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In this work we study the radiative decay of dynamically generated JP ¼ 1�
2 charm baryons into the

ground state JP ¼ 1þ
2 baryons. Since different theoretical interpretations of these baryonic resonances and,

in particular, of the �cð2595Þ, give different predictions, a precise experimental measurement of these

decays would be an important step for understanding their nature.
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I. INTRODUCTION

The research on charm hadron physics has experienced a
renewed interest in recent years, after the discovery of a
few meson states which could not be easily described as q �q
states of quark model potentials, such as theDs0ð2317Þ, the
Ds1ð2460Þ [1–4], in the open-charm sector, and the
Xð3872Þ [5–8], the Xð3940Þ [9,10], the Yð3940Þ [11,12],
or the Zð3930Þ [13], in the hidden-charm sector. There has
also been a substantial amount of theoretical progress
leading to the observation that some of these states could
be interpreted alternatively as molecules [14–25], tetra-
quarks [26–29], or hybrids [30]. A similar situation is
found in the baryon sector. Some of the newly observed
charmed baryons states [31–39], such as the JP ¼
1�
2 �cð2595Þ or the JP ¼ 3�

2 �cð2625Þ, can be interpreted

as meson-baryon molecules that can be generated dynami-
cally within coupled-channel unitary schemes [40–48].

The decay modes of a resonance may provide a way of
learning about the nature of the state: whether it fits in the
conventional qqq-baryon or q �q-meson picture or it has a
more exotic interpretation. In particular, the radiative de-
cays into lower lying states may represent a significant part
of the decay width when the hadronic modes are sup-
pressed by phase-space restrictions or/and small values of
the coupling constants. Note that electromagnetic transi-
tions are also useful in the determination of the quantum
numbers of states decaying into a final hadron with
well-established quantum numbers.

Radiative decays of ground state heavy flavored baryons
have been studied within many different approaches, like
heavy hadron chiral perturbation theory (HHCPT)
[49–52], an approach which combines heavy quark (HQ)
symmetry with the chiral symmetry in the light sector,
employing light-cone QCD sum rules [53], supplementing
heavy quark symmetry with a SUð2NfÞ � Oð3Þ symmetry

in the light diquark system [54], or implementing also
dynamical effects for the internal quark structure of the
hadrons within the relativistic three-quark model (RTQM)
[55,56] or other nonrelativistic quark models [57–59].

Many of the former approaches have also been applied
to obtain the radiative decays of excited heavy flavored
baryons, such as the �cð2595Þ. A first qualitative estima-
tion was given in Ref. [60], where the HHCPT formalism
was extended to include the lowest lying excited baryon
doublet, �cð2595Þ (JP ¼ 1�

2 ) and �cð2625Þ (JP ¼ 3�
2 ).

The results of Ref. [54] were obtained by exploiting the
alternative light diquark SUð2NfÞ � Oð3Þ symmetry.

Radiative decays of excited charmed baryons were also
calculated within the relativistic quark model of
Refs. [55,56], as well as using light-cone QCD sum rules
in Ref. [61]. All these works consider the excited heavy
baryon as being an orbital excitation of the three-quark
Qqq system with a unit of angular momentum inserted
between the heavy quark Q and the light diquark qq. A
different perspective is provided by the model of Ref. [62],
for example. This model considers the excited �cð2595Þ
and �cð2625Þ as being D�N bound systems in the first
excited state of a harmonic potential adjusted phenomeno-
logically to reproduce the spin-averaged excitation energy.
Another example is the model of Ref. [63] which considers
the radiative decay of the �cð2940Þ in a hadronic D�N
molecular picture.
In the present work we study the radiative decays

of excited baryons in the C ¼ 1 sector. We focus on the
resonances �cð2595Þ, �cð2800Þ,�cð2790Þ, and�cð2970Þ,
all having JP ¼ 1�

2 , which have been generated as meson-

baryon molecular states on several models based on
coupled-channel dynamics [40–47]. The radiative transi-

tions to baryons of the JP ¼ 1þ
2 ground state multiplet

proceeds, as wewill see, through the coupling of the photon
to the various meson-baryon components of the resonance,
as determined by the coupled-channel dynamical model of
Ref. [47]. This is essentially different from the quark mod-
els for which, in the heavy quark limit, the photon only
couples to the light diquark system. Therefore, a precise
measurement of the radiative decays of excited heavy fla-
vored baryons would help in understanding their internal
structure.
The radiative decays of dynamically generated charm

mesons have already been addressed recently. In [64–66],
the radiative decay of the D�

s0ð2317Þ meson has been*daniel.gamermann@ific.uv.es
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studied from the point of view that it is generated dynami-
cally mainly from the interaction of the D meson with a
kaon. Also radiative decays of the puzzling Xð3872Þ have
been calculated from the point of view that this state is a
D� �Dþ c:c: molecule [67]. More recently, many different
radiative decays of the controversial X, Y, and Z states
have been analyzed assuming that their structure is deter-
mined by the interactions of two vector mesons [68–70].

This work is organized as follows: in the next section we
explain the model for generating dynamically the JP ¼ 1�

2

baryon resonances from the interaction of ground state
baryons with pseudoscalar mesons. In Sec. III we present
the framework for evaluating the diagrams needed in the
calculation of the radiative decays of the resonances. The
results of the calculation are presented and discussed in
Sec. IV and in Sec. V we present a brief overview and our
conclusions.

II. THE DYNAMICALLY GENERATED STATES

In this section we will review the coupled-channel ap-
proach employed in [47] to obtain dynamically generated
open-charm baryon resonances.

The scattering amplitudes T, which describe the scatter-
ing of the pseudoscalar meson fields off the ground state
baryon fields can be obtained by solving the well-known
Lipmann-Schwinger equation, which schematically reads

T ¼ V þ VJT: (1)

The loop function J is the product of the meson and baryon
single-particle propagators, and the scattering kernel V
describes the interaction between the pseudoscalar mesons
and the ground state baryons. Following the original work
of Hofmann and Lutz [43], we identify a t-channel ex-
change of vector mesons as the driving force for the s-wave
scattering between pseudoscalar mesons in 16-plet and
baryons in 20-plet representations. The scattering kernel
takes the form (see [43] for details)

VðI;S;CÞ
ij ðpi; qi; pj; qjÞ

¼ g2

4

X
V2½16�

CðI;S;CÞ
ij;V �uðpjÞ��

�
g�� �

ðqi � qjÞ�ðqi � qjÞ�
m2

V

�

� 1

t�m2
V

ðqi þ qjÞ�uðpiÞ; (2)

where the sum runs over all vector mesons of the SU(4)
16-plet, (�, K�, �K�, !,�,D�,D�

s , �D�, �D�
s , J=�),mV is the

mass of the exchanged vector meson, g is the universal
vector meson coupling constant, pi, qi ðpj; qjÞ are the four-
momenta of the incoming (outgoing) baryon and meson,

and the coefficients CðI;S;CÞ
ij;V denote the strength of the

interaction in the different isospin (I), strangeness (S),
charm (C) sectors, and meson-baryon channels ði; jÞ. For
the coupling constant g we use the value 6.6, which re-
produces the decay width of the �meson [71]. The s-wave

projection of the scattering kernel is easily obtained and, in
the center-of-mass (c.m.) frame, it takes the analytical form

VðI;S;CÞ
ij;l¼0 ð ~ki; ~kjÞ

¼ N
g2

8

X
V2½16�

CðI;S;CÞ
ij;V

�
2�

b
þ �b� �a

b2
ln

�
aþ b

a� b

��
; (3)

with a, b, �, and � being

a¼m2
i þm2

j�2!iðj ~kijÞ!jðj ~kjjÞ�m2
V b¼2j ~kijj ~kjj

�¼�iðj ~kijÞþ�jðj ~kjjÞ�Mi�Mj

�m2
j�m2

i

m2
V

ð�jðj ~kjjÞ��iðj ~kijÞþMi�MjÞ

�¼ j ~kijj ~kjj
ðEiðj ~kijÞþMiÞðEjðj ~kjjÞþMjÞ

�
�iðj ~kijÞþ�jðj ~kjjÞ

þMiþMj�
m2

j�m2
i

m2
V

ð�jðj ~kjjÞ��iðj ~kijÞþMj�MiÞ
�
;

(4)

where ~ki, ~kj are the initial and final relative momenta, mi,

mj, Mi, Mj are the masses of the incoming and outgoing

mesons and baryons, !iðj ~kijÞ, !jðj ~kjjÞ, Eiðj ~kijÞ, Ejðj ~kjjÞ
their corresponding energies, which have been taken to be

their on-shell values, and�ðj ~kjÞ stands for the total energy
!ðj ~kjÞ þ Eðj ~kjÞ of the meson-baryon pair. The factor N ¼
½ðEðj ~kijÞ þMiÞðEðj ~kjjÞ þMjÞ=ð4MiMjÞ�1=2 comes from

the normalization of the Dirac spinors.
Once the scattering kernel has been constructed, it can

be inserted in the s-wave projected Lipmann-Schwinger
equation,

TðI;S;CÞ
ij;l¼0 ð ~ki; ~kj;

ffiffiffi
s

p Þ

¼ VðI;S;CÞ
ij;l¼0 ð ~ki; ~kjÞ þ

X
m

Z d ~k

ð2�Þ3 Fðj
~kjÞVðI;S;CÞ

im;l¼0ð ~ki; ~kÞ

� Jmð
ffiffiffi
s

p
; ~kÞTðI;S;CÞ

mj;l¼0ð ~k; ~kj;
ffiffiffi
s

p Þ; (5)

where the loop function J explicitly reads

JðI;S;CÞm ð ffiffiffi
s

p
; ~kÞ ¼ Mm

2Emðj ~kjÞ!mðj ~kjÞ
� 1

ffiffiffi
s

p � Emðj ~kjÞ �!mðj ~kjÞ þ i	
; (6)

and a dipole-type form factor Fðj ~kjÞ,

Fðj ~kjÞ ¼
�

�2

�2 þ j ~kj2
�
2
; (7)

has been introduced in order to regularize the integral. This
form is typically adopted in studies of hadron-hadron inter-
actions within the scheme of Lipmann–Schwinger-type
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equations in the light flavor sector [72]. The value of the
cutoff� is a free parameter of our model that is fitted to the
existing data. In Table I we collect, from the resonances
generated dynamically in Ref. [47] in various C ¼ 1 sec-
tors, those states that, using a cutoff value of around 1 GeV,
can be readily identified with observed resonances [71].

In order to associate a given enhancement of the scat-
tering amplitude to a resonance, we look for a character-
istic pole zR in the unphysical sheet of the complex energy
plane. Our prescription of unphysical sheet is such that,
whenever the real part of the complex energy crosses a
meson-baryon threshold cut, the sign of the on-shell mo-
mentum is changed for this channel and for the already
opened ones, as described in detail in Ref. [73]. If the pole
zR lies not too far from the real axis, its value determines
the Breit-Wigner mass (M ¼ RezR) and width (� ¼
2 ImzR) of the resonance as seen from real energies. The
couplings of the resonance into its various meson-baryon
components are obtained from the residues of the scatter-
ing amplitude since, close to the pole, it can be parameter-
ized in the form

TI;S;C
ij;l¼0ð ~ki; ~kj; zÞ ¼

gigj
z� zR

: (8)

Note that the value of the coupling constants of Eq. (12)
depends on the particular momentum values chosen in the
evaluation of the T-matrix element. However, this depen-

dence is very mild and we have obtained the couplings

from the amplitudes at ~ki ¼ ~kj ¼ 0. The values of the

couplings of the resonances to the various charged
meson-baryon states are listed in Tables II, III, and IV.

TABLE I. Masses and widths of states that can be identified with well-established resonances
in various sectors of C ¼ 1.

Theory Experiment

ðI; SÞ � [MeV] MR [MeV] � [MeV] MR [MeV] � [MeV]

(0,0) 903 2595 0.5 2595:4� 0:6 3:6þ2:0
1:3

�c

(1,0) 2801þ4
�6 75þ22�17ð�þþ

c Þ
�c 1100 2792 16 2792þ14

�5 62þ60
�40ð�þ

c Þ
2802þ4�7 61þ28

�18ð�0
cÞ

ð1=2;�1Þ 980 2790 0.5 2791:8� 3:3 <12ð�0
cÞ

�c

960 2970 5.1 2968:0� 2:6 20� 7ð�0
cÞ

TABLE II. Coupling coefficients gRBM of the�cð2595Þ pole to
the different meson-baryon (MB) channels.

MB 2595þ i0:25 [MeV]

��c 0:06� i0:31
DN �0:13þ i11
	�c �0:005þ i0:42
K�c �0:006þ i0:52
K�0

c 0:03� i0:23
Ds� �0:06þ i6
	0�c �0:01þ i0:69
	c�c 0:02� i2
�D�cc 0:007þ i0:05

TABLE III. Coupling coefficients gRBM of the �cð2792Þ pole
to the different meson-baryon (MB) channels.

MB 2792þ i8:16 [MeV]

��c 0:19þ i0:53
��c �0:28þ i0:12
DN �0:60� i3:6
K�c 0:31þ i0:28
	�c 0:06� i0:21
K�0

c �0:13þ i0:24
Ds� 0:42þ i3:1
	0�c �0:05� i0:35
�D�cc 0:22þ i0:28
	c�c 0:13þ i1

TABLE IV. Coupling coefficients gRBM of the �cð2790Þ and
�cð2970Þ poles to the different meson-baryon (MB) channels.

MB 2790þ i0:25 [MeV] 2970þ i2:5 [MeV]

��c 0:01þ i0:06 0:008� i0:37
��0

c 0þ i0:002 �0:25� i0:08
�K�c �0:06� i0:22 0:1þ i0:17
�K�c �0:003� i1:5 �0:17þ i0:03
D� 0:08� i2:1 �0:21� i3:2
	�c �0:07� i0:33 0:08� i0:02
D� �0:03þ i12: �0:07� i1:76
	�0

c �0:001� i0:73 �0:02� i0:05
K�c �0:003þ i0:08 �0:21þ i0:15
Ds� �0:08þ i6:54 0:18þ i2:8
	0�c 0:005� i0:76 �0:007� i0:08
	0�0

c 0:004þ i0:16 �0:01� i0:31
�Ds�cc 0:04þ i0:44 �0:02� i0:006
�D�cc �0:03þ i0:03 �0:03þ i0:04
	c�c �0:007� i1 0:05þ i0:91
	c�

0
c �0:01� i0:46 0:04þ i0:9
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III. RADIATIVE DECAY CALCULATION

The reaction we study is given by

B�ðP; 
iÞ ! �ðK; �ÞBðQ;
fÞ; (9)

where P, K, and Q are four-momenta which are related by
P ¼ K þQ, � is the photon polarization, and
i and
f are

the polarization of the initial and final spin- 12 baryons B
�

and B, respectively.
For the evaluation of these radiative decays, we follow a

gauge invariant scheme already used for noncharmed reso-
nances [74–77]. As shown there, the mechanisms for the
decay of the resonance B� into �B are given by the
diagrams of Fig. 1, where the photon couples to the con-
stituent mesons and baryons. The amplitude for the radia-
tive decay has the structure

� iM ¼ T���
� �
f�

�
i; (10)

with �� ¼ ð0; ~�Þ, where �i are the usual Pauli matrices.

For the tensor T��, there are five possible independent

Lorentz structures that one can construct with the two
independent four-momenta,

T��¼ag��þbP�P�þcP�K�þdK�P�þeK�K�: (11)

This expression is simplified by noting that, due to the
Lorentz condition ��K

� ¼ 0, the terms with the coeffi-
cients c and e in Eq. (11) will not contribute to the radiative
decay amplitude of Eq. (10). Moreover, gauge invariance
imposes T��K

� ¼ 0 and we obtain

ðaþ dðP � KÞÞK� þ bðP � KÞP� ¼ 0; (12)

from which we conclude that b ¼ 0, while a and d are
related through a ¼ �dðP � KÞ. The expression for the
amplitude can be further simplified if we work in the rest

frame of the decaying baryon ( ~P ¼ ~0) and take the
Coulomb gauge (�0 ¼ 0). In this way only the a term
contributes to the amplitude. Moreover, the a coefficient

is more easily calculated through the d coefficient, using
the above mentioned relation, a ¼ �dðP � KÞ. This is so
because, as we will show, the integral for evaluating the d
coefficient converges and only the diagrams of Figs. 1(b)
and 1(c) contribute to it.
The amplitude for diagram 1(b) is given by

�iM ¼ �igRBMgBBMg�MM

Z d4q

ð2�Þ4
1

ðq� KÞ2 �m2
M

� 1

q2 �m2
M

2mB

ðP� qÞ2 �m2
B

� �
fðq� KÞ � �
ið2q� KÞ � �; (13)

where gRBM is the coupling of the resonance to its meson
and baryon constituents, gBBM is the coupling of the bar-
yonic current to a meson, g�MM is the coupling of the

meson to a photon, and mM and mB are masses of
the meson and baryon in the loop, respectively. Using the
Feynman parameterization

1

abc
¼2

Z 1

0
dx

Z 1�x

0
dy

1

ðxða�bÞþyðc�bÞþbÞ3 ; (14)

and the identity

Z
d4q0

1

ðq02 þ sþ i�Þ3 ¼
i�2

2

1

sþ i�
; (15)

together with the relation between the a and d terms of the
amplitude, one finds the following contribution of diagram
1(b) to the a term:

� iMa
ðbÞ ¼ gRBMgBBMg�MM

2mB

ð4�Þ2

�
Z 1

0
dx

Z 1�x

0
dy

xðy� 1Þ
sþ i�

2P � K (16)

s ¼ xðP2ð1� xÞ �m2
B þm2

M � 2yP � KÞ �m2
M: (17)

Analogously, one can calculate the contribution coming
from the diagram in Fig. 1(c) as

� iMa
ðcÞ ¼ gRBMgBBMg�BB

2mB

ð4�Þ2

�
Z 1

0
dx

Z 1�x

0
dy

�yx

sþ i�
2P � K (18)

s ¼ xðP2ð1� xÞ �m2
M þm2

B � 2yP � KÞ �m2
B: (19)

The values of the couplings gRBM, relating the resonance
to its constituents, are given, in the isospin basis, in
Tables II, III, and IVof the previous section. The couplings
of the mesons to the photon, g�MM, and those of the

baryons to the photon, g�BB, are eQ, whereQ is the electric

charge (� 1, 0, 1, or 2) of the meson or the baryon which
emits the photon. Finally, the coupling of the mesons to the
ground state baryons is given by

B*

B*

B*
B

B

B

M

M

M

B

B

B

γ

γ

γ

(b)

(c)

(a)

P

K

P−K
q−K

q

P−q

FIG. 1. Diagrams needed for the evaluation of the radiative
decay of dynamically generated baryons.
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gBBM ¼ �i

Dþ F

2f
þ �i

D� F

2f
; (20)

where Dþ F ¼ 1:26, D� F ¼ 0:33 [78]. We have taken
f ¼ 1:15fM with fM ¼ f� ¼ 93 MeV for light mesons
and fM ¼ fD ¼ 165 MeV for heavy mesons. The coeffi-
cients �i and �i, which depend on the SU(4) flavor struc-
ture of the interaction, have been obtained from the

Lagrangian for the interaction of the ground state spin 1þ
2

baryons and the pseudoscalar mesons, which is constructed
in the following.

Our prescription of field definitions for the baryons and
mesons is that of Ref. [43]. The baryons are represented by
a three-index tensor Bijk, antisymmetric in the first two
indices, where i, j, and k run from 1 to 4,

B121 ¼ p; B122 ¼ n; B132 ¼ 1ffiffiffi
2

p �0 � 1ffiffiffi
6

p �;

B124 ¼ 2ffiffiffi
6

p �c; B141 ¼ ��þþ
c ;

B142 ¼ 1ffiffiffi
2

p �þ
c þ 1ffiffiffi

6
p �c; B143 ¼ 1ffiffiffi

2
p �0þ

c � 1ffiffiffi
6

p �þ
c ;

B144 ¼ �þþ
cc ; B213 ¼ 2ffiffiffi

6
p �;

B231 ¼ 1ffiffiffi
2

p �0 þ 1ffiffiffi
6

p �; B232 ¼ ��;

B233 ¼ ��; B234 ¼ 2ffiffiffi
6

p �0
c;

B241 ¼ 1ffiffiffi
2

p �þ
c � 1ffiffiffi

6
p �c; B242 ¼ �0

c;

B243 ¼ 1ffiffiffi
2

p �00
c þ 1ffiffiffi

6
p �0

c; B244 ¼ ��þ
cc;

B311 ¼ �þ; B313 ¼ �0; B314 ¼ 2ffiffiffi
6

p �þ
c ;

B341 ¼ 1ffiffiffi
2

p �0þ
c þ 1ffiffiffi

6
p �þ

c ; B342 ¼ 1ffiffiffi
2

p �00
c � 1ffiffiffi

6
p �0

c;

B343 ¼ �c; B344 ¼ �cc (21)

The pseudoscalar meson field is represented by a matrix,

�¼

�0ffiffi
2

p þ 	8ffiffi
6

p þ 	15ffiffiffiffi
12

p �þ Kþ �D0

�� �0ffiffi
2

p þ 	8ffiffi
6

p þ 	15ffiffiffiffi
12

p K0 �D�

K� �K0 �2	8ffiffi
6

p þ 	15ffiffiffiffi
12

p D�
s

D0 �Dþ Dþ
s

�3	15ffiffiffiffi
12

p

0
BBBBBBBB@

1
CCCCCCCCA
:

(22)

The Lagrangian for the BBM interaction reads

LBBM ¼
ffiffiffi
2

p
4f

X4

i;j;k;l¼1

�Bijk�
�ððDþ FÞ@��klBijl

� 2ðD� FÞ@��jlBilkÞ: (23)

Note that the physical 	, 	0, and 	c fields are related to
the mathematical 	8 and 	15 fields, belonging to the
pseudoscalar meson 15-plet, and the singlet 	1 field. The
mixture is given by

	1

	8

	15

0
@

1
A ¼

1
2
ffiffi
3

p
ffiffi
2
3

q
1
2

2
ffiffi
2

p
3 � 1

3 0
1
6

ffiffi
2

p
3 �

ffiffi
3

p
2

0
BBB@

1
CCCA

	
	0
	c

0
@

1
A: (24)

Therefore, in order to obtain a Lagrangian for the physical
fields, we need to add to Eq. (23) an interaction of the
baryon current with the singlet field 	1,

L 0
BBM ¼ LBBM þ

ffiffiffi
2

p
4f

ðDD þ FFÞ 12

� X4

i;j;k¼1

�Bijk�
�Bijk@�	1; (25)

where the coefficients D ¼ � 1ffiffi
2

p and F ¼ 3ffiffi
2

p are ob-

tained by consistently imposing that processes where the
	c meson couples to light baryons (N, �, �, or �) should
vanish.
The complete LagrangianL0

BBM of Eq. (25) allows us to
determine all coupling constants gBBM, which we write in
the form of Eq. (20). The specific values of the �i and �i

coefficients for all the transitions needed in the different
radiative decays are collected in Tables VI, VII, VIII, IX,
and X of the Appendix.
With all the required ingredients having been estab-

lished, one can finally obtain the radiative decay width
from

� ¼ 1

�

��������
X
i

Ma
i

��������
2

E�

mB

mB�
; (26)

where E� is the photon energy, Ma
i ¼ Ma

ðbÞ þMa
ðcÞ, and

the sum runs over all contributing intermediate MB
channels.

IV. RESULTS

We evaluate the following radiative decays:

�cð2595Þ ! �c� (27)
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�cð2595Þ ! �þ
c � (28)

�þ
c ð2792Þ ! �c� (29)

�þþ
c ð2792Þ ! �þþ

c � (30)

�þ
c ð2792Þ ! �þ

c � (31)

�0
cð2792Þ ! �0

c� (32)

�þ
c ð2790Þ ! �þ

c � (33)

�0
cð2790Þ ! �0

c� (34)

�þ
c ð2790Þ ! �0þ

c � (35)

�0
cð2790Þ ! �00

c � (36)

�þ
c ð2970Þ ! �þ

c � (37)

�0
cð2970Þ ! �0

c� (38)

�þ
c ð2970Þ ! �0þ

c � (39)

�0
cð2970Þ ! �00

c �; (40)

for �cð2595Þ, �cð2792Þ, �cð2790Þ, and �cð2970Þ, which
are the resonances that, according to the models of
Ref. [40–47], can plausibly be interpreted as dynamically
generated meson-baryon molecules.

The theoretical decay widths obtained from the imagi-
nary part of the pole position for these dynamically gen-
erated states is usually smaller than the experimental
observed decay widths. The model considers only
meson-baryon channels where the meson is a pseudoscalar

coupled in s-wave with a JP ¼ 1þ
2 baryon. In the case of the

heavier resonances, the model is probably missing possible
three-body decays of the resonance, or channels where the
meson and baryon have different JP quantum numbers and
this should partially explain the small widths found for the
theoretical resonances. In any case one must assume
some uncertainties for the couplings listed in Tables II,
III, and IV.
We estimate the uncertainties in the radiative decay

widths assuming a 20% uncertainty in the gRBM couplings.
Following the method of Ref. [64], we generate, for each
resonance, 30 sets of random coupling values within 20%
of those listed in Tables II, III, and IV, and calculate the
radiative decay for each set. Our final result is the average
of the radiative decay widths obtained with the random
sets, and the associated uncertainty is given by the standard
deviation from the average.
We start showing the results for the �cð2595Þ, which is

the analog in the charm sector of the�ð1405Þ in the strange
sector and, therefore, is a good candidate for being a
meson-baryon molecular state. The radiative decay widths
are

��cð2595Þ!�c� ¼ ð274:3� 52:0Þ keV (41)

��cð2595Þ!�þ
c �

¼ ð2:1� 0:4Þ keV: (42)

These values are also collected in Table V, where the
contribution to the width coming from each intermediate

TABLE V. Results for the radiative decay of the �cð2595Þ compared with other theoretical approaches. The sign in brackets
indicates the sign of the amplitude, so one can know when the interference between the channels is constructive or destructive.

Channel ��c� [keV] [55] [keV] [61] [keV] [62] [keV] ��þ
c �

[keV] [55] [keV] [61] [keV]

�þ�0
c 1:2ðþÞ 0:3ð�Þ

�0�þ
c <0:1ðþÞ 0

���þþ
c 0:7ð�Þ 0:2ð�Þ

D0p 9:1ðþÞ 0:1ðþÞ
Dþn 83:4ðþÞ 0:8ð�Þ
	�c <0:1ðþÞ 0

Kþ�0
c <0:1ðþÞ <0:1ðþÞ

K0�þ
c <0:1ðþÞ <0:1ð�Þ

Kþ�00
c <0:1ðþÞ <0:1ð�Þ

K0�0þ
c <0:1ðþÞ <0:1ðþÞ

Dþ
s � 13:5ðþÞ 0

	0�c <0:1ðþÞ 0

	c�c <0:1ðþÞ 0
�D0�þ

cc <0:1ðþÞ <0:1ð�Þ
D��þþ

cc <0:1ð�Þ <0:1ð�Þ
Total 274:3� 52:0 115 36 16 2:1� 0:4 77 11
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channel is also shown, together with the sign, ðþÞ or ð�Þ,
of the corresponding amplitude. This allows one to analyze
the constructive or destructive character of the interfer-
ences between the various channels. First of all, we note
the tremendous difference in size, of 2 orders of magni-
tude, between the radiative decay rate of the �cð2595Þ into
�c� and �þ

c � states. To understand the origin of this
difference we focus on the most important contribution,
which corresponds to the Dþn intermediate state in both
cases. First of all, the ratio between the couplings Dþn !
�c and Dþn ! �þ

c is 3.8, as can be inferred from the �
and � coefficients of Table VI. Moreover, the different
kinematical variables of the two processes produce a Dþn
loop which is, for �c� decay, a factor 2 larger than for
�þ

c � decay. The square of these two factors, together with
the ratio of photon energies, which are E� ¼ 290 MeV for

�c� and E� ¼ 138 MeV for �þ
c �, explain the factor 100

difference between the Dþn contributions to both decays.
We also note that there are constructive interferences be-
tween the most important contributions (D0p,Dþn,Dþ

s �)
to �c� decay, which enhance even further this rate com-
pared to the �þ

c � one.
In Table V we also compare our results to those obtained

by other calculations performed within the relativistic
quark model [55], using light-cone QCD sum rules [61],
or adopting a boundD�N picture for the�cð2595Þ [62]. We
observe a large diversity of results. Note also that the 2
orders of magnitude difference between the radiative de-
cays into �c� or �c� states found in the present work is
not obtained by any of the other models displayed in
Table V, nor by the HHCPT results of Ref. [60], which
estimated partial widths of the same order of magnitude.
Obviously, the tremendous differences between models
calls for a measurement of these decay modes which could
bring essential information about the nature of the
�cð2595Þ.

The radiative decays of the other resonances, for which
there is no experimental observation nor other theoretical
predictions, are

��þþ
c ð2792Þ!�þþ

c � ¼ ð51:0� 9:1Þ keV (43)

��þ
c ð2792Þ!�þ

c �
¼ ð28:4� 3:3Þ keV (44)

��0
cð2792Þ!�0

c�
¼ ð9:1� 1:5Þ keV (45)

��þ
c ð2792Þ!�c�

¼ ð33:5� 8:8Þ keV (46)

��þ
c ð2790Þ!�þ

c �
¼ ð249:6� 41:9Þ keV (47)

��0
cð2790Þ!�0

c�
¼ ð119:3� 21:7Þ keV (48)

��þ
c ð2790Þ!�0þ

c � ¼ ð0:8� 0:5Þ keV (49)

��0
cð2790Þ!�00

c �
¼ ð1:3� 0:4Þ keV (50)

��þ
c ð2970Þ!�þ

c �
¼ ð56:4� 19:2Þ keV (51)

��0
cð2970Þ!�0

c�
¼ ð2:5� 1:7Þ keV (52)

��þ
c ð2970Þ!�0þ

c � ¼ ð40:1� 6:9Þ keV (53)

��0
cð2970Þ!�00

c �
¼ ð9:2� 1:0Þ keV: (54)

It would also be interesting to see whether our predictions,
based in a molecular picture for these resonances, are also
very different from those obtained in quark model theo-
retical approaches.
We finally note that the experimental strong decay width

of the �cð2595Þ is 3.6 MeV, the 80% of which, 2.9 MeV,
corresponds to the decay into ��c states. Our value for the
coupling of this resonance to ��c, jg��c

j ¼ 0:32, gives a

��c width of 0.5 MeV while the experimental value would
be reproduced by taking jg��c

j ¼ 0:76. Calculating the

radiative decay of the �cð2595Þ with this new absolute
value for the coupling produces

��cð2595Þ!�c� ¼ ð289:1� 53:3Þ keV (55)

��cð2595Þ!�þ
c �

¼ ð7:9� 1:5Þ keV: (56)

We observe that the changes to the decay width into �c�
states fall within the estimated theoretical uncertainties,
while the changes for the decay into �þ

c � states are larger.
The reason is that, as seen in Table V, the ��cð2595Þ!�c�

width is essentially dominated by DN contributions, while
the intermediate ��c states give a more significant relative
contribution to the ��cð2595Þ!�þ

c �
width. In any case, the

decay of the �cð2595Þ into �c� is still very large com-
pared to its decay into �c�, a result that distinguishes the
present work from other approaches in the literature.
Correcting manually the couplings of the other reso-

nances, for which there is some experimental data on their
strong decays, has an even smaller effect on the widths than
in the case of the �cð2595Þ.

V. CONCLUSIONS AND OVERVIEW

We have studied the radiative decay width of charmed
baryon resonances, which have been obtained as poles in
the T-matrix of a coupled-channels dynamical model and,
therefore, they are interpreted as composite meson-baryon
molecular states.
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We have obtained a sizable value for the one-photon
radiative width of the �cð2595Þ. This resonance decays
radiatively mostly into �c� states, with a partial rate of
close to 300 keV, while the decay width to �c� is smaller
that 10 keV. Our results are very different, in size and
distribution among decay channels, to what is found by
other approaches in the literature.

We have also presented predictions for the radiative
decay of other excited charmed baryons. The radiative
decay widths of the �cð2800Þ and �cð2970Þ resonances
are found to be relatively small, of the order of a few tenths
of keV. However, the transitions �cð2790Þþ ! �þ

c � and
�cð2790Þ0 ! �0

c� are substantially larger, worth explor-
ing experimentally.

The sizable value of some widths, especially those of
the �cð2595Þ and the �cð2790Þ resonances, makes the
study of these radiative reactions a very useful tool to
obtain information about the characteristics of these
charmed baryons.
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APPENDIX: BARYON-BARYON-MESON
COUPLING CONSTANTS gBBM

This Appendix gives the values of the coefficients �i

and �i that define, according to Eq. (20), the BBM cou-
pling constants gBBM needed in the diagrams that deter-
mine the various radiative decays (Tables VI, VII, VIII, IX,
and X).

TABLE VI. The � and � coefficients for the meson-baryon
(MB) channels involved in the radiative decay of resonances into
�c and �þ

c .

�c �þ
c

MB � � � �

�þ�0
c � 1ffiffi

3
p � 1ffiffi

3
p 1 �1

�0�þ
c � 1ffiffi

3
p � 1ffiffi

3
p 0 0

���þþ
c � 1ffiffi

3
p � 1ffiffi

3
p �1 1

D0p 2ffiffi
3

p � 1ffiffi
3

p 0 1

Dþn � 2ffiffi
3

p 1ffiffi
3

p 0 1

	�c

ffiffi
2

p
3
ffiffi
3

p 5
ffiffi
2

p
3
ffiffi
3

p 0 0

Kþ�0
c � 1

3
ffiffi
2

p 5
3
ffiffi
2

p 1ffiffi
6

p 1ffiffi
6

p

K0�þ
c � 1

3
ffiffi
2

p 5
3
ffiffi
2

p � 1ffiffi
6

p � 1ffiffi
6

p

Kþ�00
c � 1ffiffi

6
p � 1ffiffi

6
p 1ffiffi

2
p � 1ffiffi

2
p

K0�0þ
c

1ffiffi
6

p 1ffiffi
6

p 1ffiffi
2

p � 1ffiffi
2

p

Dþ
s � � 2

ffiffi
2

p
3

ffiffi
2

p
3 0 0

	0�c
1

3
ffiffi
3

p � 5
3
ffiffi
3

p 0 0

	c�c
2
ffiffi
2

p
3 �

ffiffi
2

p
3 0 0

�D0�þ
cc

1ffiffi
3

p � 2ffiffi
3

p �1 0

D��þþ
cc � 1ffiffi

3
p 2ffiffi

3
p �1 0

�0�c 0 0 � 1ffiffi
3

p � 1ffiffi
3

p

	�þ
c 0 0

ffiffi
2
3

q
�

ffiffi
2
3

q

Dþ
s �

0 0 0 0 � ffiffiffi
2

p

	0�þ
c 0 0 1ffiffi

3
p � 1ffiffi

3
p

	c�
þ
c 0 0 0 � ffiffiffi

2
p

TABLE VII. The � and � coefficients for the meson-baryon
(MB) channels involved in the radiative decay of resonances into
�þ

c and �0þ
c .

�þ
c �0þ

c

MB � � � �

�þ�0
c � 1

3
ffiffi
2

p 5
3
ffiffi
2

p � 1ffiffi
6

p � 1ffiffi
6

p

�0�þ
c

1
6 � 5

6
1

2
ffiffi
3

p 1
2
ffiffi
3

p

�þ�00
c

1ffiffi
6

p 1ffiffi
6

p 1ffiffi
2

p � 1ffiffi
2

p

�0�0þ
c

1
2
ffiffi
3

p 1
2
ffiffi
3

p 1
2 � 1

2

�K0�c
1

3
ffiffi
2

p � 5
3
ffiffi
2

p 1ffiffi
6

p 1ffiffi
6

p

�K0�þ
c � 1ffiffi

6
p � 1ffiffi

6
p 1ffiffi

2
p � 1ffiffi

2
p

K��þþ
c

1ffiffi
3

p 1ffiffi
3

p �1 1

Dþ� �
ffiffi
2

p
3

1
3
ffiffi
2

p 0
ffiffi
3
2

q

	�þ
c 0 0

ffiffi
2

p
3

ffiffi
2

p
3

Dþ�0
ffiffi
2
3

q
� 1ffiffi

6
p 0 � 1ffiffi

2
p

D0�þ 2ffiffi
3

p � 1ffiffi
3

p 0 �1

	�0þ
c

ffiffi
2

p
3

ffiffi
2

p
3 0 0

Kþ�c
1ffiffi
3

p 1ffiffi
3

p 1 �1

Dþ
s �

0 2ffiffi
3

p � 1ffiffi
3

p 0 1

	0�þ
c

1
2
ffiffi
3

p 5
2
ffiffi
3

p � 1
6 � 1

6

	0�0þ
c � 1

6 � 1
6

ffiffi
3

p
2 �

ffiffi
3

p
2

D�
s �

þþ
cc � 1ffiffi

3
p 2ffiffi

3
p 1 0

�D0�cc
1ffiffi
3

p � 2ffiffi
3

p 1 0

	c�
þ
c

2
ffiffi
2

p
3 �

ffiffi
2

p
3 0 0

	c�
0þ
c 0 0 0 � ffiffiffi

2
p
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TABLE VIII. The � and � coefficients for the meson-baryon
(MB) channels involved in the radiative decay of resonances into
�0

c and �00
c . We only show the coefficients for channels with

charged particles.

�0
c �00

c

MB � � � �

���þ
c � 1

3
ffiffi
2

p 5
3
ffiffi
2

p 1ffiffi
6

p 1ffiffi
6

p

���0þ
c � 1ffiffi

6
p � 1ffiffi

6
p 1ffiffi

2
p � 1ffiffi

2
p

K��c � 1
3
ffiffi
2

p 5
3
ffiffi
2

p � 1ffiffi
6

p � 1ffiffi
6

p

K��þ
c

1ffiffi
6

p 1ffiffi
6

p 1ffiffi
2

p � 1ffiffi
2

p

Dþ�� � 2ffiffi
3

p 1ffiffi
3

p 0 �1

Dþ
s �

� 2ffiffi
3

p � 1ffiffi
3

p 0 �1

D�
s �

þ
cc � 1ffiffi

3
p 2ffiffi

3
p �1 0

D��cc
1ffiffi
3

p � 2ffiffi
3

p �1 0

TABLE IX. The � and � coefficients for the meson-baryon
(MB) channels involved in the radiative decay of resonances into
�0

c. We only show the coefficients for channels with charged
particles.

�0
c

MB � �

���c � 1ffiffi
3

p � 1ffiffi
3

p

���þ
c 1 �1

Dþ
s �

� 0 � ffiffiffi
2

p
D��þ

cc

ffiffiffi
2

p
0

TABLE X. The � and � coefficients for the meson-baryon
(MB) channels involved in the radiative decay of resonances into
�þþ

c . We only show the coefficients for channels with charged
particles.

�þþ
c

MB � �

�þ�c � 1ffiffi
3

p � 1ffiffi
3

p

�þ�þ
c �1 1

�0�þþ
c 1 �1

Dþp 0 � ffiffiffi
2

p

Kþ�þ
c

1ffiffi
3

p 1ffiffi
3

p

	�þþ
c

ffiffi
2
3

q
�

ffiffi
2
3

q

Kþ�0þ
c �1 1

Dþ
s �

þ 0 � ffiffiffi
2

p
	0�þþ

c
1ffiffi
3

p � 1ffiffi
3

p

�D0�þþ
cc � ffiffiffi

2
p

0

	c�
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c 0 � ffiffiffi

2
p
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D. GAMERMANN, C. E. JIMÉNEZ-TEJERO, AND A. RAMOS PHYSICAL REVIEW D 83, 074018 (2011)

074018-10

http://dx.doi.org/10.1103/PhysRevLett.93.232001
http://dx.doi.org/10.1103/PhysRevLett.93.232001
http://dx.doi.org/10.1103/PhysRevD.71.014028
http://dx.doi.org/10.1103/PhysRevD.71.014028
http://dx.doi.org/10.1016/j.physletb.2005.08.037
http://dx.doi.org/10.1103/PhysRevD.74.036008
http://dx.doi.org/10.1016/j.physletb.2004.11.062
http://dx.doi.org/10.1103/PhysRevLett.86.4479
http://dx.doi.org/10.1103/PhysRevLett.86.4479
http://dx.doi.org/10.1103/PhysRevLett.94.122002
http://dx.doi.org/10.1103/PhysRevLett.94.122002
http://dx.doi.org/10.1103/PhysRevLett.82.492
http://dx.doi.org/10.1103/PhysRevLett.82.492
http://dx.doi.org/10.1103/PhysRevLett.86.4243
http://dx.doi.org/10.1103/PhysRevLett.86.4243
http://dx.doi.org/10.1103/PhysRevLett.97.162001
http://dx.doi.org/10.1103/PhysRevLett.97.162001
http://dx.doi.org/10.1103/PhysRevD.77.012002
http://dx.doi.org/10.1103/PhysRevD.77.012002
http://dx.doi.org/10.1103/PhysRevLett.97.232001
http://dx.doi.org/10.1103/PhysRevLett.97.232001
http://dx.doi.org/10.1103/PhysRevLett.98.012001
http://dx.doi.org/10.1103/PhysRevLett.98.012001
http://dx.doi.org/10.1103/PhysRevLett.98.262001
http://dx.doi.org/10.1103/PhysRevLett.98.262001
http://dx.doi.org/10.1103/PhysRevC.70.025203
http://dx.doi.org/10.1103/PhysRevC.70.025203
http://dx.doi.org/10.1016/j.nuclphysa.2003.10.012
http://dx.doi.org/10.1016/j.nuclphysa.2003.10.012
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.110
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.110
http://dx.doi.org/10.1016/j.nuclphysa.2005.08.022
http://dx.doi.org/10.1016/j.nuclphysa.2005.08.022
http://dx.doi.org/10.1016/j.nuclphysa.2006.07.004
http://dx.doi.org/10.1016/j.nuclphysa.2006.07.004
http://dx.doi.org/10.1103/PhysRevC.74.065201
http://dx.doi.org/10.1103/PhysRevD.79.054004
http://dx.doi.org/10.1103/PhysRevD.79.054004
http://dx.doi.org/10.1103/PhysRevC.80.055206
http://dx.doi.org/10.1103/PhysRevC.80.055206
http://dx.doi.org/10.1103/PhysRevD.81.094016
http://dx.doi.org/10.1103/PhysRevD.47.1030
http://dx.doi.org/10.1016/S0370-2693(97)00305-5
http://dx.doi.org/10.1016/0370-2693(94)01597-6
http://dx.doi.org/10.1103/PhysRevD.61.094009
http://dx.doi.org/10.1103/PhysRevD.61.094009
http://dx.doi.org/10.1103/PhysRevD.59.114015
http://dx.doi.org/10.1103/PhysRevD.59.114015
http://dx.doi.org/10.1103/PhysRevD.63.034005
http://dx.doi.org/10.1103/PhysRevD.63.034005
http://dx.doi.org/10.1103/PhysRevD.60.094002
http://dx.doi.org/10.1016/S0370-2693(99)00029-5
http://dx.doi.org/10.1016/S0370-2693(99)00029-5
http://dx.doi.org/10.1016/0370-2693(94)91466-4
http://dx.doi.org/10.1016/0370-2693(94)91466-4
http://dx.doi.org/10.1142/S0217732397001825
http://dx.doi.org/10.1142/S0217732397001825
http://dx.doi.org/10.1140/epja/i2009-10880-8
http://dx.doi.org/10.1140/epja/i2009-10880-8
http://dx.doi.org/10.1103/PhysRevD.50.3295
http://dx.doi.org/10.1103/PhysRevD.61.114019
http://dx.doi.org/10.1103/PhysRevD.54.3374
http://dx.doi.org/10.1103/PhysRevD.82.034035
http://dx.doi.org/10.1103/PhysRevC.76.055205
http://dx.doi.org/10.1103/PhysRevC.76.055205
http://dx.doi.org/10.1103/PhysRevD.76.014005
http://dx.doi.org/10.1016/j.nuclphysa.2008.09.003
http://dx.doi.org/10.1016/j.nuclphysa.2008.09.003
http://dx.doi.org/10.1088/0954-3899/38/1/015001
http://dx.doi.org/10.1088/0954-3899/38/1/015001
http://dx.doi.org/10.1140/epja/i2010-10972-4
http://dx.doi.org/10.1140/epja/i2010-10972-4
http://arXiv.org/abs/1009.4881
http://arXiv.org/abs/1010.0587
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/S0370-1573(87)80002-9
http://dx.doi.org/10.1016/S0370-1573(87)80002-9
http://dx.doi.org/10.1103/PhysRev.158.1467
http://dx.doi.org/10.1103/PhysRev.158.1467
http://dx.doi.org/10.1103/PhysRevC.72.065201
http://dx.doi.org/10.1103/PhysRevC.74.065204
http://dx.doi.org/10.1103/PhysRevC.74.065204
http://dx.doi.org/10.1016/j.nuclphysa.2007.02.004
http://dx.doi.org/10.1140/epja/i2007-10371-0
http://dx.doi.org/10.1140/epja/i2007-10371-0
http://dx.doi.org/10.1016/S0375-9474(98)00170-5

