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We use the method of light-cone sum rules to study the electromagnetic transition of the Ξ�þþ
cc into Ξþþ

cc γ,
whose decay width is estimated to be 13.7þ17.7

−7.9 keV. This value is large enough for the Ξ�þþ
cc to be observed

in the Ξþþ
cc γ channel, and we propose to continually search for it in future LHCb and BelleII experiments.

DOI: 10.1103/PhysRevD.97.034018

I. INTRODUCTION

The doubly heavy baryons provide an ideal platform to
study the heavy quark symmetry, and have been inves-
tigated in various experimental and theoretical studies
during the past three decades [1]. Experimentally, in
2002 the SELEX collaboration reported the evidence of
the doubly charmed baryon Ξþ

ccð3519Þ in the Ξþ
cc →

Λþ
c K−πþ process and determined its mass to be 3518.9�

0.9 MeV [2]. However, all the other experiments did not
confirm this [3]. Theoretically, lots of methods and models
have been applied to study the doubly charmed baryons,
such as the bag model [4], various quark models [5], QCD
sum rules [6], lattice QCD [7], etc. [8]. We refer to reviews
[9] for more relevant discussions.
Recently, the doubly heavy baryon Ξþþ

cc ð3621Þ was
discovered by the LHCb collaboration in the Λþ

c K−πþπþ
mass spectrum [10], which channel was previously sug-
gested by Yu et al. in Ref. [11]. The LHCb experiment
measured its mass to be

MΞþþ
cc

¼ 3621.40� 0.72� 0.27� 0.14 MeV; ð1Þ

which value is significantly larger than the mass of the
Ξþ
ccð3519Þ determined by SELEX [2]. Because the Ξþþ

cc and
Ξþ
cc are isospin partners whose mass difference should be

only a few MeV, the LHCb experiment [10] did not confirm
the SELEX experiment [2] either, but discovered a new state.
The discovery of the Ξþþ

cc ð3621Þ quickly attracted much
attention from the hadron physics community, and many
theoretical methods were applied to study it [12]. Especially,
its weak decay properties were studied in Ref. [13], its
magnetic moments were studied in Ref. [14], and its relevant
molecular states were investigated in Ref. [15].
Besides themass of theΞþþ

cc ð3621Þ, the LHCb experiment
preferentially retains longer-livedΞþþ

cc candidates and favors
the JP ¼ 1/2þ assignment [10]. Hence, it is natural to
continually search for the doubly charmed baryon Ξ�þþ

cc

of JP ¼ 3/2þ. One of its possible decay channels is the
radiative decay Ξ�þþ

cc → Ξþþ
cc γ. This has been investigated

and the decay width of Ξ�þþ
cc → Ξþþ

cc γ was evaluated to be a
few or tens of keV when using various phenomenological
models [16–21]. Very probably, these values are much larger
than the weak decay width of the Ξ�þþ

cc , making it possible
and promising to search for the Ξ�þþ

cc in the Ξþþ
cc γ channel.

To further verify the above results, in this paper we use
the method of light-cone sum rules to study the electro-
magnetic transition of the Ξ�þþ

cc into Ξþþ
cc γ, based on our

previous study on the mass spectrum of doubly charmed
baryons using QCD sum rules [22]. This paper is organized
as follows. In Sec. II we shall use the light-cone sum rules
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to study the electromagnetic transition of the Ξ�þþ
cc into

Ξþþ
cc γ. The numerical analyses will be done in Sec. III, and

the results will be summarized and discussed in Sec. IV.

II. LIGHT-CONE SUM RULES

In this section we use the method of light-cone sum rules
to study the electromagnetic transition of the Ξ�þþ

cc into
Ξþþ
cc γ, which method has been widely used to study decay

properties of hadrons [23–25]. We have also systematically
studied mass spectra and decay properties of singly
charmed baryons using QCD sum rules and light-cone
sum rules in the framework of the heavy quark effective
theory [26].
To use this method we first investigate the following

three-point correlation function:

Παðp; k; q; ϵÞ

¼
Z

d4xe−ik·xh0jJΞ�þþ
cc ;αð0ÞJ̄Ξþþ

cc
ðxÞjγðq; ϵÞi; ð2Þ

where pð¼ kþ qÞ, k, q are the momenta of the Ξ�þþ
cc , Ξþþ

cc ,
and γ, respectively; ϵ is the polarization vector of the γ.
Note that we have interchanged the initial and final states to
be Ξþþ

cc γ → Ξ�þþ
cc in the above equation. The currents JΞþþ

cc

and JΞ�þþ
cc ;α have been given in Ref. [22]:

JΞþþ
cc
ðxÞ ¼ cos θ1 × η1ðxÞ þ sin θ1 × η01ðxÞ

¼ cos θ1 × ϵabcðcTaðxÞCγμcbðxÞÞγμγ5qcðxÞ
þ sin θ1 × ϵabcðqTaðxÞCγ5cbðxÞÞccðxÞ

¼ t1 × ϵabcðcTaðxÞCγμcbðxÞÞγμγ5qcðxÞ
þ t2 × ϵabcðcTaðxÞCσμνcbðxÞÞσμνγ5qcðxÞ; ð3Þ

JΞ�þþ
cc ;αðxÞ¼ cosθ2×η3αðxÞþ sinθ2×η03αðxÞ

¼ cosθ2×Γαμϵ
abcðcTaðxÞCγμcbðxÞÞqcðxÞ

þ sinθ2×Γαμϵ
abcðqTaðxÞCγμcbðxÞÞccðxÞ; ð4Þ

where

t1 ¼ cos θ1 −
sin θ1
4

;

t2 ¼ −
sin θ1
8

; ð5Þ
and Γαμ is the projection operator

Γμν ¼ gμν −
1

4
γμγν: ð6Þ

The above two currents couple to the Ξþþ
cc and Ξ�þþ

cc
through

h0jJΞþþ
cc
jΞþþ

cc i ¼ fΞþþ
cc
uΞþþ

cc
ðpÞ; ð7Þ

h0jJΞ�þþ
cc ;αjΞ�þþ

cc i ¼ fΞ�þþ
cc

uΞ�þþ
cc ;αðpÞ: ð8Þ

At the hadronic level, we write the amplitude of the
Ξ�þþ
cc → Ξþþ

cc γ as

MΞ�þþ
cc →Ξþþ

cc γ ¼ egϵμνρσūΞþþ
cc
uΞ�þþ

cc ;ρpμqνϵ�σ; ð9Þ
where g≡ gΞ�þþ

cc →Ξþþ
cc γ is the coupling constant and e is the

charge of the proton. Inserting Eqs. (7)–(9) into Eq. (2), we
find Παðp; k; q; ϵÞ has the following pole terms:

Παðp;k;q;ϵÞ ¼ egϵμνρσpμqνϵσ ×
fΞ�þþ

cc
fΞþþ

cc

ðp2 −M2
Ξ�þþ
cc

Þðk2 −M2
Ξþþ
cc
Þ

×

�
gαρ−

1

3
γαγρ−

pαγρ−pργα
3MΞ�þþ

cc

−
2pαpρ

3M2
Ξ�þþ
cc

�

× ðpþMΞ�þþ
cc

ÞðkþMΞþþ
cc
Þ

≈
2e
3
gϵανρσpνqρϵσ ×

fΞ�þþ
cc

fΞþþ
cc

ðp2− M̃2Þ2× ðp2þ M̃2Þ

þ � � � ; ð10Þ
where its leading component is obtained after assuming that
p ≈ k ≫ q, MΞþþ

cc
≈MΞ�þþ

cc
, and M̃ ≡ ðMΞþþ

cc
þMΞ�þþ

cc
Þ/2.

Note that we have kept only the double-pole term but
omitted the single-pole terms, which gives some but not
large uncertainties. Here we have used the following
formula for the baryon fields of spin 1/2 and 3/2:
X
spin

uðpÞūðpÞ ¼ pþm; ð11Þ

X
spin

uμðpÞūνðpÞ

¼
�
gμν−

1

3
γμγν−

pμγν−pνγμ
3m

−
2pμpν

3m2

�
ðpþmÞ: ð12Þ

At the quark and gluon level, we calculate Παðp; k; q; ϵÞ
using the method of operator product expansion (OPE)
[27]. The result is quite messy, so we show it in Eq. (A1) in
Appendix A. It can be naturally separated into two parts,
i.e., the photon can be omitted either from the light quark or
from the two charm quarks. There are many light-cone
photon distribution amplitudes contained in that equation,
whose definitions can be found in Ref. [24]. For com-
pleteness, they are also listed in Appendix B.
Finally, we use the approximation p ≈ k ≫ q once

more to write the two coefficients e−ikxe−ið1−uÞqx and
e−ikxe−iðα2þwα3Þqx as e−ipx. After performing the Borel
transformation at both the hadron and quark-gluon levels,
we obtain the sum rules as shown in Eq. (A5) in
Appendix A, where s0 and MB are the threshold value
and Borel mass, respectively.
Similarly, we calculate the sum rules related to electro-

magnetic transitions of some other doubly charmed
and bottom baryons, i.e., Ξ�þ

cc → Ξþ
ccγ, Ω�þ

cc → Ωþ
ccγ,

Ξ�0
bb → Ξ0

bbγ, Ξ�−
bb → Ξ−

bbγ, and Ω�−
bb → Ω−

bbγ. We shall use
them to perform numerical analyses in the next section.
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III. NUMERICAL ANALYSES

To perform numerical analyses, we use the following
values at the energy scale μ ¼ 1 GeV:
(1) The parameters in the distribution amplitudes take

the following values [24,28]:

f3γ ¼ −ð4� 2Þ × 10−3 GeV2;

ωV
γ ¼ 3.8� 1.8;

ωA
γ ¼ −2.1� 1.0;

χ ¼ ð3.15� 0.10Þ GeV−2;

κ ¼ 0.2;

ζ1 ¼ 0.4;

ζ2 ¼ 0.3;

κþ ¼ ζþ1 ¼ ζþ2 ¼ 0: ð13Þ

Note that we use the above values for both the vector
mesons ρ and ϕ, which can give some but not large
uncertainties.

(2) The quark and gluon condensates take the following
values [1,29]:

hq̄qi ¼ −ð0.24� 0.01Þ3 GeV3;

hs̄si ¼ 0.8 × hq̄qi;
hg2sGGi ¼ ð0.48� 0.14Þ GeV4;

hgsq̄σGqi ¼ M2
0 × hq̄qi;

hgss̄σGsi ¼ M2
0 × hs̄si;

ms ¼ 96þ8
−4 MeV;

mc ¼ 1.23� 0.09 GeV;

mb ¼ 4.18þ0.04
−0.03 GeV: ð14Þ

(3) There are many parameters related to the doubly
charmed interpolating currents JΞþþ

cc
and JΞ�þþ

cc ;α.
We list them in Table I together with those related
to JΩþ

cc
and JΩ�þ

cc ;α. The parameters related to JΞþ
cc
and

JΞ�þ
cc ;α are the same as those related to JΞþþ

cc
and

JΞ�þþ
cc ;α. All these values are taken from Ref. [22],

where the mass spectrum of doubly charmed bary-
ons is investigated by using the method of QCD sum
rules.
We also use the same QCD sum rule method to

evaluate the parameters related to their bottom
partners, i.e., the S-wave doubly charmed baryons

Ξð�Þ
bb and Ωð�Þ

bb . The extracted masses are listed in
the last column of Table I, which are consistent
with Ref. [30], where the mass spectrum of doubly
heavy baryons is investigated by using the relativ-
istic quark model. Note that although we list the
mass values evaluated using QCD sum rules, we do
not use them for numerical analyses in the present
study.

(4) The mass of the Ξþþ
cc has been measured by the

LHCb collaboration to be MΞþþ
cc

¼ 3621.40�
0.72� 0.27� 0.14 MeV [10]. For the masses of
the Ξ�þþ

cc and other doubly charmed baryons, we
take the values from Ref. [30], where the mass
spectrum of doubly heavy baryons is investigated by
using the relativistic quark model. We list all these
values in the second column of Table I, which will be
used for numerical analyses in the following.

Inserting the above values into the sum rule (A5), we
evaluate the coupling constant gΞ�þþ

cc →Ξþþ
cc γ to be

gΞ�þþ
cc →Ξþþ

cc γ

¼ 0.30þ0.16
−0.11 GeV

−2

¼ 0.304þ0.024
−0.026

þ0.007
−0.014

þ0.033
−0.028

þ0.093
−0.045

þ0.118
−0.087 GeV

−2; ð15Þ

TABLE I. Parameters related to doubly charmed baryons and their relevant interpolating currents, taken from Refs. [10,22,30]. The
parameters related to JΞþ

cc
and JΞ�þ

cc ;α are the same as those related to JΞþþ
cc

and JΞ�þþ
cc ;α. Note that we use the mass values listed in the

second column for numerical analyses. The mass values listed in the last (eighth) column are evaluated using the QCD sum rule method,
which we do not use for numerical analyses in the present study.

Baryon Mass (GeV) Currents Mixing angle s0 (GeV2) M2
B (GeV2) f (GeV3) Mass (GeV) [22]

Ξþþ
cc 3621.40 [10] JΞþþ

cc
θ1 ¼ −11� 5° 25� 3 3.5� 0.3 0.15þ0.02

−0.03 3.58þ0.15
−0.16

Ξ�þþ
cc 3727 [30] JΞ�þþ

cc
θ2 ¼ 6� 3° 25� 3 3.5� 0.3 0.061þ0.006

−0.009 3.58þ0.14
−0.10

Ωþ
cc 3778 [30] JΩþ

cc
θ1 ¼ −11� 5° 25� 3 3.5� 0.3 0.17þ0.02

−0.03 3.70þ0.13
−0.15

Ω�þ
cc 3872 [30] JΩ�þ

cc
θ2 ¼ 6� 3° 25� 3 3.5� 0.3 0.074þ0.008

−0.011 3.69þ0.11
−0.15

Ξ0
bb 10202 [30] JΞþþ

bb
θ1 ¼ −11� 5° 130� 10 28� 3 0.67þ0.20

−0.20 10.37þ0.31
−0.34

Ξ�0
bb 10237 [30] JΞ�þþ

bb
θ2 ¼ 6� 3° 135� 10 34� 3 0.29þ0.08

−0.07 10.47þ0.32
−0.32

Ω−
bb 10359 [30] JΩþ

bb
θ1 ¼ −11� 5° 130� 10 28� 3 0.82þ0.22

−0.22 10.45þ0.29
−0.32

Ω�−
bb 10389 [30] JΩ�þ

bb
θ2 ¼ 6� 3° 135� 10 34� 3 0.38þ0.09

−0.09 10.60þ0.29
−0.31
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where the uncertainties are due to the mixing angles θ1/2,
the threshold value s0, the Borel mass MB, the decay
constants fΞþþ

cc
and fΞ�þþ

cc
, and various condensates and

parameters in the OPE series and distribution amplitudes,
respectively.
For completeness, we show the coupling constant

gΞ�þþ
cc →Ξþþ

cc γ as a function of the Borel mass in Fig. 1,
and find that the curve is quite stable inside the Borel
window 3.2 GeV2 < M2

B < 3.8 GeV2.
Finally, we use the following decay formula,

ΓΞ�þþ
cc →Ξþþ

cc γ ¼
jq⃗j

8πM2
Ξ�þþ
cc

×

���� 14
X
spin

MΞ�þþ
cc →Ξþþ

cc γ

����
2

; ð16Þ

to obtain

ΓΞ�þþ
cc →Ξþþ

cc γ ¼ 13.7þ17.7
−7.9 keV; ð17Þ

where jq⃗j is the momentum of the photon in the rest frame
of the Ξ�þþ

cc . Note that the uncertainties of the masses of the
Ξþþ
cc and Ξ�þþ

cc have not been taken into account. Neither do
some of the parameters contained in the distribution
amplitudes, such as κ and κþ, etc. Moreover, we have

made some approximations when deriving Eq. (10).
Therefore, the total uncertainties can be larger and the
final result can be 3 times larger or smaller than those we
have obtained, i.e., 13.7þ200%

−67% keV, while we shall still use
Eq. (17) as our prediction.
Using the same approach, we calculate the following

coupling constants,

gΞ�þ
cc →Ξþ

ccγ ¼ 0.23þ0.13
−0.09 GeV−2;

gΩ�þ
cc →Ωþ

ccγ ¼ 0.22þ0.11
−0.08 GeV−2;

gΞ�0
bb→Ξ0

bbγ
¼ 0.050þ0.026

−0.018 GeV−2;

gΞ�−
bb→Ξ−

bbγ
¼ 0.081þ0.031

−0.020 GeV−2;

gΩ�−
bb→Ω−

bbγ
¼ 0.053þ0.015

−0.013 GeV−2; ð18Þ

and estimate their relevant electromagnetic transitions to be

ΓΞ�þ
cc →Ξþ

ccγ ¼ 8.1þ11.1
−4.9 keV;

ΓΩ�þ
cc →Ωþ

ccγ ¼ 5.4þ6.9
−3.1 keV;

ΓΞ�0
bb→Ξ0

bbγ
¼ 0.11þ0.13

−0.07 keV;

ΓΞ�−
bb→Ξ−

bbγ
¼ 0.28þ0.24

−0.13 keV;

ΓΩ�−
bb→Ω−

bbγ
¼ 0.08þ0.05

−0.04 keV: ð19Þ

We list all the above decay widths in Table II.

IV. SUMMARY AND DISCUSSIONS

In this paper we have used the method of light-cone sum
rules to study the electromagnetic transition of the Ξ�þþ

cc
into Ξþþ

cc γ, whose decay width is estimated to be

ΓΞ�þþ
cc →Ξþþ

cc γ ¼ 13.7þ17.7
−7.9 keV: ð20Þ

We have also investigated electromagnetic transitions of
some other doubly charmed and bottom baryons, including
Ξ�þ
cc → Ξþ

ccγ, Ω�þ
cc → Ωþ

ccγ, Ξ�0
bb → Ξ0

bbγ, Ξ�−
bb → Ξ−

bbγ, and

FIG. 1. The coupling constant gΞ�þþ
cc →Ξþþ

cc γ as a function of the
Borel mass MB.

TABLE II. Electromagnetic transitions of doubly charmed baryons, in units of keV. For comparison, we also list the results
obtained using the bag model [16,17], the nonrelativistic constituent quark model [18], the relativistic constituent three-quark model
including hyperfinemixing effects [19], the relativistic constituent quarkmodel within the diquark picture [20], and the chiral perturbation
theory [21].

Process Our results Ref. [16] Ref. [17] Ref. [18] Ref. [19] Ref. [20] Ref. [21]

Ξ�þþ
cc → Ξþþ

cc γ 13.7þ17.7
−7.9 4.35 1.43 16.7 23.46� 3.33 7.21 22.0

Ξ�þ
cc → Ξþ

ccγ 8.1þ11.1
−4.9 3.96 2.08 14.6 28.79� 2.51 3.90 9.57

Ω�þ
cc → Ωþ

ccγ 5.4þ6.9
−3.1 1.35 0.95 6.93 2.11� 0.11 0.82 9.45

Ξ�0
bb → Ξ0

bbγ 0.11þ0.13
−0.07 � � � � � � 1.19 0.31� 0.06 0.98 � � �

Ξ�−
bb → Ξ−

bbγ 0.28þ0.24
−0.13 � � � � � � 0.24 0.0587� 0.0142 0.21 � � �

Ω�−
bb → Ω−

bbγ 0.08þ0.05
−0.04 � � � � � � 0.08 0.0226� 0.0045 0.04 � � �

CUI, CHEN, CHEN, LIU, and ZHU PHYS. REV. D 97, 034018 (2018)

034018-4



Ω�−
bb → Ω−

bbγ. To study the latter three processes, we have
used the method of QCD sum rules to investigate the mass
spectrum of doubly bottom baryons. The extracted masses
are listed in the last column of Table I, consistent with
Ref. [30] where the mass spectrum of doubly heavy baryons
is investigated by using the relativistic quark model.
We summarized the above results in Table II together

with those evaluated in Refs. [16–21]. Our results are
(slightly) larger than those obtained using the bag model
[16,17], but quite comparable with those obtained using the
nonrelativistic constituent quark model [18], the relativistic
three-quark model including hyperfine mixing effects [19],
the relativistic constituent quark model within the diquark
picture [20], and the chiral perturbation theory [21].
To end this work, we note that the electromagnetic

transition of Ξ�þþ
cc → Ξþþ

cc γ is probably the main decay
mode of the Ξ�þþ

cc , and its decay width is probably large
enough for the Ξ�þþ

cc to be observed in the Ξþþ
cc γ channel.

Considering that the Ξþþ
cc has been recently discovered by

the LHC collaboration [10], we propose to continually
search for the doubly charmed baryon Ξ�þþ

cc of JP ¼ 3/2þ
in future LHCb and BelleII experiments.
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APPENDIX A: LIGHT-CONE SUM
RULE RESULTS

In this Appendix we list the sum rules for the electro-
magnetic transition Ξ�þþ

cc → Ξþþ
cc γ, obtained by calculating

Παðp; k; q; ϵÞ defined in Eq. (2) at the quark and gluon level
using the method of operator product expansion (OPE).
The results are

ΠΞ�þþ
cc →Ξþþ

cc γ
α ðp; k; q; ϵÞ ¼ ΠΞþþ

cc γ→Ξ�þþ
cc

α;light ðp; k; q; ϵÞ þ ΠΞþþ
cc γ→Ξ�þþ

cc
α;heavy ðp; k; q; ϵÞ; ðA1Þ

ΠΞþþ
cc γ→Ξ�þþ

cc
α;light ðp;k;q;ϵÞ¼

Z
d4x

Z
d4p1

ð2πÞ4
Z

d4p2

ð2πÞ4
Z

1

0

du×e−ikxe−ið1−uÞqx× ϵανρσqνϵρ×eu

×

�
cosθ1t1×

�
−
f3γxσð3m2

cþ2p1 ·p2Þ
2ðp2

1−m2
cÞðp2

2−m2
cÞ

ψ ðaÞðuÞþ f3γxσp1 ·p2

72ðp2
1−m2

cÞ2ðp2
2−m2

cÞ2
hg2sGGiψ ðaÞðuÞ

−
f3γxσð3p2

1þ2p1 ·p2Þ
24ðp2

1−m2
cÞ4ðp2

2−m2
cÞ
m2

chg2sGGiψ ðaÞðuÞ− f3γxσð3p2
2þ2p1 ·p2Þ

24ðp2
1−m2

cÞðp2
2−m2

cÞ4
m2

chg2sGGiψ ðaÞðuÞ
�

þ cosθ1t2×

�
−

10iχðp1σþp2σÞ
ðp2

1−m2
cÞðp2

2−m2
cÞ
mchq̄qiϕγðuÞþ

5iχðp1σþp2σÞ
72ðp2

1−m2
cÞ2ðp2

2−m2
cÞ2

mchq̄qihg2sGGiϕγðuÞ

−
5iχðp2

1p2σþm2
cp1σÞ

6ðp2
1−m2

cÞ4ðp2
2−m2

cÞ
mchq̄qihg2sGGiϕγðuÞ−

5iχðp2
2p1σ þm2

cp2σÞ
6ðp2

1−m2
cÞðp2

2−m2
cÞ4

mchq̄qihg2sGGiϕγðuÞ
�

þ sinθ1t1×

�
−
f3γxσð3m2

cþ2p1 ·p2Þ
4ðp2

1−m2
cÞðp2

2−m2
cÞ

ψ ðaÞðuÞ− 3iχðp1σþp2σÞ
ðp2

1−m2
cÞðp2

2−m2
cÞ
mchq̄qiϕγðuÞ

þ f3γxσp1 ·p2

144ðp2
1−m2

cÞ2ðp2
2−m2

cÞ2
hg2sGGiψ ðaÞðuÞþ iχðp1σþp2σÞ

48ðp2
1−m2

cÞ2ðp2
2−m2

cÞ2
mchq̄qihg2sGGiϕγðuÞ

−
f3γxσð3p2

1þ2p1 ·p2Þ
48ðp2

1−m2
cÞ4ðp2

2−m2
cÞ
m2

chg2sGGiψ ðaÞðuÞ− iχðp2
1p2σþm2

cp1σÞ
4ðp2

1−m2
cÞ4ðp2

2−m2
cÞ
mchq̄qihg2sGGiϕγðuÞ

−
f3γxσð3p2

2þ2p1 ·p2Þ
48ðp2

1−m2
cÞðp2

2−m2
cÞ4

m2
chg2sGGiψ ðaÞðuÞ− iχðp2

2p1σþm2
cp2σÞ

4ðp2
1−m2

cÞðp2
2−m2

cÞ4
mchq̄qihg2sGGiϕγðuÞ

�

þ sinθ1t2×

�
−

3f3γxσ
ðp2

1−m2
cÞðp2

2−m2
cÞ
m2

cψ
ðaÞðuÞ− 10iχp2σ

ðp2
1−m2

cÞðp2
2−m2

cÞ
mchq̄qiϕγðuÞ

þ f3γxσ
24ðp2

1−m2
cÞ2ðp2

2−m2
cÞ2

m2
chg2sGGiψ ðaÞðuÞþ 5iχp2σ

72ðp2
1−m2

cÞ2ðp2
2−m2

cÞ2
mchq̄qihg2sGGiϕγðuÞ
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−
f3γp2

1xσ
4ðp2

1 −m2
cÞ4ðp2

2 −m2
cÞ
m2

chg2sGGiψ ðaÞðuÞ − 5iχp2
1p2σ

6ðp2
1 −m2

cÞ4ðp2
2 −m2

cÞ
mchq̄qihg2sGGiϕγðuÞ

−
f3γp2

2xσ
4ðp2

1 −m2
cÞðp2

2 −m2
cÞ4

m2
chg2sGGiψ ðaÞðuÞ − 5iχp2σ

6ðp2
1 −m2

cÞðp2
2 −m2

cÞ4
m3

chq̄qihg2sGGiϕγðuÞ
��

þ
Z

d4x
Z

d4p1

ð2πÞ4
Z

d4p2

ð2πÞ4
Z

1

0

dw
Z

Dα × e−ikxe−iðα2þwα3Þqx × ϵανρσqνϵρ × eu ×mchq̄qi

×

�
cos θ1t2 ×

�
−

ið3p1σ þ p2σÞ
ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞ
SðαÞ þ ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
S̃ðαÞ − ið5p1σ þ 3p2σÞ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T1ðαÞ

þ ið5p1σ þ 3p2σÞ
ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞ
T2ðαÞ −

3ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T3ðαÞ þ

3ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T4ðαÞ

−
iðp1σ þ 3p2σÞ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
SðαÞ þ ip1σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
S̃ðαÞ − ið3p1σ þ 5p2σÞ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T1ðαÞ

þ ið3p1σ þ 5p2σÞ
ðp2

1 −m2
cÞðp2

2 −m2
cÞ2

T2ðαÞ −
3ip1σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T3ðαÞ þ

3ip1σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T4ðαÞ

�

þ sin θ1t1 ×

�
−

ið3p1σ þ p2σÞ
2ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞ
SðαÞ − ip2σ

2ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
S̃ðαÞ − ið3p1σ þ p2σÞ

2ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T1ðαÞ

þ ið3p1σ þ p2σÞ
2ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞ
T2ðαÞ þ

ip2σ

2ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T3ðαÞ −

ip2σ

2ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T4ðαÞ

−
iðp1σ þ 3p2σÞ

2ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
SðαÞ − ip1σ

2ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
S̃ðαÞ − iðp1σ þ p2σÞ

2ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T1ðαÞ

þ iðp1σ þ p2σÞ
2ðp2

1 −m2
cÞðp2

2 −m2
cÞ2

T2ðαÞ þ
ip1σ

2ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T3ðαÞ −

ip1σ

2ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T4ðαÞ

�

þ sin θ1t2 ×

�
−

ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
SðαÞ þ ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
S̃ðαÞ − 3ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T1ðαÞ

þ 3ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T2ðαÞ −

3ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T3ðαÞ þ

3ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
T4ðαÞ

−
3ip2σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
SðαÞ − 5ip2σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T1ðαÞ þ

5ip2σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
T2ðαÞ

��
; ðA2Þ

ΠΞþþ
cc γ→Ξ�þþ

cc
α;heavy ðp;k; q; ϵÞ ¼

Z
d4x

Z
d4p1

ð2πÞ4
Z

d4p2

ð2πÞ4 × e−ikx × ϵανρσqνϵρ × ec

×

�
cosθ1t1 ×

�
12xσðm2

c þp1 ·p2Þ
ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞπ2x4

þ 12xσðm2
c þp1 ·p2Þ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2π2x4
�

þ cosθ1t2 ×

�
2ið3p1σ þp2σÞ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
mchq̄qi−

ix2ð3p1σ þp2σÞ
8ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞ
mchgsq̄σGqi

þ 2iðp1σ þ 3p2σÞ
ðp2

1 −m2
cÞðp2

2 −m2
cÞ2

mchq̄qi−
ix2ðp1σ þ 3p2σÞ

8ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
mchgsq̄σGqi

�

þ sinθ1t1 ×
�
−

6xσðm2
c − 2p1 ·p2Þ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞπ2x4
þ ið3p1σ þp2σÞ
ðp2

1 −m2
cÞ2ðp2

2 −m2
cÞ
mchq̄qi

−
ix2ð3p1σ þp2σÞ

16ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
mchgsq̄σGqi þ

18xσm2
c

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2π2x4
þ iðp1σ þ 3p2σÞ
ðp2

1 −m2
cÞðp2

2 −m2
cÞ2

mchq̄qi

−
ix2ðp1σ þ 3p2σÞ

16ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
mchgsq̄σGqi

�
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þ sin θ1t2 ×

�
48xσm2

c

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞπ2x4
þ 2ip2σ

ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
mchq̄qi

−
ix2p2σ

8ðp2
1 −m2

cÞ2ðp2
2 −m2

cÞ
mchgsq̄σGqi þ

48xσm2
c

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2π2x4

þ 6ip2σ

ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
mchq̄qi −

3ix2p2σ

8ðp2
1 −m2

cÞðp2
2 −m2

cÞ2
mchgsq̄σGqi

��
; ðA3Þ

where eu and ec are the electric charges of the up and charm quarks, respectively. The integration limits are

Z
Dα ¼

Z
1

0

dα1

Z
1

0

dα2

Z
1

0

dα3δð1 − α1 − α2 − α3Þ: ðA4Þ

It can be naturally separated into two parts: ΠΞþþ
cc γ→Ξ�þþ

cc
α;light ðp; k; q; ϵÞ is obtained when the photon is omitted from the light

quark, while ΠΞþþ
cc γ→Ξ�þþ

cc
α;heavy ðp; k; q; ϵÞ is obtained when the photon is omitted from the two charm quarks.

After performing the Borel transformation at both the hadron and quark-gluon levels, we obtain the following sum rules:

Παðs0;MBÞ ≈
2e
3
gϵανρσpνqρϵσ × fΞ�þþ

cc
fΞþþ

cc
×

�
−e−M̃2/M2

B þ 2M̃2

M2
B
e−M̃

2/M2
B

�
¼

Z
s0

s<

e−s/M
2
BρðsÞds; ðA5Þ

where s0 and MB are the threshold value and Borel mass, respectively. The spectral density ρðsÞ is

ρðsÞ ¼
Z

1

0

du × ϵανρσpνqρϵσ ×
eu

16π2
×
Z

αmax

αmin

dα × f3ð2 cos θ1t1 þ sin θ1t1Þ × f3γψ ðaÞðuÞ × ð1 − αÞα

− 2ð10 cos θ1t2 þ 3 sin θ1t1 þ 5 sin θ1t2Þ × χϕγðuÞ ×mchq̄qi × ð1 − αÞg

þ
Z

1

0

du × ϵανρσpνqρϵσ ×
eu

1152π2
×
Z

1

0

dαδ

�
s −

m2
c

ð1 − αÞα
�

×

�
ð2 cos θ1t1 þ sin θ1t1Þ × f3γψ ðaÞðuÞ ×

�
180m2

c − hg2sGGi ×
�

1

M2
B
þ ð1 − 10αÞm2

c

ð1 − αÞ2αM4
B
þ 5m4

c

ð1 − αÞ3M6
B

��

þ 6 sin θ1t2 × f3γψ ðaÞðuÞ × ð72m2
c − hg2sGGi ×

� ð1 − 7αÞm2
c

ð1 − αÞ2αM4
B
þ 2m4

c

ð1 − αÞ3M6
B

�

þ ð10 cos θ1t2 þ 3 sin θ1t1 þ 5 sin θ1t2Þ × χϕγðuÞ ×mchq̄qihg2sGGi ×
�
7α − 6

α2M2
B
þ 2ð1 − 3αþ 3α2Þm2

c

ð1 − αÞ2α3M4
B

��

þ
Z

1

0

dw
Z

Dα × ϵανρσpνqρϵσ ×
eu

16π2
×
Z

1

0

dαδ

�
s −

m2
c

ð1 − αÞα
�
×mchq̄qi ×

�
ð2 cos θ1t2 þ sin θ1t2Þ

×

�
½3SðαÞ þ 5T1ðαÞ − 5T2ðαÞ� þ

1 − α

α
½SðαÞ − S̃ðαÞ þ 3T1ðαÞ − 3T2ðαÞ þ 3T3ðαÞ − 3T4ðαÞ�

�

þ sin θ1t1 ×

�
3½SðαÞ þ T1ðαÞ − T2ðαÞ� þ

1 − α

α
½SðαÞ þ S̃ðαÞ þ T1ðαÞ − T2ðαÞ − T3ðαÞ þ T4ðαÞ�

�

þ ϵανρσpνqρϵσ ×
3ec
32π4

×
Z

αmax

αmin

dα
α

Z
βmax

βmin

dβ ×

�
ð2 cos θ1t1 þ sin θ1t1Þ × ðm2

c − 2m2
cðαþ βÞ þ αβsÞ

þ 8 sin θ1t2 ×m2
c × ð1 − α − βÞ

�

− ϵανρσpνqρϵσ ×
ec

32π2
×
Z

1

0

dαδ

�
s −

m2
c

ð1 − αÞα
�
× ð2 cos θ1t2 þ sin θ1t1 þ sin θ1t2Þ

×mc ×

�
4

�
2þ 1

α

�
hq̄qi þ

�
2

M2
B
þ 1

αM2
B
þ 3m2

c

αM4
B
þ 3m2

c

ð1 − αÞM4
B
þ m2

c

α2M4
B

�
hgsq̄σGqi

�
; ðA6Þ

SUGGESTED SEARCH FOR DOUBLY CHARMED BARYONS … PHYS. REV. D 97, 034018 (2018)

034018-7



where the integration limits are

αmin ¼
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

c/s
p

2
;

αmax ¼
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

c/s
p

2
;

βmin ¼
αm2

c

αs −m2
c
;

βmax ¼ 1 − α:

APPENDIX B: LIGHT-CONE PHOTON
DISTRIBUTION AMPLITUDES

There are many photon distribution amplitudes used in
the present study. We list them in Eqs. (B1)–(B8): ϕγ is the
leading twist-2 distribution amplitude; ψ ðvÞ, ψ ðaÞ, A, and V
are the twist-3 ones; hγ , S, S̃, and T1;2;3;4 are the twist-4
ones. We refer to Ref. [24] for the detailed expressions of
these photon distribution amplitudes, and to Ref. [25] for
more distribution amplitudes of pseudoscalar and vector
mesons:

h0jq̄ðzÞγμqð−zÞjγðλÞðqÞi ¼ eqf3γe
ðλÞ
⊥μ

Z
1

0

dueiξqzψ ðvÞðu; μÞ; ðB1Þ

h0jq̄ðzÞγμγ5qð−zÞjγðλÞðqÞi ¼
1

2
eqf3γεμνqze

ðλÞ
⊥ν

Z
1

0

dueiξqzψ ðaÞðu; μÞ; ðB2Þ

h0jq̄ðzÞσαβqð−zÞjγðλÞðqÞi ¼ ieqχhq̄qiðqβeðλÞα − qαe
ðλÞ
β Þ

Z
1

0

dueiξqzϕγðu; μÞ

þ i
2
eq

hq̄qi
qz

ðzβeðλÞα − zαe
ðλÞ
β Þ

Z
1

0

dueiξqzhγðu; μÞ;

h0jq̄ðzÞgG̃μνðvzÞγαγ5qð−zÞjγðλÞðqÞi ¼ eqf3γqα½qνeðλÞ⊥μ − qμe
ðλÞ
⊥ν�

Z
DαAðαÞe−iqzαv ; ðB3Þ

h0jq̄ðzÞgGμνðvzÞiγαqð−zÞjγðλÞðqÞi ¼ eqf3γqα½qνeðλÞ⊥μ − qμe
ðλÞ
⊥ν�

Z
DαVðαÞe−iqzαv ; ðB4Þ

h0jq̄ðzÞgGμνðvzÞqð−zÞjγðλÞðqÞi ¼ ieqhq̄qi½qνeðλÞ⊥μ − qμe
ðλÞ
⊥ν�

Z
DαSðαÞe−iqzαv ; ðB5Þ

h0jq̄ðzÞgG̃μνðvzÞiγ5qð−zÞjγðλÞðqÞi ¼ ieqhq̄qi½qνeðλÞ⊥μ − qμe
ðλÞ
⊥ν�

Z
Dα S̃ðαÞe−iqzαv ; ðB6Þ

h0jq̄ðzÞσαβgGμνðvzÞqð−zÞjγðλÞðqÞi ¼ eqhq̄qi½qαeðλÞ⊥μg
⊥
βν − qβe

ðλÞ
⊥μg

⊥
αν − qαe

ðλÞ
⊥νg

⊥
βμ þ qβe

ðλÞ
⊥νg

⊥
αμ�T1ðv; qzÞ

þ eqhq̄qi½qμeðλÞ⊥αg
⊥
βν − qμe

ðλÞ
⊥βg

⊥
αν − qνe

ðλÞ
⊥αg

⊥
βμ þ qνe

ðλÞ
⊥βg

⊥
αμ�T2ðv; qzÞ

þ eqhq̄qi
qz

½qαqμeðλÞ⊥βzν − qβqμe
ðλÞ
⊥αzν − qαqνe

ðλÞ
⊥βzμ þ qβqνe

ðλÞ
⊥αzμ�T3ðv; qzÞ

þ eqhq̄qi
qz

½qαqμeðλÞ⊥νzβ − qβqμe
ðλÞ
⊥νzα − qαqνe

ðλÞ
⊥μzβ þ qβqνe

ðλÞ
⊥μzα�T4ðv; qzÞ: ðB7Þ
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Tetraquark, Phys. Rev. Lett. 119, 202001 (2017); E. J.
Eichten and C. Quigg, Heavy-Quark Symmetry Implies
Stable Heavy Tetraquark Mesons QiQjq̄kq̄l, Phys. Rev.
Lett. 119, 202002 (2017); Z. G. Wang, Analysis of the axial
vector doubly heavy tetraquark states with QCD sum rules,
arXiv:1708.04545; R. Chen, A. Hosaka, and X. Liu,
Prediction of triple-charm molecular pentaquarks, Phys.
Rev. D 96, 114030 (2017).

SUGGESTED SEARCH FOR DOUBLY CHARMED BARYONS … PHYS. REV. D 97, 034018 (2018)

034018-9

https://doi.org/10.1103/PhysRevD.13.1355
https://doi.org/10.1103/PhysRevD.13.1355
https://doi.org/10.1143/PTP.82.760
https://doi.org/10.1143/PTP.82.760
https://doi.org/10.1103/PhysRevD.70.094004
https://doi.org/10.1103/PhysRevD.70.094004
https://doi.org/10.1103/PhysRevD.66.034030
https://doi.org/10.1140/epja/i2007-10364-y
https://doi.org/10.1140/epja/i2008-10547-0
https://doi.org/10.1140/epja/i2008-10616-4
https://doi.org/10.1103/PhysRevD.80.034025
https://doi.org/10.1103/PhysRevD.90.094007
https://doi.org/10.1103/PhysRevD.90.094007
https://doi.org/10.1140/epjc/s10052-017-4688-x
https://doi.org/10.1088/1126-6708/2003/07/066
https://doi.org/10.1016/j.nuclphysa.2005.03.090
https://doi.org/10.1103/PhysRevD.81.094505
https://doi.org/10.1103/PhysRevD.87.094512
https://doi.org/10.1103/PhysRevD.87.094512
https://doi.org/10.1016/0370-2693(93)90090-5
https://doi.org/10.1016/0370-2693(93)90090-5
https://doi.org/10.1103/PhysRevD.78.094007
https://doi.org/10.1103/PhysRevD.78.094007
https://doi.org/10.1140/epjc/s10052-010-1357-8
https://doi.org/10.1140/epjc/s10052-010-1357-8
https://doi.org/10.1016/j.physletb.2010.09.051
https://doi.org/10.1016/j.physletb.2010.09.051
https://doi.org/10.1016/j.physletb.2012.07.033
https://doi.org/10.1016/j.physletb.2012.07.033
https://doi.org/10.1016/0146-6410(94)90053-1
https://doi.org/10.1103/PhysRevD.52.1722
https://doi.org/10.1103/PhysRevD.52.1722
https://doi.org/10.1103/PhysRevD.72.034021
https://doi.org/10.1103/PhysRevD.73.094022
https://doi.org/10.1088/0253-6102/49/4/38
https://doi.org/10.1088/0253-6102/49/4/38
https://doi.org/10.1016/j.physletb.2010.05.042
https://doi.org/10.1016/j.cpc.2012.10.022
https://doi.org/10.1103/PhysRevD.91.094030
https://doi.org/10.1103/PhysRevD.91.094030
https://doi.org/10.1103/PhysRevD.92.076008
https://doi.org/10.1103/PhysRevD.92.076008
https://doi.org/10.1088/1361-6633/aa6420
https://doi.org/10.1088/1361-6633/aa6420
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1007/s11467-015-0483-z
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
http://arXiv.org/abs/1703.09086
https://doi.org/10.1103/PhysRevD.96.074004
https://doi.org/10.1103/PhysRevD.96.074004
http://arXiv.org/abs/1708.04563
http://arXiv.org/abs/1709.09315
http://arXiv.org/abs/1709.09746
http://arXiv.org/abs/1709.09903
http://arXiv.org/abs/1709.09903
https://doi.org/10.1140/epjc/s10052-017-5360-1
https://doi.org/10.1140/epjc/s10052-017-5360-1
https://doi.org/10.1140/epjc/s10052-017-5363-y
https://doi.org/10.1140/epjc/s10052-017-5363-y
https://doi.org/10.1103/PhysRevD.96.054013
https://doi.org/10.1103/PhysRevD.96.054013
https://doi.org/10.1103/PhysRevD.96.076011
https://doi.org/10.1103/PhysRevD.96.076011
https://doi.org/10.1140/epjc/s10052-017-5447-8
http://arXiv.org/abs/1707.03598
https://doi.org/10.1103/PhysRevLett.119.202001
https://doi.org/10.1103/PhysRevLett.119.202002
https://doi.org/10.1103/PhysRevLett.119.202002
http://arXiv.org/abs/1708.04545
https://doi.org/10.1103/PhysRevD.96.114030
https://doi.org/10.1103/PhysRevD.96.114030


[16] R. H. Hackman, N. G. Deshpande, D. A. Dicus, and V. L.
Teplitz, M1 transitions in the MIT bag model, Phys. Rev. D
18, 2537 (1978).

[17] A. Bernotas and V. Simonis, Radiative M1 transitions of
heavy baryons in the bag model, Phys. Rev. D 87, 074016
(2013).

[18] L. Y. Xiao, K. L. Wang, Q. F. Lu, X. H. Zhong, and S. L.
Zhu, Strong and radiative decays of the doubly charmed
baryons, Phys. Rev. D 96, 094005 (2017).

[19] T. Branz, A. Faessler, T. Gutsche, M. A. Ivanov, J. G.
Korner, V. E. Lyubovitskij, and B. Oexl, Radiative decays
of double heavy baryons in a relativistic constituent three-
quark model including hyperfine mixing, Phys. Rev. D 81,
114036 (2010).

[20] Q. F. Lu, K. L. Wang, L. Y. Xiao, and X. H. Zhong, Mass
spectra and radiative transitions of doubly heavy baryons in
a relativized quark model, Phys. Rev. D 96, 114006 (2017).

[21] H. S. Li, L. Meng, Z. W. Liu, and S. L. Zhu, Radiative
decays of the doubly charmed baryons in chiral perturbation
theory, Phys. Lett. B 777, 169 (2018).

[22] H. X. Chen, Q. Mao, W. Chen, X. Liu, and S. L. Zhu,
Establishing low-lying doubly charmed baryons, Phys. Rev.
D 96, 031501 (2017).

[23] I. I. Balitsky, V. M. Braun, and A. V. Kolesnichenko, Radi-
ative decay Σþ → pγ in quantum chromodynamics, Nucl.
Phys. B312, 509 (1989); V. M. Braun and I. E. Filyanov,
QCD sum rules in exclusive kinematics and pion wave
function, Z. Phys. C 44, 157 (1989); Yad. Fiz. 50, 818 (1989)
[Sov. J. Nucl. Phys. 50, 511 (1989)]; V. L. Chernyak and I. R.
Zhitnitsky, B meson exclusive decays into baryons, Nucl.
Phys. B345, 137 (1990); T. M. Aliev, T. Barakat, and M.
Savci, Analysis of the radiative decaysΣQ → ΛQγ andΞ0

Q →
ΞQγ in light cone sum rules, Phys. Rev. D 93, 056007 (2016);
H. X. Chen, Q. Mao, W. Chen, A. Hosaka, X. Liu, and S. L.
Zhu, Decay properties of P-wave charmed baryons from
light-cone QCD sum rules, Phys. Rev. D 95, 094008 (2017).

[24] P. Ball, V. M. Braun, and N. Kivel, Photon distribution
amplitudes in QCD, Nucl. Phys. B649, 263 (2003).

[25] P. Ball and V. M. Braun, Exclusive semileptonic and rare B
meson decays in QCD, Phys. Rev. D 58, 094016 (1998); P.
Ball and R. Zwicky, Bd;s → ρ;ω; K�;ϕ decay form factors
from light-cone sum rules revisited, Phys. Rev. D 71,
014029 (2005).

[26] X. Liu, H. X. Chen, Y. R. Liu, A. Hosaka, and S. L. Zhu,
Bottom baryons, Phys. Rev. D 77, 014031 (2008); P. Z.
Huang, H. X. Chen, and S. L. Zhu, Light vector meson and
heavy baryon strong interaction, Phys. Rev. D 80, 094007

(2009); P. Z. Huang, L. Zhang, and S. L. Zhu, Strong and
electromagnetic decays of the D-wave heavy mesons, Phys.
Rev. D 81, 094025 (2010); H. X. Chen, W. Chen, Q. Mao,
A. Hosaka, X. Liu, and S. L. Zhu, P-wave charmed baryons
from QCD sum rules, Phys. Rev. D 91, 054034 (2015); Q.
Mao, H. X. Chen, W. Chen, A. Hosaka, X. Liu, and S. L.
Zhu, QCD sum rule calculation for P-wave bottom baryons,
Phys. Rev. D 92, 114007 (2015); H. X. Chen, Q. Mao, A.
Hosaka, X. Liu, and S. L. Zhu, D-wave charmed and
bottomed baryons from QCD sum rules, Phys. Rev. D
94, 114016 (2016); Q. Mao, H. X. Chen, A. Hosaka, X. Liu,
and S. L. Zhu, D-wave heavy baryons of the SUð3Þ flavor
6F, Phys. Rev. D 96, 074021 (2017).

[27] R. Mertig, M. Bohm, and A. Denner, FEYN CALC:
Computer algebraic calculation of Feynman amplitudes,
Comput. Phys. Commun. 64, 345 (1991).

[28] Y. Y. Balitsky, V. M. Braun, and A. V. Kolesnichenko, The
decay Σþ → pγ in QCD: Bilocal corrections in a variable
magnetic field and the photon wave functions, Yad. Fiz. 48,
547 (1988) [Sov. J. Nucl. Phys. 48, 348 (1988)]; I. I.
Balitsky, V. M. Braun, and A. V. Kolesnichenko, Radiative
decay Σþ → pγ in quantum chromodynamics, Nucl. Phys.
B312, 509 (1989).

[29] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, QCD
and resonance physics: Theoretical foundations, Nucl. Phys.
B147, 385 (1979); L. J. Reinders, H. Rubinstein, and S.
Yazaki, Hadron properties from QCD sum rules, Phys. Rep.
127, 1 (1985); A. A. Ovchinnikov and A. A. Pivovarov,
QCD sum rule calculation of the quark gluon condensate,
Yad. Fiz. 48, 1135 (1988) [Sov. J. Nucl. Phys. 48, 721
(1988)]; S. Narison, QCD as a theory of hadrons (from
partons to confinement), Cambridge Monogr. Part. Phys.,
Nucl. Phys., Cosmol. 17, 1 (2002); M. Jamin, Flavour-
symmetry breaking of the quark condensate and chiral
corrections to the Gell-Mann-Oakes-Renner relation, Phys.
Lett. B 538, 71 (2002); B. L. Ioffe and K. N. Zyablyuk,
Gluon condensate in charmonium sum rules with 3-loop
corrections, Eur. Phys. J. C 27, 229 (2003); V. Gimenez, V.
Lubicz, F. Mescia, V. Porretti, and J. Reyes, Operator
product expansion and quark condensate from lattice
QCD in coordinate space, Eur. Phys. J. C 41, 535
(2005); P. Colangelo and A. Khodjamirian, At the Frontier
of Particle Physics/Handbook of QCD (World Scientific,
Singapore, 2001), Vol. 3, p. 1495.

[30] D. Ebert, R. N. Faustov, V. O. Galkin, and A. P. Martynenko,
Mass spectra of doubly heavy baryons in the relativistic
quark model, Phys. Rev. D 66, 014008 (2002).

CUI, CHEN, CHEN, LIU, and ZHU PHYS. REV. D 97, 034018 (2018)

034018-10

https://doi.org/10.1103/PhysRevD.18.2537
https://doi.org/10.1103/PhysRevD.18.2537
https://doi.org/10.1103/PhysRevD.87.074016
https://doi.org/10.1103/PhysRevD.87.074016
https://doi.org/10.1103/PhysRevD.96.094005
https://doi.org/10.1103/PhysRevD.81.114036
https://doi.org/10.1103/PhysRevD.81.114036
https://doi.org/10.1103/PhysRevD.96.114006
https://doi.org/10.1016/j.physletb.2017.12.031
https://doi.org/10.1103/PhysRevD.96.031501
https://doi.org/10.1103/PhysRevD.96.031501
https://doi.org/10.1016/0550-3213(89)90570-1
https://doi.org/10.1016/0550-3213(89)90570-1
https://doi.org/10.1007/BF01548594
https://doi.org/10.1016/0550-3213(90)90612-H
https://doi.org/10.1016/0550-3213(90)90612-H
https://doi.org/10.1103/PhysRevD.93.056007
https://doi.org/10.1103/PhysRevD.95.094008
https://doi.org/10.1016/S0550-3213(02)01017-9
https://doi.org/10.1103/PhysRevD.58.094016
https://doi.org/10.1103/PhysRevD.71.014029
https://doi.org/10.1103/PhysRevD.71.014029
https://doi.org/10.1103/PhysRevD.77.014031
https://doi.org/10.1103/PhysRevD.80.094007
https://doi.org/10.1103/PhysRevD.80.094007
https://doi.org/10.1103/PhysRevD.81.094025
https://doi.org/10.1103/PhysRevD.81.094025
https://doi.org/10.1103/PhysRevD.91.054034
https://doi.org/10.1103/PhysRevD.92.114007
https://doi.org/10.1103/PhysRevD.94.114016
https://doi.org/10.1103/PhysRevD.94.114016
https://doi.org/10.1103/PhysRevD.96.074021
https://doi.org/10.1016/0010-4655(91)90130-D
https://doi.org/10.1016/0550-3213(89)90570-1
https://doi.org/10.1016/0550-3213(89)90570-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0370-1573(85)90065-1
https://doi.org/10.1016/0370-1573(85)90065-1
https://doi.org/10.1016/S0370-2693(02)01951-2
https://doi.org/10.1016/S0370-2693(02)01951-2
https://doi.org/10.1140/epjc/s2002-01099-8
https://doi.org/10.1140/epjc/s2005-02250-9
https://doi.org/10.1140/epjc/s2005-02250-9
https://doi.org/10.1103/PhysRevD.66.014008

