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In this work we study the radiative decay of dynamically generated J= = 3

1™ charm baryons into

the ground state JZ = %+ baryons. Since different theoretical interpretations of these baryonic
resonances, and in particular of the Ac.(2595), give different predictions, a precise experimental
measurement of these decays would be an important step for understanding their nature.

I. INTRODUCTION

The research on charm hadron physics has experienced
a renewed interest in the last years, after the discov-
ery of a few meson states which could not be easily de-
scribed as g states of quark model potentials, such as
the Dy(2317), the Dg;(2460) [1-4], in the open-charm
sector, and the X (3872) [5-&], the X(3940) [9, [L0], the
Y (3940) [11, 12] or the Z(3930) [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], tetraquarks [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 J¥ = 17 A.(2595) or the JF = 37 A.(2625),
can be interpreted as meson-baryon molecules that can
be generated dynamically 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 ggg-baryon or gg-meson picture or
it has a more exotic interpretation. In particular, the
radiative decays into lower lying states may represent a
significant part of the decay width when the hadronic
modes are suppressed by phase-space restrictions or/and
small values of the coupling constants. Note that electro-
magnetic transitions 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 Heavy Hadron Chi-
ral 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 sym-
metry with a SU(2N;)xO(3) symmetry in the light di-
quark 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
non-relativistic quark models [57-59).

Many of the former approaches also have been ap-
plied to obtain the radiative decays of excited heavy fla-
vored baryons, such as the A.(2595). A first qualita-
tive estimation was given in Ref. [60], where the HHCPT
formalism was extended to include the lowest lying ex-

cited baryon doublet, A.(2595) (J¥ = 5 ) and A.(2625)

(JF = 37). The results of Ref. [54] were obtained by
exploiting the alternative light diquark SU(2N;)xO(3)
symmetry. Radiative decays of excited charmed baryons
were also calculated within the relativistic quark model of
Refs. |55, 156], 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
®qq system with a unit of angular momentum inserted
between the heavy quark @ and the light diquark gq. A
different perspective is provided by the model of Ref. [62],
which considers the excited A.(2595) and A.(2625) as be-
ing D*N bound systems N in the first excited state of a
harmonic potential adjusted phenomenologically to re-
produce the spin-averaged excitation energy, or by the
model of Ref. [63] which considers the radiative decay of
the A.(2940) in a hadronic D*N molecular picture.

In the present work we study the radiative decays of
excited baryons in the C' = 1 sector. We focus on the
resonances A.(2595), ¥.(2800), Z.(2790) and =.(2970),

all having J¥ = %_, which have been generated as
meson-baryon molecular states on several models based

on coupled-channel dynamics [40-47]. The radiative
transitions to baryons of the J¥ = %Jr ground state mul-
tiplet proceeds, as we will see, through the coupling of
the photon to the various meson-baryon components of
the resonance, as determined by the coupled-channel dy-
namical model of Ref. [47]. This is essentially different
from the quark models for which, in the heavy quark
limit, the photon only couples to the light diquark sys-
tem. Therefore, a precise measurement of the radiative
decays of excited heavy flavored baryons would help in

understanding their internal structure.

The radiative decays of dynamically generated charm
mesons has already been addressed recently. In [64-66],
the radiative decay of the DZ;(2317) meson has been
studied from the point of view that it is generated dynam-
ically mainly from the interaction of the D meson with a
kaon. Also radiative decays of the puzzling X (3872) has
been calculated from the point of view that this state
is a D*D + c.c. molecule [67]. More recently, many dif-
ferent radiative decays of the controversial X, Y and Z
states have been analyzed assuming that their structure
is determined by the interactions of two vector mesons
[68-{70]

This work is organized as follows: in the next sec-
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tion we explain the model for generating dynamically
the JF = %_ baryon resonances from the interaction of
ground state baryons with pseudo-scalar mesons. In Sec.
[T 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. [[V]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 7', which describe the scat-
tering of the pseudo-scalar meson fields off the ground-
state baryon fields can be obtained by solving the well-
known Lipmann—Schwinger equation, which schemati-
cally reads

T=V+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 pseudo-
scalar mesons and the ground-state baryons. Following
the original work of Hofmann and Lutz [43], we identify a
t-channel exchange of vector mesons as the driving force
for the s-wave scattering between pseudo-scalar mesons
in 16-plet and baryons in 20-plet representations. The
scattering kernel takes the form (see [43] for details)
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where the sum runs over all vector mesons of the SU(4)
16-plet, (p, K*, K*, w, ¢, D*, D¥, D*, D*, J/¥), m

is the mass of the exchanged vector meson, g is the uni-
versal vector meson coupling constant, p;,¢; (pj,g;) are

the four momenta of the incoming (outgoing) baryon and
meson, and the coefficients C(I 59 denote the strength
of the interaction in the d1fferent isospin (I), strangeness
(S), charm (C) sectors, and meson-baryon channels (i, j).
For the coupling constant g we use the value 6.6, which
reproduces the decay width of the p meson [71]. The
s-wave projection of the scattering kernel is easily ob-
tained and, in the center-of-mass (c.m.) frame, it takes
the analytical form
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where lgi, Ej are the initial and final relative momenta,
m;, mj, M;, M; are the masses of the incoming and

Ei(|ki]),
E;(|k;]) their corresponding energies, which have been
taken to be their on-shell values, and Q(|k|) stands
for the total energy w(|k|) + E(|k|) of the meson-
baryon pair. The factor N = [(E(|ki|) + M;)(E(|k;|) +
M;)/(4M;M;)]*/? 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,
o=

(V5 )T (R, B, f)
(5)

outgoing mesons and baryons, w; (|k;), wj(|Ej D,
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where the loop function J explicitly reads
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and a dipole-type form factor F(|k|),

9 2
F(F]) = (ﬁ) , (7)

have been introduced in order to regularize the inte-
gral. This form is typically adopted in studies of hadron-
hadron interactions within the scheme of Lipmann-
Schwinger-type equations in the light flavor sector |72].
The value of the cut-off A is a free parameter of our model
that is fitted to the existing data. In Table [l we collect,
from the resonances generated dynamically in Ref. [47]
in various C' = 1 sectors, those states that, using a cut-
off value of around 1 GeV, can be readily identified with
observed resonances [71].




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

(I,95) A Theory Experiment
[MGV] MR I MR I
[MeV] [MeV] [MeV] [MeV]
(0,0) | 903 [ 2595 0.5 [2595.4+0.6  3.6{2°
Ac
(1,0) 28017 7522 (=)
Y. 1100 | 2792 16 2792710 62150 (=)
280272 6175 (29)
(1/2,—1)] 980 | 2790 0.5 [2791.8 £33 <12 (29
960 | 2970 5.1 [2968.04+2.6 20+7 (29

In order to associate a given enhancement of the scat-
tering amplitude to a resonance, we look for a charac-
teristic pole, zgr, 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 momentum is changed for this channel and for the
already opened ones, as described in detail in Ref. [73]. If
the pole zg lies not too far from the real axis, its value de-
termines the Breit-Wigner mass (M = Re zg) and width
(T’ = 2Im zR) 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
scattering amplitude since, close to the pole, it can be
parameterized in the form:

Tt (Fooj 2) = S22 (8)
Note that the value of the coupling constants of Eq. (&)
depends on the particular momentum values chosen in
the evaluation of the T-matrix element. However, this
dependence is very mild and we have obtained the cou-
plings from the amplitudes at ki = Ej = 0. The values

of the couplings of the resonances to the various charged
meson-baryon states are listed in Tables [l to [Vl

III. RADIATIVE DECAY CALCULATION

The reaction we study is given by:

B*(P,xi) = (K, €)B(Q, xy) 9)

where P, K and @ are four-momenta which are related
by P = K+Q, € is the photon polarization and x; and x ¢
are the polarization of the initial and final spin % baryons
B* and B, respectively.

TABLE II. Coupling coefficients grpar of the Ac(2595) pole

to the different channels

grRBM
M B |2595 4 i0.25 [MeV]
75 0.06 — i0.31
DN —0.13 411
nAe | —0.005 + i0.42
KE.| —0.006 + i0.52
K=.| 0.03-i0.23
DA —0.06 + i6
nAe|  —0.01+i0.69
nele 0.02 — 42
DE..| 0.007 +i0.05

TABLE III. Coupling coefficients grpn of the X.(2792) pole

to the different channels

gRBM
MB |2792 + i8.16 [MeV]
A 0.19 + 40.53
DI —0.28 4 i0.12
DN —0.60 — 3.6
K=, 0.31 +40.28
NS 0.06 — 40.21
K=, —0.13 4 40.24
D.X 0.42 +i3.1
n'Le —0.05 — i0.35
D=, 0.22 +10.28
NeLe 0.13 4+ i1

TABLE IV. Coupling coefficients grpa of the Z.(2790) and
Ec(2970) poles to the different channels

9gRBM

2970 + 2.5 [MeV]

MB (2790 + i0.25 [MeV]
T, 0.01 + 40.06
= 0 + :0.002
KA. —0.06 — i0.22
KY. —0.003 — i1.5
DA 0.08 —42.1
NZe —0.07 —40.33
DX —0.03 +412.
n=L —0.001 —40.73
KQ. | —0.003+ :0.08
D.E —0.08 + i6.54

nE. | 0.005—i0.76
nE. | 0.004 +0.16

D,E.. 0.04 +40.44
DQecc —0.03 +i0.03
NeZe —0.007 — 41

NeZl, —0.01 — 40.46

0.008 —¢0.37
—0.25 —0.08
0.1 4+140.17
—0.17 4+ :0.03
—0.21 — 3.2
0.08 —0.02
—0.07 —¢1.76
—0.02 —¢0.05
—0.21 4-10.15
0.18 + 2.8
—0.007 —40.08
—0.01 —10.31
—0.02 — 70.006
—0.03 +¢0.04
0.05 +140.91
0.04 +140.9
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FIG. 1. Diagrams needed for the evaluation of the radiative
decay of dynamically generated baryons.

For the evaluation of these radiative decays, we follow
a gauge invariant scheme already used for non-charmed
resonances |[74-77]. As shown there, the mechanisms for
the decay of the resonance B* into yB are given by the
diagrams of Fig.[Il where the photon couples to the con-
stituent mesons and baryons. The amplitude for the ra-
diative decay has the structure:

— M =T,e"xr0"x: (10)

with o, = (0,5), where o; 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:

TH = ag"” + bP"PY + cP"K"
+ dK"P" + eK'K"Y (11)

This expression is simplified by noting that, due to the
Lorentz condition €, K = 0, the terms with the coef-
ficients ¢ and e in Eq. () will not contribute to the
radiative decay amplitude of Eq. (I0). Moreover, gauge
invariance imposes 7T}, K¥ = 0 and we obtain:

(a+d(P.K))K" +b(P.K)P" =0, (12)

from where we conclude that b = 0, while a and d are re-
lated through a = —d(P.K). Flnally, worklng in the rest
frame of the decaymg baryon (P = O) and taking the
Coulomb gauge (° = 0), only the a term contributes to
the amplitude. The a coefficient is more easily calculated

through the d coefficient, using the above mentioned rela-

tion. This is so because, as we will show, the integral for

evaluating the d coefficient converges and it receives con-

tributions from only the (b) and (¢) diagrams of Fig. [l
The amplitude for diagram [I(b) is given by:

M= [t —
—1 —1
9RBMYBBMYIyMM (- K2 —m2,
1 2mB
X — K).ox;
Ty <P—q>2—m23’<f(q Jox
X (2g — K).€ (13)

where grps is the coupling of the resonance to its meson
and baryon constituents, ggpas is the coupling of the
baryonic current to a meson, gyaar is the coupling of
the meson to a photon, and mj; and mp are masses of

the meson and baryon in the loop, respectively. Using
the Feynman parameterization
1 1 1—x
— =2 / dx / dy
abc 0 0
1 (14)

X 3
(z(a—b) +y(c—b) +b)
and the identity
1 i 1
d¢d— - - 15
/ q(q’2+s+ie)3 2 s+ie’ (15)

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

Y a 2mp 1 1—x
_z./\/l(b) _gRBMgBBMg»yMMW/O dx/o dy

(W= Nop g (16)
s+ 1€

s =a(P*(1—z)—mE+mi,—2yP.K)-m3,  (17)

Analogously, one can calculate the contribution coming
from the diagram in Fig. [ (c) as
11—z
o [

Y 9oPK (18)
S + 1€

s =az(P*(1—z)—m3;+mp—2yP.K)-m%  (19)

—iM{y = gRBMgBBMngB

With respect to the couplings appearing in Eq. (I6)
and Eq. (I8), the values of grpa, relating the resonance
to its constituents, are listed in Tables[[Ilto[[V]of previous
section, where the channels appearing there are given in
the isospin basis. The couplings of the mesons to the
photon, g,arn, and those of the baryons to the photon,
gvBB, are eQ) where () 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:

D+ F D-F

gBBM = 0y 57 + B 57 (20)




where D+ F=1.26, D — F=0.33 |78]. We have taken f =
1.15fp with far = fr = 93 MeV for light mesons and
far = fp =165 MeV for heavy mesons. The coeflicients
a; and B;, which depend on the SU(4) flavor structure of
the interaction, have been obtained from the Lagrangian
for the interaction of the ground state spln = baryons
and the pseudo-scalar 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 B**, antisymmetric in the first

7f_0+&_|_ n15
V2 Ve V12
— 71—0
™ E—f—
@:
K-
DO

The Lagrangian for the BBM interaction reads:

Z Bljk'}/

4,9,k =1

Lepm = ( D+ F)0,, i Biji

—-2(D - F)au@jlgilk;) . (23)

Note that the physical n, 7’ and 7. fields are related
to the mathematical ng and 75 fields, belonging to the
pseudo-scalar meson fifteen-plet, and the singlet 7; field.
The mixture is given by:

1 2 1

Ui 23 \/; 2 n

mo =] 22 _1 n | . (24)
3 3

s 1 V2 V3 Ne
6 3 2

Therefore, in order to obtain a Lagrangian for the phys-
ical fields, we we need to add to Eq. ([23) an interaction

two indices, where i, 7 and k run from 1 to 4:

1 1
B2 —p B2 —p B2 50 _
V2 \/—
2 1 1
B2 — S\, BYL— _ytt g2t
VG Vi Tt
Bl4s LE/C-‘F _ L~+ B4 = gt 218 2 =y
2 6 sqs
5231 LE —A B¥? - B2 _=-
2" T
2 1
BB = L =0 gl -yt —Ac, B2 = 50,
6 V2 V6
1 1
B3 = =0 =0 pri_ =t g3l oy
V2 V6©
2 1 1
3313 EO7 8314 — _E+7 341 — _E/Jr + _E+,
5qs c \/5 c \/6 c
342 — i':'/o — i’:‘o 8343 — ch 8344 — Qcc (21)

N

The pseudo-scalar meson field is represented by a matrix:

i K+ DO
ns_ nis 0 -
s KD
(22)
0 —2n n -
K e+ oe D
_ D+ + —3ms
D D} \/ﬁ

of the baryon current with the singlet field 7;:

’
BBM — ACBBM

V2

+F(D5D +F5F Z B'Lgk’}/ B’ija,u.nl ) (25)

’ij 1
-~ are ob-

where the coefficients 6p = — == and ép =

tained by consistently imposing\/tihat processes where the
7. meson couples to light baryons (N, A, ¥ or =) should
vanish.

The complete Lagrangian L55,, of Eq. (20) allows
us to determine all coupling constants ggpnr, which we
write in the form of Eq. (20). The specific values of the
a; and 3; coefficients for all the transitions needed in the
different radiative decays are collected in Tables [V1] to [X]
of the appendix.

With all the required ingredients having been estab-
lished, one can finally obtain the the radiative decay
width from:

mp
£y

2
1 a
= ; ;Ml (26)

mpx




where E, is the photon energy, M§ = M, + M{,),
and the sum runs over all contributing intermediate M B
channels.

IV. RESULTS

We evaluate the following radiative decays:

A(2595) — Aoy (27)
A(2595) — X Fy (28)
»F(2792) — Ay (29)
$FT(2792) — ity (30)
»F(2792) — BTy (31)
»0(2792) — 20y (32)
=5(2790) — =y (33)
29(2790) — =0 (34)
=5 (2790) — =ty (35)
=29(2790) — =0 (36)
=5(2970) — =Fy (37)
29(2970) — =0 (38)
=F5(2970) — =ty (39)
22(2970) — =0 | (40)

for A.(2595), X.(2792), =.(2790) and Z.(2970), which
are the resonances that, according to the models of
Ref. |[40-47], can plausibly be interpreted as dynamically
generated meson-baryon molecules.

We start showing the results for the A.(2595), which
is the analog in the charm sector of the A(1405) in the
strange sector and, therefore, is a good candidate for be-
ing a meson-baryon molecular state. The radiative decay
widths are:

A, (2595) 5.y = 278 KeV (41)
Lp 2505) 05ty = 2 KeV . (42)

These values are also collected in Table [Vl where the
contribution to the width coming from each intermedi-
ate channel is also shown, together with the sign, (4) or
(—), of the corresponding amplitude. This allows one to
analyze the constructive or destructive character of the
interferences between the various channels. First of all,
we note the tremendous difference in size, of two orders
of magnitude, between the radiative decay rate of the
A.(2595) into A,y and EFv states. To understand the
origin of this difference we focus on the most important
contribution, which corresponds to the D™n intermedi-
ate state in both cases. First of all, the ratio between
the couplings D*n — A. and D*n — 2T is 3.8, as can
be inferred from the o and 8 coefficients of Table [Vl
Moreover, the different kinematical variables of the two
processes produce a DVn loop which is, for A,y decay, a
factor 2 larger than for X1~ decay. The square of this
two factors, together with the ratio of photon energies,
which are E, = 290 MeV for A,y and E, = 138 MeV

for X1, explain the factor 100 difference between the
DT n contributions to both decays. We also note that
there are constructive interferences between the most im-
portant contributions (D°p, Dtn, DFA) to A.y decay,
which enhance even further this rate compared to the
Y1+ one.

TABLE V. Results for the radiative decay of the A.(2595)
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| T,  [55] [61] [62] | I'y+ ~ [55] [61]
[KeV] [KeV] [KeV] [KeV]| [KeV] [KeV] [KeV]

ATyl | 1.2(+) 0.3(—)

% |<0.1(4) 0

=3It 0.7(-) 0.2(—)

D% | 9.1(+) 0.1(+)

Dtn |83.4(+) 0.8(—)

nAe  [<0.1(+4) 0

K1E2 1<0.1(+) <0.1(4)

K°ZF |<0.1(+) <0.1(—)

KTE2 |<0.1(4) <0.1(—)

K°ZF 1<0.1(+4) <0.1(+)

DFA | 13.5(+) 0

n'Ac |<0.1(+) 0

Nele  |<0.1(+) 0

D=/, |<0.1(+) <0.1(—)

D™=} <0.1(-) <0.1(-)

Total | 278 115 36 16 2 T 11

In Table [Vl we also compare our results to those ob-
tained by other calculations performed within the rela-
tivistic quark model [55], using light-cone QCD sum-rules
[61], or adopting a bound D* N picture for the A.(2595)
[62]. We observe a large diversity of results. Note also
that the two orders of magnitude difference between the
radiative decays into A.y or X.y states found in the
present work is not obtained by any of the other mod-
els displayed in Table [V nor by the HHCPT results of
Ref. [60], which estimated partial widths of the same or-
der 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 A.(2595).

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



predictions, are:

Lo+ (2r92)5ni+y = 01 KeV (43)
L5t (2792) w4 = 29 KeV (44)
I's0(2792) 5504 = 9 KeV (45)
L5t (2792) 50, = 39 KeV (46)
Uzt (2700)28, = 246 KeV (47)
I'zo(2790) =04 = 117 KeV (48)
Uzt a790) 52ty = 1 KeV (49)
Pzo(2790) 204 = 1 KeV (50)
Lzt 2070) 2, = 99 KeV (51)
I'z0(2070) =04 = 2 KeV (52)
Uzt (2970) 52t = 40 KeV (53)
Pz (2070204 = 9 KeV (54)

It would also be interesting to see whether our predic-
tions, based in a molecular picture for these resonances,
are also very different from those obtained in quark-
model theoretical approaches.

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.

We have obtained a sizable value for the one-photon
radiative width of the A.(2595). This resonance decays
radiatively mostly into A,y states, with a partial rate of
LA (2595) 0.4 = 278 KeV, while only a tiny amount of
the width, FAC(2595)HEC+7 = 2 KeV, is due to the decay
into ¥.v final states. 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 de-
cay of other excited charmed baryons. The radiative de-
cay widths of the ¥.(2800) and Z.(2970) resonances are
found to be relatively small, of the order of a few tenths

of KeV. However, the transitions Z.(2790)* — =+~ and
Z.(2790)° — =%y are substantially larger, worth explor-
ing experimentally.

The sizable value of some widths, especially those of
the A(2595) and the Z.(2790) 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 A: Baryon-baryon-meson coupling
constants gem

This Appendix gives the values of the coefficients «;
and §; that define, according to Eq. 20), the BBM cou-
pling constants gppar, needed in the diagrams that de-
termine the various radiative decays.

[1] B. Aubert et al. [BABAR Collaboration], Phys. Rev.
Lett. 90 (2003) 242001 [arXiv:hep-ex/0304021].

[2] R. A. Briere et al. [CLEO Collaboration]|, Phys. Rev. D
74 (2006) 031106 |arXiv:hep-ex/0605070].

[3] P. Krokovny et al. [Belle Collaboration], Phys. Rev. Lett.
91 (2003) 262002 |arXiv:hep-ex/0308019].

[4] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 92
(2004) 012002 [arXiv:hep-ex/0307052].

[5] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett.
91 (2003) 262001 [arXiv:hep-ex/0309032).

[6] D. E. Acosta et al. [CDF II Collaboration], Phys. Rev.
Lett. 93 (2004) 072001 [arXiv:hep-ex/0312021].

[7] V. M. Abazov et al. [DO Collaboration], Phys. Rev. Lett.
93 (2004) 162002 [arXiv:hep-ex/0405004].

[8] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D
71 (2005) 071103 |arXiv:hep-ex/0406022].

[9] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 98
(2007) 082001 |arXiv:hep-ex/0507019)].

[10] P. Pakhlov et al. [Belle Collaboration], Phys. Rev. Lett.
100, 202001 (2008) [arXiv:0708.3812 [hep-ex]].

[11] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 94
(2005) 182002 [arXiv:hep-ex/0408126].

[12] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.
101 (2008) 082001 [arXiv:0711.2047 [hep-ex]].


http://arxiv.org/abs/hep-ex/0304021
http://arxiv.org/abs/hep-ex/0605070
http://arxiv.org/abs/hep-ex/0308019
http://arxiv.org/abs/hep-ex/0307052
http://arxiv.org/abs/hep-ex/0309032
http://arxiv.org/abs/hep-ex/0312021
http://arxiv.org/abs/hep-ex/0405004
http://arxiv.org/abs/hep-ex/0406022
http://arxiv.org/abs/hep-ex/0507019
http://arxiv.org/abs/0708.3812
http://arxiv.org/abs/hep-ex/0408126
http://arxiv.org/abs/0711.2047

TABLE VI. The « and S coefficients for the channels involved
in the radiative decay of resonances into A, and 7

A b
MB « 153 « B8
+50 1 1
™ Ec —ﬁ —% 1 —1
Oyt | 1 _ 1
T 7 7 0 0
—y++ 1 1
™ EC —% —ﬁ -1 1
0 2 1
+ _2 1
D™n 7= 7 0 1
V2 5V2
mMe |35 55 00
Kt=0 |1 5 1 1
—e 3v2 3v2 V6 VG
KOo=+ | _1_ 5 _ 1 _ 1
—e 3v2  3V2 NG V6
K+¥e0 |1 1 1 _ 1
e NG Ve V2 V2
KO=+ | L L L _
e NG Ve o V2 V2
+ 2v2 V2
DA | —== % 0 0
/ 1 5
mhe | 55 53 0 O
22 V2
mehe | = -5 00
HO=+ 1 2
D =7, 7 7 1 0
—=t+| 1 2 -
D™ =Z, 77 1 0
0 1 1
s Ac 0 0 —% —%
+ 2 2
o0 22
DI | 0 0 0 —V2
n'ed 0 0 = —%
neXd 0 0 0 —V2

[13] S. Uehara et al. [Belle Collaboration]|, Phys. Rev. Lett.
96, 082003 (2006) |arXiv:hep-ex/0512035|.

[14] T. Barnes, F. E. Close and H. J. Lipkin, Phys. Rev. D
68 (2003) 054006 [arXiv:hep-ph/0305025].

[15] E. E. Kolomeitsev and M. F. M. Lutz, Phys. Lett. B 582
(2004) 39 [arXiv:hep-ph/0307133].

[16] J. Hofmann and M. F. M. Lutz, Nucl. Phys. A 733 (2004)
142 |arXiv:hep-ph/0308263|.

[17] F. K. Guo, P. N. Shen, H. C. Chiang and R. G. Ping,
Phys. Lett. B 641 (2006) 278 [arXiv:hep-ph/0603072].

[18] F. K. Guo, P. N. Shen and H. C. Chiang, Phys. Lett. B
647 (2007) 133 |arXiv:hep-ph/0610008].

TABLE VII. The o and  coefficients for the channels involved

in the radiative decay of resonances into ZF and Z,"

= =
MB «@ B8 «@ B8
afE0 |1 5 _ 1 _ 1
= 33 32 6 6
20=+ 1 _5 1 1
—c 6 6 2v3  2V3
at=o | L 1L 1 1
=e 6 Vo V2 T2
B R EEE U _1
= 2v3 2v3 2 2
0 1 5 1 1
K'he | 55 5 % 7
fOy+ |1 1 1 1
K 6 V6 V2 2
—y++ 1 1
+ V2 1 3
n=+ 0 0o 2 ¥
+ 50 2 1 1
Dty P % 0 -%
05+ 2 1
=+ V2 V2
n=e "3 "3 0 0
+ 1 1 .
+=0 2 _ 1
Dt= v 7 0 1
e+ | 1 5 1 _1
(/= 2v3 2v3 6 6
=+ _1 _1 3 _ V3
=TS 6 6 2 2
—ott+ | 1 2
D=4 = = 1 0
0 1 2
D | o5~ 1 0
=+ 2v2 V2
neEs |t - 000
Nt 0 0 0 —V2

[19] Y. J. Zhang, H. C. Chiang, P. N. Shen and B. S. Zou,
Phys. Rev. D 74 (2006) 014013 [arXiv:hep-ph/0604271].

[20] F. E. Close and P. R. Page, Phys. Lett. B 578 (2004) 119
|arXiv:hep-ph/0309253].

[21] C. Y. Wong, Phys. Rev. C 69 (2004) 055202
|arXiv:hep-ph/0311088].
[22] E. S. Swanson, Phys. Lett. B 588 (2004) 189

|arXiv:hep-ph/0311229).

[23] D. Gamermann, E. Oset, D. Strottman and M. J. Vi-
cente Vacas, Phys. Rev. D 76 (2007) 074016
|arXiv:hep-ph/0612179).


http://arxiv.org/abs/hep-ex/0512035
http://arxiv.org/abs/hep-ph/0305025
http://arxiv.org/abs/hep-ph/0307133
http://arxiv.org/abs/hep-ph/0308263
http://arxiv.org/abs/hep-ph/0603072
http://arxiv.org/abs/hep-ph/0610008
http://arxiv.org/abs/hep-ph/0604271
http://arxiv.org/abs/hep-ph/0309253
http://arxiv.org/abs/hep-ph/0311088
http://arxiv.org/abs/hep-ph/0311229
http://arxiv.org/abs/hep-ph/0612179

TABLE VIII. The a and § coefficients for the channels in-
volved in the radiative decay of resonances into 22 and Z/0.
We only show the coefficients for channels with charged par-
ticles.

E(J E/U
MB «@ 1] «@ 8
e P EE-H I
—c 3v2 3v2 V6 V6
e oL 1 1 1
¢ V6 V6 V2 V2
— 1 5 1 1
K'Ae\=55 533 ~ 6 6
-y | 1 1 11
K>\ % % v
45— 2 1
+=— 2 _ 1 _
DiE | & - 0 1
-=+ | 1 2 _
DiEL|-% X -1 0
— 1 2
D Q.| = -2 -1 0

TABLE IX. The « and S coefficients for the channels involved
in the radiative decay of resonances into £2. We only show
the coefficients for channels with charged particles.

EO
MB « B8
— 1 1
A\ =75~

X1 -1
D= o

2L V2 0

[24] D. Gamermann and E. Oset, Eur. Phys. J. A 33 (2007)
119 |arXiv:0704.2314! [hep-ph]].

[25] D. Gamermann and E. Oset, Phys. Rev. D 80, 014003
(2009) [arXiv:0905.0402! [hep-ph]].

[26] Y. Q. Chen and X. Q. Li, Phys. Rev. Lett. 93 (2004)
232001 |arXiv:hep-ph/0407062].

[27] L. Maiani, F. Piccinini, A. D. Polosa and V. Riquer,
Phys. Rev. D 71 (2005) 014028 |arXiv:hep-ph/0412098|.

[28] M. E. Bracco, A. Lozea, R. D. Matheus, F. S. Navarra

and M. Nielsen, Phys. Lett. B 624, 217 (2005)
|arXiv:hep-ph/0503137].

[29] P. Bicudo, Phys. Rev. D 74 (2006) 036008
|arXiv:hep-ph/0512041].

[30] B. A. Li, Phys. Lett. B 605 (2005) 306

|arXiv:hep-ph/0410264].

[31] M. Artuso et al. [CLEO Collaboration], Phys. Rev. Lett.
86, 4479 (2001).

[32] R. Mizuk et al. [Belle Collaboration]|, Phys. Rev. Lett.
94, 122002 (2005).

[33] C. P. Jessop et al. [CLEO Collaboration], Phys. Rev.
Lett. 82, 492 (1999).

TABLE X. The a and S coefficients for the channels involved
in the radiative decay of resonances into 7 +. We only show
the coefficients for channels with charged particles.

i
MB «@ 153
+ 1 1
A |=5 T

oyr | -1 1

. SRE I B |
Dfp | 0 —v2

K2l | &= &
A RVERVE

KT=r| -1 1

DIt 0 —v2
Iyt 1 1
LR I

DEif|-v2 0

N0 —V2

[34] S. E. Csorna et al. [CLEO Collaboration], Phys. Rev.
Lett. 86, 4243 (2001).

[35] R. Chistov et al. [BELLE Collaboration], Phys. Rev.
Lett. 97, 162001 (2006).

[36] B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 77,
012002 (2008).

[37] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.
97, 232001 (2006).

[38] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett.
98, 012001 (2007).

[39] R. Mizuk et al. [Belle Collaboration]|, Phys. Rev. Lett.
98, 262001 (2007).

[40] L. Tolos, J. Schaffner-Bielich and A. Mishra, Phys. Rev.
C 70, 025203 (2004).

[41] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A
730, 110 (2004).

[42] M. F. M. Lutz and E. E. Kolomeitsev, Nucl. Phys. A
755, 29¢ (2005).

[43] J. Hofmann and M. F. M. Lutz, Nucl. Phys. A 763, 90
(2005).

[44] J. Hofmann and M. F. M. Lutz, Nucl. Phys. A 776, 17
(2006).

[45] T. Mizutani and A. Ramos, Phys. Rev. C 74, 065201
(2006).

[46] C. Garcia-Recio, V. K. Magas, T. Mizutani, J. Nieves,
A. Ramos, L. L. Salcedo and L. Tolos, Phys. Rev. D 79,
054004 (2009).

[47] C. E. Jimenez-Tejero, A. Ramos and I. Vidana, Phys.
Rev. C 80 (2009) 055206 [arXiv:0907.5316! [hep-ph]].

[48] D. Gamermann, C. Garcia-Recio, J. Nieves, L. L. Sal-
cedo and L. Tolos, Phys. Rev. D 81, 094016 (2010)
[arXiv:1002.2763/ [hep-ph]].


http://arxiv.org/abs/0704.2314
http://arxiv.org/abs/0905.0402
http://arxiv.org/abs/hep-ph/0407062
http://arxiv.org/abs/hep-ph/0412098
http://arxiv.org/abs/hep-ph/0503137
http://arxiv.org/abs/hep-ph/0512041
http://arxiv.org/abs/hep-ph/0410264
http://arxiv.org/abs/0907.5316
http://arxiv.org/abs/1002.2763

[49] H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin,
T. M. Yan and H. L. Yu, Phys. Rev. D 47 (1993) 1030
|arXiv:hep-ph/9209262].

[50] H. Y. Cheng, Phys. Lett. B 399 (1997) 281
|arXiv:hep-ph/9701234].
[61] M. J. Savage, Phys. Lett. B 345 (1995) 61

|arXiv:hep-ph/9408294].

[62] M. C. Banuls, A. Pich and I. Scimemi, Phys. Rev. D 61
(2000) 094009 [arXiv:hep-ph/9911502)].

[53] S. L. F. Zhu and Y. B. F. Dai, Phys. Rev. D 59 (1999)
114015 |arXiv:hep-ph/9810243].

[64] S. Tawfiq, J. G. Korner and P. J. O’Donnell, Phys. Rev.
D 63 (2001) 034005 |arXiv:hep-ph/9909444].

[65] M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij and
A. G. Rusetsky, Phys. Rev. D 60 (1999) 094002
|arXiv:hep-ph/9904421].

[656] M. A. Ivanov, J. G. Korner and V. E. Lyubovitskij, Phys.
Lett. B 448 (1999) 143 |arXiv:hep-ph/9811370)].

[57] J. Dey, V. Shevchenko, P. Volkovitsky and M. Dey, Phys.
Lett. B 337 (1994) 185.

[68] Fayyazuddin and Riazuddin, Mod. Phys. Lett. A 12
(1997) 1791.

[59] A.Majethiya, B. Patel and P. C. Vinodkumar, Eur. Phys.
J. A 42 (2009) 213 [arXiv:0902.2536 [hep-ph]].

[60] P. L. Cho, Phys. Rev. D 50 (1994) 3295
|arXiv:hep-ph/9401276].

(61 S. L. Zhu, Phys. Rev. D 61 (2000) 114019
|arXiv:hep-ph/0002023].
[62] C. K. Chow, Phys. Rev. D 54 (1996) 3374

|arXiv:hep-ph/9510421].
[63] Y. Dong, A. Faessler, T. Gutsche, S. Kumano and
V. E. Lyubovitskij, Phys. Rev. D 82, 034035 (2010)

10

[arXiv:1006.4018] [hep-ph]].

[64] D. Gamermann, L. R. Dai and E. Oset, Phys. Rev. C 76,
055205 (2007) |arXiv:0709.2339! [hep-ph]].

[65] A. Faessler, T. Gutsche, V. E. Lyubovitskij and Y. L. Ma,
Phys. Rev. D 76, 014005 (2007) [arXiv:0705.0254] [hep-
ph]].

[66] M. F. M. Lutz and M. Soyeur, Nucl. Phys. A 813 (2008)
14 [arXiv:0710.1545! [hep-ph]].

[67] Y. Dong, A. Faessler, T. Gutsche and V. E. Lyubovitskij,
arXiv:0909.0380! [hep-ph].

[68] W. H. Liang, R. Molina and E. Oset, Eur. Phys. J. A 44,
479 (2010) [arXiv:0912.4359] [hep-ph]].

[69] R. Molina, H. Nagahiro, A. Hosaka and E. Oset,
arXiv:1009.4881| [hep-ph].

[70] T. Branz, R. Molina and E. Oset, larXiv:1010.0587! [hep-
ph].

[71] C. Amsler et al. [Particle Data Group|, Phys. Lett. B
667, 1 (2008).

[72] R. Machleidt, K. Holinde and C. Elster, Phys. Rept. 149,
1 (1987).

[73] R. K. Logan and H. W. Wyld, Phys. Rev. 158, 1467
(1967).

[74] B. Borasoy, P. C. Bruns, U. G. Meissner and R. Nissler,
Phys. Rev. C 72, 065201 (2005) [arXiv:hep-ph/0508307].

[75] M. Doring, E. Oset and S. Sarkar, Phys. Rev. C 74,
065204 (2006) |arXiv:nucl-th/0601027].

[76] M. Doring, Nucl. Phys. A 786, 164
|arXiv:nucl-th/0701070].

[77] L. S. Geng, E. Oset and M. Doring, Eur. Phys. J. A 32,
201 (2007) |arXiv:hep-ph/0702093]|.

[78] E. Oset and A. Ramos, Nucl. Phys. A 635, 99 (1998)
|arXiv:nucl-th/9711022].

(2007)


http://arxiv.org/abs/hep-ph/9209262
http://arxiv.org/abs/hep-ph/9701234
http://arxiv.org/abs/hep-ph/9408294
http://arxiv.org/abs/hep-ph/9911502
http://arxiv.org/abs/hep-ph/9810243
http://arxiv.org/abs/hep-ph/9909444
http://arxiv.org/abs/hep-ph/9904421
http://arxiv.org/abs/hep-ph/9811370
http://arxiv.org/abs/0902.2536
http://arxiv.org/abs/hep-ph/9401276
http://arxiv.org/abs/hep-ph/0002023
http://arxiv.org/abs/hep-ph/9510421
http://arxiv.org/abs/1006.4018
http://arxiv.org/abs/0709.2339
http://arxiv.org/abs/0705.0254
http://arxiv.org/abs/0710.1545
http://arxiv.org/abs/0909.0380
http://arxiv.org/abs/0912.4359
http://arxiv.org/abs/1009.4881
http://arxiv.org/abs/1010.0587
http://arxiv.org/abs/hep-ph/0508307
http://arxiv.org/abs/nucl-th/0601027
http://arxiv.org/abs/nucl-th/0701070
http://arxiv.org/abs/hep-ph/0702093
http://arxiv.org/abs/nucl-th/9711022

