing the transition from an
excited molecular state to a ground-state molecular state.
This pion radiative decay serves as the most direct probe for
studying excited molecular states; one can predict which
excited molecular states might be observable experimentally
and their dynamical connections to the known P, states. In
our previous work [40], we calculated the properties within
a molecular scenario using the chiral quark model and
coupled-channel effects. Our results revealed a strong
dependence of the decay widths on the internal structure
and spatial wave functions.

In this work, we will study the pion-emission properties

of possible ZE.*)D(*>(2S) molecules decaying into the P,
states as the Z(C*) D™ molecular states. Before calculating

the decay widths, we first adopt the OBE effective potentials

to predict the mass spectrum of possible D) (25)
molecular candidates and obtain the corresponding bound
state solutions. In particular, in the heavy quark limit, the
OBE effective potentials between the ground-state charmed
baryon and the radially excited anticharmed meson have the
same forms as those between the ground-state charmed
baryon and the ground-state anticharmed meson, and
because the former has a larger reduced mass, the corre-
sponding binding energy can be a little deeper.

At tree level, the pion-emission process between the
excited and ground P, states is realized through the
interaction of their anticharmed mesons with a pion, as
shown in Fig. 1. In Refs. [41,42], the authors studied the
strong decays of radially excited charmed mesons using the
chiral quark model, expanding the effective interaction
Hamiltonian to the order of the inverse square of the
interacting quark masses. The corresponding calculation
results are consistent with the experimentally reported decay
widths and branching ratios of radially excited charmed
mesons [43—47]. For the above reasons, this work follows
the research approach of Refs. [41,42] to further investigate
the pion-emission decay between the excited and ground P,
states by using the chiral quark model [48-54].

This paper is organized as follows. In Sec. II, we derive
the pion-emission interactions between P. states in a
molecular scenario. The numerical results are presented
and discussed in Sec. III. Finally, a summary is provided
in Sec. IV.

II. INTERACTIONS

In the chiral quark model, the effective Lagrangians
describing the interactions between quarks and pseudosca-
lar mesons can be constructed as [48]

5 - =
L= \/—Tf,ll/hﬂ’sll/] - (1)

Here, f7. =0.093 GeV and &= 0.557 [55,56] are the
pseudoscalar meson decay constant and the global param-
eter accounting for the strength of the quark-pseudoscalar-

meson couplings, respectively. / is an isospin operator.

n .
P, - Py
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FIG. 1. The z-emission process between the P, molecular

states at tree level.
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For the pion-emission interactions [53,54], one has [ =
a'(u)a(d) for ==, I= aj-(d)aj(u) for z*, and I =
\/LE [a"(u)a(u) — a'(d)a(d)], with a'(u,d) and a(u,d)
being the creation and annihilation operators for u# and d
quarks, respectively. y and ¢,, are the light quark field and
the pseudoscalar meson field, respectively.

By expanding the above Lagrangian in a nonrelativistic
form up to the mass order of 1/m?, one can obtain [57,58]

wm
Hygr = 9<Q6 q+5 e -p) F(q*)Igp
Hq

9
32/45
x F(g*)Ig. (2)

[m(6-q) +20-(q—2p) x (g xp)]

Here, we define

9="08\/(Es +My)/(V2f%). (3)
a)m a)m

5= % o) W

Hy =, (5)

o and p correspond to the spin operator and internal
momentum operator of the light quark, respectively. ¢ =
e~7 is the plane wave part of the emitted light meson.
(E;,M;) and (E;, M ;) are the energy and mass of the initial
and final particles involved in the interaction, respectively.
@, 4, and mp are the energy, three momentum, and mass
of the emitted pseudoscalar meson. m and m’ stand for the
masses of the initial and final quarks, respectively. In
Refs. [55,56], the quark masses are taken as m,, =
0.45 GeV and m,. = 1.68 GeV. In order to suppress
unphysical contributions in the high-momentum region,

we introduce a form factor F(g%) = \/A?/(A* + ¢?) at the

interaction vertex, and the cutoff A is taken to be of the
order of the chiral symmetry breaking scale. In
Refs. [55,56,59-61], the cutoff parameter A is taken as
A = 0.66 GeV. Here, we also notice that the different form
factors in the OBE potential and the pion-emission vertex
reflect their distinct roles: The former regularizes the off
shell exchanged mesons at the hadron level, while the latter
suppresses high-momentum components in the quark-level
transition operator. Both are standard choices in their
respective contexts. We have also tested the stability of
our results by using the same monopole form factor for the
pion vertex with A ~ 1 GeV; the decay widths change by
less than a factor of 2, and the interference patterns are

unaffected. Therefore, our predictions are stable against the
regulator choice.

With the above preparations, we then calculate the pion-
emission width between the excited and ground hidden-
charm molecular states. In this work, we consider only the
pion emission from the anticharmed meson constituent,
which is the dominant mechanism. In the heavy-quark
limit, the D®) D™z coupling is leading order, while the
X Xz vertex is suppressed by heavy-quark spin-flip or
vanishes in the exact SU(2) and heavy-quark symmetry
limits. Contributions from baryon emission or final-state
rescattering are higher-order effects and are not expected to
alter the order-of-magnitude estimates and the interference
patterns reported here. This approximation is consistent
with previous works on P, pionic decays [38—42].

In the rest frame of the initial state, the decay width for
the P, — P. + & process is given by

rolla 1
8z M2, 2J% 41

S IM e (Pem Pt DE (6)
FEE

where J and J, are the total angular momentum quan-

tum number and its projection, respectively. g =

V13, = (M, + M) (M3, — (M, —M,)?)/(2Mp,) s
the three-momentum of the final states, with M, being
the mass of particle A. M(P, - P.+ ) = (Dp |
> g Hygz|®p) is the decay amplitude for the process
P, — P.+ r, where |®p/) and |®p ) are the wave func-
tions of the initial and final hidden-charm molecular
pentaquarks, respectively.

The wave function of molecular pentaquarks can be
expressed as the direct product of the wave functions of
their constituent hadrons and the wave function between
the constituents |®@), ie., |®Pp )= |Dy) @ |Pg) @ |D).
Here, ®,, and ®; stand for the wave functions of the
constituent meson and baryon, respectively, which include
the color wave functions |¢.) = 1, the flavor wave func-
tions |/, I3), the spin-orbit wave functions |**!L,), and the
spatial wave functions |¢(r)). In Table I, we summarize the
flavor wave functions |/,/3) and the spin-orbit wave
functions [**!L;) for the P, molecules. When construct-
ing the general expressions of the spin-orbit wave functions

for the ZE.*)D(” system, we define several useful notations,
J .M S.mg S.mg

namely Cg, ., 5 C%m’lm,, and C%milm, as the Clebsch-

Gordan coefficients. Xim and Y, ,, stand for the spin wave

function and the spherical harmonic functions, respectively.

The polarization vector e for the D* vector meson is defined

asel = :F% (er + ie’) and €] = €, which satisfy e, =

1(0,41,i,0) and €, = (0,0,0,-1).

7 The polarization
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TABLE L. Flavor wave functions and the spin-orbit wave functions [>*1L ) for the considered "

'D systems.

Here, I and I5 are their isospin and third component, respectively.

|1, 15) Configurations JP

Channels |>*!'L,)

1/2-
3/2-

3.3 = Doy

31 * )+ =
2:2) \/%|ZS )++D‘) + \/%\ZE >JrDO)

3 1 * %)0 = -
372 \@p:ﬁ )+D—>+\@|Z£ Ppoy  3/2

Z.DP’Sy), ZiD'Dy), £.D*[*Sy/*Dy), T:D*|’S,/*Dy/Dy)
ZiD['Sy/*Dy), Z.D*|'S;/°Dy/*Dy), T:D*|*S;/°Dy/*Dy/Dy)

%:D*|°S;/?Dy/*Dy/Dy)

3 3 * _ *T) _ J .M
‘ 20 §> ‘25 )OD > CD . |2S+1LJ> - st,mL C%ms.LmL (D%mS‘YL,mL>
11 N )+ = Ay - _ sy ~Sams - ~J M m'
B3 o) - IsDy RO L) = S Ol e Vi)
1 1 « )0 = % TV . o mg,m S.m N !
‘i , _§> \/§|ZE )+D_> - \/%25 >0D0> ZCD . ‘ZSJHLJ) - vasmlL C%nz‘lsln'céV:i-Lqu)%’"em |YL*’"L>

* 1 J—
tensor @y, for Xy is expressed as @y, =}, ., X
3 m
E’m>)( %,mle >
In this work, we use simple harmonic oscillator wave

functions to describe the internal spatial wave functions of
the mesons and baryons [62-66]:

L
(3.my31,my

¢n~l~m (ﬁ’ l’) =

Here, Lff% is the associated Laguerre polynomial.
Following the convention in Refs. [67-69], the parameter
p is taken as 0.40 GeV. For the wave functions between the
constituents |®), we obtain them by numerically solving
the Schrodinger equations with the OBE effective poten-
tials. Specifically, for the reported P, states [P.(4312),
P.(4380), P.(4440), and P.(4457)], we reproduce their
central masses. For the remaining molecular states, we vary
the cutoff values of the monopole-type form factor in the
OBE effective potentials to obtain binding energies in the
region £ > —15 MeV. In the following, we present the
binding-energy dependence of the pion-emission widths
between the excited and ground P, molecules.

It is worth clarifying the consistency of our hybrid
approach. The OBE model describes the hadron-level
interactions (including both long-range pion exchange
and shorter-range p/w exchanges) that bind the molecular
states, while the chiral quark model provides a microscopic
description of the quark-level z-emission vertex, including
the 1/m? relativistic corrections essential for the node
structure of radial excitations. Both frameworks are con-
strained by chiral symmetry, but they constitute different
effective theories with different degrees of freedom. This
separation of scales is standard in the literature (see, e.g.,
Refs. [40,64,65]) and is justified because the decay vertex
involves short-distance quark dynamics that probes the

internal structure of the 2S mesons, which the purely
hadronic OBE framework cannot easily describe without
introducing an unknown 25 — 1S transition form factor. In
contrast, the parameters of the chiral quark model (con-
stituent quark masses, oscillator parameter f, and cutoffs)
are fixed from independent observables such as f, and
measured hadron radii.

III. NUMERICAL RESULTS

By employing the same OBE effective potentials (as
shown in the Appendix) as those used for the ZE.*)D<*)

systems, we find that molecular candidates for = D) (25)
indeed emerge when the cutoff parameter in the monopole
form factor of the effective potential is taken within a
reasonable range, namely A ~ 1.00 GeV. These candidates
include (i) the £.D(2S)/Z.D*(2S)/Z:D*(2S) molecular
state with I(J*)=1/2(1/27), (ii) the £.D*(2S)/Z:D(2S)/
% D*(2S) molecular states with I(J*) = 1/2(1/27,3/27),
(iii) the ;D (2S)/Z:D*(2S) molecular state with I(J¥) =
1/2(3/27), and (iv) the :D*(2S) molecular states with
1(JP) =1/2(1/27,3/27,5/27). In the Appendix, we
present the corresponding OBE effective potentials
together with the dependence of the binding energies
and root-mean-square radii on the cutoff parameter. In
Fig. 2, we present the fractions of individual channels in
these molecular states as functions of the binding energy.
We can conclude that the coupled-channel effects play an
essential role in the formation of these molecular states.
Subsequently, we also introduce the coupled-channel
approach to compute the pion-emission decay widths from
the excited P. molecular states to the ground-state P,
molecular states.

A. £.D(2S)/2,D"(2S)/2:D*(2S)[1/2(1/27)] » P, +x

We first compute the decay widths for the following
processes:

074008-4
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3 D(2S)/ ) (25)/ = D'(28) z.D (25)/ p) D(ZS)/ = D'(28)
100 100

2. D'(2S)/ Z.D"(2S) N D(ZS) / z*ﬁ*(ZS)
100

0 : .
— \ —
=D (25) 1J")= 1/2(3/2)| — LD 25)
75t - 213 (28)] 75t 75k —2ID(29)] 751 - ID'(28)]
=:2.D°(28) - =D'(25)
e —3.D'(29)
o] ] s0t - 2Des] S0 . 50t 1
--" —-ZD'(2S -
o . 2| e a5t 1JN=120/2)H 5} === y
e 1J")=1/2(1/2) I -7 1(JP)=1/2(3/2')|
L o= . . ob==— = 0 . .
0 -5 -10 -15 0 -5 -10 -15 0 -5 -10 -15 0 -5 -10 -15
E(MeV) E(MeV) E(MeV) E(MeV)
FIG. 2. The binding energy dependence of the probabilities P (%) for the involved channels of the isodoublet coupled 2 ()(29)
molecules.

(1) £.D(25)/%.D*(25)/2:D*(28)[1/2(1/27)]
decaying into P.(4312) + =,

(2) £.D(25)/%.D*(25)/2:D*(28)[1/2(1/27)]
decaying into P.(4380) + =,

(3) Z.D(25)/x.D*(25)/2:D*(28)[1/2(1/27)]
decaying into P.(4440) + =,

(4) X.D(25)/x.D*(25)/X:D*(28)[1/2(1/27)]
decaying into P.(4457) + x.

The corresponding decay amplitude can be expressed as

M= M (% (
+M2

)—)ZD*+E)
S) —» =.D* + )
S) = Z.D + )

In Fig. 3, we present the dependence of the pion-emission
width on the initial-state binding energy E. To assess the
theoretical uncertainty, we vary the cutoff A in the quark-
meson form factor of Eq. (2) within the range 0.5-0.8 GeV;
here, the relevant decay widths are labeled in the gray area.
We can see that the absolute decay widths vary by less than
2 times, and the relative hierarchy among different final
states and the interference patterns remain unchanged.
Moreover, these conclusions remain unchanged in the
subsequent research systems. Thus, our main conclusions
are robust against reasonable variations of the phenom-
enological parameters.

For binding energies £ > —15 MeV, the width for pion
emission from the X.D(2S)/X.D*(2S)/Z:D*(2S)[1/2
(1/27)] molecular state to P.(4312) is on the order of a
few MeV, and the decay width increases as the binding
energy decreases. As shown in Fig. 3, we also show the
decay widths for each individual channel of the initial
molecular state decaying to P.(4312) and a pion. The three
processes, .D*(2S) = £.D + z, £.D*(2S) —» £.D* + x,
and X.D(2S) — X.D* + r are almost equally important for
the decay X.D(2S)/Z.D*(2S)/Z:D*(28)[1/2(1/27)]—
P.(4312)+x. The main reason is that X.D*(2S) and

¥.D* account for significant proportions in the initial and
final molecular states, respectively; in particular, as the
binding energy of the initial molecular state increases, the
proportion of the £.D*(2S) component can reach nearly
50%. In addition, although the initial and final molecular
states are dominated by £.D(2S) and %D, respectively, the
process £.D(2S) — X.D + r is forbidden by spin parity
and thus does not contribute to the total width.

For the £.D(2S)/Z.D*(2S)/Z:D*(28)[1/2(1/27)] de-
caying into P,(4440)/P.(4457) + =, since the E.D(2S5)
and X.D* components dominate the initial and final
molecular states, respectively, the £.D(2S) - X.D* +x
interaction plays an important role in these two decay
processes. As shown in Fig. 3, when the binding energy
satisfies £ > —15 MeV, the pion-emission width of the

-- D!, =D@S) - (ED|H,.[5D@2S)) — Total width
-~ @EDH, [2D@2S) -- (=D'H,,[ED2S)
(. D'H,, 2D'(28) —-(ZDH,. 2D @2S)
12.00 0.40
P (4312)+1] P 380+ |

9.00 0.30

0.20 /’

0.10

e AR s e
Pl

0.00

0 -5 -10 -15

P, (4457)+7]

1.00

0.75

0.50

/’/
.
0.25} + -

-5 - 0'000““““— AAAAAAAA —Al““ -15
E(MeV) E(MeV)
FIG. 3. The pion-emission widths for X.D(2S)/
,.D*(25)/=:D*(2S) molecules with I(JP) = 1/2(1/27)

decaying into P, molecular states. Here, E is the binding energy
for the initial molecular states. (A|H,,,|B) corresponds to the
pion-emission width for B decaying to A. The cutoff values
corresponding to the gray shaded area of the data are taken from
0.50 to 0.80 GeV, while the decay widths in the curve manner are
calculated at A = 0.66 GeV.
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2.D(2S)/Z.D*(2S)/Z:D*(28)[1/2(1/27)] molecular
state to P.(4440) can reach several MeV, which is signifi-
cantly larger than that to P,.(4457) (less than 0.3 MeV). The
main reason is that, after incorporating coupled-channel
effects, the X.D(2S) - X.D* + r interaction interferes
constructively with other contributions for the P,.(4440)
final state, whereas it interferes destructively for the
P.(4457) final state.

The decay width of the same initial molecular state to
P.(4380) and a pion is around 0.25 MeV. The small width
arises from two factors: first, the dominant ;D component
of P.(4380) cannot be directly accessed from the initial
state without a heavy-quark spin flip, and the only
contributing channel X:D*(2S) — XD + x is suppressed
by the very small (a few percentages) :D*(2S) component
in the initial molecular state; second, the remaining
coupled-channel contributions involve components that
also play only a minor role in the wave functions.

In addition, to assess the theoretical uncertainty, we vary
the cutoff A in the quark-meson form factor of Eq. (2)
within the range 0.5-0.8 GeV, following the standard
values used in the chiral quark model. As shown in
Fig. 3, although the absolute decay widths vary by less
than 2 times, the relative hierarchy among different final
states and the interference patterns remain unchanged.
Thus, our main conclusions are robust against reasonable
variations of the phenomenological parameters.

B. .D*(2S)/Z:D*(2S)[1/2(1/27)] —» P.+n

Next, we calculate the widths for the pion-emission
transitions from the X.D*(2S)/Z:D*(2S)[1/2(1/27)]
states to P.(4312), P.(4380), P.(4440), and P.(4457).
In Fig. 4, we show the dependence of the pion-emission
width on the binding energy of the initial molecular state.
We find that when the binding energy E > —15 MeV, the
pion-emission decay widths of the £.D*(2S)/Z:D*(2S)x
[1/2(1/27)] states to P.(4312), P.(4440), and P_.(4457)
are of the same order of magnitude, around 1 MeV.
Moreover, the dominant interaction mechanism in all three
cases is the same, namely £.D*(2S) — £.D* + z. For
the decay into P.(4312), although the X.D component
plays a significant role in the P.(4312) wave function,
the contribution from the process X.D*(2S)(1/27) —
2.D(1/27) + = is much smaller. This is because the
spin-spin interaction in this channel is considerably weaker
than that in £.D*(2S)(1/27) —» £.D*(1/27,3/27) + x.

In comparison with the above three cases, the decay
width of the same initial molecular state to P.(4380) and a
pion is also about 1 MeV. However, the underlying
interaction mechanism is entirely different: The domi-
nant contributions come from X;D*(2S) — ZiD* +x
and £:D*(2S) = ZiD + =.

Total width

- DH, [=D2S) ---EDH, 5D 2S)
**** (D H,, 2D (2S) == AZD[H,,|ED (2S)
2.80 1.60

P (4312)+1 P (4380)+n

1.20

0.80

0.40

e

0.00

2.00

1.50

1.00

0.50

0.00

5 ~10 15
E(MeV)

-15

FIG. 4. The pion-emission widths for X.D*(2S)/Z:D*(2S)
molecules with 7(J¥) = 1/2(1/27) decaying into P, molecular
states. Here, E is the binding energy for the initial molecular states.
(A|H4qz|B) corresponds to the pion-emission width for B
decaying to A. The cutoff values corresponding to the gray shaded
area of the data are taken from 0.50 to 0.80 GeV, while the decay
widths in the curve manner are calculated at A = 0.66 GeV.

C. x.D*(2S)/Z:D(2S)/%:D*(28)[1/2(3/27)] = P, +x

Compared with the X.D*(2S)/Z:D*(2S)[1/2(1/27)]
case, as shown in Fig. 5, the pion-emission decay
widths of X.D*(2S)/Z:D(2S)/Z:D*(28)[1/2(3/27)] to
P.(4312), P.(4380), P.(4440), and P.(4457) are corre-
spondingly smaller. The main reasons are as follows. For
the final state P.(4312), the two dominant processes,
2.D*(28) > X.D* +n and X.D*(2S) - X.D + z, un-
dergo strong destructive interference. For the final states
P.(4440) and P.(4457), although the X.D*(2S) —
¥.D* + r interaction remains the largest contribution, as
in the case with the initial spin-1/2 state, the spin-spin
interaction in this process is weaker than that in the initial
spin-1/2 case. Furthermore, the probabilities of the XD*
component in the initial state are much smaller than those in
the X.D*(2S)/Z:D*(25)[1/2(1/27)] state. This also
explains why the pion-emission decay width to P.(4380)
is smaller for the X.D*(2S)/Z:D(2S)/Z:D*(2S)[1/2
(3/27)] initial state.

D. Z:D(2S)/Z:D*(25)[1/2(3/27)] = P, +x
We then calculate the pion-emission decay widths of
the X:D(2S)/:D*(28)[1/2(3/27)] state to P.(4312),
P.(4380), P.(4440), and P.(4457). As shown in Fig. 6,
for the final state P,(4312), only the processes Z:D(2S) —
2:D* + 7 and X:D*(2S) — X:D* + x contribute to the
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FIG. 5. The pion-emission widths for ,D*(2S)/Z:D(2S)/
>:D*(2S) molecules with I(J”) = 1/2(3/27) decaying into P,
molecular states. Here, E is the binding energy for the initial
molecular states. (A|H,,,|B) corresponds to the pion-emission
width for B decaying to A. The cutoff values corresponding to the
gray shaded area of the data are taken from 0.50 to 0.80 GeV, while
the decay widths in the curve manner are calculated at
A =0.66 GeV.

-~ (.D'[H,,.[2.D"(28)) — Total width
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FIG. 6. The pion-emission widths for X:D(2S)/Z:D*(2S)
molecules with 7(J¥) = 1/2(3/27) decaying into P, molecular
states. Here, E is the binding energy for the initial molecular
states. (A|H,,.|B) corresponds to the pion-emission width for B
decaying to A. The cutoff values corresponding to the gray
shaded area of the data are taken from 0.50 to 0.80 GeV, while
the decay widths in the curve manner are calculated at
A =0.66 GeV.

decay width at tree level. Since the probability of the ;D*
component in the P.(4312) wave function is very small, the
pion-emission width is extremely small—only a few tens of
keV—when the binding energy of the initial molecular
state satisfies £ > —15 MeV.

For the final states P.(4380), P.(4440), and P_.(4457),
the pion-emission widths are all on the order of a few MeV.
The dominant contributions arise from X;D*(2S) —
D +x, X:D*(2S) - ZiD* +x, and X:D(2S) —
Y:D* + m, respectively. Because the probability of the
¥:D component in P,(4380) is much larger than that of
Y:D*, the pion-emission decay width of X:D(2S)/
:D*(28)[1/2(3/27)] to P.(4380) is larger than that to
P.(4440). Moreover, for a similar reason—namely, the
¥:D(2S) component in the initial state has a larger
probability than the £;D*(2S) component—the pion-emis-
sion width to P.(4457) is found to be larger than that
to P.(4440).

E. Z:D*(28)[1/2(1/27,3/27.5/27)] » P.+x

Finally, we also predict the pion-emission decay widths
from the S-wave XD*(2S) molecular states with [ = 1/2
to the ground-state P, molecular states. As shown in
Table II, we provide the pion-emission widths when the
binding energy of the initial molecular states satisfies
E > —15 MeV. Since the binding energy of the final
S-wave X:D* molecular states with / = 1/2 has not yet
been determined, for simplicity, we vary the binding
energies of both the initial and final states simultaneously.

Based on the numerical results in Table II, we can
find that

(1) For the X:D*(2S) molecule with I(JP)=1/2

(1/27), the decay widths to the X D* molecule with
1/2(3/27), P.(4380) and P.(4457) can reach to a
few MeV with E > —15MeV, followed by
P.(4440) and the ¥:D* molecule with 1/2(1/27),
the widths to P,.(4312) and the ;D* molecule with
1/2(5/27) are very tiny.

(2) For the ZX:D*(2S) molecule with [(JF)=

1/2(3/27), in the binding energy range of
E > —15MeV, the width to P.(4380) remains
the largest, followed by the :D* molecule with
1/2(1/27), the width to P.(4440), P.(4457), and
the =} D* molecule with 1/2(3/27,5/27) are on the
same order of a few tenths of an MeV, the width to
P.(4312) is still very small.

(3) For the X:D*(2S) molecule with I(J7)=1/2
(5/27), the width to P.(4380) drops sharply to
0.03 MeVi; the channel to P,.(4457) and the X;:D*
molecule with 1/2(3/27) become relatively more
prominent. The width to P.(4312), P.(4440), and
the =:D* molecule with 1/2(1/27) is nearly zero.
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TABLE IL

The 7~ -emission widths for £; D* molecular states with (J”) = 1/2(1/27,3/27,5/27) decaying into

P, molecular states. Here, E stands for the binding energy of the initial ;D" (2S) molecular states and the final
>*D* molecules. The units of binding energy E and total decay width I" are MeV.

Total decay width I"

Initial states Final states =-5 -10 —15
>:D*(2S) [5 (%‘)] P.(4312) 0.0016 0.0043 0.0075

P.(4380) 0.3 1.0 2.1

P.(4440) 0.05 0.11 0.18

P.(4457) 0.48 1.01 1.62

> D* [% (%‘)] 0.09 0.26 0.48

22‘.?* [% (%‘)] 0.44 1.34 2.36

ST ~0 ~0 ~0

>:D*(2S) [% (%‘)] P.(4312) 0.002 0.006 0.010
P.(4380) 0.60 1.58 2.50

P.(4440) 0.15 0.30 0.43

P.(4457) 0.08 0.17 0.26

Zjﬁ?*[% (%‘)] 0.20 0.62 1.18

i D* [% (%‘)] 0.03 0.08 0.15

ZﬁD*[% (g‘)] 0.03 0.10 0.21

5 (28) ()] P.(4312) ~0 ~0 ~0
P.(4380) 0.018 0.002 0.023

P.(4440) ~0 ~0 ~0

P.(4457) 0.23 0.54 0.80

D5 ()] ~0 ~0 ~0

> D* [% (%‘)] 0.16 0.46 0.98

ZiD* [% (%‘)] 0.02 0.04 0.09

(4) Overall, P.(4380) is the dominant decay recipient
for low-spin excited states, while P.(4312) is
strongly suppressed for all spins.

IV. SUMMARY

In this work, we systematically study the pion-emission
transitions from excited hidden-charm pentaquark mole-
cules to the three known P_. states within a hadronic
molecular picture. We firstly extend our previous OBE
potential analysis to radially excited anticharmed mesons,
i.e., D(2S) and D*(2S), and identify possible bound states

of ZE»*)D(*)(ZS). We then use the chiral quark model to
calculate the decay widths in the rest frame of the initial
molecule, where the effective Hamiltonian for the
m-emission vertex is expanded up to 1/m? corrections.
The wave functions of both initial and final molecular
states are obtained by solving the Schrodinger equation
with OBE effective potentials, and coupled-channel effects

among different Z£*>D(*) components are also considered.

By numerical calculation, we can find the following:
(1) For the X.D(2S)/Z.D*(28)/Z:D*(28)[1/2(1/27)]
initial state, the decay width to P.(4312) and P.(4440)
can reach several MeV, while that to P.(4457) is below
0.3 MeV due to destructive interference. The width to

P.(4380) is about 0.25 MeV, suppressed by the small
>:D*(2S) component. (2) For the X.D*(2S)/Z:D*(2S)
[1/2(1/27)], the widths to P.(4312), P.(4440), and
P.(4457) are all around 1 MeV, dominated by the
2.D*(28) = X.D* + r process. The width to P.(4380)
is also ~1 MeV but originates from X} D*(2S) components.
(3) For the £.D*(2S)/Z:D(2S)/Z:D*(2S) molecule with
1(J?) =1/2(3/27), the decay widths are generally smaller
due to weaker spin-spin interactions and destructive inter-
ference. The width to P.(4312) is only a few tens of keV.
(4) For the X:D*(2S) molecules with I(JP)=1/2
(1/27,3/27,5/27), the decay patterns are distinct:
P.(4380) dominates for low spins (width up to a few
MeV), while for J¥ = 5/2~ the P.(4457) channel becomes
relatively prominent (up to 0.75 MeV) and the P.(4312)
channel is nearly zero. (5) According to the relations of the
isospin wave functions, the neutral pion emission widths
are almost half that of the charged pion-emission widths.

It is instructive to compare our results with the earlier
studies of pionic transitions among ground-state P, mol-
ecules [38,39]. Those works focused on decays such as
P.(4457) — P.(4312)x, while here we consider the decay
of radially excited molecules built from D*)(2S) into the
ground-state P, states. Despite the different initial states,
the spin-dependent selection rules and interference patterns
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are qualitatively consistent: Both frameworks predict
strong suppression of certain channels due to destructive
interference [e.g., the P.(4457) mode for the I(J*) =
1/2(1/27) initial state]. Quantitatively, our widths (a few
MeV) are comparable to those found in Refs. [38,39] after
accounting for phase-space differences, which supports the
overall consistency of the molecular picture.

In summary, the pion-emission decays provide a power-
ful probe to distinguish different spin-parity assignments of
excited molecular pentaquarks. The predicted widths can
be within the reach of current and future experiments. This
work establishes for the first time a decay connection
between radially excited anticharmed meson-based mole-
cules and the observed P, states, opening a new avenue for
understanding the excited spectrum of hidden-charm pen-
taquarks. We hope facilities like the upgraded LHCb and
the future PANDA experiment can detect such decay
processes. If signals of excited P, molecular states
decaying via z emission to the known P. states could
be observed, it would provide decisive evidence for the
molecular interpretation of pentaquarks and simultaneously
open a new chapter in exotic hadron spectroscopy.

ACKNOWLEDGMENTS

We would like to thank Hui-Hua Zhong, Ru-Hui Ni, and
Xian-Hui Zhong for their valuable discussions. This project
is supported by the National Natural Science Foundation of
China under Grant No. 12305139, and the Xiaoxiang
Scholars Programme of Hunan Normal University. F.-
L. W. is also supported by the National Natural Science
Foundation of China under Grants No. 12335001 and
No. 12405097.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

APPENDIX: THE OBE EFFECTIVE POTENTIALS
AND BOUND STATE PROPERTIES FOR
POSSIBLE £{”D(*)(2S) MOLECULES

The general procedures for deducing the OBE effective
potentials can be divided as follows: After constructing the
effective Lagrangians, we can write down the scattering
amplitudes for =0 D™ (28) — VD) (25) processes in t
channel by exchanging one light meson. Next, we can
derive the OBE effective potentials for the discussed
channels in momentum space based on the Breit approxi-
mation, i.e.,

MEYDH2S) - =D (28))

V = -
=(9) 2mi 2m’, 2mi 2m.
0 =D 25) 7 D) (28)

(A1)

Here, notations i and f label the initial and final states,
respectively. E stands for the exchanged mesons, including
the scalar meson o, the pseudoscalar mesons 7 /7, and the
vector mesons p/w. With the help of the Fourier transform,
we can finally obtain the OBE effective potentials in the
coordinate space V(r):

.
V(r) = / (‘21753 V() F(q* m}).

Here, we introduce a monopole form factor, F (g%, m%) =
(A2 —m2%)/(A* = ¢?), at every interaction vertex. This
form factor can compensate for the off shell effects of
the exchanged particles. A, my, and ¢ stand for the cutoff,
the mass, and the four momentum of the exchanged
mesons. The reasonable value of the cutoff A is in the
range of A ~ 1.00 GeV, based on the experience of the
study of deuteron [70,71].

If considering the heavy quark limit and chiral symmetry
[72-77], the relevant effective Lagrangians are

(A2)

Ly = gs(BL6HL) + ig(H Py, A% ysH )
—ip(HL v,V — ol HD)

+ il {0, P (p)HP). (A3)
3
Ls=13(S,08") - 5918””’1'(%(3,414”30
+ iﬂS<_ﬂva(Vab _pr)S >
+ /?'S<S;4F’w(p)sv>’ (A4)

where the multiplet field H © js composed by the pseu-
doscalar meson P = (D°,D~)" and vector meson
P* = (D*°, D*)7, and its conjugate field of A'?) satisfies
H©Q =y H@'Ty,. S is defined as a superfield, which
includes By with J* = 1/2" and B; with J* = 3/2% in the
65 flavor representation. Here, their expressions read as

1-/

HO = [Py, - P 1oL (a5)

1 5 *

S/t -~ g(yﬂ + Uﬂ)y 86 + B(m’ (A6)

with
() ++ 1y ()+

e —= 2

By = v (A7)
LZ(*)JF 2(*)0
Noka c

The expressions of the axial current and vector current are
denoted as
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TABLE III. The OBE effective potentials for all scattering processes with I = 1/2. Here, we define several functions:

— — — ij !
Yam =g (€7 =) =8N YL = Dy¥ sy 2, = (EGV2+ Fiyrgt)¥ s, and 23, = (26, V2 =Firala)Vy .
Dy, &;j, and F;; denote the spin-spin 1nteraction and tensor operators, respectively. The variables in these functions are defined as
M2 AMZ,  —M% —M% . 2 M2, M2 -M2 2
2 A2 _ _ _ 2 =i D*(25) TXc T D(2§) 2 p*(28) " D(28) _ 2*
Ai =A q m = m? 6[ with i=1,...,5. And 9 = ( 2(My, +Mp=(25)) ) = (Z(ME(»+MD*(ZS))> 2= (2(M2*+MD* zs))) ’
5 —( Mi;_Mét. )2 5 (Mz—x -M% )2 2 (M" M o) M;;_M%L’zs))z
93 = 2(My: +Mpas))) 94 = 2(My +Mps))’ ° 95 = 2(My:+Mp-25)) !
Processes OBE effective potentials Processes OBE effective potentials
D D 11 g D D
2.D(28) - Z.D(2S5) _ISQISyA.m” ﬁﬂsg%,yA m, 2.D(28) - Z:D(2S) g/fﬂsfiv y/\; ot ﬁﬂsqv y/\; s
—1BBs V)
D D* [ 13 D *D* [Y 14
ELD(ZS) - ZCD (2S) % ZA4 My + 1%;‘]2 ZA4 My ZLD(Q'S) - E"D (ZS) 2%}}[ ZA; Mys + 12%]"3: ZAs.mus
29’/1/139\/ 13 /“sgv 13 GMsqy Z14 Msgy =114
g Z/\4 o + Z/\4 Mgy + 3\/§V As,ms + 6\/'3:/ As.m;s
“D “D _ 9PBsay ) D* G991 723 991 223
2:D(2S) — Z:D(2S) —lsgsy/\ . s vyA ” ¥:D(2S) - £.D*(2S) A Zom, t NI ZA“,W]
ﬂﬂqu )22 _GMsg 203 _ Msy 23
Amy, 3\/:5 Ao-mm) 6\/§ Ao myn
D D Gagg D D g
ZDES) ~ZDCY) PR, + B, . D(28) > ED2S)  —lgg VR, + U EY,
GMsgy =4 Mgy Z4 33 Qﬂ/f %
- 35 . Z;\]fm/rl - 2: - 5\]~mwl +|g8_gf%,ZA my 2 y/\ m,
2g/u 594 3 ﬁﬂ %
— STy Z/ sy y/\ "
_ M g2 33
3 5" Z;\ m,,
- - - . G
>.D*(28) — Z:D*(29) Isgs yA2 - \/; gzqql % e >:D*(28) — Z:D*(25) ~lsgs Vi, — 2?%1 i,
4 Y3 34 gﬂﬁ % 991 44  _ 9/31559
26%1 ZAZ m,;z A y/\z My 12/’12 Amy 2 A my
gu z GM GAsTy 144 /3/f 9y 44
_Mng 134 Msav Z’44
6v3 T Aamyy T

OBE effective potentials and matrix elements for the spin-
spin interactions and tensor force operators.

We next solve the coupled channel Schrodinger equa-

[P,0,P] + tions with these OBE effective potentials. As shown in

Fig. 7 and Table VI, we can obtain loosely bound states

solutions for the coupled ZE*)D(*)@S) systems. Here, the

respectively, with & =exp(iP/f,) and the pion decay  cutoff A for each coupled-channel system is treated as a

L (eta,e - @5)—7¢P+m,

NI»— t\-)l

(€0, -80,8) = 55

constant f, =132 MeV. pl, =ig,V; /V2, F*(p)=  phenomenological parameter; we vary it uniformly across
Fp’ —pt + [pf.p*]. P and V stand for the isoscalar all exchanged mesons within a given channel to produce
and vector matrixes, respectively, i.e., bound states with binding energies E > —15 MeV.

TABLE IV. The coupling constants and the corresponding

z + % s phase factors adopted in this work. The masses for the involved
V2 Ve : . )
P = 0o ) particles are in the units of MeV.
T — _|_ /.
2 6
0 V2o 9s g p A(Gevh) gy [z (GeV)
N V2 + \% P 0.76 0.59 0.9 0.56 5.8 0.132
B p_ _£+& ’ ZB ﬂB ls g1 /}S ﬁs(Gev_l)
V2 V2 -3.1 -087 62 0.94 1.74 331
msg, My mp mpe mp2s) Mp=(2s)

In Table IV, we collect the relevant coupling constants and 245354 2518.10 1867.21 2008.61 2550.00 2600.00
the masses for all involved particles. Finally, we can derive
the OBE effective potentials for the coupled X!” D) (25)
systems. In Tables III and V, we summary the corresponding

M= my My m, m, m,

139.57  137.27 600.00 77549  782.65 547.85
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TABLE V. Matrix elements (f|Q|i) for the spin-spin interactions and tensor force operators in the OBE effective potentials. Here, we
have  (f1En|))" = (fI€xli). (fIFxnld)" = (fIFxuli). (fl€ald)" = (fI€ul). (fIFnli)" = (fIFuli). (fI€aslD)" = (FI€uli).
(fIFas]i)" = (f1F34li) and {f|Dys]i)" = {f|Dsali) = (0).

(f12li) 1/2- 3/2 5/2
(Z:D(25)|Dy|2:D(25)) (1) (é ?) (1)
(2:D(25)[€x3]2.D*(25)) (o 1) ((1) 8 ?> (o 1)
(Z:D(28)|Fp3|Z.D*(25)) (_\5 1) (01 11 81) (\/%_%)
(ZED(28)|Ex[ 2D (25)) o fio S0 0 0 00 5o
(i) (e i)
EPEIEEDCS) (4 ) 0 - (Vi - o )
21 7 7
(X.D*(28)|D33|Z.D*(25)) 1 0 1 00 1 0
(59 [b0¢) th
(X.D*(25)|E33|Z.D*(29)) -2 0 10 0 -2 0
&) (1% 0) G

(2.D*(25)|F 3|2 D*(25))

WIS S
~ls Q‘
S

(2:D*(25)[€54|Z:D*(25)) ( 2
\/§

2 0) 0 0 0 (0 0 o)
0 0 ﬁ 0 0 0 \ﬁ 0
0 \/§ 0
2,.D*(28)|Fay|ZiD* (25 TR T /
(ZcD*(28)| F 34l (25)) 04\/%\@ 0 ng\/; B 4fE -
__4 4 _. /6 3
1 1 15
ko0 i
(2:D*(28)|Day|Z:D*(28)) 10 0 1000 1000
01 0 0100 010 0
00 1 0010 0010
000 1 000 1
(£:D°(25)|€4s|22D" (25)) 500 2000 1 000
020 0300 0 200
00 -1 0030 0 03 0
000 -1 0 00 -1
(ZiD*(2S)|F u|Z:D*(25)) 0 -= = 7 16 V3 2 V3 2V/14
26 07 wio s _T; 0 Vis s s
i
23\/5 ° g wvio 0 EVAURVE 2 0 é —\/2
5 -5 s _l6 __1_ _ L Vis
15 3V10 Vi Vi Vi 16 V3
Vi 2 1 s RN . TT
s TUs Va7 _wm _ [m _\i s
5 105 7 7
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FIG.7. The cutoff dependence of the loosely bound states solutions (the binding energy E and the root-mean-square radii rgyg) for the

coupled /D) (28) states.

TABLE VI. The bound-state solutions for the isodoublet coupled Efﬂ*)l_)(*) (28) molecules, including the binding energy E, root-mean-
square radius rgys, and the channel probabilities p;. The cutoff parameter A, E, and rgyg are given in units of GeV, MeV, and fm,

respectively.
I1(JP) = 1/2(1/27) A E revs ZD(2S)[*S)) 2.D*(28)[*S,/*D)] 2:D*(28)[*S,/*D,/°Dy]
x.D(28)/%.D*(2S)/x:D*(2S) 090 —5.02 148 73.84 24.66/0.51 0.60,/0.02/0.37
093 -9.73 1.02 63.54 35.16/0.42 0.58/0.02/0.70
0.95 -14.61 0.85 55.68 43.30/0.33 0.35/0.03/0.31
2.D*(2S)/Z:D*(2S) 0.84 -5.08 1.49 94.79/0.77 4.09/0.17/0.18
0.87 -9.90 1.16 91.54/0.75 7.32/0.16/0.16
0.89 —14.58 0.95 88.78/0.72 10.10/0.14/0.19
1(J°) =1/2(3/27) A E rrvs - ZeD(2S)[S:/°Dy]  Z.D*(28)[*S:/°Ds/*Dy]  Z:D*(28)[*Sy/*Ds/*Ds/°D]
> .D*(25)/Z:D(28)/2:D*(2S) 121 —4.87 1.63 12.33/1.11 78.11/0.21/4.57 1.85/0.01/0.13/1.66
129 -10.13 1.22 17.98/1.31 70.62/0.15/4.94 2.52/0.02/0.25/2.21
1.34 —14.27 1.08 20.32/1.36 67.63/0.12/5.01 2.78/0.03/0.30/2.45
=:D(2S)/Z:D*(2S) 0.92 -570 143 77.02/0.15 21.72/0.01/0.12/0.98
0.94 -10.24 1.02 70.29/0.19 28.41/0.02/0.08/1.01
0.96 -14.97 0.83 65.94/0.22 32.78,/0.02/0.06/0.98

Table VI lists the cutoff values for each molecular candi-
date. It is observed that the J¥ =3/2~ state requires
A ~1.21-1.34 GeV, larger than 1 GeV. This is physically
due to the weaker tensor and spin-spin attractions in this
channel, which necessitate a stronger short-range force to
bind the system. Such a behavior is consistent with findings
in other hadronic molecular calculations [16,36,70,71].

In summary, our calculations suggest the following
systems as possible molecular candidates: the X.D(2S)/
X.D*(28)/Z:D*(2S) molecule with I(JP) =1/2(1/27),
the £.D*(2S)/Z:D(2S)/Z:D*(2S) molecule with 1(JF) =
1/2(1/27,3/27), the Z:D(2S)/Z:D*(2S) molecule with
1(JP)=1/2(3/27), and the ZX:D*(2S) molecule
with I(J*) =1/2(1/27,3/27,5/27).

074008-12



PION RADIATIVE DECAYS OF EXCITED HIDDEN-CHARM ...

PHYS. REV. D 114, 074008 (2026)

[1] R. Aaij e al. (LHCD Collaboration), Observation of J/y p
resonances consistent with pentaquark states in A) —
J/wK~p decays, Phys. Rev. Lett. 115, 072001 (2015).

[2] H. X. Chen, W. Chen, X. Liu, T. G. Steele, and S. L. Zhu,
Towards exotic hidden-charm pentaquarks in QCD, Phys.
Rev. Lett. 115, 172001 (2015).

[3] M. Karliner and J. L. Rosner, New exotic meson and baryon
resonances from doubly-heavy hadronic molecules, Phys.
Rev. Lett. 115, 122001 (2015).

[4] L. Maiani, A.D. Polosa, and V. Riquer, The new penta-
quarks in the diquark model, Phys. Lett. B 749, 289 (2015).

[5] R.E Lebed, The pentaquark candidates in the dynamical
diquark picture, Phys. Lett. B 749, 454 (2015).

[6] H. X. Chen, W. Chen, X. Liu, and S.L. Zhu, The hidden-
charm pentaquark and tetraquark states, Phys. Rep. 639, 1
(2016).

[7]1 Z.G. Wang and T. Huang, Analysis of the %i pentaquark
states in the diquark model with QCD sum rules, Eur. Phys.
J. C 76, 43 (2016).

[8] S.L. Olsen, T. Skwarnicki, and D. Zieminska, Nonstandard
heavy mesons and baryons: Experimental evidence, Rev.
Mod. Phys. 90, 015003 (2018).

[9] Y. Dong, A. Faessler, and V. E. Lyubovitskij, Description of
heavy exotic resonances as molecular states using phenom-
enological Lagrangians, Prog. Part. Nucl. Phys. 94, 282
(2017).

[10] F. K. Guo, C. Hanhart, U. G. MeiBiner, Q. Wang, Q. Zhao,
and B. S. Zou, Hadronic molecules, Rev. Mod. Phys. 90,
015004 (2018).

[11] Y.R. Liu, H. X. Chen, W. Chen, X. Liu, and S.L. Zhu,
Pentaquark and Tetraquark states, Prog. Part. Nucl. Phys.
107, 237 (2019).

[12] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.P.
Shen, C. E. Thomas, A. Vairo, and C.Z. Yuan, The XYZ
states: Experimental and theoretical status and perspectives,
Phys. Rep. 873, 1 (2020).

[13] L. Meng, B. Wang, G.J. Wang, and S.L. Zhu, Chiral
perturbation theory for heavy hadrons and chiral effective
field theory for heavy hadronic molecules, Phys. Rep. 1019,
1 (2023).

[14] X. Wang, X. Liu, and Y. Gao, Colloquium: Hadron
production in open-charm meson pairs at e*e™ colliders,
Rev. Mod. Phys. 98, 021001 (2026).

[15] Z.Y.Bai, D. Y. Chen, Qi-Huang, X. Liu, S. Q. Luo, and J. Z.
Wang, Unquenched charmonium and beyond, Phys. Rep.
1204, 1 (2026).

[16] R. Chen, X. Liu, X. Q. Li, and S. L. Zhu, Identifying exotic
hidden-charm pentaquarks, Phys. Rev. Lett. 115, 132002
(2015).

[17] R. Chen, X. Liu, and S. L. Zhu, Hidden-charm molecular
pentaquarks and their charm-strange partners, Nucl. Phys.
A954, 406 (2016).

[18] R. Aaij et al. (LHCb Collaboration), Observation of a
narrow pentaquark state, P.(4312)", and of two-peak
structure of the P.(4450)", Phys. Rev. Lett. 122, 222001
(2019).

[19] J.J. Wu, R. Molina, E. Oset, and B. S. Zou, Prediction of
narrow N* and A* resonances with hidden charm above
4 GeV, Phys. Rev. Lett. 105, 232001 (2010).

[20] Z.C. Yang, Z.F. Sun, J. He, X. Liu, and S.L. Zhu, The
possible hidden-charm molecular baryons composed of
anticharmed meson and charmed baryon, Chin. Phys. C
36, 6 (2012).

[21] W. L. Wang, F. Huang, Z. Y. Zhang, and B. S. Zou, £.D and
A.D states in a chiral quark model, Phys. Rev. C 84, 015203
(2011).

[22] J.J. Wu, T.S. H. Lee, and B. S. Zou, Nucleon resonances
with hidden charm in coupled-channel models, Phys. Rev. C
85, 044002 (2012).

[23] C. W. Shen, J.J. Wu, and B.S. Zou, Decay behaviors of
possible A ; states in hadronic molecule pictures, Phys. Rev.
D 100, 056006 (2019).

[24] F. K. Guo, H.J. Jing, U. G. Meifner, and S. Sakai, Isospin
breaking decays as a diagnosis of the hadronic molecular
structure of the P.(4457), Phys. Rev. D 99, 091501 (2019).

[25] C.J. Xiao, Y. Huang, Y.B. Dong, L.S. Geng, and D. Y.
Chen, Exploring the molecular scenario of P.(4312),
P.(4440), and P, (4457), Phys. Rev. D 100, 014022 (2019).

[26] J. He, Study of P.(4457), P.(4440), and P.(4312) in a
quasipotential Bethe-Salpeter equation approach, Eur. Phys.
J.C 179, 393 (2019).

[27] T. Uchino, W. H. Liang, and E. Oset, Baryon states with
hidden charm in the extended local hidden gauge approach,
Eur. Phys. J. A 52, 43 (2016).

[28] Y. Yamaguchi, H. Garcia-Tecocoatzi, A. Giachino, A.
Hosaka, E. Santopinto, S. Takeuchi, and M. Takizawa,
P, pentaquarks with chiral tensor and quark dynamics,
Phys. Rev. D 101, 091502 (2020).

[29] T.J. Burns and E. S. Swanson, Molecular interpretation of
the P.(4440) and P.(4457) states, Phys. Rev. D 100,
114033 (2019).

[30] H. X. Chen, W. Chen, and S.L. Zhu, Possible interpreta-
tions of the P.(4312), P.(4440), and P.(4457), Phys. Rev.
D 100, 051501 (2019).

[31] L. Meng, B. Wang, G.J. Wang, and S. L. Zhu, The hidden
charm pentaquark states and £.D*) interaction in chiral
perturbation theory, Phys. Rev. D 100, 014031 (2019).

[32] M. Pavon Valderrama, One pion exchange and the quantum
numbers of the P.(4440) and P.(4457) pentaquarks, Phys.
Rev. D 100, 094028 (2019).

[33] M. L. Du, V. Baru, F. K. Guo, C. Hanhart, U. G. Meif3ner,
J. A. Oller, and Q. Wang, Interpretation of the LHCb P,
states as hadronic molecules and hints of a narrow
P.(4380), Phys. Rev. Lett. 124, 072001 (2020).

[34] B. Wang, L. Meng, and S.L. Zhu, Hidden-charm and
hidden-bottom molecular pentaquarks in chiral effective
field theory, J. High Energy Phys. 11 (2019) 108.

[35] R. Xu, L. Meng, H. X. Zhu, N. Li, and W. Chen, Toward
modeling the short-range interactions of hidden and open
charm pentaquark molecular states, Phys. Rev. D 111,
094015 (2025).

[36] R. Chen, Z.F. Sun, X. Liu, and S.L. Zhu, Strong LHCb
evidence supporting the existence of the hidden-charm
molecular pentaquarks, Phys. Rev. D 100, 011502 (2019).

[37] F.L. Wang, R. Chen, Z. W. Liu, and X. Liu, Probing new
types of P. states inspired by the interaction between
S-wave charmed baryon and anti-charmed meson in a T
doublet, Phys. Rev. C 101, 025201 (2020).

074008-13


https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.172001
https://doi.org/10.1103/PhysRevLett.115.172001
https://doi.org/10.1103/PhysRevLett.115.122001
https://doi.org/10.1103/PhysRevLett.115.122001
https://doi.org/10.1016/j.physletb.2015.08.008
https://doi.org/10.1016/j.physletb.2015.08.032
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1140/epjc/s10052-016-3880-8
https://doi.org/10.1140/epjc/s10052-016-3880-8
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1016/j.ppnp.2017.01.002
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1103/2mrp-chly
https://doi.org/10.1016/j.physrep.2026.08.002
https://doi.org/10.1016/j.physrep.2026.08.002
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1103/PhysRevLett.115.132002
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1016/j.nuclphysa.2016.04.012
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.122.222001
https://doi.org/10.1103/PhysRevLett.105.232001
https://doi.org/10.1088/1674-1137/36/1/002
https://doi.org/10.1088/1674-1137/36/1/002
https://doi.org/10.1103/PhysRevC.84.015203
https://doi.org/10.1103/PhysRevC.84.015203
https://doi.org/10.1103/PhysRevC.85.044002
https://doi.org/10.1103/PhysRevC.85.044002
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.100.056006
https://doi.org/10.1103/PhysRevD.99.091501
https://doi.org/10.1103/PhysRevD.100.014022
https://doi.org/10.1140/epjc/s10052-019-6906-1
https://doi.org/10.1140/epjc/s10052-019-6906-1
https://doi.org/10.1140/epja/i2016-16043-0
https://doi.org/10.1103/PhysRevD.101.091502
https://doi.org/10.1103/PhysRevD.100.114033
https://doi.org/10.1103/PhysRevD.100.114033
https://doi.org/10.1103/PhysRevD.100.051501
https://doi.org/10.1103/PhysRevD.100.051501
https://doi.org/10.1103/PhysRevD.100.014031
https://doi.org/10.1103/PhysRevD.100.094028
https://doi.org/10.1103/PhysRevD.100.094028
https://doi.org/10.1103/PhysRevLett.124.072001
https://doi.org/10.1007/JHEP11(2019)108
https://doi.org/10.1103/PhysRevD.111.094015
https://doi.org/10.1103/PhysRevD.111.094015
https://doi.org/10.1103/PhysRevD.100.011502
https://doi.org/10.1103/PhysRevC.101.025201

TANG, PENG, CHEN, and WANG

PHYS. REV. D 114, 074008 (2026)

[38] C. W. Xiao,J. X.Lu,J.J. Wu, and L. S. Geng, How to reveal
the nature of three or more pentaquark states, Phys. Rev. D
102, 056018 (2020).

[39] X.Z. Ling, J.X. Lu, M.Z. Liu, and L.S. Geng,
P.(4457) — P.(4312) n/y in the molecular picture, Phys.
Rev. D 104, 074022 (2021).

[40] L.C. Sheng, Y.J. Tang, Y. X. Wan, R. Chen, and D.Y.
Chen, Exploring pion emission properties of (strange)
hidden-charm molecular pentaquarks in a chiral quark
model, Eur. Phys. J. C 86, 889 (2026).

[41] L. Y. Xiao and X. H. Zhong, Strong decays of higher excited
heavy-light mesons in a chiral quark model, Phys. Rev. D
90, 074029 (2014).

[42] R.H. Ni, Q. Li, and X. H. Zhong, Mass spectra and strong
decays of charmed and charmed-strange mesons, Phys. Rev.
D 105, 056006 (2022).

[43] P. del Amo Sanchez et al. (BABAR Collaboration), Obser-
vation of new resonances decaying to Dz and D*z in
inclusive e e~ collisions near /s = 10.58 GeV, Phys. Rev.
D 82, 111101 (2010).

[44] R. Aaij et al. (LHCb Collaboration), Study of D; meson
decays to D*z~, D°z* and D*'z~ final states in pp
collision, J. High Energy Phys. 09 (2013) 145.

[45] R. Aaij et al. (LHCb Collaboration), First observation and
amplitude analysis of the B~ — DT K™z~ decay, Phys. Rev.
D 91, 092002 (2015).

[46] R. Aaij et al. (LHCb Collaboration), Determination of
quantum numbers for several excited charmed mesons
observed in B~ — D*"z~z~ decays, Phys. Rev. D 101,
032005 (2020).

[47] X. Wang, X. Liu, and Y. Gao, Colloquium: Hadron
production in open-charm meson pairs at ete™ colliders,
Rev. Mod. Phys. 98, 021001 (2026).

[48] A. Manohar and H. Georgi, Chiral quarks and the non-
relativistic quark model, Nucl. Phys. B234, 189 (1984).

[49] Z.P. Li, The Threshold pion photoproduction of nucleons in
the chiral quark model, Phys. Rev. D 50, 5639 (1994).

[50] Z.P. Li, The Kaon photoproduction of nucleons in the chiral
quark model, Phys. Rev. C 52, 1648 (1995).

[51] Z.p. Li, H.x. Ye, and M. h. Lu, An Unified approach to
pseudoscalar meson photoproductions off nucleons in the
quark model, Phys. Rev. C 56, 1099 (1997).

[52] Q. Zhao, J. S. Al-Khalili, Z. P. Li, and R. L. Workman, Pion
photoproduction on the nucleon in the quark model, Phys.
Rev. C 65, 065204 (2002).

[53] X. H. Zhong and Q. Zhao, Charmed baryon strong decays in
a chiral quark model, Phys. Rev. D 77, 074008 (2008).

[54] X.h. Zhong and Q. Zhao, Strong decays of heavy-light
mesons in a chiral quark model, Phys. Rev. D 78, 014029
(2008).

[55] R.H. Ni, J.J. Wu, and X. H. Zhong, Unified unquenched
quark model for heavy-light mesons with chiral dynamics,
Phys. Rev. D 109, 116006 (2024).

[56] H.H. Zhong, M. S. Liu, R. H. Ni, M. Y. Chen, X. H. Zhong,
and Q. Zhao, Unified study of nucleon and A baryon spectra
and their strong decays with chiral dynamics, Phys. Rev. D
110, 116034 (2024).

[57] A.J. Arifi, D. Suenaga, and A. Hosaka, Relativistic cor-
rections to decays of heavy baryons in the quark model,
Phys. Rev. D 103, 094003 (2021).

[58] A.J. Arifi, D. Suenaga, A. Hosaka, and Y. Oh, Strong
decays of multistrangeness baryon resonances in the quark
model, Phys. Rev. D 105, 094006 (2022).

[59] Y. W. Yu, Z. Y. Zhang, P.N. Shen, and L. R. Dai, Quark
quark potential from chiral symmetry, Phys. Rev. C 52,
3393 (1995).

[60] J. Vijande, F. Fernandez, and A. Valcarce, Constituent quark
model study of the meson spectra, J. Phys. G 31, 481
(2005).

[61] A. Valcarce, H. Garcilazo, and J. Vijande, Towards an
understanding of heavy baryon spectroscopy, Eur. Phys. J.
A 37, 217 (2008).

[62] D. M. Li and S. Zhou, On the nature of the r,(1880), Phys.
Rev. D 79, 014014 (2009).

[63] J.F. Liu and G.J. Ding, Bottomonium spectrum with
coupled-channel effects, Eur. Phys. J. C 72, 1981 (2012).

[64] F. L. Wang, S. Q. Luo, H. Y. Zhou, Z. W. Liu, and X. Liu,
Exploring the electromagnetic properties of the = '*)D§ and

QE.*>D:T molecular states, Phys. Rev. D 108, 034006 (2023).

[65] B.J. Lai, F. L. Wang, and X. Liu, Investigating the M1 ra-
diative decay behaviors and the magnetic moments of the
predicted triple-charm molecular-type pentaquarks, Phys.
Rev. D 109, 054036 (2024).

[66] C.K. Zhang, F. L. Wang, S.Q. Luo, and X. Liu, Electro-
magnetic properties of possible triple-charm molecular
hexaquarks, Eur. Phys. J. C 85, 582 (2025).

[67] T. Barnes, N. Black, and P.R. Page, Strong decays of
strange quarkonia, Phys. Rev. D 68, 054014 (2003).

[68] E.S. Ackleh, T. Barnes, and E.S. Swanson, On the
mechanism of open flavor strong decays, Phys. Rev. D
54, 6811 (1996).

[69] T. Barnes, F.E. Close, P.R. Page, and E.S. Swanson,
Higher quarkonia, Phys. Rev. D 55, 4157 (1997).

[70] N. A. Torngvist, From the deuteron to deusons, an analysis
of deuteron-like meson meson bound states, Z. Phys. C 61,
525 (1994).

[71] N. A. Tornqvist, On deusons or deuteronlike meson-meson
bound states, Nuovo Cimento A 107, 2471 (1994).

[72] T. M. Yan, H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin,
and H. L. Yu, Heavy quark symmetry and chiral dynamics,
Phys. Rev. D 46, 1148 (1992).

[73] M. B. Wise, Chiral perturbation theory for hadrons contain-
ing a heavy quark, Phys. Rev. D 45, R2188 (1992).

[74] G. Burdman and J. F. Donoghue, Union of chiral and heavy
quark symmetries, Phys. Lett. B 280, 287 (1992).

[75] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto, F.
Feruglio, and G. Nardulli, Phenomenology of heavy meson
chiral Lagrangians, Phys. Rep. 281, 145 (1997).

[76] A.F. Falk and M. E. Luke, Strong decays of excited heavy
mesons in chiral perturbation theory, Phys. Lett. B 292, 119
(1992).

[77] Y.R. Liu and M. Oka, AN bound states revisited, Phys.
Rev. D 85, 014015 (2012).

074008-14


https://doi.org/10.1103/PhysRevD.102.056018
https://doi.org/10.1103/PhysRevD.102.056018
https://doi.org/10.1103/PhysRevD.104.074022
https://doi.org/10.1103/PhysRevD.104.074022
https://doi.org/10.1140/epjc/s10052-026-16136-7
https://doi.org/10.1103/PhysRevD.90.074029
https://doi.org/10.1103/PhysRevD.90.074029
https://doi.org/10.1103/PhysRevD.105.056006
https://doi.org/10.1103/PhysRevD.105.056006
https://doi.org/10.1103/PhysRevD.82.111101
https://doi.org/10.1103/PhysRevD.82.111101
https://doi.org/10.1007/JHEP09(2013)145
https://doi.org/10.1103/PhysRevD.91.092002
https://doi.org/10.1103/PhysRevD.91.092002
https://doi.org/10.1103/PhysRevD.101.032005
https://doi.org/10.1103/PhysRevD.101.032005
https://doi.org/10.1103/2mrp-chly
https://doi.org/10.1016/0550-3213(84)90231-1
https://doi.org/10.1103/PhysRevD.50.5639
https://doi.org/10.1103/PhysRevC.52.1648
https://doi.org/10.1103/PhysRevC.56.1099
https://doi.org/10.1103/PhysRevC.65.065204
https://doi.org/10.1103/PhysRevC.65.065204
https://doi.org/10.1103/PhysRevD.77.074008
https://doi.org/10.1103/PhysRevD.78.014029
https://doi.org/10.1103/PhysRevD.78.014029
https://doi.org/10.1103/PhysRevD.109.116006
https://doi.org/10.1103/PhysRevD.110.116034
https://doi.org/10.1103/PhysRevD.110.116034
https://doi.org/10.1103/PhysRevD.103.094003
https://doi.org/10.1103/PhysRevD.105.094006
https://doi.org/10.1103/PhysRevC.52.3393
https://doi.org/10.1103/PhysRevC.52.3393
https://doi.org/10.1088/0954-3899/31/5/017
https://doi.org/10.1088/0954-3899/31/5/017
https://doi.org/10.1140/epja/i2008-10616-4
https://doi.org/10.1140/epja/i2008-10616-4
https://doi.org/10.1103/PhysRevD.79.014014
https://doi.org/10.1103/PhysRevD.79.014014
https://doi.org/10.1140/epjc/s10052-012-1981-6
https://doi.org/10.1103/PhysRevD.108.034006
https://doi.org/10.1103/PhysRevD.109.054036
https://doi.org/10.1103/PhysRevD.109.054036
https://doi.org/10.1140/epjc/s10052-025-14317-4
https://doi.org/10.1103/PhysRevD.68.054014
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.54.6811
https://doi.org/10.1103/PhysRevD.55.4157
https://doi.org/10.1007/BF01413192
https://doi.org/10.1007/BF01413192
https://doi.org/10.1007/BF02734018
https://doi.org/10.1103/PhysRevD.46.1148
https://doi.org/10.1103/PhysRevD.45.R2188
https://doi.org/10.1016/0370-2693(92)90068-F
https://doi.org/10.1016/S0370-1573(96)00027-0
https://doi.org/10.1016/0370-2693(92)90618-E
https://doi.org/10.1016/0370-2693(92)90618-E
https://doi.org/10.1103/PhysRevD.85.014015
https://doi.org/10.1103/PhysRevD.85.014015

	Pion radiative decays of excited hidden-charm pentaquark molecules: From &Sigma;c(*)D&macr;(*)(2S) molecules to the reported Pc states
	I. INTRODUCTION
	II. INTERACTIONS
	III. NUMERICAL RESULTS
	A. &Sigma;cD&macr;(2S)/&Sigma;cD&macr;*(2S)/&Sigma;c*D&macr;*(2S)[1/2(1/2-)]&rarr;Pc+&pi;
	B. &Sigma;cD&macr;*(2S)/&Sigma;c*D&macr;*(2S)[1/2(1/2-)]&rarr;Pc+&pi;
	C. &Sigma;cD&macr;*(2S)/&Sigma;c*D&macr;(2S)/&Sigma;c*D&macr;*(2S)[1/2(3/2-)]&rarr;Pc+&pi;
	D. &Sigma;c*D&macr;(2S)/&Sigma;c*D&macr;*(2S)[1/2(3/2-)]&rarr;Pc+&pi;
	E. &Sigma;c*D&macr;*(2S)[1/2(1/2-,3/2-,5/2-)]&rarr;Pc+&pi;

	IV. SUMMARY
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX: THE OBE EFFECTIVE POTENTIALS AND BOUND STATE PROPERTIES FOR POSSIBLE &Sigma;c(*)D&macr;(*)(2S) MOLECULES
	References


