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We perform a systematical investigation of the strong decay properties of the low-lying 1P- and
2D-wave doubly charmed baryons with the 3P0 quark pair creation model. The main predictions include:
(i) in the Ξcc and Ωcc family, the 1P ρ mode excitations with JP ¼ 1=2− and 3=2− should be the fairly
narrow states, while, for the 1P λ mode excitations, they are most likely to be moderate states with a width
of Γ ∼ 100 MeV. (ii) The 2Dρρ states mainly decay via emitting a heavy-light meson and the decay widths
can reach several tens MeV if their masses are above the threshold of ΛcD or ΞcD, respectively. The 2Dλλ

states may be broad states with a width of Γ > 100 MeV.

DOI: 10.1103/PhysRevD.97.074005

I. INTRODUCTION

Fifteen years ago, the SELEX Collaboration announced
a doubly charmed baryon Ξþ

cc with mass 3519� 1 MeV
[1]. One year later, another doubly charmed baryon Ξþþ

cc
was reported at 3770 MeV by the same collaboration [2].
Unfortunately, those two signals Ξþ

ccð3519Þ and
Ξþþ
cc ð3770Þ were not confirmed by other collaborations.

Recently, the LHCb Collaboration discovered a doubly
charmed baryon Ξþþ

cc ð3621Þ in the Λþ
c K−πþπþ mass

spectrum [3]. Its mass was measured to be 3621.40�
0.72� 0.27� 0.14 MeV. The newly observed Ξþþ

cc ð3621Þ
may provide an access point for the study of doubly heavy
baryons and has attracted significant attention from the
hadron physics community [4–19].
In the past twenty years, the properties of the doubly

heavy baryons were extensively explored with various
theoretical methods and models including the mass
spectra [20–30] and semileptonic decays [6,31–42].
However, only a few discussions on the decay behavior

exist in literature [17–19,43–45]. In our previous
work [17], we first systematically investigated the both
strong and radiative transitions of the low-lying 1P-wave
doubly heavy baryons with chiral and constituent quark
model. In this work, we shall perform a systematic
analysis of the two-body Okubo-Zweig-Iizuka (OZI)
allowed strong decays of the 1P and 2D doubly charmed
states with the quark pair creation (QPC) model, which
may provide more information of their inner structures.
The quark model classification, predicted masses [20],
and OZI allowed decay modes [46] are summarized in
Table I.
For the low-lying 1P and 2D doubly charmed baryons,

their masses are large enough to allow the decay channels
containing a heavy-light flavor meson. Thus, it is suitable
to apply the QPC strong decay model. Meanwhile, for
further understanding the strong decays of the doubly
charmed baryons, it is necessary to make a comparison
of the theoretical predictions with QPC model to the results
with the chiral quark model [17].
The QPC strong decay model as a phenomenological

method has been employed successfully in the description
of the hadronic decays of the mesons [47–50] and singly
charmed baryons [51–55]. Systematical study of the low-
lying 1P and 2D doubly charmed states with the QPCmodel
has not been performed yet. In the framework of the QPC
model, we find that (i) our results of the decay patterns of the
1P states are highly comparable with those in our previous
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work [17]; (ii) the 2Dρρ states mainly decay via emitting a
heavy-light meson if their masses are above the threshold
of ΛcD or ΞcD, respectively; (iii) although the 2Dλλ states
may be broad states with a width of Γ > 100 MeV, they still
have the opportunity to be discovered via their main decay
channels in future experiments.
This paper is structured as follows. In Sec. II we give a

brief review of the QPC model. We present our numerical
results and discussions in Sec. III and summarize our
results in Sec. IV.

II. 3P0 MODEL

The QPC model was first proposed by Micu [56], Carlitz
and Kislinger [57], and further developed by the Orsay
group [58–60]. For the OZI-allowed strong decays of
hadrons, this model assumes that a pair of quark qq̄ is

created from the vacuum and then regroups with the quarks
from the initial hadron to produce two outing hadrons.
The created quark pair qq̄ shall carry the quantum number
of 0þþ and be in a 3P0 state. Thus the QPC model is also
known as the 3P0 model. This model has been extensively
employed to study the OZI-allowed strong transitions of
hadron systems. Here, we adopt this model to study the
strong decays of the ccq system.
According to the quark rearrangement process, any

of the three quarks in the initial baryon can go into
the final meson. Thus three possible decay processes
are take into account as shown in Fig. 1. Now, we take
the Fig. 1(a) decay process Aðthe initial baryonÞ →
Bðthe final baryonÞ þ Cðthe final mesonÞ as an example
to show how to calculate the decay width. In the
nonrelativistic limit, the transition operator under the
3P0 model is given by

TABLE I. Masses and possible two body strong decay channels of the 1P and 2D doubly charmed baryons (denoted by jN2Sþ1LσJPi),
where jN2Sþ1LσJPi ¼

P
LzþSz¼JzhLLz; SSzjJJziNΨσ

LLz
χSzϕ [46]. The masses (MeV) are taken from the relativistic quark model [20].

State Ξcc Ωcc

N2Sþ1LσJP Wave
function

Mass [20] Strong decay channel Mass [20] Strong decay channel

j02S1
2
þi 0ΨS

00χ
λ
Sz
ϕ 3620 · · · 3778 · · ·

j04S3
2
þi 0ΨS

00χ
s
Sz
ϕ 3727 · · · 3872 · · ·

j12Pρ
1
2
−i 1Ψρ

1Lz
χρSzϕ 3838 · · · 4002 · · ·

j12Pρ
3
2
−i 3959 · · · 4102 · · ·

j12Pλ
1
2
−i 1Ψλ

1Lz
χλSzϕ 4136 Ξð�Þ

cc π 4271 Ξð�Þ
cc K

j12Pλ
3
2
−i 4196 Ξð�Þ

cc π 4325 Ξð�Þ
cc K

j14Pλ
1
2
−i 1Ψλ

1Lz
χsSzϕ 4053 Ξð�Þ

cc π 4208 ΞccK

j14Pλ
3
2
−i 4101 Ξð�Þ

cc π 4252 Ξð�Þ
cc K

j14Pλ
5
2
−i 4155 Ξð�Þ

cc π 4303 Ξð�Þ
cc K

j22Dρρ
3
2
þi 2Ψρρ

2Lz
χλSzϕ ΛcD ΞcD

j22Dρρ
5
2
þi ΛcD, Σð�Þ

c D ΞcD, Ξ0ð�Þ
c D

j24Dρρ
1
2
þi 2Ψρρ

2Lz
χsSzϕ ΛcD ΞcD

j24Dρρ
3
2
þi ΛcD, ΣcD ΞcD, Ξ0

cD

j24Dρρ
5
2
þi ΛcD, Σð�Þ

c D ΞcD, Ξ0�
cD

j24Dρρ
7
2
þi ΛcD, Σð�Þ

c D, ΞcDs, Ξ0
cDs ΞcD, Ξ0ð�Þ

c D, Ωð�Þ
c Ds

j22Dλλ
3
2
þi 2Ψλλ

2Lz
χλSzϕ Ξð�Þ

cc π, Ωð�Þ
cc K, ΛcD, Σð�Þ

c D, ΞcDs, Ξ0ð�Þ
c Ds Ξð�Þ

cc K, Ωð�Þ
cc η, ΞcD Ξ0ð�Þ

c D, Ωð�Þ
c Ds, Ω

ð�Þ
cc η0

j22Dλλ
5
2
þi Ξð�Þ

cc π, Ωð�Þ
cc K, ΛcD, Σð�Þ

c D, ΞcDs, Ξ0ð�Þ
c Ds Ξð�Þ

cc K, Ωð�Þ
cc η, ΞcD, Ξ0ð�Þ

c D, Ωð�Þ
c Ds, Ω

ð�Þ
cc η0

j24Dλλ
1
2
þi 2Ψλλ

2Lz
χsSzϕ Ξð�Þ

cc π, Ωð�Þ
cc K, ΛcD, Σð�Þ

c D, ΞcDs, Ξ0
cDs Ξð�Þ

cc K, Ωð�Þ
cc η, ΞcD, Ξ0ð�Þ

c D, ΩcDs

j24Dλλ
3
2
þi Ξð�Þ

cc π, Ωð�Þ
cc K, ΛcD, Σð�Þ

c D, ΞcDs, Ξ0ð�Þ
c Ds Ξð�Þ

cc K, Ωð�Þ
cc η, Ωccη

0, ΞcD, Ξ0ð�Þ
c D, Ωð�Þ

c Ds

j24Dλλ
5
2
þi Ξð�Þ

cc π, Ωð�Þ
cc K, ΛcD, Σð�Þ

c D, ΞcDs, Ξ0ð�Þ
c Ds Ξð�Þ

cc K, Ωð�Þ
cc η, Ωccη

0, ΞcD, Ξ0ð�Þ
c D, Ωð�Þ

c Ds

j24Dλλ
7
2
þi Ξð�Þ

cc π, Ωð�Þ
cc K, ΛcD, Σð�Þ

c D, ΞcDs, Ξ0ð�Þ
c Ds Ξð�Þ

cc K, Ωð�Þ
cc η, Ωð�Þ

cc η0, ΞcD, Ξ0ð�Þ
c D, Ωð�Þ

c Ds
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T ¼ −3γ
X
m

h1m; 1 −mj00i
Z

d3p4d3p5δ
3ðp4 þ p5Þ

× ω45
0 φ45

0 χ451;−mY
m
1

�
p4 − p5

2

�
a†4ib

†
5j; ð1Þ

where pi (i ¼ 4, 5) represents the three-vector momentum
of the ith quark in the created quark pair. ω45

0 ¼ δij
and φ45

0 ¼ ðuūþ dd̄þ ss̄Þ= ffiffiffi
3

p
stand for the color singlet

and flavor function, respectively. The solid harmonic
polynomial Ym

1 ðpÞ≡ jpjYm
1 ðθp;ϕpÞ corresponds to the

momentum-space distribution, and χ451;−m is the spin triplet
state for the created quark pair. The creation operator
a†4ib

†
5j denotes the quark pair-creation in the vacuum. The

pair-creation strength γ is a dimensionless parameter,
which is usually fixed by fitting the well measured partial
decay widths.
According to the definition of the mock state [61], the

spacial wave functions of the baryon and meson read,
respectively,

jAðNA
2SAþ1LAJAMJAÞðpAÞi

¼
ffiffiffiffiffiffiffiffi
2EA

p
φ123
A ω123

A

X
MLA

;MSA

hLAMLA
; SAMSA jJAMJAi

×
Z

d3p1d3p2d3p3δ
3ðp1 þ p2 þ p3 − pAÞ

×ΨNALAMLA
ðp1;p2;p3Þχ

123
SAMSA

jq1ðp1Þq2ðp2Þq3ðp3Þi; ð2Þ

jCðNC
2SCþ1LCJCMJCÞðpCÞi

¼
ffiffiffiffiffiffiffiffiffi
2EC

p
φab
C ωab

C

X
MLC

;MSC

hLCMLC
; SCMSC jJCMJCi

×
Z

d3pad3pbδ
3ðpa þ pb − pCÞ

×ΨNCLCMLC
ðpa;pbÞχ

ab
SCMSC

jqaðpaÞqbðpbÞi: ð3Þ
The piði ¼ 1; 2; 3 and a; bÞ denotes the momentum of
quarks in hadron A and C. PAðPCÞ are the momentum of
the hadron AðCÞ and ΨNALAMLA

ðΨNCLCMLC
Þ represent the

space-wave functions. The 3P0 model gives a good descrip-
tion of the decay properties of many observed mesons with
the simple harmonic oscillator space-wave functions, which
are adopted to describe the spatial wave function of both
baryons and mesons in the present work. The spatial wave
function of a baryon without the radial excitation is

ψ0
lmðpÞ¼ð−iÞl

�
2lþ2ffiffiffi

π
p ð2lþ1Þ!!

�1
2

�
1

α

�
lþ3

2

exp

�
−
p2

2α2

�
Ym

l ðpÞ:

ð4Þ

The ground state spatial wave function of a meson is

ψ0;0 ¼
�
R2

π

�3
4

exp

�
−
R2p2

ab

2

�
; ð5Þ

where the pab stands for the relative momentum between
the quark and antiquark in the meson. Then, we can obtain
the partial decay amplitude in the center of mass frame,

MMJA
MJB

MJC ðA → Bþ CÞ
¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EAEBEC

p Y
A;B;C

hχ124SBMSB
χ35SCMSC

jχ123SAMSA
χ451−mi

× hφ124
B φ35

C jφ123
A φ45

0 iIMLA
;m

MLB
;MLC

ðpÞ: ð6Þ

Here, I
MLA

;m
MLB

;MLC
ðpÞ stands the spatial integral and more

detailed information is presented in the Appendix A
and B. The

Q
A;B;C denotes the Clebsch-Gorden coefficients

for the quark pair, initial and final hadrons, which come from
the couplings among the orbital, spin, and total angular
momentum. Its expression reads

X
hLBMLB

; SBMSB jJBMJBihLCMLC
; SCMSC jJCMJCi

× hLAMLA
; SAMSA jJAMJAih1m; 1 −mj00i ð7Þ

Finally, the decay width Γ½A → BC� reads

Γ½A → BC� ¼ π2
jpj
M2

A

1

2JA þ 1

X
MJA

;MJB
;MJC

jMMJA
MJB

MJC j2:

ð8Þ

In the equation, p is the momentum of the daughter baryon
in the center of mass frame of the parent baryon A

FIG. 1. Doubly charmed baryons decay process in the 3P0

model.

TABLE II. Masses (MeV) of the baryons and mesons in the
decays [3,20,62].

State Mass State Mass State Mass

ΞþþðþÞ
cc

3621.00 Σþþ
c 2453.97 π0 134.977

Ξ�þþðþÞ
cc

3727.00 Σ�þþ
c 2518.41 πþ 139.570

Ωþ
cc 3778.00 Σþ

c 2452.90 K� 493.677

Ω�þ
cc 3872.00 Σ�þ

c 2517.50 η 547.862

Λþ
c 2286.46 Ξþ

c 2467.93 η0 957.780

Ω0
c 2695.20 Ξ0þ

c 2575.70 D0 1864.83

Ω�0
c 2765.90 Ξ0�þ

c 2645.90 Dþ 1869.58

Dþ
s 1968.27
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jpj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½M2

A − ðMB −MCÞ2�½M2
A − ðMB þMCÞ2�

p
2MA

ð9Þ

In the present calculation, we adoptmu¼md¼220MeV,
ms ¼ 419 MeV, and mc ¼ 1628 MeV [49] for the con-
stituent quark masses. The masses of the baryons and
mesons involved in our calculations, listed in Table II, are
from the Particle Data Group [62] except for the doubly
charmed baryons, which is from Ref. [20]. The value of the
harmonic oscillator strength R is 2.5 GeV−1, for all light
flavor mesons while it is R ¼ 1.67 GeV−1 for the D meson
and R ¼ 1.54 GeV−1 for theDs meson [49]. The parameter
αρ of the ρ-mode excitation between the two charm quarks
(see Fig. 2) is taken as αρ ¼ 0.66 GeV [17], while αρ
between the two light quarks is taken as αρ ¼ 0.4 GeV.
Another harmonic oscillator parameter αλ is obtained with
the relation:

αλ ¼
�

3m3

2m1 þm3

�
1=4

αρ: ð10Þ

For the strength of the quark pair creation from the vacuum,
we take the same value as in Ref. [49], γ ¼ 6.95. For the
strange quark pair ss̄ creation, we use γss̄ ¼ γ=

ffiffiffi
3

p
[60].

III. CALCULATIONS AND RESULTS

For the P-wave doubly charmed states, the masses are
adopted from Ref. [20] (showed in Table I) due to a good
agreement with the mass of the lowest doubly charmed
baryon Ξþþ

cc ð3621Þ observed by the LHCb collaboration.
However, there is no prediction for the masses of the
D-wave states. So the masses of the D-wave baryons are
varied in a rough range when their decay properties are
investigated.

A. The P-wave doubly charmed states

Within the quark model, there are two 1Pρ doubly heavy
baryons with JP ¼ 1

2
− and JP ¼ 3

2
−, respectively. Their

masses are above the threshold of Ξccπ or ΞccK. However,

the OZI-allowed two body strong decays are forbidden
since the spatial wave functions for the 1P and 0S states are
adopted with the simple harmonic oscillator wave functions
which are orthogonal. In this work, we focus on the strong
decays of the 1Pλ states.
We analyze the decay properties of the 1Pλ states in the

Ξcc and Ωcc family, and collect their partial strong decay
widths in Table III. In the Ξcc family, the total decay width
of jΞcc

2Pλ
1
2
−i is about Γ ∼ 40 MeV, which is compatible

with the result in Ref. [17]. The dominant decay modes are
Ξccπ and Ξ�

ccπ with the partial decay ratio

Γ½jΞcc
2Pλ

1
2
−i → Ξccπ�

Γ½jΞcc
2Pλ

1
2
−i → Ξ�

ccπ�
≃ 1.18: ð11Þ

This value is about 2.5 times of the ratio in Ref. [17].
The states of jΞcc

2Pλ
3
2
−i and jΞcc

4Pλ
3
2
−i are most likely

to be the moderate states with a width of Γ ∼ 130 MeV,
and the Ξ�

ccπ decay channel is their dominant decay mode.
The partial decay width of Γ½jΞ2

ccPλ
3
2
−i → Ξccπ� is con-

siderable. The partial decay width ratio is

Γ½jΞcc
2Pλ3=2−i → Ξccπ�

Γ½jΞcc
2Pλ3=2−i → Ξ�

ccπ�
≃ 0.18: ð12Þ

This ratio may be a useful distinction between jΞcc
2Pλ

3
2
−i

and jΞcc
4Pλ

3
2
−i in future experiments. These results are in

good agreement with the predictions in Ref. [17].
The state jΞcc

4Pλ
1
2
−i has a broad width of Γ ≃ 201 MeV,

and the Ξccπ decay channel almost saturates its total decay
widths. This broad state may be observed in Ξccπ channel
in future experiments.
From the Table III, the state jΞcc

4Pλ
5
2
−i may be a narrow

state with a total decay width around Γ ∼ 60 MeV, which is
about one half of that in Ref. [17]. This state decays mainly
through the Ξccπ channel. The predicted partial width ratio
between Ξccπ and Ξ�

ccπ is

Γ½jΞcc
4Pλ

5
2
−i → Ξccπ�

Γ½jΞcc
4Pλ

5
2
−i → Ξ�

ccπ�
≃ 3.64; ð13Þ

which can be tested in future experiments.
In the Ωcc family, the jΩcc

2Pλ
1
2
−i and jΩcc

4Pλ
5
2
−i might

be two narrow states with a total decay width of
Γ ∼ 40 MeV, and their strong decays are dominated by
the ΞccK channel.
The decay width of the state jΩcc

4Pλ
1
2
−i is about

Γ ∼ 380 MeV. Meanwhile, its strong decays are governed
by the ΞccK channel. In this case, the jΩcc

4Pλ
1
2
−i might be

too broad to observed in experiments. However, for the
states jΩcc

2Pλ
3
2
−i and jΩcc

4Pλ
3
2
−i, if their masses lie below

the threshold of Ξ�
ccK, they are likely to be two fairly

narrow states with the total decay widths of Γ ∼ 9 MeV
and Γ ∼ 2 MeV, respectively. Otherwise, they shall have a

FIG. 2. The λ− and ρ− mode excitations of the ccq system
where λ and ρ are the Jacobi coordinates defined as λ ¼ 1ffiffi

6
p ðr1 þ

r2 − 2r3Þ and ρ ¼ 1ffiffi
2

p ðr1 − r2Þ, respectively. Q1 and Q2 stand for

the charm quark, and q3 stands for the light (u, d, s quark.
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broad width of Γ ∼ 200 MeV, and mainly decay into Ξ�
ccK

channel.
Considering the mass uncertainties of the 1Pλ states, we

plot the strong decay width as a function of the mass in
Figs. 3–4. From the Figs. 3–4, the partial width of dominant
decay channel for most of states are sensitive to the mass.
In addition, in the Ξcc family, if the 1Pλ states are above the
threshold of ΛcD, they can decay via ΛcD with a partial
width about several MeV.

B. The D-wave doubly charmed states

1. ρ-mode excitations

Since we adopt the simple harmonic oscillator spatial
wave functions in present work, the strong decays of 2Dρρ

doubly charmed states via emitting a light-flavor meson
are forbidden due to the orthogonality of the spatial wave
functions. So, we focus on the decay processes via emitting
a heavy-light flavor meson. Due to the lack of the mass
predictions for the D-wave doubly charmed states, we
investigate the strong decay properties as the functions of
the masses in a possible range.
First of all, we conduct systematic research on the strong

decays of 2Dρρ states in the Ξcc family in Fig. 5. For the
state jΞcc

2Dρρ
3
2
þi, we put the mass range between the ΛcD

threshold (M ¼ 4152 MeV) and M ¼ 4300 MeV. From
Fig. 5, we can see that the state jΞcc

2Dρρ
3
2
þi is a fairly

narrow state with a width of a few MeV when its mass
varies in the range. Its strong decay is dominated by ΛcD.
Taking the masses of jΞcc

2Dρρ
5
2
þi and jΞcc

4Dρρ
5
2
þi in the

range of (4.152–4.450) GeV, they are two narrow states

with a width of Γ < 4 MeV and mainly decay into ΛcD if
their masses are below the threshold of Σ�

cD. However,
when the Σ�

cD channel is open, the total decay widths of
those two states are sensitive to the mass and can increase
up to several tenths MeV. If so, their dominant decay modes
should be Σ�

cD.
For the states jΞcc

4Dρρ
1
2
þi and jΞcc

4Dρρ
3
2
þi, if their

masses are above the threshold of ΛcD, they mainly decay
into ΛcD and have a width of several tens MeV.
Taking the mass of jΞcc

4Dρρ
7
2
þi in the range of (4.20–

4.60) GeV, we get that the decay width of this state is about
Γ ≃ ð0–120Þ MeV. Its strong decays are governed by the
ΛcD channel in the whole mass region considered in the
present work. When we take the mass of jΞcc

4Dρρ
7
2
þi with

M ¼ 4373 MeV, the predicted branching ratio is

Γ½ΛcD�
Γtotal

≃ 98%: ð14Þ

So, this state is most likely to be observed in the ΛcD
channel.
Then, we analyze the decay properties of the 2Dρρ states

in theΩcc family, and plot the partial decay widths and total
decay width as functions of the masses in Fig. 6.
To investigate the decay properties of the jΩcc

2Dρρ
3
2
þi,

we plot its decay widths as a function of the mass in the
range ofM ¼ ð4.34–4.45Þ GeV. From the figure, its strong
decay width is around a few MeV. This state mainly decays
through the ΞcD channel.
For the states jΩcc

2Dρρ
5
2
þi and jΩcc

4Dρρ
5
2
þi, we take

their masses in the range of M ¼ ð4.34–4.60Þ GeV. If

TABLE III. The comparison of the partial decay widths of the 1Pλ states from the QPC model and the chiral quark model [17]. Γtotal
stands for the total decay width and B represent the ratio of the branching fractions Γ½Ξccπ=K�=Γ½Ξ�

ccπ=K�. The unit is MeV.

Γ½Ξccπ� Γ½Ξ�
ccπ� Total B

State Mass This work Ref [17] This work Ref [17] This work Ref [17] This work Ref [17]

jΞcc
2Pλ

1
2
−i 4136 21.9 15.6 18.6 33.9 40.5 49.5 1.18 0.46

jΞcc
2Pλ

3
2
−i 4196 13.7 21.6 117 101 131 123 0.18 0.21

jΞcc
4Pλ

1
2
−i 4053 200 133 0.60 1.22 201 134 333 110

jΞcc
4Pλ

3
2
−i 4101 4.43 7.63 127 84.6 131 92.2 0.03 0.09

jΞcc
4Pλ

5
2
−i 4155 45.9 75.3 12.6 22.8 58.5 98.1 3.64 3.30

Γ½ΞccK� Γ½Ξ�
ccK� Total B

State Mass This work Ref [17] This work Ref [17] This work Ref [17] This work Ref [17]

jΩcc
2Pλ

1
2
−i 4271 49.3 33.1 1.53 2.36 50.8 35.5 32.2 14.0

jΩcc
2Pλ

3
2
−i 4325 8.50 11.4 199 174 208 185 0.04 0.06

jΩcc
4Pλ

1
2
−i 4208 378 323 · · · · · · 378 323 · · · · · ·

jΩcc
4Pλ

3
2
−i 4252 2.02 3.08 154 137 156 140 0.01 0.02

jΩcc
4Pλ

5
2
−i 4303 29.1 41.5 2.62 4.38 31.7 45.9 11.1 9.47
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they lie below the Σ�
cD threshold, the total decay widths

are about Γ < 3 MeV, and are dominated by ΞcD.
However, if their masses are above the threshold of
Σ�
cD, their dominant decay channels should be Σ�

cD

and their total decay widths may reach several tenths
MeV.
Taking the masses of jΩcc

4Dρρ
1
2
þi and jΩcc

4Dρρ
3
2
þi in the

range ofM¼ð4.34–4.40ÞGeV andM ¼ ð4.34–4.50Þ GeV,

FIG. 4. The strong decay partial widths of the 1Pλ-wave Ωcc
states as a function of the mass.

FIG. 5. The strong decay partial widths of the 2Dρρ-wave Ξcc states as a function of the mass.

FIG. 3. The strong decay partial widths of the 1Pλ-wave Ξcc
states as a function of the mass.
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respectively, their decay widths depend considerably on
their mass and are governed by the ΞcD channel.
Assuming the mass of the jΩcc

4Dρρ
7
2
þi in the range

of (4.35–4.75) GeV, this state has a width of Γ≃
ð0–150Þ MeV. If we take the mass of jΩcc

4Dρρ
7
2
þi with

M ¼ 4523 MeV, the total decay width is about
Γtotal ≃ 12 MeV, and the predicted branching ratio is

Γ½ΞcD�
Γtotal

≃ 98%: ð15Þ

In brief, the 2Dρρ states of Ξcc and Ωcc can decay
through emitting a heavy-light meson when their masses
are above the threshold of ΛcD and ΞcD, respectively.
Their total decay widths maybe reach several tens MeV
if their masses are large enough. However, most of those
states may lie below the threshold of ΛcD or ΞcD,
respectively.

2. λ-mode excitations

As emphasized in our previous work [17], the λ-mode
orbitally excited state has relatively larger mass than a
ρ-mode orbitally excited state for the doubly charmed
baryons. The 2Dλλ states should be heavier than the 2Dρρ

states with the same JP. Thus, many other decay modes are
allowed when we study the strong decay properties of 2Dλλ

states.
In the Ξcc family, we estimate the mass of the

jΞcc
2Dλλ

3
2
þi in the range of (4.50–4.90) GeV, and then

investigate its strong decay properties as a function of the
mass in Fig. 7. The decay width of the state jΞcc

2Dλλ
3
2
þi is

about Γ ≃ ð100–650Þ MeV. The main decay channel is
Ξ�
ccπ and the predicted branching ratio is

Γ½Ξ�
ccπ�

Γtotal
≃ ð77–87Þ%: ð16Þ

On the other hand, the partial decay width of
Γ½jΞcc

2Dλλ
3
2
þi → Σ�

cD� is sizable. The partial width ratio
between Σ�

cD and Ξ�
ccπ is

Γ½jΞcc
2Dλλ

3
2
þi → Σ�

cD�
Γ½jΞcc

2Dλλ
3
2
þi → Ξ�

ccπ�
≃ 3.2% ð17Þ

when we fix the mass of this state on M ¼ 4.70 GeV.
For the state jΞcc

2Dλλ
5
2
þi, its mass might be in the range

of (4.55–4.95) GeV. The dependence of the strong decay
properties of jΞcc

2Dλλ
5
2
þi on the mass is plotted in Fig. 7

as well. According to the figure, we can see that the state
has a predicted width of Γ ≃ ð150–590Þ MeV, and mainly
decays into Ξccπ and Ξ�

ccπ. The predicted partial width
ratio is

Γ½jΞcc
2Dλλ

5
2
þi → Ξccπ�

Γ½jΞcc
2Dλλ

5
2
þi → Ξ�

ccπ�
≃ ð30–38Þ%: ð18Þ

Meanwhile, the role of the ΣcD channel becomes more
and more important as the mass increases. The branching
ratio is

Γ½ΣcD�
Γtotal

≃ ð8–18Þ%: ð19Þ

We estimate the mass of jΞcc
4Dλλ

1
2
þi in the range of

(4.20–4.60) GeV and calculate its strong decay widths,
which are shown in Fig. 7. From the figure, the state
jΞcc

4Dλλ
1
2
þi is a moderate state with a width of Γ≃

ð65–118Þ MeV, and its strong decays are governed by
the Ξccπ channel. The predicted branching ratio is

FIG. 6. The strong decay partial widths of the 2Dρρ-wave Ωcc states as a function of the mass.
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Γ½Ξccπ�
Γtotal

≃ ð36–91Þ%: ð20Þ

It should be pointed out that if the decay channel ΩccK is
opened, which is sensitive to the mass, the branching ratio
of this decay channel may reach 41%. Since the predicted
width of jΞcc

4Dλλ
1
2
þi is not broad, this resonance might be

observed in the Ξccπ channel.
The mass of the state jΞcc

4Dλλ
3
2
þi might be in the range

of (4.25–4.65) GeV, which is ∼50 MeV heavier than that of
the state jΞcc

4Dλλ
1
2
þi. We plot the strong decay properties

of jΞcc
4Dλλ

3
2
þi as a function of the mass in Fig. 7. The state

jΞcc
4Dλλ

3
2
þi may be a moderate state with a width of

Γ ≃ ð82–110Þ MeV, and its strong decays are dominated
by the Ξccπ and Ξ�

ccπ channels. However, the partial width
of Ξccπ decreases dramatically with the mass. So, the
predicted branching ratio of the Ξccπ channel varies in a
wide range of

Γ½Ξccπ�
Γtotal

≃ ð58–5Þ%: ð21Þ

The branching ratio of the Ξ�
ccπ channel is stable, which is

Γ½Ξ�
ccπ�

Γtotal
≃ ð39–62Þ%: ð22Þ

This state has good potential to be discovered in the Ξccπ
and Ξ�

ccπ channels.
For the state jΞcc

4Dλλ
5
2
þi, we plot its partial decay widths

and total widths as a function of the mass in the range of
(4.30–4.70) GeV. From Fig. 7, its total decay width is about
Γ ≃ ð59–260Þ MeV. The partial decay width ratio of the
main two decay channels Ξccπ and Ξ�

ccπ is

Γ½jΞcc
4Dλλ

5
2
þi → Ξccπ�

Γ½jΞcc
4Dλλ

5
2
þi → Ξ�

ccπ�
≃ ð11–44Þ%: ð23Þ

Meanwhile, from the Fig. 7 we notice that the strong
decays of the state jΞcc

4Dλλ
7
2
þi are dominated by the Ξccπ

and Ξ�
ccπ channels as well, when the mass lies in the range

of (4.35–4.75) GeV. But the total decaywidth of jΞcc
4Dλλ

7
2
þi

is about Γ ≃ ð52–610Þ MeV, which shows stronger depend-
ency on the mass than that of jΞcc

4Dλλ
5
2
þi, and the predicted

ratio between Ξccπ and Ξ�
ccπ is

Γ½jΞcc
4Dλλ

7
2
þi → Ξccπ�

Γ½jΞcc
4Dλλ

7
2
þi → Ξ�

ccπ�
≃ ð3.5–7.8Þ: ð24Þ

In addition, we extract the strong decays of the 2Dλλ

states in the Ωcc family, and plot their decay properties as
functions of the masses in Fig. 8. Usually, the mass of the
Ωcc resonances is about 150 MeV larger than that of the Ξcc
resonances [19,20]. Thus we estimate the mass of the state
jΩcc

2Dλλ
3
2
þi might be in the range of (4.65–5.05) GeV.

According to our theoretical calculations, jΩcc
2Dλλ

3
2
þi is a

broad state with a width of Γ ≃ ð114–769Þ MeV, and Ξ�
ccK

almost saturates its total decay widths.
Meanwhile, the state jΩcc

2Dλλ
5
2
þi is most likely to be

a very broad state as well, and the total decay width is
about Γ ≃ ð280–1000Þ MeV with the mass in the range of
(4.70–5.10) GeV. Its strong decays are governed by the
ΞccK and Ξ�

ccK channels. The predicted partial width ratio
between ΞccK and Ξ�

ccK is

Γ½jΩcc
2Dλλ

5
2
þi → ΞccK�

Γ½jΩcc
2Dλλ

5
2
þi → Ξ�

ccK� ≃ ð23–41Þ%: ð25Þ

FIG. 7. The strong decay partial widths of the 2Dλλ-wave Ξcc states as a function of the mass.
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The partial width of Ξ0
ccD is sizable as well. This broad

state might be hard to be observed in experiments.
Taking the mass of jΩcc

4Dλλ
1
2
þi in the range of

(4.35–4.75) GeV, the state jΩcc
4Dλλ

1
2
þi might be a mod-

erate state with a width of Γ ≃ ð104–194Þ MeV, and mainly
decays into the ΞccK channel. Such a moderate state has
some possibility to be observed in future experiments.
As to the state jΩcc

4Dλλ
3
2
þi, we plot its strong decay

properties as a function of the mass in the range of
(4.40–4.80) GeV in Fig. 8. The total decay width of
jΩcc

4Dλλ
3
2
þi is Γ ≃ ð108–161Þ MeV. Its strong decays

are dominated by the ΞccK and Ξ�
ccK channels, and the

predicted partial decay width ratio is

Γ½jΩcc
4Dλλ

3
2
þi → ΞccK�

Γ½jΩcc
4Dλλ

3
2
þi → Ξ�

ccK� ≃ ð1.95–0.24Þ: ð26Þ

The total decay width of jΩcc
4Dλλ

5
2
þi is Γ ≃

ð68–300Þ MeV with the mass in the range of (4.45–
4.85) GeV. From the Fig 8, this state mainly decays
through the Ξ�

ccK channel. The branching ratio is

Γ½Ξ�
ccK�

Γtotal
≃ ð93–62Þ%: ð27Þ

The partial width of the ΞccK channel is sizable as well.
The partial decay widths of the jΩcc

4Dλλ
7
2
þi strongly

depend on its mass. Taking the mass of jΩcc
4Dλλ

7
2
þi in the

range of (4.50–4.90) GeV, the total decay width varies in a
wide range of Γ ≃ ð43–708Þ MeV. Its strong decays are
governed by the ΞccK and Ξ�

ccK channels, and the partial
decay width ratio is

Γ½jΩcc
4Dλλ

7
2
þi → Ξ�

ccK�
Γ½jΩcc

4Dλλ
7
2
þi → ΞccK� ≃ ð22–48Þ%: ð28Þ

Meanwhile, the partial decay width of ΞcD is sizable, and
the predicted partial width ratio between ΞcD and ΞccK is

Γ½jΩcc
4Dλλ

7
2
þi → ΞcD�

Γ½jΩcc
4Dλλ

7
2
þi → ΞccK�

≃ ð4.7–8.6Þ%: ð29Þ

In conclusion, in the Ξcc and Ωcc family, the 2Dλλ states
with JP ¼ 1=2þ, 7=2þ mainly decay into the ground state
with JP ¼ 3=2þ through emitting a light-flavor meson,
while the 2Dλλ states with JP ¼ 3=2þ, 5=2þ mainly decay
into the ground state with JP ¼ 1=2þ plus a light-flavor
meson. The states j4Dλλ

1
2
þi and j4Dλλ

3
2
þi are most likely

to be the moderate states with the total widths of Γ ∼
100 MeV, which are insensitive to their masses, and might
be discovered in their dominant decay channels.
It should be pointed out that all of the theoretical

predictions of the strong decays for the low-lying 1P
and 2D doubly charmed baryons are obtained with the
fixed harmonic oscillator parameter αρ ¼ 660 MeV as in
the charmonium system. However, the parameter αρ bares a
large uncertainty. It is necessary to further consider the
decay properties as a function of the parameter αρ. Our
theoretical results show that the decay properties of the
doubly charmed states we considered in the present work
are not sensitive to this parameter when it varies within a
appropriate range. On the other hand, the hadronic loop
effects are not included in this calculations. There are some
discussions about the meson-baryon loop effects in light
baryons [63–66] and meson-meson loop effects in mesons
[67–71]. However, it should be emphasized that hadronic

FIG. 8. The strong decay partial widths of the 2Dλλ-wave Ωcc states as a function of the mass.
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loop effects in heavy quarkonium are not obvious [67,68].
The main predictions in models without or with coupled-
channel effects maybe have little different from each other,
i.e., part of the hadronic loop effects can be absorbed into
the model parameters. In the present work, we consider the
doubly-charmed baryons(ccq) which also belong to the
heavy quark system. So, the hadronic loop effects would be
partly absorbed into the model parameters and don’t change
our main predictions. Moreover, due to many new param-
eters from the hadronic loop model and the lack of the
experimental data, it is difficult to calculate the hadronic
loop effects precisely in the doubly charmed baryon sector.

IV. SUMMARY

In the present work, we have systematically studied the
strong decay properties of the low-lying 1P and 2D doubly
charmed baryons in the framework of the 3P0 quark pair
creation model. Our main results are summarized as
follows.
For the 1P ρ-mode doubly charmed baryons, their decay

widths should be fairly narrow because of the absence of
the strong decay modes. In addition, for the 1P λ-mode
excitations, the states j2Pλ

3
2
−i and j4Pλ

3
2
−i are predicted to

be moderate states with a width of Γ ∼ 150 MeV. Their
strong decays are governed by the Ξ�

ccπ or Ξ�
ccK channel.

However, the states j2Pλ
1
2
−i and j4Pλ

5
2
−i are most likely to

be narrow states with a total decay width of Γ ∼ 40 MeV,
and their strong decays are dominated by the Ξccπ or ΞccK
channel. Such narrow states have good potential to be
observed in future experiments. Meanwhile, the dominant
decay mode of the state j4Pλ

1
2
−i is Ξccπ or ΞccK as well, but

the total decay width of this state is about Γ > 200 MeV.
Since the strong decays of 2Dρρ doubly charmed baryons

via emitting a light-flavor meson are forbidden, they mainly
decay via emitting a heavy-light meson with a total decay
width of several tens MeV if their masses are large enough.
The partial strong decay widths of the 2Dρρ doubly
charmed baryons strongly depend on their masses. The
measurement of masses in the future will be helpful to
understand their inner structures.
Within the range of mass we considered, the 2Dλλ states

with JP ¼ 1=2þ, 7=2þ mainly decay through the Ξ�
ccπ or

Ξ�
ccK channels, respectively, while the 2Dλλ states with

JP ¼ 3=2þ, 5=2þ mainly decay through the Ξccπ or ΞccK
channels. It should be remarked that the states j4Dλλ

1
2
þi and

j4Dλλ
3
2
þi are most likely to be discovered in their corre-

sponding dominant decay channels because of their not
broad widths of Γ ∼ 100 MeV, which are insensitive to
their masses.
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APPENDIX A: THE DECAY MODE WITH
DOUBLY CHARMED BARYON PLUS A

LIGHT-FLAVOR MESON

The harmonic oscillator wave functions for the orbitally
excited baryons in our calculation are

ψðlρ;mρ;lλ;mλÞ¼ð−iÞl
�

2lρþ2ffiffiffi
π

p ð2lρþ1Þ!!
�1

2

�
1

αρ

�3
2
þlρ

Y
mρ

lρ
ðpρÞ

×ð−iÞl
�

2lλþ2ffiffiffi
π

p ð2lλþ1Þ!!
�1

2

�
1

αλ

�3
2
þlλ

Ymλ
lλ
ðpλÞ

×exp

�
−
p2
ρ

2α2ρ
−
p2
λ

2α2λ

�
; ðA1Þ

where pρ ¼ 1ffiffi
2

p ðp1 − p2Þ and pλ ¼ 1ffiffi
6

p ðp1 þ p2 − 2p3Þ.
The ground state wave function of the meson is

ψð0; 0Þ ¼
�
R2

π

�3
4

exp

�
−
R2p2

ab

2

�
; ðA2Þ

where pab stands for the relative momentum between the
quark and antiquark in a meson.
Since all the final states are in the S-wave ground states

in the present work, the momentum space integration

I
MLA

;m
MLB

;MLC
ðpÞ can be further expressed as ΠðlρA;mρA; lλA;

mλA;mÞ. Based on Fig. 1(a), the explicit form of the
momentum space integration ΠðlρA;mρA; lλA;mλA;mÞ are
presented in the following.
For the S-wave decay,

Πð0; 0; 0; 0; 0Þ ¼ βjpjΔ0;0: ðA3Þ
For the P-wave decay,

Πð0; 0; 1; 0; 0Þ ¼
�

1ffiffiffi
6

p
λ2

−
λ3
2λ2

βjpj2
�
Δ0;1; ðA4Þ

Πð0; 0; 1; 1;−1Þ ¼ −
1ffiffiffi
6

p
λ2

Δ0;1

¼ Πð0; 0; 1;−1; 1Þ: ðA5Þ
For the D-wave decay,

Πð0; 0; 2; 0; 0Þ ¼
�
λ23
2λ22

βjpj3 −
ffiffiffi
6

p
λ3

3λ22
jpj

�
Δ0;2; ðA6Þ

Πð0; 0; 2; 1;−1Þ ¼ λ3ffiffiffi
2

p
λ22

jpjΔ0;2 ¼ Πð0; 0; 2;−1; 1Þ:

ðA7Þ
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Here,

λ1 ¼
1

α2ρ
; λ2 ¼

1

α2λ
þ R2

3
; λ3 ¼

2ffiffiffi
6

p
α2λ

þ R2ffiffiffi
6

p ;

ðA8Þ

λ4 ¼
1

3α2λ
þ R2

8
; β ¼ 1 −

λ3ffiffiffi
6

p
λ2

; ðA9Þ

for the above expressions and

Δ0;0 ¼
�

1

πα2ρ

�3
4

�
1

πα2λ

�3
4

�
R2

π

�3
4

�
π2

λ1λ2

�3
2

× exp

�
−
�
λ4 −

λ23
4λ2

�
jpj2

�

×

�
−

ffiffiffiffiffiffi
3

4π

r ��
1

πα2ρ

�3
4

�
1

πα2λ

�3
4

; ðA10Þ

Δ0;1 ¼
�

1

πα2ρ

�3
4

�
1

πα2λ

�3
4

�
R2

π

�3
4

�
π2

λ1λ2

�3
2

× exp

�
−
�
λ4 −

λ23
4λ2

�
jpj2

�

×
3i
4π

�
1

πα2ρ

�3
4

�
8

3
ffiffiffi
π

p
�1

2

�
1

α2λ

�5
4

; ðA11Þ

Δ0;2 ¼
�

1

πα2ρ

�3
4

�
1

πα2λ

�3
4

�
R2

π

�3
4

�
π2

λ1λ2

�3
2

× exp

�
−
�
λ4 −

λ23
4λ2

�
jpj2

�

×

ffiffiffiffiffi
15

p

8π

�
1

πα2ρ

�3
4

�
16

15
ffiffiffi
π

p
�1

2

�
1

α2λ

�7
4

: ðA12Þ

APPENDIX B: THE DECAY MODE WITH
A SINGLY HEAVY BARYON PLUS

A HEAVY-LIGHT MESON

From Fig. 1(c), the momentum space integration
ΠðlρA;mρA; lλA;mλA;mÞ can be expressed in the following.
For the S-wave decay,

Πð0; 0; 0; 0; 0Þ ¼ βjpjΔ0;0: ðB1Þ

For the P-wave decay,

Πð0; 0; 1; 0; 0Þ ¼ −
1

2f1
ðf2βjpj2 þ ζÞΔ0;1; ðB2Þ

Πð0; 0; 1; 1;−1Þ ¼ Πð0; 0; 1;−1; 1Þ ¼ ζ

2f1
Δ0;1; ðB3Þ

Πð1; 0; 0; 0; 0Þ ¼
�
βϖjpj2 þ 1

2
ffiffiffi
2

p
λ1

þ ζλ2
4λ1f1

�
Δ1;0;

ðB4Þ

Πð1; 1; 0; 0;−1Þ ¼ −
�

ζλ2
4λ1f1

þ 1

2
ffiffiffi
2

p
λ1

�
Δ1;0

¼ Πð1;−1; 0; 0; 1Þ: ðB5Þ
For the D-wave decay,

Πð0; 0; 2; 0; 0Þ ¼ f2
f21

�
1

2
βf2jpj3 þ ζjpj

�
Δ0;2; ðB6Þ

Πð0; 0; 2; 1;−1Þ ¼ −
ffiffiffi
3

p
f2

2f21
ζjpjΔ0;2 ¼ Πð0; 0; 2;−1; 1Þ;

ðB7Þ

Πð2; 0; 0; 0; 0Þ ¼ 2

�
βϖ2jpj2 þ ϖffiffiffi

2
p

λ1
þ λ2ζϖ

2λ1f1

�
jpjΔ2;0;

ðB8Þ

Πð2; 1; 0; 0;−1Þ ¼ −
� ffiffiffi

6
p

ϖ

2λ1
þ

ffiffiffi
3

p
λ2ϖζ

2λ1f1

�
jpjΔ2;0;

¼ Πð2;−1; 0; 0; 1Þ; ðB9Þ

Πð1; 0; 1; 0; 0Þ ¼
�
f2ϖβ

2f1
jpj2 þ λ2f2ζ

8λ1f21
þ ϖζ

2f1
þ λ2β

4λ1f1

þ
ffiffiffi
2

p
f2

8λ1f1

�
jpjΔ1;1; ðB10Þ

Πð1; 0; 1; 1;−1Þ ¼ −
ϖζ

2f1
jpjΔ1;1 ¼ Πð1; 0; 1;−1; 1Þ;

ðB11Þ

Πð1; 1; 1;−1; 0Þ ¼ −
λ2β

4λ1f1
jpjΔ1;1 ¼ Πð1;−1; 1; 1; 0Þ;

ðB12Þ

Πð1; 1; 1; 0;−1Þ ¼ −
�
λ2f2ζ
8λ1f21

þ
ffiffiffi
2

p
f2

8λ1f1

�
jpjΔ1;1

¼ Πð1;−1; 1; 0; 1Þ; ðB13Þ
Here,

λ1 ¼
1

2α2ρ
þ 1

8α02ρ
þ 3

8α02λ
þ R2

4
; ðB14Þ

λ2 ¼ −
ffiffiffi
3

p

4α02ρ
þ

ffiffiffi
3

p

4α02λ
−

ffiffiffi
3

p
R2

6
; ðB15Þ

λ3 ¼
1

2α2λ
þ 3

8α02ρ
þ 1

8α02λ
þ R2
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λ4 ¼
ffiffiffi
2

p

4α02ρ
þ

ffiffiffi
2

p

4α02λ
þ R2ffiffiffi

2
p m2

m2 þm5

; ðB17Þ

λ5 ¼ −
ffiffiffi
6

p

4α02ρ
þ

ffiffiffi
6

p

12α02λ
−

R2ffiffiffi
6

p m2

m2 þm5

; ðB18Þ

λ6 ¼
1

4α02ρ
þ 1

12α02λ
þ R2

2

�
m2

m2 þm5

�
2

; ðB19Þ

f1 ¼ λ3 −
λ22
4λ1

; ðB20Þ

f2 ¼ λ5 −
λ2λ4
2λ1

; ðB21Þ

f3 ¼ λ6 −
λ24
4λ1

; ðB22Þ

ϖ ¼ λ2f2
4λ1f1
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2λ1

; ðB23Þ
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2

ffiffiffi
2

p
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; ðB24Þ

β ¼ 1þ ϖffiffiffi
2

p þ f2
2

ffiffiffi
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p
f1

; ðB25Þ

for the above expressions and
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4
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Here, the parameters α0ρ and α0λ stand the harmonic
oscillator parameters of the final singly heavy baryon.
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