
 

Radiative decays of the heavy tensor mesons in light cone QCD sum rules
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The transition form factors of the radiative decays of the heavy tensor mesons to heavy pseudoscalar and
heavy vector mesons are calculated in the framework of the light-cone QCD sum rules method at the point
Q2 ¼ 0. Using the obtained values of the transition form factors at the point Q2 ¼ 0, the corresponding
decay widths are estimated. The results show that the radiative decays of the heavy-light tensor mesons
could potentially be measured in the future planned experiments at LHCb.
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I. INTRODUCTION

With the recent developments in experimental tech-
niques, many new particles have been discovered [1–5].
Some of the newly discovered particles were already
predicted by the quark model, but many were not, and
understanding their properties requires a new perspective
beyond the conventional quark model. The heavy tensor
mesons D2ð2460Þ, Ds2ð2573Þ, B2ð5747Þ, and Bs2ð5840Þ
predicted by the conventional quark model have all been
discovered in the experiments, and their masses and decay
widths have been measured [6]. A more refined analysis to
study the properties of these particles will be conducted at
LHCb and Belle II.
Following the discovery of the heavy tensor mesons,

their strong, electromagnetic, and weak decays need to be
investigated. Note that the strong decays D0

2ð2460Þ →
DþðD�þÞπ−, Dþ

2 ð2460Þ → D0πþ [7–10], Dþ
s2ð2573Þ →

D0Kþ [7], B0
2ð5747Þ → B�þπ−, [11,12], and B0

s2ð5840Þ →
BþK− [11,12] have already been observed in the experi-
ments.
These observations have stimulated a series of many

studies. For example, the strong coupling constants of the
aforementioned decays have been calculated using the
three-point sum rules [13–15] and light-cone QCD sum
rules (LCSR) methods [16].
In the present work, we study the radiative decays of the

heavy tensor mesons in the framework of the LCSR.
Radiative decays constitute one of the most promising
classes of decays for gathering information about the

electromagnetic properties of hadrons, which are important
for revealing their internal structure. It should be emphasized
here that so far the radiative decays of the heavy tensor
mesons have not been observed in the experiments, and our
results might indicate that these decays can potentially be
measured at LHCb.
The paper is organized as follows. In Sec. II, we formulate

the LCSR for the transition form factors at the pointQ2 ¼ 0.
In Sec. III, we perform a numerical analysis of these form
factors at the point Q2 ¼ 0 and calculate the corresponding
decay widths. The last section contains our conclusion.

II. LIGHT-CONE QCD SUM RULES FOR THE
HEAVY TENSOR → HEAVY PSEUDOSCALAR

(VECTOR) MESON + PHOTON

Before presenting the details of the calculation, a few
words about our notation are in order. In the present work
the states of the heavy tensor, heavy vector, and heavy
pseudoscalar mesons are denoted by the generic notations
TQ, VQ, and PQ, respectively.
The TQ → PQðVQÞγ decay is described by the following

correlator:

ΠμναðρÞðp; qÞ ¼ −
Z

d4x
Z

d4yeiðpxþqyÞ

× h0jJTQμνðxÞJelα ðyÞJPQ
ð0ÞðJVQρð0ÞÞj0i;

ð1Þ
where

JTQμνðxÞ ¼
1

2

h
q̄ðxÞγμD

↔

νðxÞQðxÞ þ q̄ðxÞγνD
↔

μðxÞQðxÞ
i
;

JPQ
ðJVQρÞ ¼ q̄iγ5Qðq̄γρQÞ

are the interpolating currents of the heavy tensor and heavy
pseudoscalar (heavy vector) mesons, respectively, and

Jelα ðyÞ ¼ eqq̄γαqþ eQQ̄γαQ
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is the electromagnetic current, where eq and eQ are the
electric charges of the light and heavy quarks, respectively.

The covariant derivative D
↔

μðxÞ is defined as

D
↔

μðxÞ ¼
1

2
½D⃗μðxÞ − D⃖μðxÞ�;

where

D⃗μðxÞ ¼ ∂⃗μðxÞ − ig
λa

2
Aa
μðxÞ;

D⃖μðxÞ ¼ ∂⃖μðxÞ þ ig
λa

2
Aa
μðxÞ:

In this expression, λa are the Gell-Mann matrices and Aa
μðxÞ

is the external field.
The correlator given in Eq. (1) can be rewritten in the

presence of the electromagnetic background field of a plane
wave

Fμν ¼ iðεðγÞμ qν − εðγÞν qμÞ
in the following form:

ΠμναðρÞεðγÞα ¼ i
Z

d4xeipxh0jJTQμνðxÞJPQ
ðJVQρÞð0Þj0iF;

ð2Þ

where the subscript F stands for the vacuum expectation
value evaluated in the presence of the background
electromagnetic field Fμν. The expression for the correla-
tion function given in Eq. (1) can be obtained by expand-
ing Eq. (2) in powers of the background field by taking
into account only the terms linear in Fμν, which corre-
sponds to single-photon emission (for more details about
the background field method and its applications, see
Refs. [17,18]).
In order to calculate any physical quantity using the

QCD sum rules method, the correlation function needs to
be computed in two different kinematical domains. On
the one hand, the main contribution to the correlation
function (2) originates in the region where p2 ≃m2

TQ
and

ðpþ qÞ2 ≃m2
PQ
ðm2

VQ
Þ. On the other hand, the same corre-

lation function can be investigated in the deep Euclidean
domain where p2 ≪ 0, ðpþ qÞ2 ≪ 0, using the operator
product expansion (OPE). As is well known, in the LCSR
method the OPE is performed over the twists of the
operators rather than their canonical dimensions, which
is the case in the standard sum rules approach. The physical
part of the correlation function (1) is obtained by inserting a
complete set of the corresponding mesonic states, and then
isolating the ground-state tensor and pseudoscalar (vector)
mesons:

ΠμναðρÞðp; qÞ ¼
h0jJTQμνjTQðpÞi
ðm2

TQ
− p2Þ

hTQðpÞjJelα jPQðVQÞðpþ qÞi
½m2

PQðVQÞ − ðpþ qÞ2� hPQðVQÞjJPQ
ðJVQρÞj0i þ � � � ; ð3Þ

where dots denote the higher state contributions, and p0 ¼ pþ q. The matrix elements in Eq. (3) are defined as follows:

h0jJTQμνjTQðpÞi ¼ fTQ
m3

TQ
ϵμνðpÞ;

hPQjJPQ
j0i ¼

fPQ
m2

PQ

mQ þmq
;

hTQðpÞjJelα jPQðpþ qÞi ¼ gεαρλτϵρξp0
ξp

λqτ;

hVQðε; p0ÞjJVQρj0i ¼ fVQ
mVQ

ε�ρ;

hTQðpÞjJelα jVQðp0Þi ¼ h1ϵαβεβ þ h2ϵαβp0βðε · pÞ þ h3εαϵβτp0βp0τ þ h04pαϵβτε
βp0τ

þ h05p
0
αϵβτε

βp0τ þ h06pαϵβτp0βp0τðε · pÞ þ h07p
0
αϵβτp0βp0τðε · pÞ: ð4Þ

In these expressions, ϵαβ and εα are the tensor and vector meson polarizations, fPQ
and fVQ

are the decay constants of the
heavy pseudoscalar and vector mesons, mPQ

and mVQ
are their masses, mQ and mq are the heavy and light quark masses,

and g and hi are the form factors responsible for the TQ → PQ and TQ → VQ transitions, respectively.
Substituting these matrix elements into the physical part of the corresponding correlation functions given in Eq. (1),

we get

Πμναε
ðγÞαðqÞ ¼ 1

m2
TQ

− p2

1

m2
PQ

− p02 fTQ
m3

TQ
ϵμν

fPQ
m2

PQ

mQ þmq
gεαρλτpλqτp0

ξϵ
ρξεðγÞαðqÞ; ð5Þ
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Πμναρε
ðγÞαðqÞ ¼ 1

m2
TQ

− p2

1

m2
VQ

− p02 fTQ
m3

TQ
fVQ

mVQ
ϵμνðpÞεðγÞαε�ρfh1ϵαβεβ þ h2ϵαβp0βðε · pÞ

þ h3εαϵβτp0βp0τ þ h04pαϵβτε
βp0τ þ h05p

0
αϵβτε

βp0τ þ h06pαϵβτp0βp0τðε · pÞ þ h07p
0
αϵβτp0βp0τðε · pÞg: ð6Þ

By summing over the spins of the tensor and vector mesons with the help of the identities

ϵμνðpÞϵ�αβðpÞ ¼
1

2
PμαPνβ þ

1

2
PμβPνα −

1

3
PμνPαβ; where Pαβ ¼ −gαβ þ

pαpβ

m2
TQ

;

εαðp0Þε�βðp0Þ ¼ P0
αβ; where P0

αβ ¼ −gαβ þ
p0
αp0

β

m2
VQ

; ð7Þ

the physical parts of the correlation functions are

Πμναε
ðγÞαðqÞ ¼

fTQ
m3

TQ

m2
TQ

− p2

fPQ
m2

PQ

m2
PQ

− p02
εðγÞαðqÞ
mQ þmq

g

�
1

2
εαμλτpλqτ

�
p0
ν −

pνðp · p0Þ
m2

TQ

�
þ ðμ ↔ νÞ

�
þ � � � ; ð8Þ

Πμναρε
ðγÞαðqÞ ¼

fTQ
m3

TQ

m2
TQ

− p2

fVQ
mVQ

m2
PQ

− p02 ε
ðγÞαðqÞ

�
1

2

�
PμαPνβ þ PμβPνα −

2

3
PμνPαβ

�
½h1P0β

ρ þ h2qβpξP0
ρξ�

þ 1

2

�
PμλPντ þ PμτPνλ −

2

3
PμνPλτ

�
½h3qλqτP0

αρ þ h4pαqτP0λ
ρ þ h5pαqλqτpξP0

ρξ� þ ðμ ↔ νÞ
�
þ � � � ;

ð9Þ

where h4¼h04þh05, h5¼h06þh07, and dots denote the con-
tributions coming from the excited states and continuum.
In order to determine the form factor g for the TQ → PQγ

transition, we choose the coefficient of the structure
εαμλτpλqτqν. The situation is much more complicated for
the vector TQ → VQγ transition, as there are numerous
possible structures. In this case not all transition form factors
are independent. Indeed, by using gauge invariance one can
easily obtain

h1 þ h4ðp · qÞ ¼ 0;

−h2 þ h3 − h5ðp · qÞ ¼ 0:

It follows from these relations that we have only three
independent form factors. Using these relations, the matrix
element Πμναρε

ðγÞα can be written as

Πμναρε
ðγÞαðqÞ ¼

fTQ
m3

TQ

m2
TQ

− p2

fVQ
mVQ

m2
PQ

− p02

�
h1
2

�
εðγÞα −

1

p · q
ðεðγÞ · pÞqα

�
P0β

ρ

�
PαμPνβ þ PμβPαν −

2

3
PμνPαβ

�

þ h2
2

�
εðγÞα −

1

p · q
ðεðγÞ · pÞqα

�
P0

ρξq
βqξ

�
PαμPνβ þ PμβPαν −

2

3
PμνPαβ

�

þ h3
2

�
εðγÞα −

1

p · q
ðεðγÞ · pÞqα

�
P0

αρqβqτ
�
PμβPντ þ PμτPνβ −

2

3
PμνPβτ

�
: ð10Þ

As a result, in this transition we have three independent
form factors hi, ði ¼ 1; ::; 3Þ, and hence we need three
independent equations to determine them. In other words,
three different structures are needed. In principle, any three
structures can be chosen to determine the three transition
form factors. It is known that structures with the highest
number of momenta make the vacuum expectation values
of the higher-dimensional operators numerically less im-
portant, and the operator product expansion exhibits good
convergence (see, for example, Ref. [19]). For this reason,

we choose the structures ðεðγÞ · pÞqμgνρ, ðεðγÞ · pÞpμqνqρ,

and εðγÞρ qμqν to determine the form factors.
Having obtained the representation of the correlator

function from the physical side, our next job is to calculate
it in the deep Euclidean domain using the OPE. For this
purpose, the explicit expressions of the interpolating
currents for the heavy tensor and pseudoscalar (vector)
mesons should be inserted into Eq. (2), and as a result
we get

RADIATIVE DECAYS OF THE HEAVY TENSOR MESONS … PHYS. REV. D 99, 015020 (2019)

015020-3



ΠμναðρÞεðγÞαðqÞ ¼ i
Z

d4xeipx
�
0

				
�
1

2
q̄ðxÞγμD

↔

νQðxÞ þ μ ↔ ν

�
Q̄ð0Þiγ5qð0ÞðQ̄ð0Þγρqð0ÞÞ

				0



F
: ð11Þ

In order to perform the OPE, we need the expressions for the light and heavy quark propagators in the presence of the
gluonic and electromagnetic background fields. In the Fock-Schwinger gauge, where the path-ordering exponents can be
omitted, these propagators can be written as

SqðxÞ ¼
i=x

2π2x4
−

imq

4π2x2
−

i
16π2x2

Z
1

0

dufg½ū=xσαβ þ uσαβ=x�Gαβ þ eq½ū=xσαβ þ uσαβ=x�FαβðuxÞg

−
imq

32π2

Z
1

0

½gsGαβσ
αβ þ eqFαβGαβ�

�
ln
−x2Λ2

4
þ 2γE

�
; ð12Þ

SQðxÞ ¼
m2

Q

4π2

�
K1ðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þffiffiffiffiffiffiffiffi

−x2
p þ i=x

ð
ffiffiffiffiffiffiffiffi
−x2

p
Þ2
K2ðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þ
�

−
gs

16π2

Z
1

0

duGμνðuxÞ
�
ðσμν=xþ =xσμνÞK1ðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þffiffiffiffiffiffiffiffi

−x2
p þ 2σμνK0ðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þ
�
; ð13Þ

whereKiðmQ

ffiffiffiffiffiffiffiffi
−x2

p
Þ are the modified Bessel functions, and

Λ is the parameter separating the nonperturbative and
perturbative domains, whose value was calculated in
Ref. [20] to be Λ ¼ ð0.5� 0.1Þ GeV. Note that the
contributions of the nonlocal operators q̄G2q and q̄qq̄q
are small (see Ref. [21]), and these contributions are all
neglected in Eqs. (12) and (13).
Using the explicit expressions for the heavy and light

quark propagators, the correlator function(s) given in
Eq. (11) can be calculated. The correlator functions contain
perturbative and nonperturbative parts. The perturbative
part corresponds to the case when a photon interacts with
the quark propagator perturbatively. The perturbative con-
tribution is obtained by taking into account the first two

terms in the quark propagator and a photon field that
interacts with the quark field perturbatively.
The nonperturbative contribution is obtained by replac-

ing the light quark propagator by

Sαβðx − yÞ → −
1

4
ðΓkÞαβq̄aΓkqb;

where Γk ¼ fI; γμ; γ5; iγ5γμ; σμν=
ffiffiffi
2

p g is the full set of
Dirac matrices. In this case, the matrix elements of two-
and three-particle nonlocal operators appear between the
vacuum and the photon states. The matrix elements are
parametrized in terms of the photon distribution amplitudes
(DAs) as follows [17]:

hγðqÞjq̄ðxÞσμνqð0Þj0i ¼ −ieqhq̄qiðεðγÞμ qν − εðγÞν qμÞ
Z

1

0

dueiūðq·xÞ
�
χφγðuÞ þ

x2

16
AðuÞ

�

−
i

2ðq · xÞeqhq̄qi
�
xν

�
εðγÞμ − qμ

εðγÞ · x
q · x

�
− xμ −

�
εðγÞν − qν

εðγÞ · x
q · x

��Z
1

0

dueiūðq·xÞhγðuÞ;

hγðqÞjq̄ðxÞγμqð0Þj0i ¼ eqf3γ

�
εðγÞμ − qμ

εðγÞ · x
q · x

�Z
1

0

dueiūðq·xÞψvðuÞ;

hγðqÞjq̄ðxÞγμγ5qð0Þj0i ¼ −
1

4
eqf3γϵμναβεðγÞνqαxβ

Z
1

0

dueiūðq·xÞψaðuÞ;

hγðqÞjq̄ðxÞgsGμνðvxÞqð0Þj0i ¼ −ieqhq̄qiðεðγÞμ qν − εðγÞν qμÞ
Z

Dαieiðαq̄þvαgÞðq·xÞSðαiÞ;

hγðqÞjq̄ðxÞgsG̃μνiγ5ðvxÞqð0Þj0i ¼ −ieqhq̄qiðεðγÞμ qν − εðγÞν qμÞ
Z

Dαieiðαq̄þvαgÞðq·xÞS̃ðαiÞ;

hγðqÞjq̄ðxÞgsG̃μνðvxÞγαγ5qð0Þj0i ¼ eqf3γqαðεðγÞμ qν − εðγÞν qμÞ
Z

Dαieiðαq̄þvαgÞðq·xÞAðαiÞ;

hγðqÞjq̄ðxÞgsGμνðvxÞiγαqð0Þj0i ¼ eqf3γqαðεðγÞμ qν − εðγÞν qμÞ
Z

Dαieiðαq̄þvαgÞðq·xÞVðαiÞ;
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hγðqÞjq̄ðxÞσαβgsGμνðvxÞqð0Þj0i ¼ eqhq̄qi
��

εðγÞμ − qμ
εðγÞ · x
q · x

��
gαν −

1

q · x
ðqαxν þ qνxαÞ

�
qβ −

�
εðγÞμ − qμ

εðγÞ · x
q · x

�

×

�
gβν −

1

q · x
ðqβxν þ qνxβÞ

�
qα −

�
εðγÞν − qν

εðγÞ · x
q · x

��
gαμ −

1

q · x
ðqαxμ þ qμxαÞ

�
qβ

þ
�
εðγÞν − qν

εðγÞ · x
q:x

��
gβμ −

1

q · x
ðqβxμ þ qμxβÞ

�
qα

� Z
Dαieiðαq̄þvαgÞðq·xÞT 1ðαiÞ

þ
��

εðγÞα − qα
εðγÞ · x
q · x

��
gμβ −

1

q · x
ðqμxβ þ qβxμÞ

�
qν

−
�
εðγÞα − qα

εðγÞ · x
q · x

��
gνβ −

1

q · x
ðqνxβ þ qβxνÞ

�
qμ

−
�
εðγÞβ − qβ

εðγÞ · x
q · x

��
gμα −

1

q · x
ðqμxα þ qαxμÞ

�
qν

þ
�
εðγÞβ − qβ

εðγÞ · x
q · x

��
gνα −

1

q · x
ðqνxα þ qαxνÞ

�
qμ

� Z
Dαieiðαq̄þvαgÞðq·xÞT 2ðαiÞ

þ 1

q · x
ðqμxν − qνxμÞðεðγÞα qβ − εðγÞβ qαÞ

Z
Dαieiðαq̄þvαgÞðq·xÞT 3ðαiÞ

þ 1

q · x
ðqαxβ − qβxαÞðεðγÞμ qν − εðγÞν qμÞ

Z
Dαieiðαq̄þvαgÞðq·xÞT 4ðαiÞ

�
;

hγðqÞjq̄ðxÞeqFμνðvxÞqð0Þj0i ¼ −ieqhq̄qiðεðγÞμ qν − −εðγÞν qμÞ
Z

Dαieiðαq̄þvαgÞðq·xÞSγðαiÞ;

hγðqÞjq̄ðxÞσαβFμνðvxÞqð0Þj0i ¼ eqhq̄qi
1

q · x
ðqαxβ − qβxαÞðεðγÞμ qν − εðγÞν qμÞ

Z
Dαieiðαq̄þvαgÞðq·xÞT γ

4ðαiÞ;

where φγðuÞ is the leading twist-2 photon DA, ψvðuÞ, ψaðuÞ, A, and V are the twist-3 photon DAs, hγðuÞ, A, S, S̃, Sγ, T i
(i ¼ 1, 2, 3, 4), and T γ

4 are the twist-4 photon DAs, χ is the magnetic susceptibility, and the measure Dαi is given by

Z
Dαi ¼

Z
1

0

dαq̄

Z
1

0

dαq

Z
1

0

dαgδð1 − αq̄ − αq − αgÞ:

After calculating the correlation functions in the deep Euclidean domain, separating the coefficients of the structures

ϵαμλτpλqτqν for the TQ → PQγ transition and the coefficients of the structures ðεðγÞ · pÞqμgνρ, ðεðγÞ · pÞpμqνqρ, and ε
ðγÞ
ρ qμqν

for the TQ → VQγ transition, and matching them with the corresponding coefficients of these structures on the
phenomenological side, we get the desired sum rules for the transition form factors at Q2 ¼ 0. We then perform Borel
transformations over the variables ð−p2Þ and −ðpþ qÞ2 in order to suppress the contributions of the high states and the
continuum, and equate the coefficients of the aforementioned structures, from which we obtain the following sum rules for
the corresponding form factors:

−
fTQ

m3
TQ
fPQ

m2
PQ

2ðmQ þ mqÞ
e
−ðm2

PQ
=M2

1
þm2

TQ
=M2

2
Þ
g ¼ ΠðPÞ; ð14Þ

−
fTQ

fVQ
m3

TQ
mVQ

ðm2
TQ

− m2
VQ
Þ e

−ðm2
VQ

=M2
1
þm2

TQ
=M2

2
Þ
h1 ¼ ΠðVÞ

1 ;

fTQ
fVQ

mTQ

4mVQ

e
−ðm2

VQ
=M2

1
þm2

TQ
=M2

2
Þ½2h1 þ ðm2

TQ
þ m2

VQ
Þh2 − 4m2

VQ
h3� ¼ ΠðVÞ

2 ;

−fTQ
fVQ

m3
TQ
mVQ

e
−ðm2

VQ
=M2

1
þm2

TQ
=M2

2
Þ
h3 ¼ ΠðVÞ

3 : ð15Þ
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The expressions for the invariant functions ΠðPÞ and ΠðVÞ
i

are presented in the Appendix.
The continuum subtraction procedure for the LCSR is

given in detail in Ref. [22]. In our calculations we setM2
1 ¼

M2
2 ¼ 2M2 (in this case u0 → 1=2), and the subtraction is

performed by using the formula

ðM2Þne−ðm2
Q=M

2Þ →
1

ΓðnÞ
Z

s0

m2
Q

dse−s=M
2ðs−m2

QÞðn−1Þðn≥ 1Þ:

A few words about the choice of M2
1 ¼ M2

2 ¼ 2M2 are in
order. The sum rules for the transition between the states
with different masses require two Borel mass parameters.
The difference between the masses of the initial and final
states is small, and hence we can take M2

1 ¼ M2
2 ¼ 2M2.

Obviously, taking equal Borel mass parameters would
cause additional uncertainty, and we estimate that this
uncertainty is about (10–15)%.
We see from Eq. (14) that the form factor g responsible

for the TQ → VQγ decay can be directly calculated. In order

to determine the form factors hi for the TQ → PQγ decay,
the coupled set of equations given in Eq. (15) should be
solved where hi are expressed in term of the combinations

of the ΠðBÞ
i .

III. NUMERICAL ANALYSIS

In this section we perform a numerical analysis of the
sum rules obtained in the previous section for the relevant
transition form factors at the point Q2 ¼ 0.
The magnetic susceptibility χ was estimated within the

LCSR in Ref. [23] to have the value χð1 GeVÞ ¼
−ð2.85� 0.50Þ GeV−2, which we shall use in further
numerical calculations. For the heavy quark masses we
use their MS values, i.e., m̄cðm̄cÞ ¼ ð1.28� 0.003Þ GeV
and m̄bðm̄bÞ ¼ ð4.16� 0.03Þ GeV [24,25]. The values of
the other input parameters are presented in Table I. In
addition to these input parameters, the LCSR also contain
the main nonperturbative parameters, namely, DAs. The
expressions for the photon DAs [17] that we need in our
calculations are

φγðuÞ¼ 6uū½1þφ2ðμÞC
3
2

2ðu− ūÞ�;

ψvðuÞ¼ 3½3ð2u−1Þ2−1�þ 3

64
ð15wV

γ −5wA
γ Þ½3−30ð2u−1Þ2þ35ð2u−1Þ4�;

ψaðuÞ¼ ½1− ð2u−1Þ2�½5ð2u−1Þ2−1�5
2

�
1þ 9

16
wV
γ −

3

16
wA
γ

�
;

AðαiÞ¼ 360αqαq̄α
2
g

�
1þwA

γ
1

2
ð7αg−3Þ

�
;

VðαiÞ¼ 540wV
γ ðαq−αq̄Þαqαq̄α2g;

hγðuÞ¼−10ð1þ2κþÞC1
2

2ðu− ūÞ;
AðuÞ¼ 40u2ū2ð3κ− κþþ1Þþ8ðζþ2 −3ζ2Þ½uūð2þ13uūÞþ2u3ð10−15uþ6u2Þ lnðuÞþ2ū3ð10−15ūþ6ū2Þ lnðūÞ�;

T 1ðαiÞ¼−120ð3ζ2þζþ2 Þðαq̄−αqÞαq̄αqαg;
T 2ðαiÞ¼ 30α2gðαq̄−αqÞ½ðκ− κþÞþðζ1−ζþ1 Þð1−2αgÞþζ2ð3−4αgÞ�;

T 3ðαiÞ¼−120ð3ζ2−ζþ2 Þðαq̄−αqÞαq̄αqαg;
T 4ðαiÞ¼ 30α2gðαq̄−αqÞ½ðκþ κþÞþðζ1þζþ1 Þð1−2αgÞþζ2ð3−4αgÞ�;
SðαiÞ¼ 30α2gfðκþ κþÞð1−αgÞþðζ1þζþ1 Þð1−αgÞð1−2αgÞþζ2½3ðαq̄−αqÞ2−αgð1−αgÞ�g;
S̃ðαiÞ¼−30α2gfðκ−κþÞð1−αgÞþðζ1−ζþ1 Þð1−αgÞð1−2αgÞþ ζ2½3ðαq̄−αqÞ2−αgð1−αgÞ�g: ð16Þ

The constants entering the above DAs are borrowed from
Refs. [17,31] and their values are given in Table II.
Besides the input parameters that are presented in

Tables I and II, sum rules contain two additional param-
eters, namely, the continuum threshold s0 and the Borel
mass parameter M2. The sum rules calculations demand
that the physical calculations should not depend on these
auxiliary parameters. Hence, the working region of M2 is

determined by requiring that the following conditions are
satisfied: i) the continuum and higher-states contributions
are suppressed compared to the pole contribution, ii) the
perturbative contributions are dominant over the nonper-
turbative ones, and iii) the OPE series converges. The upper
bound ofM2 is determined by the condition that the higher-
states contribution should be less than 40% with respect to
the contributions coming from the perturbative ones, i.e.,
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R s0
m2

Q
ρðsÞe−s=M2

dsR∞
m2

Q
ρðsÞe−s=M2

ds
< 0.4:

The lower limit of M2 is obtained from the condition that
the OPE series—that is, the higher-twist contributions—
should be smaller than the leading-twist contributions.

These conditions lead to the following working region
of M2:

4.0 GeV2 ≤ M2 ≤ 10.0 GeV2 for the D2 → DðD�Þγ;
12.0 GeV2 ≤ M2 ≤ 20.0 GeV2 for the B2 → BðB�Þγ:

The values of the continuum threshold s0 are
obtained from the analysis of the mass sum rules,
and are given as ðs0ÞD2

¼ ð8.5� 0.5Þ GeV2, ðs0ÞDs2
¼

ð9.5� 0.5Þ GeV2 [16,29], ðs0ÞB2
¼ ð39� 1Þ GeV2, and

ðs0ÞBs2
¼ ð41� 1Þ GeV2 [30].

Having determined the working regions of M2 and s0,
we now study the dependence of g and hi on M2 at several
fixed values of s0. We observe that, indeed, g and hi
demonstrate good stability with respect to the variation in
M2 in its working region.
The dependences of g and hi on s0 at several fixed values

of M2 are also analyzed. We find that these couplings
exhibit very weak dependences on the variation of s0. Our
final results for the transition form factors g and hi are
presented in Table III.
Having obtained the form factors, the decay widths

of the corresponding transitions can be estimated. The
width(s) for the generic A → Bγ is given by the following
expression:

ΓðA → BγÞ ¼ α

4m3
A

1

2sA þ 1
ðm2

A −m2
BÞjMj2;

where sA is the spin of the initial particle A. Using
this expression for the decay width and substituting
the values of g and hi from Table III, below we list
the numerical values for the decay widths of the
radiative decays of the heavy-light tensor mesons under
consideration:

TABLE I. The values of the input parameters.

hq̄qið1 GeVÞ ð−0.246þ0.028
−0.019 Þ3 GeV3 [26]

hs̄sið1 GeVÞ 0.8 × ð−0.246þ0.028
−0.019 Þ3 GeV3 [27]

m2
0 ð0.8� 0.1Þ GeV2 [27]

msð2 GeVÞ 96þ8
−4 MeV [6]

fD2
0.0228� 0.0068 [28]

fDs2
0.023� 0.011 [29]

fB2
0.0050� 0.0005 [30]

fBs2
0.0060� 0.0005 [30]

fD ð0.210� 0.011Þ GeV [30]
fDs

ð0.259� 0.010Þ GeV [30]

fD� ð0.263� 0.021Þ GeV [30]
fD�

s
ð0.308� 0.021Þ GeV [30]

fB ð0.192� 0.013Þ GeV [30]
fBs

ð0.231� 0.016Þ GeV [30]

fB� ð0.196þ0.028
−0.027 Þ GeV [30]

fB�
s

ð0.255� 0.019Þ GeV [30]

TABLE II. The values of the constant parameters entering into
the distribution amplitudes at the renormalization scale μ ¼
1 GeV [17,31].

φ2 κ κþ ξ1 ξþ1 ξ2 ξþ2 f3γðGeV2Þ ωV
γ ωA

γ

0.0 0.2 0.0 0.4 0.0 0.3 0.0 ð−4.0�2.0Þ
×10−3

3.8�1.8 −2.1�1.0

TABLE III. The values of the form factors g and hi at the point Q2 ¼ 0.

gðGeV−2Þ h1 h2ðGeV−2Þ h3ðGeV−2Þ
D0

2 → D0γ −0.34� 0.03

Dþ
2 → Dþγ 0.26� 0.03

Ds2 → Dsγ 0.13� 0.03

D0
2 → D�0γ −0.025� 0.001 1.21� 0.19 0.87� 0.13

Dþ
2 → D�þγ −0.15� 0.02 −1.40� 0.30 −0.90� 0.20

Ds2 → D�
sγ −0.13� 0.02 −1.10� 0.20 −0.70� 0.08

B−
2 → B−γ −0.35� 0.03

B0
2 → B0γ 0.14� 0.02

Bs2 → Bsγ 0.080� 0.004
B−
2 → B�−γ 0.95� 0.10 4.60� 0.60 2.80� 0.40

B0
2 → B�0γ 0.17� 0.03 −1.30� 0.15 −1.10� 0.11

Bs2 → B�
sγ 0.12� 0.02 −1.00� 0.10 −0.80� 0.04
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ΓðD0
2 → D0γÞ ¼ ð3.19� 0.54Þ keV;

ΓðDþ
2 → DþγÞ ¼ ð1.86� 0.46Þ keV;

ΓðDs2 → DsγÞ ¼ ð2.32� 0.46Þ keV;
ΓðD0

2 → D�0γÞ ¼ ð5.54� 1.69Þ keV;
ΓðDþ

2 → D�þγÞ ¼ ð15.40� 5.10Þ keV;
ΓðDs2 → D�

sγÞÞ ¼ ð10.20� 3.50Þ keV;
ΓðB−

2 → B−γÞ ¼ ð1.61� 0.29Þ keV;
ΓðB0

2 → B0γÞ ¼ ð0.26� 0.08Þ keV;
ΓðBs2 → BsγÞ ¼ ð0.088� 0.008Þ keV;
ΓðB−

2 → B�−γÞ ¼ ð50.70� 11.22Þ keV;
ΓðB0

2 → B�0γÞ ¼ ð0.60� 0.17Þ keV;
ΓðBs2 → B�

sγÞÞ ¼ ð0.36� 0.08Þ keV:

Using the experimental values of the decay widths of the
tensor mesons under consideration—which are ΓðD2Þ ¼
ð46.7� 1.2Þ MeV, ΓðDs2Þ ¼ ð16.9� 0.8Þ MeV, ΓðB2Þ¼
ð20�5ÞMeV, and ΓðBs2Þ ¼ ð1.47 � 0.33Þ MeV—we
observe that the branching ratios of the considered radi-
ative decays are of the order of 10−3–10−5. Referring

to these results, we can comment that the radiative decays
of the heavy-light tensor mesons are quite accessible
at LHCb.

IV. CONCLUSION

In the present work the radiative decays of the
tensor mesons to heavy-light pseudoscalar and vector
mesons were studied within the LCSR. For this purpose,
we first calculated the transition form factors entering
into the matrix element of the relevant decays. Using the
values of the relevant form factors at the point Q2 ¼ 0,
we then estimated the corresponding decay widths.
We observed that the branching ratios of the considered
decays are larger than 10−5, and therefore they could
potentially be measured at LHCb in the near future.

APPENDIX: EXPRESSIONS FOR THE
INVARIANT FUNCTIONS ΠðPÞ AND ΠðVÞ

i

In this appendix we present the expressions for the
invariant functions ΠðPÞ and ΠðVÞ

i in Eqs. (14) and (15).

1. TQ → PQγ transition

ϵαμλτpλqτqν structure:

ΠðPÞ ¼ e−m
2
Q=M

2

6912M8
eqhg2sG2im4

Qhq̄qið1þ 2u0ÞAðu0Þ

þ e−m
2
Q=M

2

6912M6π2
m2

Qf48eQm2
0mQmqπ

2hq̄qi þ eqhg2sG2i½3mqe
m2

Q=M
2ðJ 0 þm2

QJ 1Þ
þ 2π2hq̄qið1 − 2u0ÞAðu0Þ þ 2π2f3γmQð1þ 2u0Þψaðu0Þ�g

þ e−m
2
Q=M

2

6912M4π2
mQf144eQm2

0mQπ
2hq̄qi − 3eqhg2sG2imQmq½2γE − em

2
Q=M

2ð2I1 þ J 1 þ 2m2
QðI2 þ J 2ÞÞ�

− 2eqhg2sG2iπ2½2mQhq̄qið1þ 2u0Þχφγðu0Þ − f3γð1 − 6u0Þψaðu0Þ�g

−
e−m

2
Q=M

2

2304M2π2
feqhg2sG2i½2mQ þmqð1þ 2γEÞ�

− 48eQðm2
0 − 2mQmqÞπ2hq̄qi þ eqm2

Q½24π2hq̄qið1þ 2u0ÞAðu0Þ
− hg2sG2imqe

m2
Q=M

2ð2I2 þ J 2 þm2
Qð3I3 þ 2J 3ÞÞ�g

−
e−m

2
Q=M

2

1728mQM2
eqhg2sG2i½2mQhq̄qiχφγðu0Þ þ f3γψaðu0Þ�

−
M2

32π2
m3

Qf2eQ½I2 −mQðmQ þmqÞI3� − eqmQ½2mQI3 − 2mqJ 3 −m2
QmqðI4 þ 3J 4Þ�g

þ e−m
2
Q=M

2

24
M2eqhq̄qið1þ 2u0Þχφγðu0Þ:
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2. TQ → VQγ transition

ðεðγÞ · pÞqμgνρ structure:

ΠðVÞ
1 ¼−

M4

16π2
ðeQ−eqÞm6

Qð3I4−4m2
QI5Þþ

M2

16π2
m4

Qf2eqmQmqI3þeQ½I2−mQðmQþ2mqÞI3�g

−
M2e−m

2
Q=M

2

24
feqf3γ½4j̃1ðψvÞþψaðu0Þ�g−

e−m
2
Q=M

2

432M6
m3

Qhq̄qi½6eQm2
0mQmq−eqhg2sG2ij̃2ðhγÞ�

−
e−m

2
Q=M

2

1728M4
mQf24eQm2

0mQð3mQ−mqÞhq̄qiþeqhg2sG2i½4hq̄qij̃2ðhγÞ−f3γmQð4j̃1ðψvÞþψaðu0ÞÞ�g

−
e−m

2
Q=M

2

1728π2mQM2
f3eqhg2sG2im2

Qmq−72eQmQ½2m2
Qmq−m2

0ðmQ−mqÞ�π2hq̄qi

þeqhg2sG2iπ2½4hq̄qij̃2ðhγÞ−f3γmQð4j̃1ðψvÞþψaðu0ÞÞ�g

þ e−m
2
Q=M

2

1152mQπ
2
½96eQmQð2mQ−mqÞπ2hq̄qiþeqhg2sG2iðmQþ2mq−4m5

Qe
m2

Q=M
2

I3Þ�−
e−m

2
Q=M

2

6
½eqmQhq̄qij̃2ðhγÞ�:

ðεðγÞ · pÞpμqνqρ structure:

ΠðVÞ
2 ¼ M2

16π2
m4

Q½ð2eQ−eqÞI3Þ−m2
Qð6eQ−4eqÞI4þ4ðeQ−eqÞm4

QI5�

−
e−m

2
Q=M

2

864M8
eqhg2sG2im3

Qhq̄qi½ð1þ2u0Þj̃2ðhγÞþ2j̃3ðhγÞ�

þe−m
2
Q=M

2

3456M6
mQf48eQm2

0mQmqhq̄qiþeqhg2sG2i½4f3γmQð3þ2u0Þj̃1ðψvÞ−4ð1−6u0Þhq̄qij̃2ðhγÞþ24hq̄qij̃3ðhγÞ
þf3γmQð8j̃2ðψvÞ−ð1þ2u0Þψaðu0ÞÞ�g

þ e−m
2
Q=M

2

1728mQM4
f72eQm2

0mQmqhq̄qiþeqhg2sG2i½12f3γmQj̃1ðψvÞþ4hq̄qij̃2ðhγÞ−f3γmQψ
aðu0Þ�g

−
e−m

2
Q=M

2

1152M2π2
f96eQmqπ

2hq̄qi−eqhg2sG2i½1þm2
Qe

m2
Q=M

2ðI2−4m2
QI3Þ�−96eqmQπ

2hq̄qi½ð1þ2u0Þj̃2ðhγÞþ2j̃3ðhγÞ�g

−
e−m

2
Q=M

2

48
eqf3γf4ð3þ2u0Þj̃1ðψvÞþ8j̃2ðψvÞ−ð1þ2u0Þψaðu0Þg:

εðγÞρ qμqν structure:

ΠðVÞ
3 ¼ −

M4e−m
2
Q=M

2

16π2
f2eq½1 −m6

Qe
m2

Q=M
2ðI4 −m2

QI5Þ� þ eQm2
Qe

m2
Q=M

2 ½I2 − 2m4
QðI4 þm2

QI5Þ�g

−
e−m

2
Q=M

2

3456M8
½eqhg2sG2im5

Qð1þ 2u0Þhq̄qiAðu0Þ� −
1

1152M6π2
eqgGgGm3

Qmq½J 0 þm2
QJ 1�

−
e−m

2
Q=M

2

1728M6
m3

Qf24eQm2
0mQmqhq̄qi − eqhg2sG2if6hq̄qiu0Aðu0Þ − ð1þ 2u0Þhq̄qij̃1ðhγÞ

þ 4hq̄qi½u0j̃2ðhγÞ þ j̃3ðhγÞ� − f3γmQð1þ 2u0Þψaðu0Þ�g
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þ 1

1152M4π2
eqhg2sG2imQmq½3J 0−m2

Qð3I1−J 1Þ−3m4
QðI2þJ 2Þ�

þ e−m
2
Q=M

2

6912M4π2
mQf12mQ½eqγEhg2sG2imQmq−8eQm2

0ð3mQ−2mqÞπ2hq̄qi�
þ12eqhg2sG2iπ2hq̄qið1−2u0ÞAðu0Þ−4eqhg2sG2iπ2hq̄qið1−6u0Þj̃1ðhγÞ
þeqhg2sG2iπ2½8f3γmQð1þ2u0Þj̃1ðψvÞþ16hq̄qið2−3u0Þj̃2ðhγÞ−48hq̄qij̃3ðhγÞ�
þ4eqhg2sG2imQπ

2½2mQhq̄qið1þ2u0Þχφγðu0Þf3γð4j̃2ðψvÞ−ð1−5u0Þψaðu0Þ
þψvðu0Þþ2u0ψvðu0ÞÞ�−f3γeqhg2sG2imQπ

2ð1þ2u0Þψa0ðu0Þg

þ 1

1152M2π2
eqhg2sG2imQmqf6I1þ3J 1−m2

Q½I2−2J 2þm2
Qð9I3þ6J 3Þ�g

þ e−m
2
Q=M

2

3456mQM2π2
f3mQ½eqhg2sG2imQð2mQþmq−2γEmqÞþ8eQð5m2

0þ12m2
QÞmqπ

2hq̄qi�

þeqπ2½72m4
Qhq̄qið1þ2u0ÞAðu0Þþhg2sG2ið4hq̄qij̃1ðhγÞ−8hq̄qij̃2ðhγÞ

þmQf4mQhq̄qið1−6u0Þχφγðu0Þþf3γ½8j̃1ðψvÞþ2ψaðu0Þþ4ψvðu0Þ−ψa0ðu0Þ�gÞ�g

−
e−m

2
Q=M

2

576mQπ
2
eqγEmqðhg2sG2iþ72m2

QM
2Þ

−
1

16π2
m3

QM
2feQðmQþ2mqÞI2−eQm3

QI3−eqmq½J 2þm2
QðI3þ2J 3Þ�g

−
e−m

2
Q=M

2

96
eqM2f8ðf3γþ2f3γu0Þj̃1ðψvÞþ8mQhq̄qið1þ2u0Þχφγðu0Þ

þ4f3γ½4j̃2ðψvÞ−ð2þu0Þψaðu0Þþψvðu0Þþ2u0ψvðu0Þ�−f3γð1þ2u0Þψa0ðu0Þg

þ 1

1152π2
eqmQf72m2

QmqðJ 1þm2
QJ 2Þ−hg2sG2i½2m3

QI3−mqð6I2þ3J 2þm2
Q½I3þ2J 3−m2

Qð11I4þ6J 4Þ�Þ�g

þ e−m
2
Q=M

2

1728mQπ
2
f3eqhg2sG2iðmQ−mqÞþ144eQmQð2mQ−mqÞπ2hq̄qi

þ4eqπ2½18m2
Qhq̄qiðAðu0Þþð1þ2u0Þj̃1ðhγÞ−4½u0j̃2ðhγÞþ j̃3ðhγÞ�Þ

−hg2sG2ihq̄qiχφγðu0Þþ18f3γm3
Qð1þ2u0Þψaðu0Þ�g; ðA1Þ

where s0 is the continuum threshold, M2
1 ¼ M2

2 ¼ 2M2, and

u0 ¼
M2

1

M2
1 þM2

2

¼ 1

2
; M2 ¼ M2

1M
2
2

M2
1 þM2

2

:

The integral functions Inðn ¼ 1;…; 5Þ, J nðn ¼ 0;…; 4Þ, and j̃nðfðu0ÞÞðn ¼ 1; 2; 3Þ are defined as

In ¼
Z

s0

m2
b

ds
e−s=M

2

sn
;

J n ¼
Z

s0

m2
b

ds
ln½M2ðs −m2

QÞ=ðΛ2sÞ�
sn

e−s=M
2

;

j̃nðfÞ ¼
Z

1

u0

duðu − u0Þðn−1ÞfðuÞ; and; ψ 0aðu0Þ ¼
dψaðuÞ
du

				
u¼u0

:
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