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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 >P,, quark pair creation model. The main predictions include:
@) in the E,. and Q.. family, the 1P p mode excitations with J¥ = 1/2~ and 3/2~ should be the fairly
narrow states, while, for the 1P 2 mode excitations, they are most likely to be moderate states with a width
of I'~ 100 MeV. (ii) The 2D, 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 A.D or E.D, respectively. The 2D,
states may be broad states with a width of I' > 100 MeV.

DOI: 10.1103/PhysRevD.97.074005

I. INTRODUCTION

Fifteen years ago, the SELEX Collaboration announced
a doubly charmed baryon E/. with mass 3519 +1 MeV
[1]. One year later, another doubly charmed baryon E;
was reported at 3770 MeV by the same collaboration [2].
Unfortunately, those two signals Z.(3519) and
E/F(3770) were not confirmed by other collaborations.
Recently, the LHCb Collaboration discovered a doubly
charmed baryon =}(3621) in the AfK ztz" mass
spectrum [3]. Its mass was measured to be 3621.40 =
0.72 +£0.27 £ 0.14 MeV. The newly observed E/."(3621)
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
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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-lizuka (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 1.

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 QPC model
has not been performed yet. In the framework of the QPC
model, we find that (i) our results of the decay patterns of the
1 P states are highly comparable with those in our previous
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TABLEIL Masses and possible two body strong decay channels of the 1P and 2D doubly charmed baryons (denoted by [N>ST1L_J*)),
where [N*T1L,J7) =37, s (LL., SS_[JJ)NWF, x5 ¢ [46]. The masses (MeV) are taken from the relativistic quark model [20].
State Eee Q..
N2SHL JP Wave Mass [20] Strong decay channel Mass [20] Strong decay channel
function
|02S5F) Wik ¢ 3620 3778
|0*S3+) Woors d 3727 3872
[1PP,57) Wi 4 ¢ 3838 4002
[12P,37) 3959 4102
1P Wi ke 4136 2z 4271 2K
[12P;37) 4196 204 4325 20K
[14P37)  Wixs¢ 4053 20, 4208 Z.K
[14P,37) 4101 =0, 4252 =k
[14P,57) 4155 =, 4303 =0k
12°D,,5") W5 x5 A.D E.D
12°D,,3") AD, =D g.D0, 2D
12'D,5") 5 s AcD E.D
|2D,,3") A.D, Z.D E.D, E.D
12*D,,3") AD, 2D E.D, E':D
12*D,,3") AD, =D, E.D,, E.D, g.0, 2%p, ol D,
122D;;37) W5 kb ¥z @WK, A.D, 2D, E.D,, 2D, 9k, QWn 2.0 29D, ¥p,, oy
122Du3") gx ok, A.D, =D, E.D,, 2D, gk, oy, 2.0, 29D, @YD, Wy
12*D") WA as =9z @WK, AD, 2D, E.D,, 2D, =9k, @Wn, 2.0, 29D, Q,D,
12*Du3") g9z, QYK A.D, =D, E,D,, 2D, 2Pk, oy, Q.. E.D, YD, 0D,
12*Du3") gx ok, A.D, =D, E.D,, 2D, gk, oy, Q.. E.D, YD, YD,
124Dydt) gx ok, A.D, =D, E.D,, 2D, gk, oy, Wy, 8.0, =D, oD,

work [17]; (ii) the 2D, states mainly decay via emitting a
heavy-light meson if their masses are above the threshold
of A.D or E_.D, respectively; (iii) although the 2D, states
may be broad states with a width of I" > 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.

1. °P, 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 OZl-allowed strong decays of
hadrons, this model assumes that a pair of quark gg is

created from the vacuum and then regroups with the quarks
from the initial hadron to produce two outing hadrons.
The created quark pair gg shall carry the quantum number
of 07" and be in a P, state. Thus the QPC model is also
known as the P, 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 A(the initial baryon) —
B(the final baryon) + C(the final meson) as an example
to show how to calculate the decay width. In the
nonrelativistic limit, the transition operator under the
3P, model is given by
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FIG. 1. Doubly charmed baryons decay process in the 3P,
model.

T ==3yy (Im;1 —m|00) / d*p4d®ps& (ps + ps)

x ot VT <p4 3 p5> @by, (1)
where p; (i =4, 5) represents the three-vector momentum
of the ith quark in the created quark pair. o’ =3;;
and ¢ = (uit + dd + 55)/+/3 stand for the color singlet
and flavor function, respectively. The solid harmonic
polynomial Y7 (p) = [p|Y{'(0,.¢,) corresponds to the
momentum-space distribution, and )(‘1*_5_,” is the spin triplet
state for the created quark pair. The creation operator
aLb; denotes the quark pair-creation in the vacuum. The

pair-creation strength y 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,

|A(NA25A+1LAJAMJA)(pA)>

=\2E ¢ P w) Z (LaM s SA\Mg,|JaM,,)
M, Ms,

x / d*p1d’prd®p38° (py + P2+ P3 — Pa)
X ‘PNALAMLA (pl.pz,p3))(§ﬁ45A “h(Pl)fh(Pz)% (P3)>’ (2)

|C(NcHSeT Led M, ) (Pe))
= \2Eco¥ Z (LcM 3 ScM |IcM,,)

M. Ms,.
x / &*p,d’pp5* (P, + P» — Pc)
X lPNCLCMLC(p,,,pb))(giMSC |6]a(Pa>6]b(Pb>>- (3)

The p;(i =1,2,3 and a,b) denotes the momentum of
quarks in hadron A and C. P,(P.) are the momentum of
the hadron A(C) and Wy, M, (‘{’NCLCMLC) represent the

space-wave functions. The P, 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

2l+2

] (@) (3o
(4)

Win(P)=(

The ground state spatial wave function of a meson is

R*\i R’p;,
Yoo = <> exp <— I>7 (5)
T 2

where the p,;, 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,

MMJAMJBM/C (A — B+ C)

= yV/BEEsEc | [ Ukiig 282, e, 2 12m)

A.B,.C
M, .m
<Aool o) 08 v,y (P)- (6)

M, .m . .
Here, I ML;: My (p) stands the spatial integral and more

detailed information is presented in the Appendix A
and B. The [ [, 5 ¢ 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

Z<LBMLB; SpM, |JpM ;) (LcM 3 ScMs |JcM,,.)
X <LAMLA,SAMSA|]AMJA><1m,1—m|00> (7)

Finally, the decay width I'/A — BC] reads

p| 1
A - BC|=n>—
M32J,+1 ", MZJB: My

|_/\/lM-’AM-’EM-’C |2.

(8)

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

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

State Mass State Mass State Mass
E:rc+<+) 3621.00 it 2453.97 70 134.977
E:;r+(+) 3727.00 Xt 2518.41 A 139.570
QL 3778.00 =rF 2452.90 K* 493.677
Qi 3872.00 pyas 2517.50 547.862
A 2286.46 =F 2467.93 7 957.780
Q0 2695.20 =t 2575.70 DO 1864.83
Q0 2765.90 Sl 2645.90 Dt 1869.58
DY 1968.27

074005-3



LI-YE XIAO, QI-FANG LU, and SHI-LIN ZHU

PHYS. REV. D 97, 074005 (2018)

p-mode

Qi Q

apow-y

qs
FIG. 2. The A— and p— mode excitations of the ccq system
where 1 and p are the Jacobi coordinates defined as A = % (ry +
r, —2r3)and p = \/% (r; —r,), respectively. Q, and Q, stand for
the charm quark, and ¢; stands for the light (u, d, s quark.

VIME — (Mg —Mc)*|[M5 — (Mg + Mc)?]
M,

p| = ©)

In the present calculation, we adopt m, =m,=220MeV,
my =419 MeV, and m,. = 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~!, for all light
flavor mesons while it is R = 1.67 GeV~! for the D meson
and R = 1.54 GeV~! for the D, meson [49]. The parameter
a, of the p-mode excitation between the two charm quarks
(see Fig. 2) is taken as a, = 0.66 GeV [17], while a,
between the two light quarks is taken as a, = 0.4 GeV.

Another harmonic oscillator parameter ; is obtained with

the relation:
3m; 1/4
= . 10
% <2m1 + m3> % (10)

For the strength of the quark pair creation from the vacuum,
we take the same value as in Ref. [49], y = 6.95. For the

strange quark pair s3 creation, we use y,; = y/v/3 [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 E;*(3621) 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 1P, doubly heavy

baryons with J” =1= and J” =3, respectively. Their

masses are above the threshold of 2.z or E..K. However,

the OZl-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 1P, states.

We analyze the decay properties of the 1P, states in the
E.. and Q.. family, and collect their partial strong decay
widths in Table III. In the Z.. family, the total decay width
of |2..2P,;37) is about I' ~40 MeV, which is compatible
with the result in Ref. [17]. The dominant decay modes are
E..7 and Z% .7 with the partial decay ratio

FHE‘CCZPJ%_> - E‘ccﬂ]

T(|EePy7) = Eien]

—cc

~1.18. (11)

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

The states of |E,.’P;37) and |2..*P;3~) are most likely
to be the moderate states with a width of I' ~ 130 MeV,
and the E} .7 decay channel is their dominant decay mode.
The partial decay width of I'[|E2.P;37) — E..x] is con-
siderable. The partial decay width ratio is

FHECCZP/13/2_> - Eccﬂ]
F[|ECCZP/13/2_> - E:cﬂ]

~0.18. (12)

This ratio may be a useful distinction between |E..2P;3")
and |2,.*P;37) in future experiments. These results are in
good agreement with the predictions in Ref. [17].

The state |E,..*P;1™) has a broad width of I ~ 201 MeV,
and the E ..z decay channel almost saturates its total decay
widths. This broad state may be observed in E..z channel
in future experiments.

From the Table III, the state |Z..*P;3~) may be a narrow
state with a total decay width around I' ~ 60 MeV, which is
about one half of that in Ref. [17]. This state decays mainly
through the = ..z channel. The predicted partial width ratio
between 2.7 and E} .7 is

F[|Ecc4pﬂ%_> - Eccﬂ]

T(|E.*P37) — Eien]

~ 3.64, (13)

which can be tested in future experiments.

In the Q.. family, the |Q..2P;37) and |Q..*P,3”) might
be two narrow states with a total decay width of
I'~40 MeV, and their strong decays are dominated by
the E..K channel.

The decay width of the state [Q.*P;i) is about
I' ~ 380 MeV. Meanwhile, its strong decays are governed
by the E,.K channel. In this case, the [ .*P,3~) might be
too broad to observed in experiments. However, for the
states |Q,..2P;37) and |Q . *P,37), if their masses lie below
the threshold of =}.K, they are likely to be two fairly
narrow states with the total decay widths of I' ~9 MeV
and I' ~ 2 MeV, respectively. Otherwise, they shall have a
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TABLE III. The comparison of the partial decay widths of the 1P, states from the QPC model and the chiral quark model [17]. ',y
stands for the total decay width and B represent the ratio of the branching fractions I'[E..z/K]/T[E.7x/K]. The unit is MeV.
[E..7] I8 7] Total B
State Mass This work Ref [17] This work Ref [17] This work Ref [17] This work Ref [17]
EMzPA%‘) 4136 21.9 15.6 18.6 339 40.5 49.5 1.18 0.46
:CCZPA%‘) 4196 13.7 21.6 117 101 131 123 0.18 0.21
IE.APis) 4053 200 133 0.60 1.22 201 134 333 110
Ecc4P/1%_> 4101 4.43 7.63 127 84.6 131 92.2 0.03 0.09
E““Pig—) 4155 459 75.3 12.6 22.8 58.5 98.1 3.64 3.30
IE..K] 25 K] Total B
State Mass This work Ref [17] This work Ref [17] This work Ref [17] This work Ref [17]
|Q.2P57) 4271 49.3 33.1 1.53 2.36 50.8 355 322 14.0
|Q.2P;37) 4325 8.50 11.4 199 174 208 185 0.04 0.06
|QC(,4P/1%—> 4208 378 323 378 323
|Q¢-C4P,1%_> 4252 2.02 3.08 154 137 156 140 0.01 0.02
Q.. *P:37) 4303 29.1 41.5 2.62 4.38 31.7 459 11.1 9.47

broad width of I ~ 200 MeV, and mainly decay into E} K
channel.

Considering the mass uncertainties of the 1P, 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 =, family, if the 1P, states are above the
threshold of A.D, they can decay via A.D with a partial
width about several MeV.

B. The D-wave doubly charmed states

1. p-mode excitations

Since we adopt the simple harmonic oscillator spatial
wave functions in present work, the strong decays of 2D,
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 2D, states in the = . family in Fig. 5. For the
state |E,.”D,,3"), we put the mass range between the A.D
threshold (M = 4152 MeV) and M = 4300 MeV. From
Fig. 5, we can see that the state |2..2D,,3") 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 A_.D.

Taking the masses of |2,..2D,,3") and |E,.*D,,3") in the
range of (4.152-4.450) GeV, they are two narrow states

with a width of I' < 4 MeV and mainly decay into A.D if
their masses are below the threshold of X:D. However,
when the 23D 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 X!D.

For the states |E.'D,i") and |E.*D,,3"), if their
masses are above the threshold of A.D, they mainly decay
into A.D and have a width of several tens MeV.

Taking the mass of |E..*D,,7") in the range of (4.20—
4.60) GeV, we get that the decay width of this state is about
I' ~ (0-120) MeV. Its strong decays are governed by the
A,.D channel in the whole mass region considered in the

—

present work. When we take the mass of |E,.*D,,3") with

M = 4373 MeV, the predicted branching ratio is

I[A.D]

Iﬂtotal

~ 98%. (14)

So, this state is most likely to be observed in the A.D
channel.

Then, we analyze the decay properties of the 2D ,, states
in the Q... 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 |Q..2D,,3"),
we plot its decay widths as a function of the mass in the
range of M = (4.34-4.45) GeV. From the figure, its strong
decay width is around a few MeV. This state mainly decays
through the E.D channel.

For the states |Q..2D,,3") and |Q..*D, %), we take

P2 P2
their masses in the range of M = (4.34-4.60) GeV. If
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states as a function of the mass.

they lie below the X;D threshold, the total decay widths
are about I' <3 MeV, and are dominated by E.D.
However, if their masses are above the threshold of
2iD, their dominant decay channels should be XD

r(MeV)
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FIG. 5.

The strong decay partial widths of the 1P;-wave E_.
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FIG. 4. The strong decay partial widths of the 1P,-wave Q..
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and their total decay widths may reach several tenths

Taking the masses of [Q..*D,,3") and |Q..*D,,3") in the
range of M =(4.34-4.40)GeV and M = (4.34-4.50) GeV,

The strong decay partial widths of the 2D ,,-wave . states as a function of the mass.
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FIG. 6. The strong decay partial widths of the 2D

respectively, their decay widths depend considerably on
their mass and are governed by the =.D channel.
Assuming the mass of the |Q..*D,,2") in the range
of (4.35-4.75) GeV, this state has a width of I'~
(0-150) MeV. If we take the mass of |Q..*D,,7") with
M = 4523 MeV, the total decay width is about

Mo ~ 12 MeV, and the predicted branching ratio is

[E.D]

~98%.
1—‘total

(15)

In brief, the 2D,, states of E.. and €. can decay
through emitting a heavy-light meson when their masses
are above the threshold of A.D and E.D, 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 A.D or E.D,
respectively.

2. A-mode excitations

As emphasized in our previous work [17], the A-mode
orbitally excited state has relatively larger mass than a
p-mode orbitally excited state for the doubly charmed
baryons. The 2D, states should be heavier than the 2D,
states with the same J. Thus, many other decay modes are
allowed when we study the strong decay properties of 2D,
states.

In the Z. family, we estimate the mass of the
|2..2D;;3") 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 |2,..2D;;3") is
about ' ~ (100-650) MeV. The main decay channel is
2.7 and the predicted branching ratio is

p-wave Q.. states as a function of the mass.

F[Es, 7]
1—‘tota.l

On the other hand, the partial decay width of
I'|E.’D;;3") — Z:D] is sizable. The partial width ratio
between XD and E .7 is

~ (77-87)%. (16)

F[|ECCZDM%+> - ZfD]

- e ~3.0%
F[|:‘062D/H%+> - :‘ccﬂ}

(17)

when we fix the mass of this state on M = 4.70 GeV.

For the state |2,.2D,;3"), its mass might be in the range
of (4.55-4.95) GeV. The dependence of the strong decay
properties of |2..2D;;37) 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 I' ~ (150-590) MeV, and mainly
decays into E..z and E.z. The predicted partial width
ratio is

1]

S,

FHE‘CCZDM%Jr> = Zee

- T~ (30-38)%.
F[|:‘cczDﬁl%+> - :cc”]

(18)

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

I'Z.D

D] ~ (8-18)%.

total

(19)

We estimate the mass of |Z,.*D;;3") 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
12..*D;;5") is a moderate state with a width of I'=~
(65-118) MeV, and its strong decays are governed by
the E..7 channel. The predicted branching ratio is
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FIG. 7. The strong decay partial widths of the 2D,,-wave E,.. states as a function of the mass.
I'E. .7 [[|8..*D,;21) > B, .7
[r ] (36-91)%. (20) ”_“4 = ) < ) ~ (11-44)%. (23)
total FH':'cc D/ME > - :‘cc”]

It should be pointed out that if the decay channel Q. .K is
opened, which is sensitive to the mass, the branching ratio
of this decay channel may reach 41%. Since the predicted
width of |E,.*D,;4") is not broad, this resonance might be
observed in the E..z channel.

The mass of the state |Z..*D,,3") might be in the range
of (4.25-4.65) GeV, which is ~50 MeV heavier than that of
the state |E,..*D;;57). We plot the strong decay properties
of |2..*D;;3") as a function of the mass in Fig. 7. The state
|2..*D;;37) may be a moderate state with a width of
'~ (82-110) MeV, and its strong decays are dominated
by the 2.7 and E} .7 channels. However, the partial width
of E..m decreases dramatically with the mass. So, the
predicted branching ratio of the E ..z channel varies in a
wide range of

FEem | (53-5)%. (21)

total

The branching ratio of the &} .z channel is stable, which is

T[Ec.7]

~ (39-62)% (22)

total

This state has good potential to be discovered in the E_ .7
and E} .7 channels.

For the state |2,..*D;37), 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
I' ~ (59-260) MeV. The partial decay width ratio of the
main two decay channels Z..z and &} .7 is

Meanwhile, from the Fig. 7 we notice that the strong
decays of the state |E..*D,,1) are dominated by the E .
and E} .7 channels as well, when the mass lies in the range
of (4.35-4.75) GeV. But the total decay width of |E,..*D,3")
isaboutI" =~ (52-610) MeV, which shows stronger depend-
ency on the mass than that of |Z..*D,,3"), and the predicted
ratio between = .7 and E .7 is

F[|ECC4DM%+> - Ecc”]
F[|E‘CC4D/M%+>

~ (3.5-7.8). (24)

= E 1]

In addition, we extract the strong decays of the 2D,
states in the Q.. family, and plot their decay properties as
functions of the masses in Fig. 8. Usually, the mass of the
Q.. resonances is about 150 MeV larger than that of the =,
resonances [19,20]. Thus we estimate the mass of the state
Q..2Dy;37) might be in the range of (4.65-5.05) GeV.
According to our theoretical calculations, [Q..2D;;37) is a
broad state with a width of ' ~ (114-769) MeV, and E}.K
almost saturates its total decay widths.

Meanwhile, the state |Q..2D;;37) is most likely to be
a very broad state as well, and the total decay width is
about I' ~ (280-1000) MeV with the mass in the range of
(4.70-5.10) GeV. Its strong decays are governed by the
E..K and E} K channels. The predicted partial width ratio
between Z..K and E}.K is

F“gzcczD/M%Jr
FHQCCZDM% >

~(23-41)%.  (25)
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FIG. 8. The strong decay partial widths of the 2D,;-wave Q.. states as a function of the mass.

The partial width of Z..D is sizable as well. This broad
state might be hard to be observed in experiments.

Taking the mass of [Q.*D;1") in the range of
(4.35-4.75) GeV, the state |Q,.*D,,5") might be a mod-
erate state with a width of I" ~ (104-194) MeV, and mainly
decays into the =..K channel. Such a moderate state has
some possibility to be observed in future experiments.

As to the state |Q..*D;;3"), 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
1Q..*Dy;37) is T~ (108-161) MeV. Its strong decays
are dominated by the E..K and =} .K channels, and the
predicted partial decay width ratio is

F[|Qcc4DM%+> -
F[|QCC4D/M%+>

E‘L‘L‘K]

- B K]

~(1.95-0.24).  (26)

The total decay width of [Q.*D;3") is '~
(68-300) MeV with the mass in the range of (4.45-
4.85) GeV. From the Fig 8, this state mainly decays
through the E}.K channel. The branching ratio is

T[EC K]

~ (93-62)%.
l—‘total

(27)

The partial width of the E..K channel is sizable as well.

The partial decay widths of the |Q..*D;,I") strongly
depend on its mass. Taking the mass of [Q..*D;;7") in the
range of (4.50—4.90) GeV, the total decay width varies in a
wide range of ' ~ (43-708) MeV. Its strong decays are
governed by the E,..K and E}_.K channels, and the partial
decay width ratio is

= K} ~ (22-48)%.  (28)

Meanwhile, the partial decay width of Z.D is sizable, and

the predicted partial width ratio between Z.D and E,..K is

F[|QCC4D/M%+> - ELD}
F[|QCC4D/M%+> - K}

~ (47-8.6)%.  (29)

—
—

—cc

In conclusion, in the E.,. and Q.. family, the 2D,, states
with J¥ = 1/2%, 7/2" mainly decay into the ground state
with J¥ =3/2" through emitting a light-flavor meson,
while the 2D, states with J© = 3/2%, 5/2* mainly decay
into the ground state with J* = 1/2% plus a light-flavor
meson. The states |*D,,37) and |*D,;3") are most likely
to be the moderate states with the total widths of I' ~
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 @, = 660 MeV as in
the charmonium system. However, the parameter a, bares a
large uncertainty. It is necessary to further consider the
decay properties as a function of the parameter @,. 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
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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 3P, quark pair
creation model. Our main results are summarized as
follows.

For the 1P p-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 A-mode
excitations, the states |?P;37) and |*P,37) are predicted to
be moderate states with a width of I'~ 150 MeV. Their
strong decays are governed by the E; .7 or E}.K channel.
However, the states |?P,17) and |*P,37) are most likely to
be narrow states with a total decay width of I' ~ 40 MeV,
and their strong decays are dominated by the E. .7 or Z..K
channel. Such narrow states have good potential to be
observed in future experiments. Meanwhile, the dominant
decay mode of the state [*P;37) is & . or E..K as well, but
the total decay width of this state is about I" > 200 MeV.

Since the strong decays of 2D ,, 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 2D,, 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 2D, states
with J© = 1/2%, 7/2% mainly decay through the E} 7 or
=%.K channels, respectively, while the 2D;, states with
JP =3/2%,5/2" mainly decay through the =z or .. K
channels. It should be remarked that the states |*D,;1*) and
*D;,3") are most likely to be discovered in their corre-
sponding dominant decay channels because of their not
broad widths of I' ~ 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

21,,+2

b1\
(! _ m,
Wl i) == | sl () e,
21,1-&-2

< () () e

(A1)

where p, = —5(p; — p2) and p, = = (p; + P2 — 2p3).
The ground state wave function of the meson is

R\ i R*p2,
oo - (5) on(-55)

where pg;, 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
My, m
Ly, m,., (p) can be further expressed as II

(A2)

(lpA’ mMya, llAs
m;,,m). Based on Fig. 1(a), the explicit form of the
momentum space integration TI(1 4, M, L4, M4, m) are
presented in the following.

For the S-wave decay,

H(O, O, 0, 0, 0) = ﬂ|p‘A0‘0. (A3)
For the P-wave decay,
1
I1(0,0,1,0,0) = - 2 , Ad
( )= (Gaarer) o, (A%9)
1
I1(0,0,1,1,-1) = ———A
( ) \/8&2 0.1
=T11(0,0,1,-1,1). (A5)
For the D-wave decay,
23 V6l
11(0,0,2,0,0) = (2—52ﬁ|pl3 3 /123 Ipl>Aoz, (A6)
11(0,0,2,1,-1) = Ip|Ag, =T11(0,0,2, -1, 1).
\/_ 2
(A7)
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Here 1 {hy
’ I1(1,0,0,0,0) = 2 Ay,
( )= (Plo + 3+ g o
SRR Y W S -
1 a/z)ﬁ 2 a% 3 ’ 3 \/ga/% \/67 Z:/l 1
A8)  T1(1,1,0,0,-1) = - == +—>A
(a9) )= 55 ) Ao
1 R A =T1I(1,-1,0,0,1). B5
/14_§+§, ﬁ:1_\/53/1 , (A9) ( : .
A 2 For the D-wave decay,
for the above expressions and f
R 10.0.2.0.0 =2 (JprioP + ol )2 (8
A= 1 \a/ 1 \i/R™\i/ n~ \2 f1
00— ma) \zaj n ) \Lid Vir
/12 11(0,0,2,1,-1) = — 22 ¢IplAo, =T11(0,0,2, -1, 1),
<exp| - (4= )P 2,
(B7)
3 1\i/ 1\i
R g
4z ) \za’) \za 11(2,0,0,0,0) = 2( po?|p| +\@1 +m P[220,
1
= () () () G2) “38)
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na; oy Ay 3 3
2 I1(2,1,0,0,-1) = —(fw+ V3 21I":)IPIAz.o,
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42 —T1(2,-1,0,0, 1), (BY)
A w
4 ﬂaz 3\/5 a% , H(l 0.1.0 O) _ <f2wﬁ’ |2 /12f24’+w_é’+ A‘Zﬂ
R 2f 8T 2f1 4Mf
1\i/ 13 RZ)%< 2)%
Ar=—)|—])[— ) [— V2
<wz> (mﬁ) (n z +7 §2>|P|A1.1’ (B10)
11
/12
X exp [— <ﬂ4 - 4/13> |P|2] w
2 I1(1,0,1,1,-1) = = —=|p|A;; =11(1,0,1, -1, 1),
(VIS (1) 16 \i( 1) (AL2) 2f1
8z \xa2) \15yz) \2) " (B11)
A
I(1,1,1,-1,0) = 4;? Ip|A;; =11(1,-1,1,1,0),
APPENDIX B: THE DECAY MODE WITH (B12)
A SINGLY HEAVY BARYON PLUS
A HEAVY-LIGHT MESON Infol  V2fa
I(1,1,1,0,-1) = A
From Fig. 1(c), the momentum space integration ( )= (8/11 f2+8/11 fl)p| H
(1,4, m,p, s, m 4, m) can be expressed in the following. =T1(1,-1,1,0,1), (B13)
For the S-wave decay,
Here,
11(0.0.0.0.0) = A[p[Aqp- (B1)
P L S S B14
For the P-wave decay, ! E+87/,2) 87’,% 4 (B14)
! V3 V3 V3R?
11(0,0,1,0,0) = —— 2 Ay, B2 S -
( ) 27, (f28IpI* + {) Ao, (B2) X W@ T e (B15)
¢ 1 3 1 R?
I1(0,0,1,1,—-1) =T11(0,0,1,—-1,1) = == Ay, B3 M=——t——7s+—7+-—, B16
( ) ( ) zfl 0,1 ( ) 3 2a%+8a//2)+8a/%+12 ( )
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oscillator parameters of the final singly heavy baryon.

for the above expressions and A L\i/ L \i(R\i/ 2 \3
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