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We systematically study the S-wave doubly charmed baryons using the method of QCD sum rules. Our
results suggest that the Ξþþ

cc recently observed by LHCb can be well identified as the S-wave Ξcc state of
JP ¼ 1=2þ. We study its relevant Ωcc state, the mass of which is predicted to be around 3.7 GeV. We also
systematically study the P-wave doubly charmed baryons, the masses of which are predicted to be around
4.1 GeV. Especially, there can be several excited doubly charmed baryons in this energy region, and we
suggest searching for them in order to study the fine structure of the strong interaction.
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I. INTRODUCTION

Fifteen years ago, the SELEX Collaboration reported an
observation of the doubly charmed baryon Ξþ

cc in the Ξþ
cc →

Λþ
c K−πþ process [1] and determined its mass to be

3518.9� 0.9 MeV [2]. This is the only experimental
evidence for the doubly charmed baryons, but all the other
experiments did not confirm this signal [3], until the recent
LHCb experiment [4], which observed the Ξþþ

cc in the
Λþ
c K−πþπþ invariant mass spectrum. However, its mass

was measured to be 3621.40� 0.72� 0.27� 0.14 MeV
by the LHCb, a value that is significantly larger than that
determined by SELEX. Note that the Ξþþ

cc and Ξþ
cc are

isospin partners, and their mass difference should be only a
few MeV.
Besides the recent LHCb experiment, there have been

many other experiments in recent years [2,5,6], which
consequently observed many excited heavy baryons and
gradually made the heavy baryons as well as heavy mesons
an ideal platform to study the fine structure of the strong
interaction. We refer to the review [7] for more discussions
on this point. The doubly charmed baryons have been
extensively studied using various theoretical methods, such
as various quark models [8], the bag model [9], QCD sum
rules [10], lattice QCD simulation [11], and others (for a
incomplete list of works, see Refs. [12]). Again, we refer to
Ref. [7] for a brief review on these studies. More relevant
discussions can be found in Refs. [13].

In this paper, we systematically study the S-wave and
P-wave doubly charmed baryons using the method of QCD
sum rules [14]. We construct all the local S-wave doubly
charmed baryon fields by investigating two configurations:
one contains a ½cc� diquark [15] together with a light quark,
and the other contains a ½cq� diquark together with another
charm quark. These two configurations can be related by
using the Fierz transformation (as long as local fields are
used). After carefully examining these relations, we find a
doubly charmed baryon field of JP ¼ 1=2þ, where all the
three quark fields inside are at the ground state. We use this
field mixed with a few other components to perform
QCD sum rule analyses and find that the Ξþþ

cc recently
observed by the LHCb [4] can be well identified as the
S-wave Ξcc state of JP ¼ 1=2þ. We also study its relevant
S-wave Ωcc state, the mass of which is predicted to be
around 3.7 GeV.
Following the same approach, we systematically study

the P-wave doubly charmed baryons, the masses of which
are predicted to be around 4.1 GeV. Moreover, our results
suggest that there can be several excited doubly charmed
baryons in this energy region, similar to our previous
studies on the excited singly heavy baryons [16], where we
also found that there can be several singly excited charmed
baryons. Recently, the LHCb experiment observed as many
as five excited Ωc states [6]. This may also happen for the
excited doubly charmed baryons, so we suggest searching
for them in the future LHCb and BelleII experiments. We
believe this would greatly help us understand the fine
structure of the strong interaction and consequently
improve our understanding of the quantum world.
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II. CONSTRUCTIONS OF S-WAVE DOUBLY
CHARMED BARYON FIELDS

For the first step, we discuss how we systematically
construct the local S-wave doubly charmed baryon fields.
They can only have the antisymmetric color configuration
½ϵabcqacbcc�, where the subscripts a…c are color indices; q
represents an up, down, or strange quark; and c represents a
charm quark. The other structures, including flavor and
spin/orbital/total angular momenta, can be generally
described by using either

B1ðxÞ ¼ ϵabcðcTaðxÞCΓ1cbðxÞÞΓ2qcðxÞ ð1Þ

or

B2ðxÞ ¼ ϵabcðqTaðxÞCΓ3cbðxÞÞΓ4ccðxÞ: ð2Þ

Here, C ¼ iγ2γ0 is the charge-conjugation operator, the
superscript T represents the transpose of the Dirac indices
only, and the matrices Γ1…4 are Dirac matrices describing
the Lorentz structure. The other configuration

B3ðxÞ ¼ ϵabcðcTaðxÞCΓ5qbðxÞÞΓ6ccðxÞ ð3Þ

can be transformed to be B2ðxÞ.
The former B1ðxÞ contains a ½cc� diquark together with a

light quark, where we can clearly see the orbital structure
between the two charm quarks, while the latter B2ðxÞ
contains a ½cq� diquark together with another charm quark,
where we can clearly see the orbital structure between the
charm and light quarks inside the ½cq� diquark. In the
present study, we use local fields, so these two configu-
rations can be related by using the Fierz transformation.
The first configuration B1ðxÞ can be easily constructed,

because we can directly apply the Pauli principle to the two
identical charm quarks contained in the ½cc� diquark.
Following the method used in Ref. [17], we systematically
construct all the possible fields and find altogether two
independent Dirac fields (without any free Lorentz index)
of the spin-parity JP ¼ 1=2þ, two independent Rarita-
Schwinger fields (with one free Lorentz index) of the pure
spin-parity JP ¼ 3=2þ, and one tensor field (with two free
antisymmetric Lorentz indices) of the same JP ¼ 3=2þ,

η1ðxÞ ¼ ϵabcðcTaðxÞCγμcbðxÞÞγμγ5qcðxÞ; ð4Þ

η2ðxÞ ¼ ϵabcðcTaðxÞCσμνcbðxÞÞσμνγ5qcðxÞ; ð5Þ

η3αðxÞ ¼ Γαμϵ
abcðcTaðxÞCγμcbðxÞÞqcðxÞ; ð6Þ

η4αðxÞ ¼ Γαμ × ðϵabcðcTaðxÞCσμνcbðxÞÞγνqcðxÞ
þ ϵabcðcTaðxÞCσμνγ5cbðxÞÞγνγ5qcðxÞÞ; ð7Þ

η5α1α2ðxÞ ¼ Γα1α2μν × ðϵabcðcTaðxÞCσμνcbðxÞÞγ5qcðxÞ
þ ϵabcðcTaðxÞCσμνγ5cbðxÞÞqcðxÞÞ; ð8Þ

where Γαμ and Γα1α2μν are the two projection operators:

Γμν ¼ gμν −
1

4
γμγν; ð9Þ

Γμναβ ¼ gμαgνβ −
1

2
gνβγμγα þ

1

2
gμβγνγα þ

1

6
σμνσαβ: ð10Þ

Among them, η1;3αðxÞ contain the S-wave ½cc� diquark

ϵabccTaðxÞCγμcbðxÞ ½2Sþ1LJ ¼ 3S1�; ð11Þ

while the other three contain excited ½cc� diquarks. We can
further identify

η1ðxÞ∶ s½cc� ¼ 1; l½cc� ¼ 0; j½cc� ¼ 1; J¼ 1=2;

η3αðxÞ∶ s½cc� ¼ 1; l½cc� ¼ 0; j½cc� ¼ 1; J¼ 3=2:

Here, s½cc�, l½cc�, and j½cc� are the spin, orbital, and total
angular momenta of the ½cc� diquark, and J is the total
angular momentum of the doubly charmed baryon.
The second configuration B2ðxÞ cannot be so easily

constructed. Still following the method used in Ref. [17],
we systematically construct all the possible fields and find
that there are five nonvanishing Dirac fields of JP ¼ 1=2þ:

η01ðxÞ ¼ ϵabcðqTaðxÞCγ5cbðxÞÞccðxÞ; ð12Þ

η02ðxÞ ¼ ϵabcðqTaðxÞCγμcbðxÞÞγμγ5ccðxÞ; ð13Þ

η06ðxÞ ¼ ϵabcðqTaðxÞCcbðxÞÞγ5ccðxÞ; ð14Þ

η07ðxÞ ¼ ϵabcðqTaðxÞCγμγ5cbðxÞÞγμccðxÞ; ð15Þ

η08ðxÞ ¼ ϵabcðqTaðxÞCσμνcbðxÞÞσμνγ5ccðxÞ: ð16Þ

However, only two of them are independent, and we can
use the Fierz transformation to relate them to η1ðxÞ and
η2ðxÞ:

ðη01η02η06η07η08Þ¼ ðη1η2Þ×
�−1

4
−1

2
1
4

1
2

0

−1
8

0 −1
8
0 −1

2

�
: ð17Þ

Among them, η01;2ðxÞ contain the S-wave ½cq� diquarks

ϵabcqTaðxÞCγ5cbðxÞ ½1S0�; ð18Þ

ϵabcqTaðxÞCγμcbðxÞ ½3S1�; ð19Þ

while the other three contain excited ½cq� diquarks. We can
further identify
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η01ðxÞ∶ s½cq� ¼ 0; l½cq� ¼ 0; j½cq� ¼ 0; J¼ 1=2;

η02ðxÞ∶ s½cq� ¼ 1; l½cq� ¼ 0; j½cq� ¼ 1; J¼ 1=2:

Here, s½cq�, l½cq�, and j½cq� are the spin, orbital, and total
angular momenta of the ½cq� diquark. Especially, from
Eq. (17), we have the relation η1 ¼ −2η02, making this field
interesting because all three quark fields are at the
ground state.
Similarly, we find two independent Rarita-Schwinger

fields and one tensor field, all of which have JP ¼ 3=2þ:

η03αðxÞ ¼ Γαμϵ
abcðqTaðxÞCγμcbðxÞÞccðxÞ; ð20Þ

η04αðxÞ ¼ Γαμ × ðϵabcðqTaðxÞCσμνcbðxÞÞγνccðxÞ
þ ϵabcðqTaðxÞCσμνγ5cbðxÞÞγνγ5ccðxÞÞ; ð21Þ

η05α1α2ðxÞ ¼ Γα1α2μν × ðϵabcðqTaðxÞCσμνcbðxÞÞγ5ccðxÞ
þ ϵabcðqTaðxÞCσμνγ5cbðxÞÞccðxÞÞ: ð22Þ

The former two fields η03α;4αðxÞ can be related to η3α;4αðxÞ
by using the Fierz transformation, and η05α1α2ðxÞ can also be
related to η5α1α2ðxÞ. Only the first one, η03αðxÞ, contains the
S-wave ½cq� diquark, while the other two contain excited
diquarks. We can further identify

η03αðxÞ∶ s½cq� ¼ 1; l½cq� ¼ 0; j½cq� ¼ 1; J ¼ 3=2:

III. INTERPRETATIONS OF THE Ξ+ +
cc

In the present study, we shall use η1 ¼ −2η02, η01, η3α, and
η03α to perform QCD sum rule analyses in order to study the
S-wave doubly charmed baryons of JP ¼ 1=2þ and
JP ¼ 3=2þ. We shall pay special attention to the field
η1ðxÞ ¼ −2η02ðxÞ. Besides these single fields, we shall also
study their mixing,

ηM1 ðθ1; xÞ ¼ cos θ1 × η1ðxÞ þ sin θ1 × η01ðxÞ; ð23Þ

ηM2αðθ2; xÞ ¼ cos θ2 × η3αðxÞ þ sin θ2 × η03αðxÞ: ð24Þ

These fields can couple to the doubly charmed baryons B
through

h0jηjBi ¼ fBuðpÞ: ð25Þ
Then, the two-point correlation functions can be written as

Πðq2Þ ¼ i
Z

d4xeiq·xh0jT½ηðxÞη̄ð0Þ�j0i ¼ ð=qþMBÞΠðq2Þ:

In the present study, we use the terms proportional toMB to
perform numerical analyses. Following Refs. [18], we
obtain MB through

M2
Bðs0;MBÞ ¼

R
s0
s<
e−s=M

2
BρðsÞsdsR

s0
s<
e−s=M

2
BρðsÞds ; ð26Þ

where s< is the physical threshold and ρðsÞ is the QCD
spectral density which we evaluate up to dimension 10,

ρðsÞ ¼ ρpertðsÞ þ ρhq̄qiðsÞ þ ρhGGiðsÞ þ ρhq̄GqiðsÞ
þ ρhq̄qihGGiðsÞ þ ρhq̄GqihGGiðsÞ; ð27Þ

where ρpertðsÞ is the perturbative term; ρhq̄qiðsÞ, ρhGGiðsÞ,
ρhq̄GqiðsÞ, ρhq̄qihGGiðsÞ, and ρhq̄GqihGGiðsÞ are the terms
containing the quark condensate hq̄qi, the gluon conden-
sate hg2sGGi, the quark-gluon mixed condensate hgsq̄σGqi,
and their combinations hq̄qihg2sGGi and hgsq̄σGqihg2sGGi,
respectively. We find that the leading perturbative term
(D ¼ 0) and the next-to-leading quark condensate hq̄qi
(D ¼ 3) are important. The results of these spectral
densities are too lengthy, so we list them in the supple-
mentary file “OPE.nb” [19]. We use the values listed in
Refs. [18] for these condensates and the charm quark mass
(see also Refs. [20]).
There are two free parameters in Eq. (26): the Borel mass

MB and the threshold value s0. In order to obtain reliable
QCD sum rule results, we require that the s0 dependence
and the MB dependence of the mass prediction be weak.
Beside this, we also need to carefully examine a) the
convergence of the QCD spectral density ρðsÞ through

Π8

Πall
≡

R
∞
s<
e−s=M

2
B × ρhq̄qihGGiðsÞ × dsR∞

s<
e−s=M

2
B × ρðsÞ × ds

; ð28Þ

Π10

Πall
≡

R∞
s<
e−s=M

2
B × ρhq̄GqihGGiðsÞ × dsR∞

s<
e−s=M

2
B × ρðsÞ × ds

ð29Þ

and b) the pole contribution (PC) defined as

PC≡
R
s0
s<
e−s=M

2
B × ρðsÞ × dsR∞

s<
e−s=M

2
B × ρðsÞ × ds

: ð30Þ

First, we study the Ξcc by replacing q → u=d. The
masses obtained using η01 and η

M
1 ðθ1 ¼ −11°Þ are shown in

Fig. 1 as functions of the threshold value s0 and Borel mass
MB, and those obtained using η03α and ηM2αðθ2 ¼ 6°Þ are
shown in Fig. 2. We choose the working regions of s0 and
MB to be 22 GeV2 < s0 < 28 GeV2 and 3.2 GeV2 <
M2

B < 3.8 GeV2 and find that the mass curves are quite
stable inside these shady regions. We also list them in
Table I together with Π8=Πall, Π10=Πall and PC defined in
Eqs. (28)–(30). We find that the pole contributions are
sufficiently large and the operator product expansion (OPE)
spectral densities have good convergence inside these
regions, suggesting that our sum rule results are reliable.
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Our results are as follows:
(i) The spectral densities extracted from η1ðxÞ ¼

−2η02ðxÞ and η3αðxÞ are not complete [ρpertη1 ðsÞ ¼
ρhq̄Gqiη1 ðsÞ ¼ 0 and ρpertη3α ðsÞ ¼ ρhq̄Gqiη3α ðsÞ ¼ 0], so we
cannot use them to obtain reliable sum rule results.

(ii) The masses extracted from η01ðxÞ and η03αðxÞ are both
around 4.0 GeV, significantly larger than the mass
of the Ξcc measured in the SELEX and LHCb
experiments.

(iii) We carefully fine tune θ1 to be −11° and use
ηM1 ðθ1 ¼ −11°Þ to perform sum rule analyses. The
mass is extracted to be

MηM
1
ðθ1¼−11°Þ;Ξccð1=2þÞ ¼ 3.58þ0.15

−0.16 GeV; ð31Þ

where the central value is obtained by choosing s0 ¼
25 GeV2 and M2

B ¼ 3.5 GeV2 and the uncertainties
come from θ1ð¼ −11� 5°Þ, s0, MB, and various
quark masses and condensates [18]. Hence, the Ξþþ

cc
recently observed by the LHCb [4] can be identified
well as the S-wave Ξcc state of JP ¼ 1=2þ.

(iv) Similarly, we fine tune θ2 to be 6° and use ηM2 ðθ2 ¼
6°Þ to perform sum rule analyses,

MηM
2αðθ2¼6°Þ;Ξccð3=2þÞ ¼ 3.58þ0.14

−0.10 GeV; ð32Þ

where the central value is again obtained by choos-
ing s0 ¼ 25 GeV2 and M2

B ¼ 3.5 GeV2. Hence, the
Ξþþ
cc may also be identified as the S-wave Ξcc state

of JP ¼ 3=2þ. However, the LHCb experiment
preferentially retains longer-lived Ξþþ

cc candidates
[4], disfavoring this interpretation because the Ξcc of
JP ¼ 3=2þ probably has a much shorter lifetime due
to its radiative decays.

(v) Similarly, we use ηM1 ðθ1 ¼ −11°Þ and ηM2 ðθ2 ¼ 6°Þ
to study the Ωcc by replacing q → s. The masses are
extracted to be

MηM
1
ðθ1¼−11°Þ;Ωccð1=2þÞ ¼ 3.70þ0.13

−0.15 GeV; ð33Þ

MηM
2αðθ2¼6°Þ;Ωccð3=2þÞ ¼ 3.69þ0.11

−0.15 GeV: ð34Þ

Again, the central values are obtained by choosing
s0 ¼ 25 GeV2 and M2

B ¼ 3.5 GeV2.

IV. OUR STUDY ON P-WAVE DOUBLY
CHARMED BARYONS

The local P-wave doubly baryon fields are much more
complicated than the S-wave ones. We follow Refs. [16]

s  [GeV  ]0
2

20 22 25 28 30
2.5

3.0

3.5

4.0

4.5

5.0

2.5

3.0

3.5

4.0

4.5

5.0

M
as

s 
 [

G
eV

]

2.5

3.0

3.5

4.0

4.5

5.0

M
as

s 
 [

G
eV

]

2.5

3.0

3.5

4.0

4.5

5.0

Borel Mass [GeV  ]2
3.0 3.2 3.5 3.8 4.0

2

FIG. 1. Variations of Mη0
1
;1=2þ (dashed curves) and

MηM
1
ðθ1¼−11°Þ;1=2þ (solid curves) with respect to the threshold

value s0 (left) and the Borel mass MB (right).

s  [GeV  ]0
2

20 22 25 28 30
2.5

3.0

3.5

4.0

4.5

5.0

2.5

3.0

3.5

4.0

4.5

5.0

M
as

s 
 [

G
eV

]

2.5

3.0

3.5

4.0

4.5

5.0

M
as

s 
 [

G
eV

]

2.5

3.0

3.5

4.0

4.5

5.0

Borel Mass    [GeV  ]2
3.0 3.2 3.5 3.8 4.0

2

FIG. 2. Variations of Mη0
3α ;3=2

þ (dashed curves) and
MηM

2αðθ2¼6°Þ;3=2þ (solid curves) with respect to the threshold value
s0 (left) and the Borel mass MB (right).

TABLE I. Masses of the S-wave charmed baryons.

Convergence

Fields Baryons s0 (GeV) M2
B (GeV2) Pole Π8=ΠAll Π10=ΠAll Mass (GeV) f (GeV3)

η1 ¼ −2η02
Ξcc � � � � � � � � � � � � � � � � � � � � �
Ωcc � � � � � � � � � � � � � � � � � � � � �

η01
Ξcc 22–28 3.2–3.8 >72% <1% <1% 3.94þ0.14

−0.15 0.046þ0.010
−0.010

Ωcc 22–28 3.2–3.8 >72% <1% <1% 3.98þ0.12
−0.16 0.047þ0.009

−0.010

η3α
Ξcc � � � � � � � � � � � � � � � � � � � � �
Ωcc � � � � � � � � � � � � � � � � � � � � �

η03α
Ξcc 22–28 3.2–3.8 >73% <1% <1% 3.95þ0.13

−0.15 0.040þ0.008
−0.008

Ωcc 22–28 3.2–3.8 >73% <1% <1% 3.97þ0.12
−0.17 0.041þ0.008

−0.008

ηM1 ðθ1 ¼ −11°Þ Ξcc 22–28 3.2–3.8 >87% <1% <1% 3.58þ0.15
−0.16 0.037þ0.008

−0.006
Ωcc 22–28 3.2–3.8 >84% <1% <1% 3.70þ0.13

−0.15 0.040þ0.009
−0.007

ηM2 ðθ2 ¼ 6°Þ Ξcc 22–28 3.2–3.8 >90% <1% <1% 3.58þ0.14
−0.10 0.031þ0.004

−0.006
Ωcc 22–28 3.2–3.8 >86% <1% <1% 3.69þ0.11

−0.15 0.034þ0.007
−0.005
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and construct them using the S-wave diquark fields defined
in Eqs. (11), (18), and (19) as well as the following P-wave
diquark fields:

ϵabc½DμqTaðxÞ�Cγ5cbðxÞ ½1P1�; ð35Þ

ϵabc½DμqTaðxÞ�CγνcbðxÞ ½3P0�=½3P1�=½3P2�; ð36Þ

ϵabc½DμcTaðxÞ�CγνcbðxÞ ½3P0�=½3P1�=½3P2�: ð37Þ

Here, Dμ ¼ ∂μ þ igAμ is the gauge-covariant derivative.
There are altogether four configurations:

(i) Type 1, ½Dq − c�c: We construct three fields of
JP¼1=2−, three of JP¼3=2−, and one of JP¼5=2−.

(ii) Type 2, ½q − c�Dc: We construct three fields of
JP ¼ 1=2−, three of JP ¼ 3=2−, and one of
JP ¼ 5=2−.

(iii) Type 3, ½c − c�Dq: We construct two fields of
JP¼1=2−, two of JP¼3=2−, and one of JP ¼ 5=2−.

(iv) Type 4, ½Dc − c�q: We construct one field of JP ¼
1=2− and one of JP ¼ 3=2−.

We note that a) there exist more nonvanishing and
independent fields containing other diquark fields and
b) there are some relations among these configurations
due to the Fierz transformation.
We use all these P-wave doubly baryon fields to perform

QCD sum rule analyses and systematically study the P-
wave doubly charmed baryons of JP ¼ 1=2−, 3=2−, and
5=2−. We note that we have only used the single fields but
have not investigated their mixing. We find that both type 1
(½Dq − c�c) and type 2 (½q − c�Dc) can lead to reasonable
sum rule analyses, and our results suggest that the masses
of the P-wave doubly charmed baryons (both Ξcc and Ωcc)
are around 4.0–4.2 GeV. Moreover, our results suggest that
there can be several excited doubly charmed baryons in this
energy region. We shall discuss in detail these results in our
further work.

V. SUMMARY AND DISCUSSIONS

We have systematically studied the S-wave and P-wave
doubly charmed baryons using the method of QCD sum
rules. We have constructed all the local S-wave doubly

charmed baryon fields and found one field of JP ¼ 1=2þ
where all three quark fields inside are at the ground state
(verified by the Fierz transformation).We have used this field
mixed with a few other components to perform QCD sum
rule analyses and found that theΞþþ

cc recently observed by the
LHCb [4] can be identified well as the S-wave Ξcc state of
JP ¼ 1=2þ. We have also studied its relevant S-wave
Ωcc state, the mass of which is predicted to be around
3.7 GeV. We suggest searching for them in the future
LHCb and BelleII experiments in the Cabibbo-favored

weak decay channels, such as Ξð0Þð�Þ0Dð�Þþ, Ξð0Þð�Þþ
c K̄ð�Þ0,

Ωð�Þ0
c πþðρþÞ, etc.
Following the same approach, we have systematically

studied the P-wave doubly charmed baryons, the masses of
which are predicted to be around 4.1 GeV. Our results
suggest that there can be several excited doubly charmed
baryons in this energy region, similar to our previous
studies on the excited singly heavy baryons [16], where we
also found that there can be several singly charmed
baryons. Recalling that the LHCb experiment observed
as many as five excited Ωc states [6], we also suggest
searching for these excited doubly charmed baryons
in the future LHCb and BelleII experiments in similar
Cabibbo-favored weak decay channels [Ξcc → Σð�ÞDð�Þ;
ΛDð�Þ;Σð�Þ

c Kð�Þ;ΛcKð�Þ;Ξð0Þð�Þ
c πðρÞ and Ωcc → Ξð0Þð�ÞDð�Þ;

Ξð0Þð�Þ
c Kð�Þ;Ωð�Þ

c πðρÞ, etc.] in order to study the fine struc-
ture of the strong interaction.
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