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Electromagnetic probes revealing the inner structure of the A.(2940)
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The A.(2940), an open-charm baryon discovered in 2006, has sparked interest due to its “low mass
puzzle,” paralleling the X (3872) in the charmoniumlike sector. Both states challenge conventional hadronic
interpretations, with the X (3872) understood as a D* D molecular state and the A, (2940) hypothesized as a
D*N molecular state. This work investigates the radiative decay modes A.(2940) — A.(2286)y,
A.(2940) - A.(2595)y, and A.(2940) — A.(2765)y, analogous to radiative transitions observed in the
X(3872). Using the one-boson-exchange model to obtain the D* N molecular spatial wave function as input,
we calculate decay widths and their ratios, finding differences with different quantum number assumptions.
Our findings underscore the potential of electromagnetic probes in revealing its nature and highlight the need
for dedicated experimental studies to validate these theoretical predictions.
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I. INTRODUCTION

The discovery of the X(3872) [1-4], the first identified
charmoniumlike XYZ state, has spurred extensive discus-
sions about the novel phenomena associated with the
nonperturbative behavior of the strong interaction. This
has been further enriched by a series of discoveries of new
hadronic states over the past two decades [5—13]. Among
these, the A.(2940) stands out as a counterpart within the
open-charm baryonic sector. It was first observed by
the BABAR Collaboration in 2006 through an analysis
of the DYp invariant mass spectrum [14] and later con-
firmed by the Belle Collaboration via its decay channel
¥.(2455)% 7zt~ [15]. The A.(2940) shares intriguing
similarities with the X(3872). Both exhibit a “low mass
puzzle,” wherein their measured masses are lower than
predictions from the quenched potential model if treated as
conventional hadrons [16-23]. For the X(3872), this
discrepancy has been explained by interpreting it as a
D*D molecular state [24-40]. Similarly, the A,(2940) can
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be categorized as a D*N molecular state [41-59], with the
replacement D <> N. Notably, the possible J¥ quantum
numbers for an S-wave D*N system (e.g., 1/27 or 3/27)
are richer than those for an S-wave D*D system.

The radiative decay modes of the X(3872), such as
X(3872) — J/wy and X(3872) — w(3686)y, provide criti-
cal insights into its inner structure. Experimental measure-
ments of the ratio of these decay widths [60—64] have been
emphasized in recent theoretical studies [65—78]. Drawing
on the parallels between the X(3872) and A.(2940), it is
reasonable to hypothesize that exploring the radiative decay
modes of the A.(2940) can similarly reveal its internal
structure. This serves as the primary motivation for the
present study.

Borrowing from the approach used for the X(3872), we
identify three potential radiative decay channels for the
A.(2940): into the ground-state charmed baryon A .(2286),
its first orbital excitation A.(2595), and radial excitation
A(2765). This is analogous to the X(3872) decaying into
J/y and w(3686).

To calculate these radiative decay modes, we require the
spatial wave function of the D*N molecular system, a
crucial input for this study. Although previous theoretical
investigations have addressed this issue [41-54], we
perform a comprehensive calculation using the one-
boson-exchange (OBE) model to ensure consistency and
completeness.

Our analysis focuses on the ratio of the decay widths
for A.(2940) — A.(2286)y, A.(2940) — A.(2595)y, and
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A.(2940) — A.(2765)y. The detailed calculations are
presented in subsequent sections. Interestingly, the
obtained radiative decay width and ratio vary significantly
with possible J* quantum numbers for an S-wave D*N
system. This discrepancy underscores the utility of electro-
magnetic probes in unveiling the inner structure of the
A.(2940). We emphasize that future experimental inves-
tigations should prioritize these radiative decay channels to
advance our understanding of this state.

This paper is organized as follows. Section II presents
the bound state solutions for the discussed S-wave D*N
molecular systems with J¥ = 1/2~ and 3/2", using the
OBE model. In Sec. III, we examine the radiative decay of
the S-wave D*N molecular states. The paper concludes
with a brief summary in Sec. IV.

II. THE S-WAVE D*N MOLECULAR STATES

We examine the interactions within the D*N system
mediated by the exchange of light mesons—u, #, p, ®, and
o—in the OBE model. Following the heavy quark limit and
chiral symmetry [43,79], the Lagrangians describing the
interactions between light pseudoscalar, vector, and scalar
mesons with heavy-flavor mesons can be expanded as
follows:

Zg an* *AT
'CD*D*P = —lffgaﬂyiv Dbﬂa”[p’ba all B (1)
Lpp = —i2V22gy D} (9,V, = 9,V,,),, D"
+V2BgyDjy - Dy v -V, (2)
Lppe=2gD;- Do (3)

with D*T = (D*°, D**). Here, P and V represent the
pseudoscalar and vector matrices, respectively. The matrix
form is given by

0
LR pe
NN
H:D - ( _ ”0 ) >’ (4)
S R
P w + Iz
V2 ' V2
V= - /’0 w (5)
roTvat

The coupling constant g = 0.59 is extracted from the total
width of D** [80], and f, = 132 MeV is the pion decay
constant. The couplings g, = 5.8 and # = 0.9 are deter-
mined using the vector meson dominance mechanism
[81,82], while 2 = 0.56 GeV~! is obtained by comparing
the form factor derived from the light-cone sum rule with
the lattice QCD simulation [82,83]. The ¢ meson coupling

is given by g, = ¢,/(2v/6), where g, = 3.73 [84].

The effective vertices describing the interaction of the
nucleon with the pseudoscalar meson P, the vector meson
V, and the scalar meson o are

Lyyp = \/igPNNNbiYS PpaNgs (6)

Lyyy = \/Eg\/NNbeﬂ\/I[:gNa + Junn N6, Vs N,, (7)
\/sz

ACNNU = gGNNNaGNa' (8)

Here, NT = (n,p) represents the nucleon field, and
O :%[y,,,yb]. The coupling constants are taken from
Refs. [43,85-88] as follows: gZyy/(47) = 13.6, giyy/
(4z) =04, g%NN/(4n') =0.84, ¢>yy/(47) =20, and
@2yy/ (A7) = 5.69. The coupling constants fyyy for the
vector mesons p and  are given by f,yy/g,yy = 6.1 and
fonn = 0, respectively. In our calculations, the signs of the
coupling constants are consistent with the convention in
Ref. [89]. The masses of the mesons and nucleons are taken
from the Particle Data Group [90].

Since the A.(2940) is an isosinglet, the flavor wave
function of the corresponding isoscalar D*N system with
isospin quantum numbers |/, I3) is given by

0.0) = % (ID"p) + D"+ n)). 9)

In the framework of the OBE model, the interaction
potentials between the heavy-flavor meson D* and the
nucleon N can be derived through the following steps.
Based on the effective Lagrangians that describe the
interactions between light mesons, heavy-flavor mesons,
and nucleons, the general expressions for the scattering
amplitudes of the process N(p;)D*(p,) = N(p3)D*(ps)
via light meson exchange can be written as

iM}l\Z/Dw_)ND* = iFNNED(q,mE)iFD*D*E, (10)

where I'yyg and I'pp+p represent the interaction vertices
for the NNE and D*D*E interactions, respectively. The
term D(g,mg) denotes the propagator of the exchanged
light mesons. The spinors u(p;) and &(p;) correspond to
the initial and outgoing nucleons, respectively. The Dirac
spinor can be written as

e - )r (1)

2my

u(p) =
i(p) = u(p)'7o = 4 2mN(1 —‘2’m£) (12)

Here, y = (1,0)7 represents spin-up, and y = (0,1)7
represents spin-down.
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Next, the effective potentials in momentum space can be
related to the obtained scattering amplitude using the Breit
approximation [91]. The effective potential in momentum
space for the ND* — ND* scattering process is

E
Vi(q) = —— 2w onp (13)

A /Hi 2m,~ Hf me

where m; and m; represent the masses of the initial and
final states, respectively.

Finally, the effective potentials in coordinate space can
be obtained by performing the Fourier transform

Vel = [ G e P, (1)

F(g*, m%) = (A*> —=m%)/(A* — ¢*) represents a monop-
ole-type form factor. Here, A is a phenomenological cutoff
parameter, typically on the order of 1 GeV, based on
experience with the deuteron [40,92]. The explicit D*N
interaction potentials in coordinate space are presented
below

Vo’(r) = gSgO'NNAl Y(A’ mg, V),
99dzNN 4
Vp(r) = — T A, V2 4+ S(r,ie; x €, 0)T|Y (A, mp, r),
p(r) 3\/§f,,mN[ (r.ie; x €. 0)T]Y (A mp. 1)
i GUNNAGy V2
Vy(r) = =pg,gunny ALY (A, my, 1) + Ame 2A,
N

f VNNAGy [2 A, V2 _
3my

Here, the shorthand notations for the operators are A, =

€ - €4 and A, = ie, X €4 o. The tensor operator is defined
as S(r,A,B)=3A-?B-7—A-B. The corresponding
matrix elements (f|.A;|i) can be obtained by sandwiching
these operators between the initial and final spin-orbit wave
functions. For the D*N system discussed, the corresponding
spin-orbit wave function is given by

285+1 S.m .
D*N: | i L Z Cm lsm’ SmS LmLZI e” YL’mL’
m,m’ ,mg,my,
(16)
where C ., and CémMg m, are the Clebsch-Gordan coef-

ficients, Y L.m, 18 spherical harmonics function. The function
Y(A, m;,r) is written as

e~ Ml — e—Ar AZ _ m2
Y(A, my, 1) = - Le=Ar (1
(A, m;, 1) dnr sen ¢ (17

and operators V2, 7. and 0 acting on Y (A, m;, r) have the
forms

0 5
2 _ 929
VY (A, my;, 1) zdrr w Y(A,my,r), (18)
A 0190
TY(A,my,r) = rvern Y(A,my,r), (19)
" 10
QY(A,mj,r) ==—Y (A, my,r). (20)
ror

S(r, ie; x €5, 0)T)Y (A, my, ) -

— S(r, ie; x €}, o)T]Y (A, my, r)

JvnnP9y

Taml, [AV2 4 2A,0- LOY (A, my.r). (15)

With the preparations outlined above, the total interaction
potential for the D*N system with isospin / = 0 can be
expressed as

V()= Va4 G(V5(0) V() + 1 (Vo0 43V )

where the isospin factors are G = 3/2 and H = 1/2.

Once the interaction potentials in coordinate space for
the isoscalar D*N system are obtained, bound state
solutions, including the binding energy E and the root-
mean-square radius rpyg, can be obtained by solving the
Schodinger equation and with the Gaussian expansion
method [93,94].

Next, we present the bound state solutions for the
isoscalar D*N system with J¥ = 1/2~ and 3/2~, denoted
as [D*N]; - and [D*Nls - for simplicity, respectively. The
bound state solutions for the [D*N; ;- and [D*N]5 ,- states
are presented in Table 1. For the [D*N], ,- state, a bound
state is obtained with a binding energy of —5.51 MeV and a
root-mean-square radius of 1.95 fm for a cutoff parameter
of 1.37 GeV. At this cutoff, the mass of the bound state is
close to that of the A(2940). For the [D*NJ; ,- state, the
bound state has a binding energy of —6.06 MeV and a root-
mean-square radius of 1.94 fm at a cutoff of 1.17 GeV. The
corresponding mass M, is near the A,(2940)."

'"The LHCb measurement indicates that the A,(2940) is
favored to have J© = 3/2~
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TABLE I. Bound state solutions for the isoscalar D*N systems
with quantum numbers J© = 1/2~ and 3/2~ are presented. Here,
A is the cutoff parameter, and E denotes the binding energy. M,
and rryg refer to the mass and root-mean-square radius of the
bound state D*N, respectively.

JP A(GGV) E(MGV) Mm()l (MeV) 'rRMS (fm)

- 135 ~1.36 2946.11 373
137 _5.51 2941.96 1.95
1.40 —18.98 2928.49 1.11

> 1.08 —145 2946.02 3.55
1.17 ~6.06 2041.41 1.94
1.37 —20.70 2926.77 1.25

The radial component of the obtained spatial wave
functions of the bound states [D*NJ; - and [D*NJ;),-,
with typical binding energies of —6 MeV, —10 MeV, and
—20 MeV, are shown in Fig. 1. These results will be used
as input for calculating the radiative decays discussed in the
following section.

III. THREE TYPICAL RADIATIVE DECAY MODES
OF THE S-WAVE D*N MOLECULAR STATES

In this section, we focus on the radiative decay of a
potential D*N molecular state. Assuming the J” quantum
numbers of the D*N system are 1/2~ and 3/27, we
calculate the radiative decay processes for the transitions
D*N — A.(2286)y, D*N — A.(2595)y, and D*N —
A.(2765)y using the effective Lagrangian approach.

The Feynman diagrams representing the processes
D*N — A.(2286)y, D*N — A.(2595)y, and D*N —
A.(2765)y are shown in Fig. 2, which includes the vertices
for both strong and electromagnetic interactions. For brev-
ity, we will refer to A.(2286), A.(2595), and A.(2765) as
A, A1, and A,, respectively, in the following discussion.
Notably, the A.(2595) and A.(2765) represent the first
orbital and the first radial excitation of the A.(2286),
respectively.

The effective Lagrangians corresponding to the vertices
of NDWA, and NDWA,; 5 are [42,49,52,100]

LNDA, oy = 19NDA o Ne2)7sND + H.c., (21)

END*A(“) = gND*/\(ﬂ)AC(Z)yMND; + H.C., (22)

Lypa,, = ignpa, ActND +H.c., (23)

*The A.(2286) is a 1S state with J* = 1/2%, while the
A.(2595) corresponds to a 1P state with J© =1/27, and
the A.(2765) corresponds to a 2S state with J =1/2%
[17,19,96-99].

0.5 0.5

Ry Ry

> 0.3 > 03

e e

= 0.2 ——E=-6MevV | = 0.2 ——E=-6 MeV

B 01 E=-10MeV | = 0.1 ——E=-10 MeV

—— E=-20 MeV —— E=-20 MeV
0.0 15 30 45 60 0'00 15 30 45 60
r (Gev?) r (Gev?)
FIG. 1. Radial component of the spatial wave function of

S-wave D*N molecular states with J* =1/2~ and 3/2~ in
coordinate space. Here, we take several typical values of binding
energy, —6 MeV, —10 MeV, and —20 MeV.

Ly, = gND*A(,,/_\clV”YSND; +H.c. (24)

We use the quark-pair-creation model to determine the
above coupling constants in the Appendix [101,102].
The results are shown in Table II. They are more or less
consistent with the results given by the SU(4) symmetry
(gnpa, = 13.5 and gypp, = —5.6 [52,103,104]) and
the QCD sum rule (gypp, =7.9 and gypp, = —=7.5
[105-107]).

The electromagnetic component of the Lagrangian
includes the following terms [49,77]:

c/\(,l/\(,ly = e/_\clAﬂy”Acl ’ (25)

Lyy, = eN <A”}/”QN + F, 0t K—N> N, (26)
4mN

Lpp, = —ieA,(§? Dy ¢ D"
- ¢’D; 0Dyt + ¢’ Dy DY), (27)

e _
Lpp, = ZG”W[}FW(QD*-DWDZED+ + gD*ODOyD::%DO)
+H.c. (28)

Here, Qy represents the nucleon charge, with Q, = 1 for
the proton and Q, = 0 for the neutron. The anomalous
magnetic moments of the proton and neutron are k, =
1.793 and k,, = —1.913, respectively. The photon field is
denoted by A,, and the electromagnetic field tensor is
given by F,, = 9,A, — d,A,. The term Dy is defined as
9,Dy — 0sD5, while D;,0,D; = D0, Dy —0,D;Dj. The
coupling constant gjp, is determined using experimental
data on the radiative decay widths I'(D* — Dy) [49],
which are
gp-pr, = 0.5 GeV~!, gpopo, = 2.0 GeV~!.

According to the Feynman rules, the scattering amplitude
for the process N(p;)D*(p,) — y(ki)A.(ky) can be
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FIG. 2. Diagrams illustrating the transition from the D*N molecular state to the final states A.(2286)y and A.(2595)y.

TABLE II. Values of coupling constants involved in the
interaction of D(*>NAC<1.2>.

Couplings  gpya. Y9p'Na. IDNA., 9D°NA, 9DNA, YID'NA,
Values 8.5 -6.0 5.9 -2.0 4.3 2.4
expressed as
. _ i(fy +mp)
iMD = _e[gNDm,,u(kz)Yae%*] 2—217
qy —myp
B . K
x | vy +ikie — ke o, | u(p). (29)
my

iM®b) = _iegD*ODOygNDACa(kZ)}’Su(pl>€yﬂapk/lle;/1pg€/[))*
i

NG — (30)
a5 = mpy
. 3 . — zp — k UV _xU
iM©) = iegnp a, #(k2)Y € %67 u(pr),  (31)
qr —my
X . _ a ld +my *U v *
iM@D = —lEQND*A('”(kZ)Vaeo* (2]72) (kplle}’ - kleyﬂ)

1~ "n
K,
X aﬂuﬁu(pl)’

(32)

iM©) = —iegppr,gnpn, (k) ysu(p1) €K € PIer,.

l
X (33)
q3 — m3,,

iMU) = _egND‘ACﬁ(]Q)yp”(pl)e;i
X [(_612 = P2):196 + P29y
i(=¢" + d545/mp)
0 = miy

—+ 61279/15] €p , (34)

. . _ 2]7 - k U xu
iM) = zegND*A(,M(kﬁVﬂejllJ* (qzz——m;)ey

2 D

u(py), (35)

where Eqgs. (31) and (35) are contact terms, and
the generalized contact term is introduced in
Refs. [50,108—111], which maintains the gauge invariance
of the photon field. The scattering amplitudes of
N(p)D*(p2) = y(k;)A.(ky) process can be obtained
by replacing the coupling constant with

Ipina, In Egs. (29)-(35).
For the process of N(p,)D*(p,) — y(ki)A.(ky), the
scattering amplitudes can be written as

IDINA,

. _ i(4) +m,)
iMP) = —elgypen,, B(ky)7arses] (f—imzp
1~ mp
*f3 . % * K

X ey/ vp+ z(kﬁleyv_k’fey”)gﬂuﬁ u(pl), (36)

iMO = _iegD*ODUygNDAC] ﬁ(kz)”(PﬂgMapkﬁle;nge/;y
i
X (37)
q3 mDO
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i _ L iz +my)
iMU) = —egND*Aclu(kz)é‘/}/lﬁﬂﬂ%éﬂ u(pl)
qz — My,
(38)
. . - a l ﬂ +mn *U v ¥
iM®) = —zegND*A“u(kﬁyﬂfmﬁ(k’fey —ket)
1 n
Kﬂ
X%umu(m), (39)
iMU = —iegppr,gnpa,, (k) u(p1)€ua, K € piey,
i
X ———, (40)
a3 — mi.

iM™ = —egypep, i(ka)y,rsu(pr)e;

X (=92 = P2)19y6 + P269y2 + 4219:5)
(PO P o 2
x e, i(—g" ;f'_‘hqzz/mu )’ (41)
43 — Mp-
h A(n _ L i(ds +mp)
iM®) = _egND*A“u(kZ)eyﬂylfYnydz)*u(pl)'
3 A

(42)

Here, g; represents the four-momentum of the exchanged
particle, which can be expressed by

q1 = p1 — ki = ky = py,
G2 = pr— ki = ky = py,
gz = p1+ p2 =k + k. (43)

While the polarization vectors €. and €;* correspond
to the D* charmed meson and photon, respectively. The
superscripts (7 through n) denote the individual diagrams
for the process D*N — A,y shown in Fig. 2. Details
regarding the polarization vectors can be found in
Ref. [78]. Finally, the total scattering amplitudes for the
radiative decay processes D*N — A_.y, D*N — A,y and
D*N — A,y are obtained as

lBE}\II—>A6(2 Z (44)

" stotal _
MD*N—»AL.] y —

M), (45)
i=h

In particular, the total scattering amplitude for the quantum
electrodynamics (QED) process must satisfy gauge invari-
ance when we replace €;* with k{, i.e., K{ M = 0. Our
calculations ensure that electromagnetlc gauge invariance
is preserved.

With the above preparations, we can calculate the
radiative decay widths for the processes D*N — A_.y and

D*N — A.y(2)7- The decay amplitude for D*N — A,y is
related to the scattering amplitude as follows [112—114]:

2m[D*N]

/ ( )3/2 ¢D*N ( ) ® MtDog%_’Ac?" (46)

M [D*N]—=A,

Here, the notation [D*N| represents a bound state consist-
ing of the charmed meson D* and the nucleon N. As shown
in Eq. (44), Mgl A,y Tepresents total scattering amplitude
for the D*N — A.(2286)y process, while (?)[J%N] (p)
denotes the momentum-space wave function of the bound
state [D*N]. This wave function can be expressed as,

S,m
o) = {ropsiny (PDCS,, CO 1 Y, (0.9)

|VL5SamL7m1’m2}a (47)

where @ pe stz (Ip]) is the radial wave function in
momentum space. As described in Sec. II, the radial wave
function of the [D*N| molecular state with J¥ = 1/2~ and
3/2 is obtained by solving the Schrédinger equation. The
decay amplitude in Eq. (46) should be multiplied by a
factor of 1/ \/§ to account for the flavor wave function. To
incorporate the off-shell effects of the exchanged mesons
and suppress contributions from large momenta, a Gaussian
form factor F(p?) = exp(—p?>*/A2") is introduced where
n = 3. Here, p denotes the 3-momentum of initial state D*
and the direction of p is specified by (0, ¢). |k| represents
the 3-momentum of the final state in the center-of-mass
frame and it is expressed as |k| = (m[ZD* N m3 )/ 2mpy).
The decay width is then given by

1 Ikl
27 +1322m3,

Uipnj-ag =

/ |M [D*N]—A, y|2ko’
(48)

where J represents the total angular momentum of the
initial bound state. We consider two cases for the total
angular momentum: J = 1/2 and J = 3/2, corresponding
to the [D*N] bound states.

We define two ratios involved in the radiative
decay widths of [D*NJ; - — A.(2286)y, [D*N], /- —
A.(2595)y, and [D*N]; - — A (2765)y, namely,

Uipeny, -, (2595)

Ry)- =

)

Uipn), - =4, (2286)

Uipen, = 2765)

Rl - = .
! F[D*N]I/Z’_)Ac(2286)7
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FIG. 3. Radiative decay widths of the [D*NJ]; - — A,y and the ratios R;/,- and Ry >~ for three typical binding energies

E = -6 MeV, —10 MeV, and —20 MeV.

The conventions of notation R3 - and R, /2~ are consistent
with R /»- and R /- in the following discussions. In Fig. 3,
we present the radiative decay width of the [D*NJ, -
molecular state into A.(2286)y, along with the ratios R -
and R, /- for three typical binding energies: —6, —10, and
—20 MeV. These results depend on the cutoff parameter
A, which is set within the range of 0.5-1.5 GeV.
Taking the binding energy of —6 MeV as an example, the
radiative decay width for the process [D*NJ;, —
A.(2286)y lies within the range of 21.6-166.1 keV, while
the ratio R, /,- is approximately 1 to 2. This result indicates
that the radiative decay width for the [D*NJ],,- —
A.(2286)y process is slightly smaller than that of the
[D*NJ; )5~ = A.(2595)y process. Notably, this conclusion
almost remains unchanged even as the absolute value of the
binding energy increases. We now examine the radiative
decay of the process [D*NJ; - — A.(2765)y, the radiative
decay widths vary from 1.1 to 8.4 keV and the ratio R, 2
changes from 0.050 to 0.052. The smaller radiative decay
width of the [D*N]; ,- — A (2765)y process relative to the
[D*NJy /o~ — A.(2286)y process primarily stems from
phase space constraints and a relatively weaker coupling
strength. As the absolute value of the binding energy

2.40

increases, the ratio R, />~ tends to decrease as illustrated
in the right plot of Fig. 3.

A similar analysis is presented in Fig. 4 for the [D*N]; -
molecular state. When binding energy is —6 MeV for the
[D*NJ;,,- bound state, the radiative decay width of
[D*NJ3 /5~ to A.(2286)y is in the range of 10.5-29.2 keV
and the corresponding ratio R3,- falls between 1.8 and 2.3.
Our calculation shows that the radiative decay widths for
[D*Nl3/p- = A(2595)y and [D*Nly,- — A.(2286)y lie
within the same order of magnitude. The ratio R; /2 is in the
range of 0.033-0.035, and the A.(2765)y channel is sup-
pressed for the [D*NJ;,- bound state.

Among the Feynman diagrams presented in Fig. 2, we
find that the contributions from Feynman diagrams (a) and
(f) are dominant in the decay width of the process
[D*N] — A.(2286)y, while the contributions from contact
terms are comparatively small. For the processes of
[D*N]| = A.(2595)y, the Feynman diagram with subscript
(i) plays a significant role compared to the process of
[D*N| — A.(2286)y. The reason is that parity conserva-
tion requires the relative orbital angular momentum
between meson D and nucleon N to be in an S-wave
for vertex DNA, ) in the process of [D*N| — A.(2595)y
but a P-wave for [D*N| - A.(2286)y. So the diagram with

0.036
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(] 225 ~——E=-10 MeV 0.034 &
- 32t —— E=-20 MeV ~—
&
— i
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FIG. 4. Radiative decay widths of the [D*Nh/z_ — Acy and the ratios R;,- and R3/27 for three typical binding energies

E = -6 MeV, —10 MeV, and —20 MeV.
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TABLE III. Radiative decay width of A,(2940) as a conven-
tional charmed baryon.

Processes Width Width

A(2P,1/27) > Ay 189keV A.(2P.3/27) = Ay 227 keV
A (2P 1/27) > Ay 3.1eV A (2P.3/27) > Ay 5.29 keV
A (2P, 1/27) > Apy 0.16 keV A.(2P,3/27) = A,y 0.35 keV

Processes

subscript (b) is suppressed naturally for the [D*N] —
A, (2286)y process.

The determination of the couplings gy, . in Table II

c(1.2)

is a little model dependent, which brings some uncertainties
to the radiative decay widths. We further examined the
dependence of our results on the coupling constants. If we
use the coupling constants gpya, = 13.5 and gpyp, =
—5.6 determined by SU(4) symmetry [52,103,104], the
radiative decay widths I'(p- Ny Ay and I'jp- Ny —Ay ATe
approximately 25-196 keV and 12.6-34.3 keV with the
binding energy —6 MeV, respectively. The corresponding
ratios R, /,- and R, /2~ fall within the ranges of 0.9-1.7 and
0.043-0.045, while the ratios R3/,- and R /- are predicted
to lie within the ranges of 1.5-1.9 and 0.028-0.029,
correspondingly. The results are very close to ours.
When gpya, =7.9 and gpya, = —7.5 are taken from
the QCD sum rule [105-107], the radiative decay width
Lipw, Ay are about 29.8-229.2 keV and the

U'ipn, ,- -, changes to 14.5-40.8 keV. We can find that

the radiative decay widths exhibit a weak dependence on
the coupling constants gpya, and gp-ya, using different
theoretical approaches [52,103-107].

As illustrated in the left plots of Figs. 3 and 4, the decay
width of [D*NJ;,- — A.(2286)y is larger than that of
[D*NJ3/5- — A.(2286)y. The same trend is observed in the
A.(2595)y and A.(2765)y decay channels. This consid-
erable difference is caused by the requirement that the
coupled quantum numbers of the D* meson and nucleon N
should align with the initial state of A.(2940), which has
JP=1/27 or JP =3/27, as shown in Eq. (47). The
significant differences in these two decay processes provide
a possibility for identifying the J” quantum numbers
of A,.(2940).

In addition, the A.(2940) can be interpreted as the
2P-wave singly charmed baryon A.(2P,1/27) or
A.(2P,3/27) in quenched picture [16-22,98,115]. The
coupling of the photon to the constituent D* meson and N
nucleon of the A.(2940) is essentially different from that of
the quark models, in which the photon directly couples to
the quark system [116]. We have calculated the radiative
decay width of A.(2940) decay to A.(2286)y, A.(2595)y,
and A,.(2765)y by regarding A.(2940) as a A, (2P,1/27)
or A.(2P,3/27), employing the approach developed in
Refs. [117,118]. The results are shown in Table III. Similar

ratios to those defined earlier can be introduced for these
decay channels, which can be defined below,

RY A, (2P,1/27)— A, (2595)y
Y2 Ta (2p.1 j27)= A (2286)7
Rb L AQPIT)=AQT65)
Y2 Ta (2p.1 /)= A (2286)7

The notations RY /» and R3 |, follow the same convention as

2 and R? /o in the following discussions.

The results show that the radiative decay widths of
A.(2940) in the conventional baryon picture are suppressed
by at least one to two orders of magnitude compared to
those predicted within the D*N molecular configuration
for identical decay channels. In the framework of mole-
cular state, the radiative decay widths of the processes
[D*NJy o~ — A.(2286)y and [D*NJp- — A(2595)y are
comparable and the ratio R, , ranges from 1 to 2. However,
the situation has changed in a conventional three-quark
picture. When A.(2940) is regarded as a A.(2P,1/27)
charmed baryon, the ratio R? /> 18 0.0016 and the process
A (2P, 1/27) - A.(2595)y is suppressed significantly.
For the decay A (2P, 1/27) — A.(2765)y, the ratio R, /, =
0.05 is smaller than R’l’ = 0.085. These discrepancies

likely stem from distinct photon coupling dynamics
between constituent quarks and hadronic molecule systems.

For the A.(2940) with J* =3/27, the radiative decay
width of A.(2P,3/27) — A.(2595)y exceeds those of the
other two decay channels. The ratios R}, and R}, are 2.33

and 0.15, respectively. These values differ from the
corresponding ratios for the D*N molecular states with
the same J”. Notably, the ratios R b 12 and R'g 1 demonstrate

striking discrepancies compared to R;/, and R, /2 Tespec-
tively. These comparisons highlight that electromagnetic
probes can be effectively utilized to explore the internal
structure of hadrons.

The above findings suggest that analyzing the radiative
decay behavior of S-wave D*N molecular states can serve
as an effective method for determining their J” quantum
numbers, especially the A.(2286)y and A.(2595)y chan-
nel. The radiative decays of the A.(2940) provide signifi-
cant insights into its internal structure. However, precise
determination of the couplings remains challenging due to
sparse experimental information and model dependence,
which may lead to possible uncertainties in the predictions
of radiative decay in this work. In order to eliminate the
longstanding debate surrounding the A.(2940) and clarify
its nature, we expect that the experimental and theoretical
colleagues can be inspired from the present work and
further decode its properties through more precise mea-
surements and advanced theoretical models.
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IV. SUMMARY

In this work, we propose that investigating the radiative
decay modes A.(2286)y, A.(2595)y, and A.(2765)y of the
newly discovered hadronic state A.(2940)—particularly
the ratios of their decay widths—can provide insights into
the internal structure of the A.(2940). This approach is
motivated by the similarities between the A.(2940) and the
X (3872), as both states exhibit a low-mass puzzle [16-23].
Moreover, experimental findings highlight the importance
of radiative decays of the X(3872) into J/y and w(3686)
for probing its properties [60-64]. A detailed calculation
reveals significant discrepancies in the ratios of the radi-
ative decay widths for the A.(2940), depending on the
structural assumptions made about the state.

We believe that the insights gained from this work could
encourage our experimental colleagues to further inves-
tigate the radiative decays of the A,(2940). With its
upcoming high-luminosity upgrade, LHCb, along with
the ongoing Belle II experiment, holds significant potential
to probe these decay channels.

In fact, this work further emphasizes the importance of
electromagnetic probes, as they are crucial for revealing the
internal structure of hadronic states and should not be
overlooked in comparison to probes involving strong
interactions. As we enter the era of higher precision in
the study of hadron spectroscopy, we believe that a
multifaceted approach, combining different perspectives,
will be essential for advancing our understanding—not only
of these novel phenomena but also of the nonperturbative
nature of strong interaction.
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APPENDIX: DETERMINATIONS
OF THE COUPLING CONSTANTS

The coupling constants are determined by the quark-
pair-creation model. Generally, the transition matrix of the
process of A2y — D™N can be expressed as

MQPC(P) = <D(*)N|T|Ac(1.2)>- (A1)

Here, the transition operator 7 is
T =-3y) (Im.1- m,00>/d3p4d3p55(p4 +ps)

m (P4 — P i
oy (M) ot bl (A2)

where the dimensionless parameter y describes the strength
of the quark and antiquark pair creation from the vacuum, it
can be determined as 9.58 by fitting the total decay width of
%.(2520) [90]. YT (p) = |P|Y1..(6. @) is a solid harmonic
polynomial. y¢°, ¢¢° = (uit + dd + 55)/+/3, and > = 5;;
are spin, flavor, and color wave functions, respectively. bz
and dg are quark and antiquark creation operators.
The transition matrix can be further expressed by

(DYNI|T|A12)(A > BC)
=7 Z (LaMp, SaMs,|JaM;,)

X (LgM, SpM, |JgM p)(LcM ScMg |JcM,,)
x (1m; 1, —m|00) O(SBMSB)(SCMSC)(SAMSA W1—m)

X (badbclbado) Ty, (), (A3)

iy
functions in the momentum space and p is the momentum
of an outgoing particle, while the notations A, B, and C
refer to the A.q2), D™, and N, respectively. We use
harmonic oscillator spatial wave functions to describe both
baryons and mesons. The masses of light and heavy quarks
are m, = 0.37 GeV and m, = 1.88 GeV, respectively. In
the center-of-mass system of singly charmed baryon
Ac(12), the three-momentum of D™ and N are equal in
magnitude and opposite in direction.

We derive the coupling constants gy,

where I% (p) denotes the overlap integral of the wave

2 by compar-
ing the decay widths from quark and hadron levels. We
reduce the mass of the nucleon to make the phase space
allowed for the A1 5) — DN process. We take p — 0 to
obtain the couplings in Table II. The relative signs of the
couplings are determined by comparing the amplitudes at
the quark and hadron levels.
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