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We study the electromagnetic form factors of heavy flavored vector mesons such as ðD�; D�
s ; J=ΨÞ,

ðB�; B�
s ;ϒÞ via one photon radiative decays ðV → Pγ) in the relativistic independent quark (RIQ)

model based on a flavor independent average interaction potential in the scalar vector harmonic form.
The momentum dependent spacelike ðq2 < 0Þ form factors calculated in this model are analytically
continued to the physical timelike region 0 ≤ q2 ≤ ðMV −MPÞ2. The predicted coupling constant gVPγ ¼
FVPðq2 ¼ 0Þ for real photon case in the limit q2 → 0 and decay widths ΓðV → Pγ) are found in reasonable
agreement with experimental data and other model predictions.
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I. INTRODUCTION

Electromagnetic form factors regarded as important tools
that encode information about the shape of hadrons and
give valuable insight into their internal structure in terms of
constituent quarks and gluon degree of freedom. Though
one photon radiative decays from the low-lying heavy
vector(V) to heavy pseudoscalar(P) mesons transition have
been investigated by several theoretical approaches such as
the quark model QM [1–5], light cone QCD sum rule [6,7],
heavy quark effective theory (HQET) [8,9], cloud bag
model (CBM) [10], light front quark model (LFQM) [11],
lattice QCD (LQCD) [12] and single quark transition
(SQT) formalism [13], not much attention has been paid
to study their momentum dependent transition form factors.
We have predicted the decay widths of several M1
transitions (V → Pγ and P → Vγ), in the relativistic inde-
pendent quark (RIQ) model, using a static approximation
[14], in reasonable agreement with the available data for
most decay modes except for those cases which involve a
light flavored meson (especially a pion). The noticeable
discrepancy in the prediction for such decay modes was due
to the recoil effect arising out of large momentum transfer
involved, which was not taken into consideration [14]. This
was considered in our subsequent analysis of radiative
decay modes ½V → Pγ; P → Vγ� [2] by introducing
momentum eigenstates of participating mesons into the
analysis. The momentum eigenstates of the participating
mesons are taken as appropriate wave packets reflecting
momentum distribution of constituent quark and antiquark
within the meson bound state. In going beyond the static
approximation we found a significant improvement in the
model predictions for decay modes involving light mesons
especially pions in good agreement with the experimental
data. In the same analysis our results for V → Pγ in the

heavy flavor sector stand almost unaffected from the recoil
effect and are also found to be in good agreement with other
model predictions and experimental data. However we have
not yet shown the momentum dependence of the relevant
electromagnetic form factors as has been done in other
models [1–3] including the light front quark model [11].
The purpose of this paper is to predict the space- and

timelike transition form factors for energetically possible
electromagnetic decays of heavy flavored mesons
ðD�; D�

s ; J=ΨÞ and ðB�; B�
s ;ϒÞ in the framework of RIQ

model; hence calculate the decay widths ΓðV → PγÞ and
compare our results with other model predictions as well as
available experimental data. The experimental data in the
heavy flavored sector are scant. The model predictions in
this sector would not only justify the applicability of the
model but pin down the RIQ model as one of the suitable
phenomenological models for hadrons.

II. TRANSITION FORM FACTOR AND
RADIATIVE DECAY WIDTHS IN RIQ MODEL

The transition form factor FVPðq2Þ for radiative decay of
vector mesons VðpÞ → Pðp0Þγ�ðqÞ is defined through a
covariant expansion of the hadronic matrix elements as

hPðp0ÞjJμemjVðp; hÞi ¼ ieϵμνρσϵνðp; hÞqρpσFVPðq2Þ ð1Þ

where, q ¼ ðp − p0Þ is the four momentum transfer,
ϵνðp; hÞ is the polarization vector of the vector meson
(V) with four momentum p and helicity h, and p0 is the four
momentum of the pseudoscalar meson (P). The kinemat-
ically allowed momentum transfer squared q2 ranges from
0 to q2max ¼ ðMV −MPÞ2. The expression for the form
factor FVPðq2Þ can be obtained from the transition matrix
elements in the frame work of RIQ model. In the RIQ
model it is assumed that the constituent quarks in the meson
core are independently confined by an average flavor*skar09.sk@gmail.com
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independent potential in the scalar-vector harmonic form:
[2,14,15]

UðrÞ ¼ 1

2
ð1þ γ0Þðar2 þ V0Þ; a > 0;

with ða; V0Þ as the potential parameters. The confining
potential in this form is believed to provide the zeroth order
quark dynamics inside the meson core. The meson state in
this model is represented by an appropriate momentum
wave packet as [2,15]:

jMð~p; SMÞi ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

NMð~pÞ
p X

λ1;λ2∈SM

ζMq1;q̄2ðλ1; λ2Þ

×
Z

d3~pq1d
3~pq2δ

ð3Þð~pq1 þ ~pq2 − ~pÞ

× GMð~pq1 ; ~pq2Þb̂†q1ð~pq1 ; λ1Þ ~̂b
†
q2ð~pq2 ; λ2Þj0i

ð2Þ

where, b̂†q1ð~pq1 ; λ1Þ and ~̂b
†
q2ð~pq2 ; λ2Þ are, respectively, the

quark and antiquark creation operator, and ζMq1;q̄2ðλ1; λ2Þ is
the SU(6)-spin flavor coefficients. NMð~pÞ is the meson
normalization factor of the wave packet which is obtained
in the form

NMð~pÞ ¼
Z

d3~pq1 jGMð~pq1 ; ~p − ~pq1Þj2: ð3Þ

Finally, GMð~pq1 ; ~p − ~pq1Þ which represents the effective
momentum distribution function for the quark q1 with the
momentum ~pq1 and antiquark q̄2 with momentum ~pq2 ¼
~p − ~pq1 is taken in the form

GMð~pq1 ; ~p − ~pq1Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gq1ð~pq1Þ ~Gq̄2ð~p − ~pq1Þ

q
ð4Þ

in a straightforward extension of the ansatz used by
Margolis and Mendel in their bag model analysis [16].
Here Gq1ð~pq1Þ and ~Gq̄2ð~p − ~pq1Þ refer to the momentum
probability amplitude of the bound quark q1 and of the
antiquark q̄2, respectively in the meson bound state
jMð~p; SMÞi, which have been derived via momentum
projection of the quark orbitals obtained in this model
by solving the Dirac equation. Using appropriate meson
states for the initial and final state mesons as in Eq. (2),
the transition matrix element in the left-hand side of
Eq. (1) is evaluated in the parent meson rest frame. Here

the timelike component of the hadronic matrix element
being zero, the nonvanishing spacelike component is
calculated in the parent meson (V) rest frame for spin
projectons SV ¼ �1; 0. The resulting expressions are then
compared with the corresponding expressions from the
covariant expansion in the right-hand side of Eq. (1)
yielding to the momentum dependent form factor
FVPðq2Þ in the form:

FVPðq2Þ ¼ eq1Iq1ðmq1 ; mq̄2 ; q
2Þ þ eq̄2Iq̄2ðmq̄2 ; mq1 ; q

2Þ;
ð5Þ

where, model expression for Iq;q̄ is obtained in the form:

Iqiðmq1 ;mq̄2 ; q
2Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N̄ð0ÞN̄ð~kÞ

s Z
d~pqiGVð~pqi ;−~pqiÞ

× GPð~pqi − ~k;−~pqiÞ

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEpi

þmqiÞðEpik þ E−pi
Þ

4Epi
EpikðEpik þmqiÞðEpi

þE−pi
Þ

s

ð6Þ

Starting from S-matrix element for V → Pγ decay proc-
esses one can also obtain the same expression for transition
form factor FVPðq2Þ using usual Feynman technique. The
relevant steps leading to the model expressions of the
form factor FVPðq2Þ and partial decay width ΓðV → PγÞ
are shown in the Appendix. The general expression for
ΓðV → PγÞ so obtained in the parent meson rest frame is

ΓðV → PγÞ ¼ α

3
g2VPγk

3
γ ð7Þ

where α is the fine-structure constant, kγ ¼ ðM2
V −

M2
PÞ=2MV is the kinematically allowed energy of the

outgoing photon. The coupling constant gVPγ for a real
photon is determined from FVPðq2Þ in the limit q2 → 0. We
use the transverse ðh ¼ �1Þ polarization to extract the
coupling constant gVPγ since the longitudinal component of
the vector meson does not convert into a real photon.

III. NUMERICAL RESULTS

To evaluate the coupling constant gVPγ , decay width
ΓðV → PγÞ and study q2-dependence of the transition
factor FVPðq2Þ, we take the input parameters: [2,14,15] as

ða; V0Þ≡ ð0.017166 GeV3;−0.1375 GeVÞ
ðmu ¼ md;ms;mc;mbÞ≡ ð0.07875; 0.31575; 1.49276; 4.77659Þ GeV
ðEu ¼ Ed; Es; Ec; EbÞ≡ ð0.47125; 0.59100; 1.57951; 4.76633Þ GeV: ð8Þ
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The mass of the participating mesons for different V → Pγ
transitions are taken to be their average observed values [17].
We present in Table I our results for the coupling

constant gVPγ (in unit of GeV−1) for radiative V → Pγ
decays together with other model predictions and the
experimental data. The experiment values ðgJ=ΨηcγÞexp ¼
0.687�0.45 for J=Ψ → ηcγ and ðgD��D�γÞexp ¼−ð0.466�
0.3Þ for D�� → D�γ process are extracted from the
branching ratios BrðJ=Ψ → ηcγÞexp ¼ ð1.7� 0.4Þ% and
BrðD�� → D�γÞexp ¼ ð1.6� 0.4Þ% together with the full
width of ΓtotalðJ=ΨÞ ¼ ð92.9� 2.8Þ keV and ΓtotalðD�Þ ¼
ð83.4� 1.8Þ keV [17], respectively. The opposite sign of
coupling constant forD�� andD��

s decays compared to the
charmonium J=Ψ decay indicates that charmed quark
contribution is largely destructive in the radiative decays
of D�� and D��

s mesons. Similarly we find that the
bottomed quark contribution is largely destructive in the
radiative decay of B�� meson. Our predicted coupling
constant gJ=Ψηcγ ¼ 0.832 and gD��D�γ ¼ −0.391 are well

within the experimental error limit and those for D�0 →
D0γ and D��

s → D�
s γ decays are comparable with other

model predictions [1–3,11]. Our result of coupling constant
ratio jgD�0D0γ=gD��D�γj ¼ 5.26 not only compares well with
the model predictions [1–3,11] as shown in Table I but also
falls within the limits of theoretical predictions of 6.32�
2.97 [6] and 5.54� 3.0 [9] from heavy quark effective
theory [HQET] and 4.49� 0.96 [18] from broken SU(4)
symmetry by M1 transition. In the bottom flavor sector, our
predicted coupling constants gB��B�γ , gB�0B0γ , gB��

s B�
s γ
, and

gϒηbγ are also found comparable to those of [1–3,11]. The
coupling constant ratio as predicted in our model
jgB�0B0γ=gB��B�γj ¼ 0.57 is in agreement with those of
[1–3,11] and comparable to 0.64� 0.51 [6] and 0.49�
0.38 [7] from QCD sum rules and 0.59� 0.48 [9]
from HQET.
We depict in Fig. 1, the q2-dependence transition form

factors FVPðq2Þ for charmed vector meson radiative V →
Pγ decays. The solid, dotted, dashed, and dot-dashed lines

TABLE I. Coupling constants gVPγ½GeV−1� for radiative V → Pγ decays in RIQ model in comparison with the
available Experimental data (Expt. [17]).

Coupling constants Our work [11] [3] [2] [1] Expt. [17]

gJ=Ψηcγ 0.832 0.68 [0.673] � � � � � � 0.69 0.687� 0.45
gD��D�γ −0.391 −0.384 [−0.398] −0.3 −0.37 −0.35 −0.466� 0.3
gD�0D0γ 2.056 1.783 [1.826] 1.85 1.94 1.78 � � �
j gD�0D0γ

gD��D�γ
j 5.26 4.64 [4.59] 6.17 5.24 5.08 � � �

gD��
s D�

s γ
−0.181 −0.1.67 [−0.161] � � � −0.17 −0.13 � � �

gB��B�γ 1.574 1.311 [1.313] 1.4 1.5 1.37 � � �
gB�0B0γ −0.891 −0.749 [0.75] −0.8 −0.85 −0.78 � � �
j gB�0B0γ
gB��B�γ

j 0.57 0.57 [0.57] 0.57 0.57 � � � � � �
gB�0

s B0
s γ

−0.657 −0.553 [−0.536] � � � −0.62 −0.55 � � �
gϒηbγ −0.138 −0.124 [−0.119] � � � � � � −0.13 � � �

FIG. 1. The q2 dependence of FVPðq2Þ for charmed mesons
radiative decay.

FIG. 2. The q2 dependence of FVPðQ2Þ for bottomed mesons
radiative decay.
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represent the form factors for D�� → D�γ, D�0 → D0γ,
D��

s → D�
s γ, and J=Ψ → ηcγ, respectively. The arrows in

the figure represent the zero recoil points, where
q2 ¼ q2max ¼ ðMV −MPÞ2. We have performed the ana-
lytical continuation of transition form factors from space-
like ðq2 < 0Þ region to the physical timelike region
ð0 ≤ q2 ≤ q2maxÞ. The coupling constant gVPγ at q2 ¼ 0

corresponds to a final state pseudoscalar meson recoiling

with maximum value of three momentum, j~kj ¼ ðM2
V−M

2
PÞ

2MV
in

the vector meson rest frame.
Figure 2 depicts our results of transition form factors for

the bottomed vector meson radiative V → Pγ decays,
where the solid, dotted, dashed, and dot-dashed lines
represent the form factors for B�� → B�γ, B�0 → B0γ,
B�0
s → B0

sγ, and ϒ → ηbγ, respectively. Due to small
kinematic region 0 ≤ q2 ≤ q2max for the bottomed and
bottomonium meson decays the recoil effects of final
state meson are quite negligible i.e., FVPðq2maxÞ=
gVPγ ≃ 1. Similarly we find FJ=Ψηcγðq2maxÞ=gJ=Ψηcγ ≃
FD��

s D�
s γ
ðq2maxÞ=gD��

s D�
s γ

≃ 1 for J=Ψ → ηcγ and D��
s →

D�
s γ decays. On the other hand, we obtain FD��D�γðq2maxÞ=

gD��D�γ ¼ 1.18 and FD�0D0γðq2maxÞ=gD�0D0γ ¼ 1.06 for
D�� → D�γ and D�0 → D0γ decays, respectively in good
comparison with the predicted values of 1.1 and 1.04 from
the (LFQM)[11]. This shows that the recoil effect may not
be negligible in these decay modes especially in D�� →
D�γ decay. Our predictions: FD��

s D�
s
ðq2Þ=FD��D�ðq2Þ → 1

and FB�0
s B0

s
ðq2Þ=FB�0B0ðq2Þ → 1 in the intermediate and

deep spacelike ðq2 < 0Þ region as depicted in Fig. 1 and
Fig. 2 indicate that the light quark current contribution in
these cases are negligible vindicating restoration of SU(3)
flavor symmetry between charmed and charmed-strange
mesons as well as bottomed and bottomed-strange mesons.
For a more direct comparison with the experimental data,

we calculate the partial decay widths from Eq. (7). Table II
presents our results of the partial decay widths and
branching fractions together with the available experimen-
tal data. Our results for the branching fraction: BrðJ=Ψ →
ηcγÞ ¼ ð2.5� 0.1Þ% is obtained from our predicted decay
width: ΓðJ=Ψ → ηcγÞ ¼ 2.321 keV and experimental

full width of ΓðJ=Ψ → ηcγÞ ¼ ð92.9� 2.8Þ keV [17].
The errors in our predicted branching fraction come from
the uncertainties in the experimental full width. Our result
of the branching fraction is of course found larger than
BrðJ=Ψ → ηcγÞexpt ¼ ð1.7� 0.4Þ% [17]. Note that there is
significant difference between the quark model predictions
and the data for the J=Ψ → ηcγ decay. Different theoretical
predictions including the quark model results as well as the
available experimental data for this decay mode, in fact,
vary in a wide range. For example, the quark models
[19–22] predict a large value of ΓðJ=Ψ→ ηcγÞ¼ 2.85 keV.
On the other hand the effective theory approaches of
[23,24] the QCD sum rule analyses [25,26] predict smaller
values with large uncertainties. Many years ago the dis-
persive (model independent) approach of Ref. [27] pre-
dicted ΓðJ=Ψ → ηcγÞ ¼ ð2.2� 3.2Þ keV. In recent lattice
QCD calculations, the decay width ΓðJ=Ψ → ηcγÞ has been
predicted as ð2.64� 0.11Þ keV in [28] and ð2.49�
0.19Þ keV in [29]. All these results within errors are found
compatible with our result. The experimental data from
PDG [17], CLEO [30], and KEDR [31] also differ
significantly from one another. The recent result at
KEDR suggests the branching fraction: BrðJ=Ψ → ηcγÞ ¼
ð2.34� 0.15� 0.40Þ% which would result in ΓðJ=Ψ →
ηcγÞ ¼ ð2.2� 0.6Þ keV in good agreement with our result.
The difference between our result and other theoretical
predictions is (mainly) due to charm mass used in different
analyses, which varies considerably between models, e.g.
mc ¼ 1.84 GeV in [32] while mc ¼ 1.628 GeV in [1] and
mc ¼ 1.479 GeV in [33]. In the lattice simulations also
while fixing the charm mass to reproduce the mass
spectra, it has not been possible to tune it perfectly
yielding systematic errors in their predictions for the
M1-transition [34]. Determining charm quark mass is
therefore a tricky issue. Note that in our case the charm
mass is not a free parameter, rather the mass of the charm
quark as well as other flavored quark masses have already
been fixed at the basic level application of the RIQ-model,
reproducing the static hadronic properties such as mass
spectra, magnetic moments and charge radii etc. [35]. In
view of this we believe that fresh experimental efforts
need to be devoted for more precise data in order to

TABLE II. Decay widths and branching ratios for radiative V → Pγ in RIQ model.

Decay mode ΓðV → PγÞ in (keV) BrðV → PγÞ BrðV → PγÞexpt [17]
J=Ψ → ηcγ 2.321 ð2.5� 0.1Þ% ð1.7� 0.4Þ%
D�� → D�γ 0.932 ð1.12� 0.02Þ% ð1.6� 0.4Þ%
D�0 → D0γ 26.509 � � � ð38.1� 2.9Þ%
D��

s → D�
s γ 0.213 � � � ð94.2� 0.7Þ%

B�� → B�γ 0.577 � � � � � �
B�0 → B0γ 0.181 � � � � � �
B�0
s → B0

sγ 0.119 � � � � � �
ϒ → ηbγ 0.0111 � � � � � �
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clarify the disagreement among experiments in this sector.
A study of J=Ψ → ηcγ at BSE III is expected to give
valuable information.
Our result for the branching fraction BrðD�� → D�γÞ ¼

ð1.12� 0.02Þ% is extracted from the predicted ΓðD�� →
D�γÞ ¼ 0.932 keV and the full width ΓtotðD�� → D�γÞ ¼
ð83.4� 1.8Þ keV [17] which agrees with the result of the
light-front quark model (LFQM) [11] within the error bars
and the experimental data ð1.6� 0.4Þ% [17]. For neutral
charmed meson decays our prediction ΓðD�0 → D0γÞ ¼
26.509 keV is comparable to other theoretical predictions
such as 21.69 keV from RQM [3], ð27.0� 1.8Þ keV from
the broken-SU(4) symmetry by M1 transition [36] and
ð20.0� 0.3Þ keV from (LFQM) [11]. For charmed strange
meson decay our result ΓðD��

s → D�
s γÞ ¼ 0.213 kev is

comparable to ð0.18� 0.01Þ keV [11], 0.19 keV from
RQM [5], and ð0.24� 0.24Þ keV from the HQET [9].
Since the D�0 life time has not been measured yet, we
estimate its full width using the relation

BrðD�� → D�γÞexpt
BrðD�0 → D0γÞexpt

¼ ΓðD�� → D�γÞ
ΓðD�0 → D0γÞ

ΓtotðD�0Þ
ΓtotðD��Þ

where we use the predicted decay width ΓðD�0 → D0γÞ to
extract the full width for D�0. Similarly the full width for
D��

s can be estimated using the same method as in the case
of D�0-meson. Our results for the full widths for D�0 and
D��

s mesons are found to be

ΓtotðD�0Þ ¼ ð99.84� 19.51Þ keV
ΓtotðD��

s Þ ¼ ð0.32� 0.06Þ keV

respectively, while experimentally only the upper limits:
ΓtotðD�0Þexpt < 2.1 MeV and ΓtotðD��

s Þexpt < 1.9 MeV
have thus far been reported. Some other theoretical
predictions of the full widths for D�0 and D��

s mesons
have also been reported as ΓtotðD�0Þ ¼ ð55� 6Þ keV
and ΓtotðD��

s Þ ¼ ð0.19� 0.01Þ keV from LFQM [11];
ΓtotðD�0Þ ¼ ð36.7� 9.7Þ keV and ΓtotðD��

s Þ ¼ ð0.24�
0.24Þ keV from HQET [9] and ΓtotðD�0Þ ¼ 65.09 keV
from the RQM [3].
For B� and B�

s radiative decays, our results for the decay
widths ΓðB�� → B�γÞ ¼ 0.577 keV, ΓðB�0 → B0γÞ ¼
0.181 keV, and ΓðB�0

s → B0
sγÞ ¼ 0.119 keV are quite

compatible with other theoretical predictions such as
ΓðB�� → B�γÞ ¼ 0.429 keV and ΓðB�0 → B0γÞ ¼
0.142 keV from the RQM [3]; ΓðB�� → B�γÞ ¼ ð0.22�
0.09Þ keV and ΓðB�0 →B0γÞ¼ ð0.075�0.027Þ keV from
HQET [9] and ΓðB�� → B�γÞ ¼ 0.14 keV and ΓðB�0 →
B0γÞ ¼ 0.09 keV from the chiral perturbation theory [37].
Finally for the ϒ → ηbγ decay, our result for the decay
width Γðϒ → ηbγÞ ¼ 11.1 eV is to be compared with other
model predictions such as Γðϒ→ ηbγÞ¼ ð15.18�0.51Þ eV

from the effective theory approach [24], ð3.6� 2.9Þ eV
from nonrelativistic effective theory approach [23], ð33.2�
0.1Þ eV [38] and 5.8 eV [39] from the RQM. The
prediction of Γðϒ → ηbγÞ is of special interest as it would
help determine the experimentally unmeasured mass of
the ηb meson since Γðϒ → ηbγÞ is very sensitive to the
mass difference between two participating mesons Δm ¼
ðMϒ −MηbÞ and is proportional to ðΔmÞ3.
We estimate the electromagnetic radii of the form factors

from the relation hr2i ¼ −6 d
dq2 ½FVPðq2Þ�jq2¼0. Our results

for the charge radii in fm2: hr2D��D�i − 0.0314, hr2D�0D0i ¼
0.1622, hr2D��

s D�
s
i ¼ −0.0111, hr2J=Ψηc

i ¼ 0.0195 in the

charmed meson sector and hr2B��B�i ¼ 0.0303, hr2B�0B0i−
0.0169, hr2B�0

s B0
s
i ¼ −0.0091, hr2ϒηb

i ¼ −0.0003 in the

bottomed flavor sector are found smaller for the decay
involving heavy quarks as expected.

IV. SUMMARY AND CONCLUSION

In this work we investigated the magnetic dipole
V → Pγ decays of heavy flavored meson such as
ðD�; D;D�

s ; Ds; J=Ψ; ηcÞ and ðB�; B;B�
s ; Bs;ϒ; ηbÞ in the

framework of the relativistic independent quark (RIQ)
model. We predicted the momentum dependent transition
form factor FVPðq2Þ in the spacelike and timelike
region. The timelike form factor is obtained by analytical
continuation of spacelike ðq2 < 0Þ form factor to the
physical timelike ð0 ≤ q2 ≤ q2maxÞ region. The form factors
FD��D�ðq2Þ and FD�0D0ðq2Þ seem to have non-negligible
recoil effect about 18% and 6%, respectively between
zero ðq2maxÞ and maximum ðq2 ¼ 0Þ recoil point i.e.,
FD��D�ðq2maxÞ=gD��D� ≃ 1.18 and FD�0D0ðq2maxÞ=gD�0D0 ≃
1.06. The corresponding ratios in the radiative decays of
comparatively heavier vector mesons such as J=Ψ; D��

s ;
B��; B�0; B�0

s , and ϒ are found to be unit, indicating
negligible recoil effect in such decays. The coupling
constants gVPγ needed for calculating the decay widths
ΓðV → PγÞ are determined in the limit q2 → 0, i.e.,
gVPγ ¼ FVPðq2 ¼ 0Þ. Our predictions for the coupling
constants, decay widths and branching ratios of radiative
decays of the charmed mesons ðD��; J=ΨÞ are in reason-
able agreement with other theoretical predictions and
experimental data within error bars. We also estimated
the unmeasured full widths for D�0 and D��

s mesons as
ΓtotðD�0Þ¼ ð99.84�19.51Þ keV and ΓtotðD��

s Þ ¼ ð0.32�
0.06Þ keV which can be compared with other theoretical
predictions and are well within the experimental limit. Our
results of decay widths for the bottomed and bottomed-
strange meson decays are found compatible with other
theoretical predictions. For the radiative decay of the
bottomonium our prediction Γðϒ → ηbγÞ ¼ 11.1 eV can
be compared with other theoretical predictions. Since
Γðϒ → ηbγÞ is very sensitive to the mass difference Δm ¼
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ðMϒ −MηbÞ as it is proportional to ðΔmÞ3, the prediction
of this decay width is of special interest to determine the
unmeasured mass of ηb meson. Our results for the electro-
magnetic charge radii of the form factors of heavy flavored
mesons are also obtained in the same order as expected.
Incorporating recoil effect into the formalism, our results

for the q2-dependence of transition form factors, coupling
constants, decay widths and branching ratios of radiative
decays of heavy flavored vector mesons are found com-
patible with other theoretical predictions and available
experimental data within error bars. The present model,
within the working approximation, thus provides a realistic
framework to describe the M1 transition of heavy flavored
vector mesons based on the conventional picture of photon
emission induced by a quark electromagnetic current. The
form factor FVPðq2Þ of the vector meson radiative decay
V → Pγ studied in this work is analogous to the vector
current form factor gðq2Þ in the weak decay of the ground

state pseudoscalar meson to the ground state vector meson.
We would like to study the vector current form factor gðq2Þ
in the RIQ model in our future communication.

APPENDIX: TRANSITION FORM FACTOR
AND DECAY WIDTH FROM THE

S-MATRIX ELEMENT

The S-matrix element in the configuration space for the
decay V → Pγ can be written as

SVP ¼
�
Pγ

����− ie
Z

d4xT

�X
q

eqΨ̄qðxÞγμΨqðxÞAμðxÞ
�����V

�
:

ðA1Þ
Using usual quark field ðΨqðxÞ; Ψ̄qðxÞÞ and photon field
AμðxÞ expansions, Eq. (A1) is reduced to

SVP ¼ i
ffiffiffiffiffiffiffiffiffiffi
α=k0

p
hPj

X
q;λ;λ0

eq
e

Z
dpdp0ffiffiffi
4

p
EpEp0

δð4Þðp0 þ k − pÞΛðp0λ0;pλ; kδÞjVi ðA2Þ

where,

Λðp0λ0;pλ; kδÞ ¼ Ūðp0; λ0Þγ:ϵðk; δÞUðp; λÞb†qðp0; λ0Þbqðp; λÞ
− V̄ðp; λÞγ:ϵðk; δÞVðp0; λ0Þ ~b†qðp0; λ0Þ ~bqðp; λÞ: ðA3Þ

Now incorporating the initial and final meson states as per Eq. (2) the S-matrix element in the parent meson rest frame is
obtained in the form

SVP ¼ i
ffiffiffiffiffiffiffiffiffiffi
α=k0

p
δð4Þðp0 þ k − ÔMVÞ½Qðp0; ~kÞ − ~Qðp0; ~kÞ� ðA4Þ

where p0 ≡ ðEp; ~p0Þ; Ô≡ ð1; 0; 0; 0Þ, ~p0 þ ~k ¼ 0

Qðp0; ~kÞ ¼
X eq1

e
ζVq1q2ðλ1λ2ÞζPq1q2ðλ01λ2Þ

Z
dpq1

GVð~pq1 ;−~pq1ÞGPð~pq1 − ~k;−~pq1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4E1E1kN̄Vð0ÞN̄Pðp0Þ

p
× Ūð−~pq1 ; λ

0
1Þγ:ϵðk; δÞUð~pq1 ; λ1Þ

~Qðp0; ~kÞ ¼
X eq2

e
ζVq1q2ðλ1λ2ÞζPq1q2ðλ1λ02Þ

Z
dpq1

GVð~pq1 ;−~pq1ÞGPð~pq1 − ~k;−~pq1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4E2E2kN̄Vð0ÞN̄Pðp0Þ

p
× V̄ð−~pq1 ; λ2Þγ:ϵðk; δÞVð~pq1 − ~k; λ02Þ ðA5Þ

with Ei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp2

qi þm2
qiÞ

q
and Eik ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð~pqi − ~kÞ2 þm2

qi

q
, i ¼ 1; 2. Here the energy conservation at the photon-hadron vertex

is ensured by appropriate energy delta function using the usual approximation [2]: E1 þ E2 ≃MV and
E1k þ E2 ≃ E2k þ E1 ¼ EP. Now making use of the explicit form of the Dirac spinors Uð~pq1 ; λ1Þ and Vð~pq1 ; λ2Þ etc.
Eq. (A5) can be simplified to the form

Qð~kÞ ¼
X eq1

e
ζVq1q2ðλ1λ2ÞζPq1q2ðλ01λ2Þχ†λ0

1
ð~σ: ~KÞχλ1Iq1ð~kÞ

~Qð~kÞ ¼
X eq2

e
ζVq1q2ðλ1λ2ÞζPq1q2ðλ1λ02Þ~χ†λ2ð~σ: ~KÞ~χ0λ2Iq̄2ð~kÞ ðA6Þ
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where, ~K ¼ ~k × ~ϵð~k; δÞ

Iq1 ¼
Z

d~pq1

GVð~pq1 ;−~pq1ÞGPð~pq1 − ~k;−~pq1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N̄ð0ÞN̄ð~kÞ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðE1 þmq1ÞðE1k þ E2Þ
4E1E1kðE1k þmq1ÞðE1 þ E2Þ

s

Iq̄2 ¼
Z

d~pq1

GVð~pq1 ;−~pq1ÞGPð~pq1 − ~k;−~pq1Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N̄ð0ÞN̄ð~kÞ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðE2 þmq2ÞðE2k þ E1Þ
4E2E2kðE2k þmq2ÞðE1 þ E2Þ

s
: ðA7Þ

Specifying the appropriate spin-flavor coefficients
ζMq1q2ðλ1λ2Þ for pseudoscalar meson state and vector meson
state of different spin projections SV ¼ ð�1; 0Þ, Eq. (A4)
can be further simplified to the form:

SVP ¼ i
ffiffiffiffiffiffiffiffiffiffi
α=k0

p
δð3Þð~pþ ~kÞδðEP þ k0 þMVÞFPVðq2ÞKSV

ðA8Þ

where,

FVPðq2Þ ¼ eq1Iq1ðmq1 ; mq̄2 ; q
2Þ þ eq̄2Iq̄2ðmq̄2 ; mq1 ; q

2Þ;
ðA9Þ

from which the model expression for Iq1;q̄2 can be written in
the general form:

Iqiðmq1 ; mq̄2 ; q
2Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N̄ð0ÞN̄ð~kÞ

s Z
d~pqiGVð~pqi ;−~pqiÞGPð~pqi − ~k;−~pqiÞ

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEpi

þmqiÞðEpik þ E−pi
Þ

4Epi
EpikðEpik þmqiÞðEpi

þ E−pi
Þ

s
ðA10Þ

and KSV for SV ¼ ð�1; 0Þ stands for

KSV ¼ ½∓ ðK1 � iK2Þ=
ffiffiffi
2

p
; K3�: ðA11Þ

The summation over photon polarization index δ and the
vector meson spin SV yields a general relation

X
δ;SV

jKSV j2 ¼ 2k2γ : ðA12Þ

Finally summing over photon polarization and the
daughter(pseudoscalar) meson spin appropriately and

averaging over the parent (vector) meson spins, the
partial decay widths for the transition V → Pγ is
realized in the standard form in terms of the outgoing

photon energy kγ ¼ M2
V−M

2
P

2MV
and the coupling constant

gVPγðkγÞ as

ΓðV → PγÞ ¼ α

3
g2VPγk

3
γ

where the coupling constant gVPγðkγÞ is obtained from
FVPðq2Þ in the limit q2 → 0.
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