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The strong and radiative decays of the low-lying A-mode D-wave A.(), Zes)s Ec(p)s = (b)? and Q)

baryons are studied in a constituent quark model. Our calculation shows the following: (i) The missing
A-mode D-wave Q. ), A;, and By, baryons have a relatively narrow decay width of a few MeV or a few tens

of MeV and their dominant strong and radiative decay channels can be ideal for searching for their signals
in future experiments. (ii) The A-mode 1D-wave excitations in the X, ;) and Z, ®) families appear to have a

relatively broad width of ~50-200 MeV. Most of the 1D-wave states have large decay rates into the
1 P-wave heavy baryons via the pionic or kaonic strong decay processes, which should be taken seriously in
future observations. (iii) Both A,(2860) and Z,(3050) seem to favor the J* = 3/2" excitation [°D,;3") of
3;., while both A(2880) and E,(3080) may be assigned as the J” = 5/27 excitation |?D,;3*) of 3, The
nature of Z,(3050) and =, (3080) could be tested by the radiative transitions Z,(3055)° — =.(2790)% and

E.(3080)° — E.(2815)%, respectively.

DOI: 10.1103/PhysRevD.98.076015

I. INTRODUCTION

The LHC facility provides good opportunities for us
to discover some of the missing heavy baryons. Recently,
five extremely narrow Q. states, Q.(3000), .(3050),
Q.(3066), Q.(3090), and Q.(3119), were observed in the
EF K~ channel by the LHCb Collaboration [1]. Most of
them may be interpreted as the P-wave excited states of Q..
[2-9]. Lately, the LHCb Collaboration observed a new
structure 2, (6227)" in both the AYK~ and E)z~ invariant
mass spectra [10]. The mass of this structure and the
observed decay modes are consistent with expectations of a
P-wave excited state in the Z) family [11-23]. Besides the
missing P-wave heavy baryons, some low-lying D-wave
singly heavy baryons should be also observed at the LHC in
forthcoming experiments. Furthermore, the Belle II experi-
ments will also offer the possibility of studying excited
heavy baryons. Thus, the theoretical studies of the low-
lying P- and D-wave singly heavy baryons will provide
very useful references for searching for them in future
experiments. Considering that the decay properties of
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heavy baryons should be sensitive to its inner structure,
one may better understand the nature of the heavy baryons
by studying their decays. In our recent work [11], we
systematically studied the strong and radiative decay
properties of the P-wave singly heavy baryons. As a
continuation of Ref. [11], we study the strong and radiative
decays of the low-lying D-wave singly heavy baryons in
the present work.

In the heavy baryon resonances listed in the Review of
Particle Physics (RPP) [24], there are several good D-wave
candidates, such as A,(2880)", £.(3055)%*, Z,(3080)°*,
and E.(3123)". Recently, a new D-wave candidate in
the A, family, i.e., A.(2860)*, was observed in the D°p
channel by the LHCb Collaboration [25]. However, no
candidates of the D-wave bottom baryons have been found
in experiments. To look for the missing D-wave singly
heavy baryons, and to identify these possible D-wave
heavy baryons observed in experiments, many theoretical
studies were carried out with various phenomenological
methods. For example, the mass spectra were calculated in
various quark models [18-23,26-33], the Faddeev method
[34], the lattice QCD [35,36], the QCD sum rules [37-39],
and so on. Furthermore, the strong decay properties of the
low-lying D-wave charmed baryons were also studied
within some methods, such as the 3P, model [20,33,40—
43], the heavy hadron chiral perturbation theory [44—46],
the chiral quark model (ChQM) [47-49], and so on. It
should be pointed out that there are few discussions of the
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radiative decays of the D-wave charmed and bottom
baryons and the strong decays of the D-wave bottom
baryons, although there are many discussions about the
radiative decays [50-68] and strong decays [7-9,69-88] for
the low-lying S- and/or P-wave singly heavy baryons.
More details about the status for the studies of the heavy
baryons can be found in Refs. [88-91]. A a whole, it is
necessary to carry out a systematical study of the strong and
radiative decays for the D-wave singly charmed and bottom
baryons.

In this work, we apply a nonrelativistic constituent quark
model to study the strong decays with emission of one light
pseudoscalar meson and the radiative decays with emission
of one photon for the low-lying D-wave singly heavy
baryons. By an analysis of the decay properties for the
D-wave states, we will suggest ideal decay channels to
observe missing states in future experiments. For a sim-
plicity, the harmonic oscillator wave functions of the heavy
baryons are adopted in our calculations. To deal with the
strong decays of a hadron, an effective chiral Lagrangian at
the tree level [92] is introduced. In this interaction, the
emitted light pseudoscalar mesons are treated as Goldstone
bosons, which only couple with the light constituent
quarks. Since the quark-meson coupling is invariant under
the chiral transformation, some of the low-energy proper-
ties of QCD are retained [92-94]. This method (i.c.,
ChQM) has been successfully applied to study the strong
decays of heavy-light mesons and charmed and strange
baryons [2,47-49,95-100]. The chiral quark model used
in this work is different from the often-used 3P, model
[101-103]; the differences between them have been pointed
outin Ref. [11]. Meanwhile, to treat the radiative decay of a
hadron, we apply an effective quark-photon electromag-
netic (EM) coupling at the tree level. The higher EM
multipole contributions are included by a multipole expan-
sion of the EM interactions. This approach has been
successfully applied to deal with the radiative decays of
c¢ and bb systems [104,105], and recently it has been
extended to study the radiative transitions of heavy baryons
[2,99,106].

The paper is organized as follows. Section II is our
framework, in which we give a brief review of the quark
model classification of the singly heavy baryons and
the quark model description of the strong and radiative
decays. Then, the numerical results for the heavy baryons
belonging to 3, and 6, are presented and discussed in
Secs. IIT and 1V, respectively. Finally, a summary is given
in Sec. V.

II. FRAMEWORK
A. Spectra

The heavy baryon containing a heavy quark violates the
SU(4) symmetry. However, the SU(3) symmetry between

the other two light quarks (u, d, or s) is approximately kept.
The heavy baryons containing a single heavy quark belong
to two different SU(3) flavor representations: the symmet-
ric sextet 65 and antisymmetric antitriplet 35 [11]. In the
singly charmed (bottom) baryons, there are two families,
A, and E, (A, and Z,) belonging to 3, while there are
three families, X, E, and Q. (£, Z}, and €,), belonging
to 65 [11].

The spatial wave function of a heavy baryon is adopted
the harmonic oscillator form in the constituent quark model
[47]. For a g,¢,Q basis state, it contains two light quarks
¢, and ¢, with equal mass m and a heavy quark Q with mass
m'. The basis states are generated by the oscillator
Hamiltonian

H

—Pg’"+i 2, L 2+§K( 2427, (1)
oM o) T o PA TR T

The constituent quarks are confined in an oscillator potential
with the potential parameter K independent of the flavor
quantum number. The Jacobi coordinates p and A and c.m.

coordinate R, can be related to the coordinate r; of the
Jjth quark. The momenta p,, p;, and P, are defined by

p,=m,p, pﬂ:mi/'l, P, =MR_,, with M=2m+m',

m,=m, and m; = % The wave function of an oscillator
is give by
l//;l:m (6) = Rn,,l,, (o-)Yl,,m (6)7 (2)

TABLE 1. Mass spectra of the singly heavy baryons of 35 up to
D wave from various quark models [21,22,27,33] compared with
the data from the RPP [24].

A, A,

RQM NQM NQM PDG RQM NQM PDG
State 211 [27] [33] [24] [211 271 [24]

121+ 2286 2285 2286 2286 5620 5618 5620
12P,l- 2598 2628 2614 2592 5930 5938 5912
12P,3- 2627 2630 2639 2628 5942 5939 5920
12D,,3+ 2874 2920 2843 28607 6190 6211  ?
12D,5" 2880 2922 2851 28807 6196 6212 2
E, g,

RQM NQM NQM PDG RQM NQM PDG
State 211 [22] [33] [241 [211 [221 [24]
1261+ 2476 2466 2470 2468 5803 5806 5795
12P,l- 2792 2773 2793 2792 6120 6090  ?
12p,3- 2819 2783 2820 2817 6130 6093 2
12D,3* 3059 3012 3033 30557 6366 6311 2
12D,5" 3076 3004 3040 30807 6373 6300 2
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TABLEII.

the data from the RPP [24].

Mass spectra of the singly heavy baryons of 6 up to
D wave from various quark models [21,22,27,33] compared with

Zc Zb
RQM NQM NQM PDG RQM NQM PDG
State [21]  [27]1 [33] [24] [21] [27] [24]
IZS%Jr 2443 2460 2456 2455 5808 5823 5811
145%+ 2519 2523 2515 2520 5834 5845 5832
IZPA%‘ 2713 2802 2702 ? 6101 6127 ?
1%P ,1%‘ 2798 2807 2785 ? 6096 6132 ?
14PA%‘ 2799 2826 2765 ? 6095 6135 ?
14P,1%‘ 2773 2837 2798 ? 6087 6141 ?
14P,1%‘ 2789 2839 2790 ? 6084 6144 ?
12DM%+ 3043 3065 2952 ? 6326 6356 ?
1°D, ,1%+ 3038 3099 2942 ? 6284 6397 ?
14DM%+ 3041 3103 2949 ? 6311 6395 ?
19D, 3¢ 3040 3094 2964 7 6285 6393 2
14DM%+ 3023 3114 2962 ? 6270 6402 ?
14D, I+ 3013 2943 ? 6260 ?
=/ =/
—c —b
RQM NQM NQM PDG RQM NQM PDG
State [21]  [22] [33] [24] [21] [22] [24]
IZS%+ 2579 2592 2579 2575 5936 5958 5935
IZ‘S%Jr 2649 2650 2649 2645 5963 5982 5955
1°P,5~ 2936 2859 2839 ? 6233 6192 ?
lzPﬂg‘ 2935 2871 2921 ? 6234 6194 ?
1P s 2854 2900 ? 6227 .- ?
14PA%‘ 2912 2932 ? 6224 .- ?
1“p ,1%‘ 2929 2905 2927 ? 6226 6204 ?
IZDM%+ 3167 3089 ? 6459 .- ?
12D,,3" 3166 3001 7 6432 6402 2
14D, 1+ 3163 3075 7 6447 .- 2
14D,,3* 3160 3081?6431 ?
14DM%+ 3153 3080 3077 ? 6420 - ?
1D, It 3147 3094 3078 ? 6414 6405 ?
Qc Qb
RQM NQM NQM PDG RQM NQM PDG
State 211  [27]1 [221 [24] [211 [271 [24]
1 2S%+ 2698 2731 2718 2695 6064 6076 6046
148%+ 2768 2779 2776 2770 6088 6094 ?
IZPA%‘ 2966 3030 2977 ? 6330 6333 ?
IZPAS— 3029 3033 2986 ? 6331 6336 ?
19P,3~ 3055 3048 2990 ? 6339 6340 ?
1P A%‘ 3054 3056 2994 ? 6340 6344 ?
14PA%‘ 3051 3057 3014 ? 6334 6345 ?
12D,2+ 3282 3257 3262 ? 6530 6528 ?
1°D;,2+ 3286 3288 3273 ? 6520 6561 ?
1D, Lt 3287 3292 3275 7 6540 6561  ?
14D,,3+ 3298 3285 3280 ? 6549 6559 ?
1“D;3+0 3297 3299 .- ? 6529 6566 ?
14Dp,Zt 3283 .- 3327 2 6517 .- 2

where o =p, 1. In the wave functions, there are two
oscillator parameters, i.e., the potential strengths a,
and a;. The parameters a, and a; satisfy the following
relation [47]:

!
3m 5

%=\ T ®

The details of the classifications of the heavy baryons
in the constituent quark model can be found in Refs. [47].
Considering that the A-mode excitations of singly
heavy baryons should be easily formed than the p-mode
excitations [27], thus in the present work, we only study
the A-mode excitations. The mass spectra of the single
heavy baryons up to the 1D-wave excitations predicted
within various quark models are summarized in Tables I

and II.

B. Decays

In this work, strong decays of the D-wave singly heavy
baryons with emission of one light pseudoscalar meson are
studied within ChQM [92]. This model has been success-
fully applied to study the strong decays of heavy-light
mesons and charmed and strange baryons [2,47-49,95—
100]. In this model, the light pseudoscalar mesons, i.e., 7,
K, and 7, are treated as fundamental states, which only
couple with the light constituent quarks of a hadron via the
simple chiral Lagrangian [92]

1
Hy =Y 00iriw;0 du, (4)
j m

where y; represents the jth quark field in the hadron, ¢,, is
the pseudoscalar meson field, and f,, is the pseudoscalar
meson decay constant.

Meanwhile, to treat the radiative decay of a hadron, we
apply the constituent quark model, which has been suc-
cessfully applied to study the radiative decays of c¢ and bb
systems [104,105]. In this model, the quark-photon EM
coupling at the tree level is adopted as

J

where A¥ represents the photon field with 3-momenta k. ¢;
and r; stand for the charge and coordinate of the constituent
quark  ;, respectively.

To match the nonrelativistic harmonic oscillator wave
functions, in the calculations, one should adopt the non-
relativistic forms for the quark-pseudoscalar and quark-
photon EM couplings listed in Egs. (4) and (5), which have
been given in the previous works [2,47,48,93—-100,104—112].

For a strong decay process, the partial decay width can
be calculated with [47]
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TABLE IIL

Quark model parameters adopted in present work.

Parameter My(q) my m, my,

Value (MeV) 330 450 1480 5000

a, (for A.py and Z.)

a, (for EE_/()b)) a, (for Q) Sx Sfx

400 420 440 132 160

_ (2 E Myl )
= <f_m> 4M, (20, + 1) > IMy, P (6)

Jyediz

while for a radiative decay process, the partial decay width
can be calculated with [104,105]

k> 2 M;
r,=-_ N4,
rT r 20+ 1M, ,;_l Yl

2

; (7)

where M Ty, and .Ajfv J,. correspond to the strong and
radiative transition amplitudes, respectively. The quantum
numbers J;, and J, stand for the third components of the
total angular momenta of the initial and final heavy
baryons, respectively. £y and M are the energy and mass
of the final heavy baryon, and M, is the mass of the initial
heavy baryon. 6 as a global parameter accounts for the
strength of the quark-meson couplings. It has been deter-
mined in our previous study of the strong decays of
the charmed baryons and heavy-light mesons [47,96].
Here, we fix its value the same as that in Refs. [47,96], i.e.,
0 = 0.557.

In the calculation, we adopt the same quark model
parameter set as that in Ref. [11], which has been collected
in Table III. The masses of the well-established hadrons
used in the calculations are adopted from the RPP [24].

III. RESULTS FOR SINGLY HEAVY
BARYONS OF 3

A. A, states

In the A, family, there are two A-mode 1D-wave
excitations |[A.2D;;37) and |A.*Dy;3") according to the
quark model classification. The masses for the 2-mode 1D-
wave A, excitations are predicted to be ~2.9 GeV in
various models (see Table I). The resonances A.(2860)
with JP =3/27 and A,(2880) with J¥ =5/2% listed
in RPP [24] most likely correspond to the two A-mode
ID-wave A, excitations |A.D;3%) and |A.2D;5"),
respectively.

1. J¥=5/2* state and A,.(2880)

The A.(2880) state was first observed in Afz"z~ by
CLEO [113]. It was confirmed in X.z and X.(2520)x
channels by Belle [114] and in the D°p channel by BABAR
[115] and LHCb [25]. It has a narrow decay width
of I'~5.6 MeV [24]. The spin-parity numbers were

determined to be J¥ =5/2" by Belle [114] and were
confirmed by LHCb [25] recently.

The A.(2880) state may be classified as the 1D-wave
charmed baryons [23,30,34,40,44]. If A.(2880) is a con-
ventional A-mode 1D-wave excitation, it should be
assigned to |A.2D;;3"). With this assignment, the width
of A.(2880) can be reasonably understood by ChQM [47].
It is found that the main decay channel of A.(2880) should

be X.(2520)x (see Table IV). The partial width ratio,
R — [E(2520)]
= T[=.(245%)7]

compare with the measured value R ~0.225 at Belle
[114]. The recent 3P, analysis of the strong decays of
A.(2880) in Ref. [41] is consistent with our predictions.

It should be mentioned that the measured ratio R =

% ~0.225 of A.(2880) may be strongly affected by

its nearby state A.(2860)3" newly observed in the D°p
channel at LHCb [25]. Thus, the measured ratio from Belle
[114] should not be a genuine ratio for A.(2880). This
situation is very similar to that of D,;(2860) before two
largely overlapping states D, (2860) and D3(2860) were
found by LHCb [116]. Considering D,;(2860) as the

JP = 3~ state 1°D;, the measured partial width ratio R =

Fr[gff ~ 1.1 cannot be explained by ChQM [95,96] and

~ 3.3, predicted by us is too large to

TABLE IV. Partial widths of strong decays for the .-mode D-
wave A, and A, baryons. The masses of the D-wave A, (A,)
states [2D;;3") and |?D,;3") are taken as 2856 and 2881 (6190
and 6196) MeV, respectively. The superscript (subscript) stands
for the uncertainty of a prediction with a +10% (—10%)
uncertainty of the oscillator parameter a,,.

‘A(rzDM%+> (2856) |A(,‘2DM%+> (288 1 )

Decay mode I, MeV) I; (MeV)
T 4.57i(});§§ 1.33;%%@
Xin 0.95;(1)"82 4.38:());7;é
Sum 5.52t|:11 571t024
|A,*D,;;3%)(6190) |A,?D,;;57)(6196)

Decay mode I; (MeV) I'; MeV)
T 6.3211 3¢ 183794
Sin 276703 7.42%-%;;

156 91
Sum 9.08", 3 9.25%)%
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many other approaches [117-119]. Then, people proposed
an alternative solution that there might exist two largely
overlapping resonances at about 2.86 GeV [95,120], which
was confirmed by LHCb recently [116].

To better understand the properties of A.(2880), con-
sidering it as the 1D-wave state |A.2D;;3"), we further
study its radiative decays into the 1P-wave charmed baryon
states. Our results are listed in Table V. It is found that most
of the partial radiative widths of A.(2880) into the 1P-wave
states are O(100) eV. Combining these partial widths with
the total decay width of A,.(2880), we find the branching
fractions for the main radiative decay channels are
O(1073). The small decay rates indicate that the radiative
decays of A.(2880) into the 1P-wave states might be hard
to be observed in experiments.

2. JP=3/2* state and A,(2860)

Recently, besides the confirmation of A.(2880) in the
D°p channel, the LHCb Collaboration observed a new
charmed baryon state, A.(2860), with a broad width of
'~ 67.61”;91'1 MeV in the same channel [25]. The deter-
mined spin-parity quantum numbers are J© = 3/2% [25].

TABLE V. Partial widths of radiative decays for the --mode D-
wave A, and A, baryons. The masses of the D-wave A, (A,)
states [2D,;;3%) and |?D,;3") are taken as 2856 and 2881 (6190
and 6196) MeV, respectively. M ; stands for the masses of P-wave
heavy baryons (MeV) in the final states, which are adopted from
the RPP [24] and Ref. [21]. The superscript (subscript) stands for
the uncertainty of a prediction with a +10% (—10%) uncertainty
of the oscillator parameter a,.

IA2D,31)(2856)  |A2D;,57)(2881)
Decay mode My I; (keV) T (keV)
IAFPA Yy 2592 0.01 0.1370%
IAZ2P3T)yy 2628 0.07 0.26,%%2
=P 3y 2713 0.2379% 0.807%12
=Py 2798 0.01 0.05
=Py 2799 <0.01 <0.01
[SHP3)yy 2773 0.08 0.1379%2
[=HP3 )y 2789 <0.01 0.197%%

|AL2D37)(6190)  |A,2D,37)(6196)
Decay mode ~ M I; (keV) Ir; (keV)
IAD?P5T )y 5912 19.7739 1677934
|A9?P,37)y 5920 6.267 1% 241737
[=02P 1)y 6101 0.04 0.09
)Py 6096 0.17709 0.18-0%3
»04p,1- 6095 0.08 0.01

» Lz )7

Zp'Pi57)y 6087 0.3479% 0.210%
|224P/1%_>7 6084 0.1 11%%% 0.751%'11%)

Both the mass and decay modes of A.(2860) indicate that it
might be assigned to the A-mode excited 1D-wave charmed
baryon state [A.2D;37) [21,33,41]. Considering A,.(2860)
as the |A,°D,;37) state, we predict its partial widths into the
%.(2455)x and Z.(2520)7z channels,

I[5.(2455)7] ~4.6 MeV,  T[Z.(2520)7] ~ 1.0 MeV,

(8)

which roughly agree with the predictions in Ref. [41].
Combining these predicted partial widths with the mea-
sured width of A.(2860), we further estimate that the
branching fractions of the X.(2455)z and X.(2520)z
channels can reach up to 7% and 2%, respectively. The
relatively large branching fractions indicate that A,.(2860)
might be observed in the X.(2455)z and X.(2520)x
channels as well.

Considering A, (2860) as the 1D-wave state |A.2D;;37),
we also study its radiative decays into the 1P-wave states.
Our results are listed in Table V as well. It is found that the
radiative decay rates into the 1P-wave states are small.
Their partial decay widths are O(10) eV. Combining these
partial widths with the total decay width of A.(2860),
we find the branching fractions, B[A.(2860) — 1Py], are
O(107%), which indicates the radiative decays of A.(2860)
into the 1P-wave states might be hard to be observed in
experiments.

B. A, states

In the A, family, there are two A-mode 1D-wave
excitations |A,?D;;3") and |A,*D;;3") according to the
quark model classification. The masses for the A-mode
1D-wave A, excitations are predicted to be ~6.2 GeV in
various models (see Table I). In the possible mass region of
the 1D-wave A, excitations, we study their strong decay
properties, which have been shown in Fig. 1. To be more
specific, taking the masses of the 1D-wave states as
predicted in the relativistic quark-diquark picture [21],
we further present the results in Table I'V.

1. JP=3/2* state

From Fig. 1, it is found that if the mass of |A,?D,;3") is
~6200 MeV as predicted in theory [21,27] it should be a
narrow state with a width of I',, =~ 10 MeV. The decays
may be saturated by the X,z and X;z channels, and the
partial width ratio between them is predicted to be

['(X,7)
I'(Z)x)

~2, 9)

which is less sensitive to the mass of [A,?D;;3"). On the
other hand, if the mass of |[A,?D;;3") is larger than
6240 MeV, more strong decay channels may open. The
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30 T T I T T I T T I
2 +
. AD, 32" ]
20---%n
s 1 -3,(P3/2)x
s 5,(P,5/2)n
~ 10 -
S
()
=
—~
T T I T T I T T I
6150 6180 6210 6240
M (MeV)
FIG. 1. Strong decay partial widths of the main decay modes

for the A-mode 1D-wave excited A, states |A,D,;;3/2") and
|AyD;;5/2") as functions of their mass. The solid curves stand
for the total widths. The masses of the P-wave heavy baryons in
final states are adopted from the quark model predictions in
Ref. [21] (see Table II).

|A,?Dy;3") state may have a large decay rate into the
|2,2P,37)x channel as well (see Fig. 1). To establish the
missing D-wave state |A,?D,;3"), the decay channel X,z
might be the ideal channel to be observed in future
experiments.

We further estimate the radiative decays of |A,?D;;3")
into the 1P-wave states. Our results are listed in Table V. It
is found that |A,?D,;3") has a relatively large decay rate
into A, (5912)17y, and the partial width of I'[|A,?D,,3%) —
Ay(5912)57y] can reach up to ~20 keV. Combining it with
our predicted total width, we find the branching fraction of
B[|AD,;37) — A, (5912)y] is O(107%), which indicates
that |A,?D,,;37) has the possibility of being observed in the
Ap(5912)17y channel.

2. JP=5/2" state
If the mass of [A,?D,;;3") is less than 6200 MeV as
predicted in various quark models [21,27], the decays of
|Ay?D;;3") may be saturated by the X,z and ¥z channels.
The |A,?D;;5") state has a narrow width of Dy
10 MeV, which is comparable with that of |A,?D;;3")

(see Fig. 1). However, the strong decays of [A,%D,;5") are
governed by the X;z channel. The partial width ratio
between X, and ;7 is predicted to be

['(XZ,x)
I(Z37)

~0.25, (10)

which shows few sensibilities to the mass of [A,?D;;3").
On the other hand, if the mass of |A,2D,;3") is larger than
6240 MeV, more strong decay channels may open.
The |%,*P,37)x decay mode may play an important role
in the decays as well. To establish the missing D-wave state
|A,,2DM%+), the decay channel ;7 should be the ideal
channel to be observed in future experiments.

To know more properties of |A,?D;;3"), we further
estimate its radiative decays into the 1P-wave states. Our
results are listed in Table V. It is found that the radiative
process |A,2D37) — A,(5920)37y has a relatively large
partial width ~24 keV. Combining it with our predicted total
width, we find the branching fraction of B[|A,?D;;3") —
Ay(5920)37y] is O(107%), which indicates that |A,?D,;3")
has the possibility of being observed in the A,(5920)37y
channel.

C. E, states

In the E. family, there are two A-mode 1D-wave
excitations |E,.°D,;3") and |E.2D;;3"). The typical masses
of the A-mode 1D-wave E. excitations are ~3.05 GeV
within various quark model predictions (see Table I). From
the point of view of mass, the charmed-strange baryons
E.(3055)" and Z.(3080)" observed in the A K7 final state
by the Belle [121] and BABAR [122] Collaborations are
good candidates of the A-mode 1D-wave states. Recently, a
new decay mode D' A for both E.(3055)" and E,(3080)"
was observed by the Belle Collaboration [123]. They first
reported the following partial width ratios:

I'[Z.(3055)" — AD"]

=5.09 4+ 1.01 +0.76,
TE.(3055)" — . (2455) " K~]

(11)
I'[E.(3080)" - AD™]
=1.29 +£0.30 +0.15,
['E.(3080)" — X.(2455)*TK"]
(12)
and
I'[E.(3080)" — X.(2520)*"K"]

=1.07+0.27 £ 0.01.

[11] [1]

2. (3080)" — X.(2455)7 K]

(13)

Furthermore, more accurate widths for both =.(3055)"
and =.(3080)" were obtained by the Belle Collaboration,
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i.e., FE((3055)+ =78+1.1£1.5and FEC(3080)+ =3.0£0.7+
0.4 MeV [123].

1. J¥=3/2* state and E.(3055)

In Ref. [48], the strong decay properties of the 1 D-wave
states were studied within ChQM. It is found that E.(3055)
seems to favor the J¥ = 3/2" state |2.2D,;3"), which is
consistent with the predictions in Refs. [21,41]. Based on
the SU(4) symmetry, we estimated the partial width of
I'[E.(3055)" — AD™], which is too small to compare with
the observation at Belle [123]. The serious SU(4) symmetry
breaking might lead to our failed description of the decays
into the DA channel. Assigning Z.(3055) as |E,.2D,;37),
it should have relatively large decay rates into Z.z and
%.(2455)K channels (see Table VI). The predicted partial
width ratio between these two channels is

[[E07+]

Fs. 2453k = 078 (14)

TABLE VI. Partial widths of strong decays for the 1-mode D-
wave E. and E, baryons. The masses of the D-wave B, (5,)
states [2D,;3%) and |*D);3") are taken as 3055 and 3080 (6373
and 6366) MeV, respectively. M s stands for the masses of P-wave
heavy baryons (MeV) in the final states, which are adopted from
the RPP [24] and Ref. [21]. The superscript (subscript) stands for
the uncertainty of a prediction with a +10% (—10%) uncertainty
of the oscillator parameter a,.

[E:2D;,5%)(3055)  |E.*D;,37)(3080)
Decay mode My I; MeV) I'; MeV)
Egn 2575 1.93j§_-§i 0.75;?0)-_1%8;
B 2645 0.6018"% 2.08f0(')481
K 2455 2.497038 0.225599
K 2520 0.14=2%01 1.687 014
EL1PA ) 2854 <0.01 1.427037
|2.14P,3 ) 2912 0.04 0.201005
BLIPS ) 2929 - 0.547010
Sum 5.20%001 6.907084
E°Du37)(6366)  |2,7D;,37)(6373)

Decay mode My I; (MeV) I, MeV)
E%:r 5935 2.41j§_é9 0.90;%;22%g
En 5955 1457013 3.2270%8
2K 5811 2477020 0.07

=K 5832 030100 2101012
E/bl4P,é_>ﬂ' 6227 < 0.(3:) i 0.28j02;§62

B, 14P37)n 6224 0.1150%2 0.1055%
B,1°P3)n 6226 0.00692 0.45t§;§§
Sum 682002 7115071

Combining the predicted partial width of T'[Z.(3055)" —
%.(2455)T"K7] ~ 2.4 MeV with Eq. (11), we estimate the
partial width into the AD channel: T[Z.(3055)" —
ADﬂ ~12.24+4.2 MeV. Finally, the total width of
E.(3055) is estimated to be I'~17.5 + 4.2 MeV, which
is close to the upper limit of the observation. Other
interpretations of Z.(3055) also can be found in the
literature [42,43,45]. To further confirm the nature of
E.(3055), the ratio of ['[E°z+]/T[£,(2455) ** K~] is worth
observing in future experiments.

Furthermore, the nature of Z.(3055) can be tested by its
radiative decays. Assigning Z.(3055) as the J© =3/2F
state |2.2D, ,%*), we study its radiative decays into the 1P-
wave charmed baryon states. Our results are listed in
Table VIL It is found that the E.(3055)° — Z.(2790)%
process has a relatively large partial decay width, ~80 keV.
Combining it with the measured width of E.(3055),
we predict the branching fraction B[Z,(3055)° —
E.(2790)%] ~ 1.0%. Thus, the neutral state Z.(3055)° is
most likely to be observed in the Z,.(2790)% channel if it
corresponds to the J¥ = 3/2% state |2.2D;;3") indeed.

2. JP=5/2* state and Z,(3080)

The E.(3080) resonance is suggested to be the p-mode
2S-wave state with J” = 1/2~ in Ref. [48]. The observa-
tion of E.(3080)" in the D*A channel excludes this
assignment because the DTA decay mode should be for-
bidden [48]. The mass and decay modes observed in experi-
ments indicate that Z.(3080) is most likely to be the A-mode
1D excitation of B, with J¥ =5/2" (ie., |E.2D;537))
[21,41,44]. Considering E,(3080)* as the |E,2D,,3") state,
we find that it has relatively large decay rates into the
¥(2520)K and E.*(2645)r (see Table VI). The partial
width ratio between these two main channels is predicted
to be

I[E:0(2645)77]
IZ.(2520)" T K]

~1.2. (15)

Combining it with the predicted partial width of
I'[E.(3080)" — X.(2455)""K~| ~0.22 MeV, we esti-
mate that I'[E.(3080)" — AD"] ~0.2 MeV. Finally, the
total width of E,(3080) is estimated to be I' ~ 6.9 MeV,
which is close to the upper limit of the observation from the
Belle Collaboration [123]. However, our predicted partial
width ratio between the £ K and X;K channels

T[S+ (2520)K]
[z, (2455)" T K]

~7.6 (16)

is about an order of magnitude larger than the observed ratio
listed in Eq. (13), and a similar phenomenon is found by
Chen et al. within their 3P, analysis [41]. It should be

. . _ T[EH(2520)K]
mentioned that the measured ratio R = IS, (3455) 7 K]

1.07 +0.27 of E.(3080) may be strongly affected by its

~
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TABLE VII. Partial widths of radiative decays for the A-mode
D-wave E. and E, baryons. The masses of the D-wave E. (E,)
states [2D,;;3%) and |?D,;3") are taken as 3055 and 3080 (6366
and 6373) MeV, respectively. M ; stands for the masses of P-wave
heavy baryons (MeV) in the final states, which are adopted from
the RPP [24] and Ref. [21]. The superscript (subscript) stands for
the uncertainty of a prediction with a +10% (—10%) uncertainty
of the oscillator parameter a,.

E’D37)(3055)  |E.”D,3")(3080)

Decay mode My I; (keV) I; (keV)
[BEPST)y 2792 1097533 0.367508
[202P, 1)y 79.073 7.62713)
2P d)y 2815 0570 0287907
|22P3")r 211538 85.171%5
|=2p, Loy 2936 0.06 0.26700¢
|202p,1-)y 0.0 0.0
|~';2p132 o 2935 0.22790% 0.427997

E°Ps7 )y 0.0 0.0
|~/;44p 11 \y 2854 0.977%13 0.2170.2
|Z04p 1)y 0.0 0.0
=Py 212 066l 0.633313
|204p,3 5 Yy 0.0 0.0
|”/+4P£‘>y 2929 0.09 1.2470%)
|204P,37)y 0.0 0.0

E,°D3")(6366)  |2,°D;,3")(6373)

Decay mode My I'; (keV) I'; (keV)
Ep L)y 6120 362703 033,99
e 32074 2.58:9%
Epd)y 6130 Lok 47831,
5Py 9.40; 155 395253
:'OZ’ZP%I o 6233 0.1775% 0.37799
E4PA7 )y 0.0 0.0

b A2
B02P3 )y 6234 0.577%9% 0.567%9%,
ey SEaVE 0.0 0.0
Py 6227 0.31700 0.05
:/ 4p 1oy 0.0 0.0

b A2
E0ipE)y 6224 1.047918 0.5979.8
E4P % Yy 0.0 0.0
|”’°4P Sy 6226 0.2779% 182793
(= 413% Yy 0.0 0.0

nearby states, such as E.(3055). Thus, the measured ratio
from Belle [123] may not be a genuine ratio for Z.(3080).
Furthermore, assigning =.(3080) as the J* = 5/2+ state
|2.2D;;3"), we study its radiative decays. Our results are
listed in Table VIL It is found that the Z.(3080)° should
have a relatively large decay rate into Z.(2815)°37y. The
partial decay width is predicted to be I'[E.(3080)°
E.(2815)%] ~ 85 keV. Combining it with the mea-
sured width of E.(3080), we predict the branching

fraction B[E.(3055)° — E.(2815)%] ~3%. The neutral
state =,.(3080)° is most likely to be observed in the
=.(2815)% channel if it corresponds to the J* =5/2+
state |2.2D,;3") indeed.

D. &, states

In the Z, family, there are two A-mode 1D-wave
excitations |E,%D,;3") and |2,°D,,3"). The typical masses
of the 1-mode 1D-wave Z, excitations are 6.3-6.4 GeV
within various quark model predictions (see Table I). In the
possible mass regions, the strong decays of these 1D-wave
states are studied with ChQM. Our results have been shown
in Fig. 2. To be more specific, taking the masses of the
1D-wave states obtained in the relativistic quark-diquark
picture [21], we give the predicted widths in Table VI.

1. J¥=3/2* state

The J” = 3/27 state |2,?D,,3") might be a narrow state
with a width of a few MeV. It mainly decays into Z) , E/'z
and X,K channels. The partial widths of Z,z, Z 7 are
less sensitive to the mass of |2,?D;3"); however,
the partial width for the £, K channel shows a significant
linear dependence on the mass (see Fig. 2). If the mass of
|2,°D,;3") takes the predicted value ~6.37 GeV in
Ref. [21], the branching fractions for the main channels
are predicted to be

=,z B r, 2, K]

= 35%,21%,36%.  (17)
l—‘total

The 2,7 and X,K decay channels may be ideal channels for
our search for this missing 1D-wave Z;, baryon in future
experiments.

Furthermore, we study the radiative decays of
|2,?D,;3") into the 1P-wave bottom baryon states. Our
results are listed in Table VIL. It is found that the charged
state |:;2DM§ ) might have a relatively large decay rate
into =, (}7)y. The partial decay width can reach up to
~30 keV if the mass for |5,°D;3") is taken to be
~6366 MeV as predicted in the relativistic quark model
[21]. Combining the predicted total width of |E,2D,;3"),
we estimate the branching fraction B[|Z;°D,3") —
B, (371 = 0(107).

2. JP=5/2" state

The J¥ =5/2% state |2,?D,,3") may be a narrow state
with a width comparable to the J* = 3/27 state [E,D;;37)
(.e., a few MeV). The decays of |,°D,,3") are governed
by &)z, which is less sensitive to its mass. If the mass of
|H;,ZDM2 ) is taken to be ~6.37 GeV as the prediction in
Ref. [21], the decay channel ;K becomes important as
well (see Table VI). In this case, the branching fractions for

=k

the 2,7, 7 and X, K channels are predicted to be
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FIG. 2. Strong decay partial widths of the main decay modes
for the A-mode 1D-wave excited E, states |2,D;,3/2") and
|E,D;;5/2%) as functions of their mass. The solid curves stand
for the sum of the strong decay partial widths.

8,7 B)n, K]

Ftotal

= 12%,45%,29%.  (18)

To establish this missing 1D-wave Z, baryon with
JP'=5/2%, its dominant decay modes Ej'z and X,K are
worth observing in future experiments.

We also study the radiative decays of |£,%D,;3") into the
1 P-wave bottom baryon states. Our results are listed in
Table VII as well. It is found that the charged state
|2,°D,,3") might have a relatively large decay rate into
&, (37). The partial decay width can reach up to ~40 keV.
If the mass for |2,2D,;3") is taken to be ~6373 MeV as
predicted in the relativistic quark model [21]. Combining
the predicted total width of |2,?D,;37), we estimate the

branching fraction B[|E;%D,37) — &, (37)r] = O(107%).

IV. RESULTS FOR SINGLY HEAVY
BARYONS OF 6y

A X,

In the X. family, according to the quark model
classification, there are six A-mode 1D-wave exci-
tations: |Z.*Dy5"), (2 D3 "), [Z2Din®)s |Z7Dust),
1Z:4D;;3"), and |E.4D;2"). However, no D-wave states
have been established. The typical masses of the A-mode
1D-wave X excitations are predicted to be ~3.0 GeV
within various quark models (see Table II). In the possible

3 T ' ! T 1A (2595)1/27
100 100 — 100 B A (2625)3/2n

E 3 3 o - 2 -

3 3 ... -.’-’-’-_;;,— 3 Ec( P13/2 7
< . 1.7 7] > (‘P.5/2
% ] 10 + 4 c(4 2 _)7‘
= 10 E 104 - 4 = (P1/2)r
= 3 ] : 3 P

] 1.~ ] £ (‘P3/2)m
I T I T 1 I T I I T I T
2960 3040 3120 2960 3040 3120 2960 3040 3120
I7 T T ] I7 T T T ]
1=, ‘D, 5/2" 1=, ‘D, 72" -
100 3 100 3 100 .
S ]..- — ] g
() P . .
E 10 3 10 = ,:f/ﬂ- 3 T ]
— E E 3 T ]
17 1 10+ 3
1 I T I T 1 I T I : I T I T :
2960 3040 3120 2960 3040 3120 2960 3040 3120
M (MeV) M (MeV) M (MeV)

FIG. 3.

Strong decay partial widths of the main decay modes for the 2-mode 1D-wave excited X, states as functions of their mass. The

bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the

quark model predictions in Ref. [21] (see Table II).
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TABLE VIIL

Strong decay partial widths of the main decay modes for the .-mode D-wave X and X, baryons, the masses (MeV) of

which taken from the quark model predictions of Ref. [21]. M ; stands for the masses of P-wave heavy baryons (MeV) in the final states,
which are adopted from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with a +10%

(=10%) uncertainty of the oscillator parameter a,,.

2:°Dy;57)(3043) [Z.2D;;3%)(3038) |Z.*Dy57)(3041) |X.*Dy;57)(3040) [£.°D,;;37)(3023) [2.*Dy37)(3013)

Decay mode M I'; MeV) I'; (MeV) I'; MeV) I'; MeV) I'; (MeV) I'; MeV)
Acm 2286 1.29t§;22 11.9;}-252 2.62j§;§£§ 1.15j§-§§ 3.1;%5%31 13.1;3;%23
o 2455 7.06155s 8.781575 3.53 756 177 505 05455 14 2.18%460
i 2520 2.447933 2915008 1715970 747550 116503 1455053
+0.48 0.61 0.76 1.77 0.34 0.02
E.K 2470 1175 0.03 227102 1124019 <0.01 0.01
APy )m 2592 49370 10.3755% 526737 3.0617%) 11.2755 111435
AP )m 2628 52.87876 10.9°2) 64.01 722 431145 1.921%0%, 242590
TP ) 2713 409705 5852303 75651 210103 RERA: 2.83:006
2P e 2798 256748 0.7679% 15,8140 3.58703 0.01 0.95+00
4P ) 2799 0.09 1307938 0.4635% 224134 12,157 <001
|Z4P37)e 2773 3421072 1.26%040 418700 18.9774 4.547 740 1037003
[B4P3 ) 2789 22000%, 4512037 61113 16,8713 230753 1.26,5%
Sum 1054123 58.571% 160.87555 121,573 69.119% 58.147

1Z,7D 57 )(6326) [£,°D;,37)(6284) [2,*Dy;5")(6311) [2,°D;,37)(6285) |£,%D,,37)(6270) |Z,°Dja5")(6260)

Decay mode M, I'; (MeV) I; (MeV) I; (MeV) I; (MeV) I; (MeV) I; (MeV)
Ay 5620 0.56737¢ 17371 156734 12159 44375% 1853
Zym S8I1 82853 632141 4.16'23) 203148 0.37:9% 14393
Tin 5832 4217938 3.26798) 2.05+)98 8.36722¢ 12.6402 1.547043
E,K 5794 0.89700¢ e 0.8870:03 . e e
|APA YT 5912 570102 6.9670%, 51.6739 3.057743 7.6870%% 8.8975
|Ay2P3 ") 5920 70.0783 10.4739 66.01501 40.513; 1907509 21,1599
[=y°P;5)m 6101 1181513 0.1335%3 0.7155% 0.81%5 0.01 0.43508
|%,2P,37)n 6096 256143 0.287902 13.1553 1497020 <0.01 0.241003
2Py ) 6095 0.10335) 0.79151 0.3335%9 105755 5.30%00 <001
=05 ) 6087 253708 0417082 2247008 6447301 352000 0151081,
|Zp*P,37 ) 6084 2.391003 2.097933 54617 10.72% 10.87% 0.347002
Sum 12147344 479737 148.053%5 85.1559 48.5133 526100
mass range, we study their strong decay transitions within ~ I'[A.(2595)x] 339 I'[A.(2625)x] 409% 19
ChQM. Our results are shown in Fig. 3. To be more Csum =207 Csum = v (19)

specific, taking the masses of the 1D-wave states as
predicted in the relativistic quark-diquark picture [21],
we further present the results in Table VIII.

1. JP=1/2" state

The J” = 1/27 state |£,*D,;5") might be a broad state.
If its mass is taken as the prediction 3041 MeV in Ref. [21],
the sum of the partial widths for the pionic and kaonic
decays can reach up to I'g,,, ~ 160 MeV (see Table VIII).
This state has large decay rates into A.(2595)z and
A.(2625)z final states. The ratios between the partial
decay widths for the A.(2595)z and A (2625)z channels
and Iy, are predicted to be

Both A.(2595)7 and A.(2625)z may be ideal channels for
our search for [£.D;,3") in future experiments.

We also estimate its radiative transitions into the
1 P-wave charmed baryon states. Our results are listed in
Table IX. It is found that \Z:HO)“DM%ﬂ might have
relatively large decay rates into |EC++(O)4P/1%‘>7/ and

|Zj+<o)4Pi%‘)y, and their partial radiative decay widths
are estimated to be O(10)-O(100) keV. The branching
fractions for these main radiative decay processes may
reach up to O(107*) — O(1073).
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TABLE IX. Partial widths of radiative decays for the A-mode D-wave Z_. and X, baryons, the masses (MeV) of which are taken from
the quark model predictions of Ref. [21]. M stands for the masses of P-wave heavy baryons (MeV) in the final states, which are adopted
from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with a +10% (—10%) uncertainty
of the oscillator parameter a,,.

2:°Dy;57)(3043) [Z.2D;;3%)(3038) |Z.*Dy57)(3041) |X.*Dy;57)(3040) [£.°D,;;37)(3023) [2.*Dy37)(3013)

Decay mode M I; keV) I'; (keV) I'; (keV) I'; (keV) I'; (keV) I keV)
|=t2p, oYy 2713 2319757 58.47%) 15.0175% 23.633% 7407933 0.017

[ZE2P )y 150200 2277034 2.56203% 2.5870% 0.8030:14 0.001

|=02p, 1)y 164.27333 226733 0.457092 271793 0.877%% 0.004

|ZH2P,37)y 2798 7851120 349233 193703 0.59701% 4.9079%2 3.9479%
|=52P,37 )y 1827938 0.81701% 0.2070% 0.06 0.52700% 0.427907
|Z22P;3 )y 38.67%H 47.52.80¢ 0.24799 0.08 0.607%% 0.497997
[ZEHP, L)y 2799 5.097983 0.297%% 136.572%3 527735 9.79718 1.307938
=Py 0.55:%0% 0.03 0.9775% 0.4579% 0.14799% 0.005

|Z04P, 1)y 0.6079:0¢ 0.03 94.371%5 38.6175% 5.6479% 1.00793%
HP3TYy 2773 119718 473793 94.6713¢ 121.87579 485713 13.5729
4P, 3 )y 127334 0.5175% 1262413 0.9074 0477508 017744
0P 3 )y 142 0.557%% 55.9348, 84.22 2 44277 8.2213
[SSHP37)y 2789 2.667903% 12.93758 10.135 323338 49.4773 233738
=)y 02808 L36G% 010E  oaxgR 0asdy oS
[0P5 )y 0337984 159,92 67271 1963 35.073 30,5733
AF2P L)y 2592 17.537%%2 25.36255 24771 88.87%5 313732 0.357%5
|AF?P3 )y 2628 64.67% 4295739 21.2333 171349 53.9733 454714

12,2D,;;31)(6326) |£,%D,;,51)(6284) [,*D,,37)(6311) |£,%D;;37)(6285) [£,%D,137)(6270) [£4*D,57)(6260)

Decay mode M, T; (keV) T; (keV) T; (keV) T; (keV) T; (keV) I, (keV)
[Zf2P,3 )y 6101 216.0735%s 15.907%3) 2.22703 2.7975% 0.72291} < 0.01
I=02P5)y 159353 1.097948 0.11799} 0.177993 0.04 <0.01

|Z;2P)é_>y 45.3;6%111 3.617938 0.67;%_;22 0.72;%-}1;? 0.19;%-%3 < 0.012
IZ,%P;57)y 6096 141.0333 T4ATES 150753 0.267506 204753 153705
|292p,3-)y 9.84713 5.86,9% 0.09 0.02 0.127901 0.09

5;2P,3 )y 314763 14.3733% 0397906 0.06 0.527907 0.39790
|Zy Py )y 6095 4927038 0.13%502 2438755 67.547154 9.6975%5 164753
%Py )y 0.303503 0.008 17.6335 4.943100 0.683515 0.125564
=P 127933 0.034 521733 142733 2143033 03439
=, *P;37)y 6087 9.187%% 1747035 124.873%% 1249750 62.73383 11.075%
=03 )y 05640 0.11°6%2 878711 9.0571% 47547, 0787413
=, P53 ) 2.3775% 0.457506 275755 266735 127335 2.3975%)
TP 6084 288700 6.53.05% 19.9°40 37453 625,12 50450,
Zp*Pa3 ")y 0.1755.03 0.40355 143753 2,655 457505 4.01555)
P )y oTBSLesB At saslg Ba3l osvle
PPy S912 190498 21.6%4] 27,648 79.074] 274330 0357013
PP )y 5920 99075 458730 30211 9.067 |2 56138 454701,

2. JP=3/2* states depends on its mass. If the mass is taken as the prediction

The J” = 3/27 state [Z.°D M%+> dominantly decays into 3043 MeV in Ref. [21], the sum of the partial widths of the
the P-wave states through the pionic decay modes A.(2625)z  pionic decays is I'sy, ~ 100 MeV (see Table VIII), and the
and |2,.%P;37 )z, while its decay rate into X,z is sizable. Ithas  ratios between the partial decay widths for the A (2625)z and
a width of O(10)-O(100) MeV, which significantly =~ X.z channels and I's,,, are predicted to be
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F[A(2625)7] o TIZer]

~T7%. (20)

IﬂSum l—‘Sum

The Y.z and A.(2625)z decay channels may be ideal
channels for our search for |Z,%D,,3") in future experiments.

For the other J* = 3/2" state |£,*D,,3"), one finds that
it has large decay rates into the P-wave states through the
pionic decay modes A.(2625)x, |Z.*PA")m, |£.4P;37)x,
and |Z,*P;37)x. Its width should be broader than that of
|2.2D;;3"). Furthermore, the decay rate into X.(2520)x is
sizable as well. If its mass is taken as the prediction
3040 MeV in Ref. [21], the sum of the partial widths of the
pionic decays can reach up to I'gy, ~ 120 MeV (see
Table VIII), while the ratios between the partial widths
of A.(2625)x and £,.(2520)x and T, are predicted to be

T[A,(2625)x]

1—‘Sum

I, (2520)7]

~35%,
’ 1—‘Sum

~6%. (21)
The A.(2625)z and X.(2520)x may be ideal channels for
our search for [£.*D,;;3") in future experiments.

We also estimate the radiative transitions of these J* =
3/2% states into the 1P-wave states. Our results are listed in
Table IX. It is found that [£5 74D 3") might have

relatively large decay rates into |[S¢'” *P,37)y, while
|Z54D,,;3%) might have a relatively large decay rates into
A.(2595)"y, and their partial radiative decay widths are
estimated to be O(10)-O(100) keV. The branching frac-
tions for these main radiative decay processes may reach up
to O(107)-0(107%). The [£/*D,;;3") may have the
possibility of being observed in the A.(2595)"y channel.

3. JP=5/2" states

The J© = 5/27 state |£,2D,;3") might be a narrow state
with a width of O(10) MeV (see Fig. 3). It has large decay
rates into A.w, ., A.(2595)7, and A.(2625)z with
comparable partial decay widths. If its mass is taken as
the prediction 3038 MeV in Ref. [21], the sum of the partial
widths of the pionic decays is about I'g,,, ~ 60 MeV (see
Table VIII), and the ratios between the partial widths for the
main decay modes, A .z, £.7, A.(2595)x, and A.(2625)x,
and I'g,, are predicted to be

T[A.7, Zo1, A (2595) 7, A (2625) 7]
I—‘Sum
~20%, 15%, 18%, 19%. (22)

The A .z, X7, A.(2595)7, and A,.(2625)x decay channels
may be ideal channels for our search for the missing J© =
5/27" state |£.2D;;57).

The other J” = 5/2" state |£.*D;,3") might also be a
narrow state with a width of O(10) MeV. This state has

relatively large decay rates into X.(2520)z, A.(2595)x,
1Z4P5)x, and |£.4P,37)x. If its mass is taken as the
prediction 3023 MeV in Ref. [21], the sum of the partial
widths of the pionic decays is about I'g,,, ~ 70 MeV (see
Table VIII), while the ratios between the partial widths for
the main decay modes, X.(2520)z and A.(2595)z, and
'y, are predicted to be

I'[Z,(2520)7, A (2595)7]

1—‘S um

~17%,16%.  (23)

The X,(2520)z and A.(2595)x may be ideal channels for a
search for |£.D,,3") in future experiments.

The radiative transitions of these J* = 5/27 states into
the 1P-wave charmed baryon states are estimated as well.
Our results are listed in Table IX. It is found that for the
2.2D;;3") state the main radiative decay processes are
= 02D,5) = 25Oy =P )y, and
1Z52D351T) = A.(2595,2625) Ty, while for the other J¥ =
5/2% state [£.*D;;3"), the main radiative decay processes
are |2j+(0>4DM%+> - |ZC++(O)4P,1%‘);/, |ZC++(0)4P,1%‘)9/, and
5D T) = A.(2595,2625)Ty. The partial radiative
decay widths for these processes are estimated to
be O(10) keV, while the branching fractions may be
O(107*). These radiative transitions may be hard to be
observed in experiments.

4. JP=7/2* state

The J* = 7/2" state |£.*D,;5") might have a relatively
narrow width of O(10) MeV. It mainly decays into Az,
A.(2595)7, and A.(2625)z channels. If one adopts the
predicted mass 3013 MeV in Ref. [21], the sum of the
partial widths of the pionic decays is estimated to be I'g,,, ~
60 MeV (see Table VIII), and the ratios between the partial
decay widths for these main channels, Az, A.(2595)z,
and A.(2625)x, and I'g,, are predicted to be

T[A.7z, A (2595)7, A.(2625)7]

1—‘Sum

~22%,19%,41%. (24)

The A .z, A.(2595)z, and A.(2625)z may be ideal chan-
nels for a search for |Z.*D /1,1%+> in future experiments.

The radiative transitions into the 1P-wave states are
estimated as well. Our results are listed in Table IX.
It is found that the main radiative decay processes are
IZi“O)“Du%*) - \EIHOMP /1%_>}’ and  [Zf 4Du%+> -
A.(2595)Ty. Their partial radiative decay widths are
estimated to be O(10) keV, while the branching fractions
are O(107*). These radiative transitions may be hard to be
observed in experiments.
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FIG. 4. Strong decay partial widths of the main decay modes for the -mode 1 D-wave excited X, states as functions of their mass. The
bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21], if there are no observations (see Table II).

B. X,

In the X%, family, according to the quark model
classification, there are six A-mode 1D-wave excitations:
2, Duz™) ZDust).  [ZDant).  1Z.Dust)
12,°D,;37), and |,*D,,17). However, no 1D-wave states
have been established. The typical masses of the A-mode
1D-wave X, excitations are predicted to be ~6.3 within
various quark models (see Table II). In the possible mass
ranges, we study their strong decay transitions within
ChQM. Our results are shown in Fig. 4. To be more
specific, taking the masses of the 1D-wave states obtained
in the relativistic quark-diquark picture [21], we present the
results in Table VIII.

1. JP=1/2% state

The J” = 1/2" state [£,*D,;5") might be a broad state
with a width of O(100) MeV. If its mass is taken as the
prediction in Ref. [21], the sum of the partial widths for
the pionic decays can reach up to I'g,, ~ 150 MeV (see
Table VIII). This state might mainly decay into the P-wave
Ay states A,(5912)5 and A,(5920)3~ via pionic decay
modes A,(5912)x and A,(5920)z. The ratios between the
partial decay widths for the A,(5912)z and A,(5920)x
channels and Ty, are predicted to be

I'A,(5912)7]

1—‘Sum

T'[A,(5920)7]

~35%,
FSum

~44%.  (25)

Both A,(5912)7 and A,(5920)7 may be ideal channels for
our search for [£,*D,;3") in future experiments.

We also estimate its radiative transitions. Our results
are listed in Table IX. It is found that | <} *D ;1) might have
relatively large decay rates into |, *P,27)y and |2} 4P,37)7,
and their partial radiative decay widths are estimated to be
O(100) keV. The branching fractions for these main radi-
ative decay processes may reach up to O(1073).

2. JP=3/2"* states

The J¥ =3/2" state |£,?D,;3") has large decay rates
into the P-wave states through the pionic decay modes
Ay(5920)3"7 and |£,°P;37)x. It has a width of O(10)-
O(100) MeV, which obviously depends on its mass (see
Fig. 4). If the mass is taken as the prediction 6326 MeV in
Ref. [21], the sum of the partial widths of the pionic decays
can reach up to I'gy, ~ 120 MeV (see Table VIII), and the
ratio between the partial decay width for the A,(5920)x
channel and I'g,, is predicted to be

T'[A,(5920)7]

~ 58%. 26
l—‘Sum ’ ( )

The A,(5920)x decay channel may be an ideal channel for
our search for |Z,2D ,1,1%+> in future experiments.

For the other J* = 3/27 state |£,*D,;3"), one finds that
this state mainly decays into the P-wave states through
the pionic decay modes A,(5920)x, |£,*P;37)x, and
2,*P,537)x. Furthermore, the decay rate into X;(5832)r
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is sizable as well. Its width should be narrower than that of
12,2D,;37). If its mass is taken as the predictions in
Ref. [21], the sum of the partial widths of the pionic
decays can reach up to I's,, ~ 85 MeV (see Table VIII),
while the ratios between the partial widths of I'[Z; (5832) 7]
and I'[A,(5920)z] and Tg,,, are predicted to be

L=3(5832)7] _ (g TIA(5920)7]

1—‘Sum Sum

Both Z; (5832)x and A,(5920)7 may be ideal channels for
a search for |£,*D;;3") in future experiments.

The radiative decays of the J* = 3/27 states into the 1P-
wave bottom baryon states are estimated as well. Our
results are listed in Table IX. It is found that [£,2D,,;3")
might have relatively large decay rates into |} %P;1)y and

~46%.  (27)

|22P,37)y, while [ *D,;3*) might have a relatively large
decay rate into [E*P;37)y. Their partial radiative decay
widths are estimated to be O(100) keV, while the branch-
ing fractions may reach up to O(1073).

3. JP=5/2"* states

The |%,°D,,3") might be a relatively narrow state with a
width of O(10) MeV. It has large decay rates into Az,
27, Ay (5912) 7, and Ay (5920)7. If its mass is taken as the
prediction 6284 MeV in Ref. [21], the sum of the partial
widths of the pionic decays is about I'g,,, ~ 50 MeV (see
Table VIII), and the ratios between the partial decay widths
for these main channels, A,z, X,7, A,(5912)z, and
A, (5920)7, and T'g,, are predicted to be

F[Abﬂ', Zbﬂ', Ab (5912)7[, Ab (5920)7[]
IﬁSum
~ 35%, 13%, 14%, 21%. (28)

The Ayz, X7, Ap(5912) 7, and A, (5920)7 decay channels
may be ideal channels for our search for |£,?D;,3") in
future experiments.

For the other J* = 5/2" state |£,*D,;3"), it has a width
of O(10)-0O(100) MeV, which significantly depends on
the mass. This state has large decay rates into A,z, X7,
Ay(5912)m, |£,*P;57)m, and |2,*P,37)x. If its mass is
taken as the prediction 6270 MeV in Ref. [21], the sum of
the partial widths of the pionic decays is about I'g,,, ~
50 MeV (see Table VIII), and the ratios between the partial
decay widths for the A, 7, Zj7z, and A,(5912)7 final states
and I, are predicted to be

[[Apm, 2, Ay (5912) 7]
l—‘Sum

The Apz, X7, and A,(5912)x decay channels might be
ideal channels for our search for \Zb“DM%*) in future
experiments.

~9%,26%,16%.  (29)

The radiative decays of these J* = 5/27 states into the
1 P-wave bottom baryon states are estimated as well. Our
results are listed in Table IX. It is found that for the
|Eb2DM%+) state the main radiative decay processes are
Z5°Du3") = (TP )rs |2°Pay7 )y, and [£)°D37) —
Ay(5912,5920)"y, while for the other JP =5/2F
state [£,*D,;;3"), the main radiative decay processes
are  [E[*D;37) = [ZP3 ) [Z5*P3T)y,  and
294D ,;37) — A,(5912,5920)Fy. The partial radiative
decay widths for these processes are estimated to be
O(10) keV, while the branching fractions may
be O(1074)-0(1073).

4. JF=7/2* state

The J” = 7/2" state |£,*D;;5") might have a width of
O(10)-0(100) MeV, which strongly depends on its mass
(see Fig. 4). This state has large decay rates into Az,
Ap(5912)7, and Aj(5920)7 channels. If one adopts the
predicted mass 6260 MeV in Ref. [21], the sum of the
partial widths of the pionic decays is estimated to be g, ~
50 MeV (see Table VIII), and the ratios between the partial
decay widths for these main channels, A,z, A,(5912)z,
and A,(5920)7z, and gy, are predicted to be

T[Ayz, Ay(5912) 7, Ay (5920)7]
I_‘Sum

The Aym, Ap(5912)7, and A, (5920)7 decay channels may
be ideal channels for our search for |£,*D,;;7") in future
experiments.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table IX.
It is found that the main radiative decay processes are
=5 Du3") = [ZP3 )y and [Z)*Dy5 ") — A,(5920)°.
Their partial radiative decay widths are estimated to
be O(10) keV, while the branching fractions may
be O(107%)-O(1073). The neutral J¥ =7/2% state
1294D,,5") may have the possibility of being observed
in the A,(5920)% channel.

~ 35%, 16%,40%.  (30)

C. E,

In the Z/. family, according to the quark model classi-
fication, there are six A-mode 1D-wave excitations:
EZ4DM%+ ) 524DM%+> .| ZDM%+ I = 2D/u%+ )
214D ;,37), and |2.*D;,2T). However, no 1D-wave states
have been established. The typical masses of the 1-mode
1D-wave =] excitations are ~3.14 within various quark
model predictions (see Table II).

In Ref. [48], the strong decay properties of the D-wave
excited &, states were studied in their possible mass ranges.
However, we did not give correct predictions of the partial
widths of the D-wave excited E, states decaying into the
P-wave charmed baryons. In this work, we update our
predictions, which have been shown in Fig. 5. To be more
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FIG. 5. Strong decay partial widths of the main decay modes for the A-mode 1D-wave excited E.. states as functions of their mass. The

bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21], if there are no observations (see Table II).

specific, taking the masses of the 1D-wave states predicted
within the relativistic quark-diquark picture [21], we give
our predictions in Table X.

1. JP=1/2* state

If the mass of the J© = 1/27 state [E.*D,,3T) is less than
3.12 GeV, this state should be a rather narrow state with a
width of ~10 MeV; its main decay modes are E.z, A K,
and XK. However, if the mass of [E*D,,1") is taken as the
prediction 3163 MeV in Ref. [21], the decay channels into
the P-wave charmed baryon final states should open, and
the decay channels A.(2625)K and E.(2815)z will play
dominant roles. In this case, the J” =1/2% state
|Z.*D,,5") might be a broad state, and the sum of the
partial widths for the pionic and kaonic decays can reach up
to ['gym ~ 120 MeV (see Table X), while the ratios between
the partial widths for the A,.(2625)K and E.(2815)x
channels and Ty, are predicted to be

T'[A.(2625)K]
1ﬂSum

I'[E. (2815)x]

~ 32%, ~33%.  (31)

Sum

The decay channels A.(2625)K and E.(2815)z may be
ideal channels for our search for |2.*D;,}") in future
experiments.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XI. It is
found that |ED;;1™) might have relatively large decay
rates into |2°4P;1)y, and the partial radiative decay width

is estimated to be O(100) keV. The branching fractions for
this main radiative decay process may reach up to O(1073).

2. JP=3/2* states

For |2.2D;;3"), if its mass is less than 3.12 GeV, it
should be a rather narrow state with a width of ~10 MeV,
and its main decay modes are E,7, E.x, and £.K. However,
if the mass of |E22DM%+> is taken as the prediction
3167 MeV in Ref. [21], the decay channels into the P-
wave charmed baryon final states should open, and the
decay channels A.(2625)K and ZE.(2815)zr will
play dominant roles. In this case, the J = 3/2% state
|Z.2D,;3") might be a broad state, and the sum of the
partial widths for the pionic and kaonic decays can reach up
to I'sym ~ 90 MeV (see Table X), while the ratios between
the partial widths for the A.(2625)K and E.(2815)x
channels and Ty, are predicted to be

T'[A,(2625)K]

FSum

I'E.(2815)7]

~ 12%,
IﬁSum

~54%.  (32)

The A.(2625)K and E.(2815)x decay channels may be
ideal channels for our search for |E.2D M%*) in future
experiments.

For the other J¥ = 3/2% state |2/*D,;3"), if its mass is
less than 3.12 GeV, it should be a rather narrow state with a
width of ~10 MeV as well, and its main decay modes are
E.m, Bz, and £;K. However, if the mass of |E.*D;37) is
taken as the prediction 3160 MeV in Ref. [21], the decay
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TABLE X. Partial widths of strong decays for the 2-mode D-wave =/ and Z} baryons, the masses (MeV) of which are taken from the
quark model predictions of Ref. [21]. M, stands for the masses of P-wave heavy baryons (MeV) in the final states, which are adopted
from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with a +10% (—10%) uncertainty
of the oscillator parameter a,,.

|E(2D,,57)(3167) |E2D;;37)(3166) [E:*D;57)(3163) [E*Dy;57)(3160) |E*Dy;37)(3153) [E.*D,,57)(3147)

Decay mode M, I'; MeV) I MeV) I; (MeV) I'; (MeV) I'; MeV) I MeV)
Ecn 2470 2,431 513395 4927345 248760 1.32303 568713}
Ei‘ﬂ' 2578 3_51+1.79 2.77—0.62 1.75+0488 0.87+0'44 0.]7—0.03 0.73—0.17
. o Pt S g e o
AK 2286 1237 125704 25112 1275 0.727013 3.09703%
K 255 63740 172208 3.16:030 157048 0115003 0.40-010
c . 2. . +0. . —1. . —0.: ° . : .

S K 2520 047_(()](())11 1'57t0.25 1.221r()‘23 3.97450.62 4.18i0‘37 0.594_»()‘08
AGPAVK 2592 0gatol 0.55-008 36602 355012 0.65-003 10,123
IA2P2TVK 2628 10.9+24 0.24+0.10 39,1793 7.25+1:33 0.15+002 1.15+013
E2P e 2792 1850 1831013 14543 028713 337051 14,4740
|:~ 2P §—> 2815 47 3_+77 3 54:0:82 40 2+1149 11 8_+l7 0 67+00'% 8 81;0.'04
=g )° 273 D413 -2_1055 014 07 002 01 004
=2PAye 2936 0397008 0.21550 0262903, 05175013 0.03 092407
|2.2P,3)x 2935 8.53+170 0.2275% 5.50+1 3 1.0:013 <0.01 0.3310%2
= 4p 1- —0.07 +0.32 —011 2.9 +2.1 Y
[Py w2854 0.23%0710 1.00Z05 0.75%014 20.5555 13.055% <0.01
BAP S 2912 1015030 0.41550¢ 1.10550 5.6270% 28570 0.345799)
|24P 3TV 2929 0.5919% 1461072 2.23708 5755131 7.55H 01 0.37 550!
Sum 86.4119, 23.175% 1216304 78.471%9 39.1153 47.543]

|2),2D,37)(6459) |2],2D;,537)(6432) |2;,°D,,57)(6447) |2,°D,,37)(6431) |E,*D,,37)(6420) |E,*D,,37) (6414)

Decay mode M, I; (MeV) I, MeV) I'; MeV) I, MeV) I, MeV) I'; MeV)
=, 5795 20044 9.41313) 441100 24320 242:44 1037473
2 5935 41823 2.82706¢ 2067110 1.011048 0.17799% 071397
g 5955 1.60;%_%13 1 .59f§;§3§ 1 .00:3-%5:’ 4.03%-% 6. 16f§;§§ 0.79t§_-§§
A K 5620 1.043;912 2.45;8;2823 2.39% % 1.40%%3 1297030 5.45;8382
K 5811 7.80174¢ 0.8679%3 4.03105% 1.831077 0.04 0167 06
K 5835 0.85700 1957038 1774034 5111074 4.77+041 0.6808
[APT)K 5912 07755 0.06 1547516 318205, 0.04 365507
|A2P37)K 5920 14.6537 0.175549 302748 5.87H% 0.06
|2,2P i) 6120 1,900 1.35%045 13271 % 73617 215793 11.077¢
2P )n 6130 544752 28079 393700 10544 0.56:08%, 679087,
[E,%Py7)r 6233 0.47105¢0 0.10350 0.28%503 0.43%04) 0.01 0.6551
|=2P,37 ) 6234 9.60" |81 0.1470% 533131 0.7213:%9 0.001 0.187091
|5, Py w6227 0.03 0.43f3;}é 0.13;%_%2% 5801047 335408 <0.01
|= P2y 6224 0.897008 o.zlj(g’;{%1 0.8170%; 3.16t§;;2‘39 180103 0.1228;?}
[=,*P,3 ) 6226 0722005, 0.96%9:3 221705 4.801)5 5.2657 0.20%%,
Sum 100.8122-¢ 25373 108.74324 57.61137 28117 40.71,3

channels into the P-wave charmed baryon final states I'[A.(2625)K,E.(2790)x, E.(2815)x]
should open, and the decay channels A.(2625)K,
E.(2790)7, E.(2815)x, and |E.*P,3")z will dominate
the decays of |2.*D;;3"). In this case, the sum of the
partial widths for the pionic and kaonic decays can reach up
to I'gym ~ 80 MeV (see Table X), while the ratios between  The A.(2625)K, E.(2790)z, and E.(2815)x decay chan-

the partial widths for the A.(2625)K, E.(2790)z, and  nels may be ideal channels for a search for [2L4D,31) in
E.(2815)x channels and I'sy,, are predicted to be future experiments.

~ 10%, 12%, 16%.
FSurn

(33)
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TABLE XI.

Partial widths of radiative decays for the 2-mode D-wave =/ and =) baryons, the masses (MeV) of which are taken from

the quark model predictions of Ref. [21]. M stands for the masses of P-wave heavy baryons (MeV) in the final states, which are adopted
from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with a +10% (—10%) uncertainty

of the oscillator parameter a,,.

|E(2D,,57)(3167) |E2D;;37)(3166) [E:*D;57)(3163) [E*Dy;57)(3160) |E*Dy;37)(3153) [E.*D,,57)(3147)

Decay mode M, I'; (keV) I'; (keV) I'; (keV) I'; (keV) I'; (keV) I'; (keV)
|=2PAny 2792 791793 124797 9.337193 34.2733 124714 0.05
|=02P, i)y 0.0 0.0 0.00 0.00 0.00 0.0
[BE2P5 )y 2815 244737 17.575% 7.4930%8 241557 22,0333 19.571
|=02P 3y 0.0 0.0 0.00 0.00 0.00 0.0
|E/i2P,11%‘>y 2936 0.0?02 0.32;%%‘7; 0.497998 0.47;?3; 0.16;3)%% < 0.01
|=/02P, 1)y 64.27193 6.3871% 0.3079% 0.10799% < 0.01
[E2P5 )y 2935 0457008 198307 0.137503 0.04 0.407508 0.357507
|E02P,5 )y 292748 50.1785, 0.08 0.03 0257003 022799
|=2H4p, A7)y 2854 1363019 0.08 < 0.01 0.547519 0.05 < 0.01
|204P, 1=y 0.69;;5:%‘5 0.04 184.927212 7477113 13.1;022-_% 271793
|2 4Py 2912 0907913 0.4079% 0.07 0.04 0.737%13 0.02
[224P5 )y 054318 023755 420047 66247193 43153} 726741
|2 4Py 2929 0.1979% 0.98-%13 0.02 0.04 0.05 125792
[E24P3 )y 0.12753 0.6175.5% 515795 14.00733 310757 33.733%5

|2),2D,37)(6459) |5},2D,537)(6432) |},*D,,47)(6447) |E,°D,,37)(6431) |E,°D,,31)(6420) |E,*D,,17)(6414)

Decay mode M, I'; (keV) I; (keV) I; (keV) I; (keV) I; (keV) I'; (keV)
E02P,1-)y 6120 516794 10.003933 9.66713 297339 10.07}1 0.05
|2;,2P 1)y 0.0 0.0 0.00 0.0 0.0 0.0
=Py 6130 182732 1671 9.33741 260758 20,573 17745
|=52P,3 )y 0.0 0.0 0.00 0.0 0.0 0.0
|=92p,1-)y 6233 14.975% 121792 0.07 0.1679% 0.05 <0.01
|Z52P,A )y 37.523% 3.722958 0.5279% 0.687%1% 0.2075% < 0.01
|292P,37)y 6234 773714 6.88711% 0.06 0.01 0.1175%3 0.09
5Py 22473 1433 0.25756% 0.05 048760 0415506
|=94p, 1)y 6227 0.217%% <0.01 16.773$ 5.6179%2 0.817913 0.1779%4
=P )y 09251, 0.03 39341 143753 23208 043010
[E9tP5 )y 6224 03539 0.09 736715 9.32;145 5.58.9%) 0.92:44
=573 )y 154742 039308 20835 24438 12973 256348,
|E9P37)y 6226 0.105003 0.30753 1143533 244205 470941 5.361121
=54P3 )y 0433 131595 3.06798 6.76:1 % 12233 10.0347

The radiative decays of these J = 3/2% states into the
1P-wave charmed baryon states are also estimated. Our
results are listed in Table XI. It is found that for the
|E’02DM%+> state the main radiative decay processes are
|E/c+2D/u%+> — Ef(2815)y, \EQO2D/11%+> - |E/92P/1%_>}’,
|2/92P,37)y, while for the |2.*D;;3") state, the main
radiative decay processes are |2.79D,;3%) — B (2790)y,
[EDysT) = B8Py )y, [E*P3 )y, Their  partial
radiative decay widths are estimated to be O(10) keV,
while the branching fractions may reach up to O(107#)—
0(1073).

3. JP=5/2" states

For |2.2D;;3"), if its mass is less than 3.12 GeV, it
should be a rather narrow state with a width of ~10 MeV,
and its main decay modes are E.z, E.z. However, if the
mass of |E,%D,;3") is taken as the prediction 3166 MeV in
Ref. [21], the decay channels into the P-wave charmed
baryon final states should open, and the E.(2815)x decay
mode together with Z,.z and E,z dominates its decays. In
this case, the width of |E.2D,;;3") might be still fairly
narrow, and the sum of the partial widths for the pionic and
kaonic decays is ', ~ 20 MeV (see Table X), while the
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—

ratios between the partial widths for the E.z, E.z, and
E.(2815)x channels and Tg,,,, are predicted to be

Bz, E.x,E.(2815)7]

FSum

~22%,12%,15%.  (34)

The E.z, .z, and E,(2815)7z decay modes may be ideal

modes for our search for |2.2D,;3") in future experiments.

For the other J” = 5/2% state |E*D,;3"), if its mass is
less than 3.12 GeV, it should be a rather narrow states with a
width of ~10 MeV as well, its main decay modes are Z'
and X7 K. However, if the mass of |Z*D,;3") is taken as the
prediction 3153 MeV in Ref. [21], the decay channels into
the P-wave charmed baryon final states should open, and
the E,(2790)x, |2.*P,37)x, and |E.*P,37)x decay modes
together with E.*z and ;K will dominate the decays of
|2.4D;,37). In this case, the sum of the partial widths for
the pionic and kaonic decays can reach up to gy, ~
40 MeV (see Table X), while the ratios between the partial
widths for the E'z, XK, and E.(2790)z channels and
Igum are predicted to be

T[E 7, K, E,.(2790)7]

1—‘Sum

~ 11%,11%,9%.  (35)

The decay modes Ez, XK, and E.(2790)z may be ideal
modes for our search for |E,.*D,,3") in future experiments.

The radiative decays of these J” =5/2" states into
the 1P-wave charmed baryon states are also estimated.
Our results are listed in Table XI. It is found that for
the |2.2D;;3") state the main radiative decay processes
are  [22D,3H)>EF(2790,2815)y,  |EO2D,5T)—
|2/92P,37)y, while for the |2.*D;;3") state, the main
radiative decay processes are |E.T*D;;37) — 2 (2790,
2815)y,  [E'Du3t) = [EUWPy ) IEVPSY
|Z/%4P,57)y. Their partial radiative decay widths are esti-
mated to be O(10) keV, while the branching fractions may
reach up to O(107)-0O(1073).

4. JF=7/2* state

If the mass of the J© = 7/27 state [E.D,,1T) is less than
3.12 GeV, it should be a rather narrow state with a width of
a few MeV, and its main decay modes are Z.7 and A K.
However, if the mass of |2.*D;;3") is taken to be
3147 MeV as predicted in Ref. [21], the decay channels
into the P-wave charmed baryon final states, A.(2595)K,
E.(2790)rx, and E..(2815)7z, become dominant. In this case,
the sum of the partial widths for the pionic and kaonic
decays can reach up to ['g,, ~50 MeV (see Table X),
while the ratios between the partial widths for the main
channels and Ty, are predicted to be

(.7, A (2595)K, 2, (27907, E.(2815)7]
IﬂSum
~ 12%,20%, 30%, 19%. (36)

The E.7, AK, A (2595)K, E,(2790)z, and = (2815)x
decay modes may be ideal modes for our search for
|2.4D,;2%) in future experiments.

The radiative decays of |2.*D;;2") into the 1P-wave
charmed baryon states are also estimated. Our results are
listed in Table XI. It is found that the main radiative decay
processes are |E,.72D;;2T) — BF(2815)y, |EP?D, 1) —
|2/92P,3")y. Their partial radiative decay widths are esti-
mated to be O(10) keV, while the branching fractions may
be O(1074).

D. 5,

In the E;, family, there are six A-mode 1D-wave
ot . =4 1 =4 3 =2 3
excitations: =5 Di/1§+>7 |:‘b D/u§+>, ‘:‘b D/MEJF>,

=2 5 =4 5 =4 7
|:‘b D1/1§+>, =5 DMLE-F)’ and |':'b Dﬂl§+>' HOWeVer, no

1 D-wave states have been established. The typical masses
of the A-mode 1D-wave &) excitations are ~6.44 GeV
within various quark model predictions (see Table II). In the
possible mass ranges, we study their strong decay tran-
sitions by emitting one light pseudoscalar meson within the
ChQM. Our results are shown in Fig. 6. To be more
specific, taking the masses of the 1D-wave states obtained
in the relativistic quark-diquark picture [21], we give the
predicted widths in Table X.

1. JP=1/2% state

The JP = 1/2" state |2],*D,;1") might be a broad state
with a width of O(100) MeV, which obviously depends on
its mass. This state might mainly decay into the P-wave
bottom baryons via pionic decay modes |E,?P,3”)z and
|2,2P,3~)m and kaonic decay mode A,(5920)K. If its mass
is taken as the prediction 6447 MeV in Ref. [21], the sum of
the partial widths for the pionic and kaonic decays can
reach up to I'g,, ~ 110 MeV (see Table VIII), while the
ratio between the partial width for the A,(5920)K channel
and Iy, is predicted to be

T[A,(5920)K]

~ 27%. (37)
I_‘Sum

The A, (5920)K decay channel may be an ideal channel for
our search for |Z}*D;,3*) in future experiments.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XI. It is
found that |2, 7*D,,3*) might have relatively large decay
rates into |2, 7*P,17)y and |E,7*P,37)y, and the partial
radiative decay width is estimated to be O(10) keV.
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FIG. 6. Strong decay partial widths of the main decay modes for the A-mode 1D-wave excited = states as functions of their mass. The
bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21], if there are no observations (see Table II).

The branching fractions for these main radiative decay
processes may be O(107).

2. JP=3/2* states

The JP =3/2" state |2,?D;;3") has a width of
O(10) — O(100) MeV, which significantly depends on
the mass. It might mainly decay into the P-wave bottom
baryons via the |E,%P;37)x and A,(5920)K decay modes.
The decay rate into X, K is also sizeable. If its mass is taken
as the prediction in Ref. [21], the sum of the partial widths
for the pionic and kaonic decays can reach up to gy, ~
100 MeV (see Table X), while the ratios between the partial
widths for the X,K and A,(5920)K channels and I's,,, are
predicted to be

Tk g,
1—‘Sum '

T[A,(5920)K]

~ 14%.
I_‘Sum

(38)

The %, K and A, (5920)K decay modes may be ideal modes
for our search for |£},2D;;3") in future experiments.

For the other J¥ = 3/27 state |},*D;;3"), one finds that
it has large decay rates into the P-wave states through the
decay modes A,(5912)K, A,(5920)K, |E,°P,37 )7,
|2,2P,37)m, |B,*P,37)m, and |2,*P,37)z. Furthermore,
the decay rates into Zz and X;K are sizable as well.
Its width should be about a factor of 2 narrower than that of
|Z,2Dy;3"7). If its mass is taken as the predictions in
Ref. [21], the sum of the partial widths of the pionic
and kaonic decays can reach up to I'g,, ~60 MeV (see

Table VIII), while the ratios between the partial widths for
the Bz, X7 K, A,(5912)K, and A,(5920)K decay modes
and I'g,, are predicted to be

T[Em, K. Ay (5912)K, A,(5920)K]
l—‘Sum
~ 7%, 8%,5%,10%.

(39)

The Bz, Z; K, Ap(5912)K, and A,(5920)K decay modes
may be ideal modes for our search for |Z,*D;;3") in future
experiments.

We also estimate the radiative decays of these JX =
3/2% states into the 1P-wave bottom baryon states. Our
results are listed in Table XI. It is found that for |},?D,,3")
the main radiative processes are [E)0?D;,3") — [22P,37)y
and |2,2D;37) — |272P37)y, |E;2P,37)y, while for
|2,*D,;3"), the main radiative processes are |22D,;;37) —
[EY?Piy )y and [BDu3T) = [27Ps )y 1B P )y
Their partial radiative decay widths are estimated to
be O(10) keV, while the branching fractions may be
O(1074).

3. JF=5/2" states

The J* = 5/2% state |Z},°D,;3") might be a narrow state
with a width of a few tens of MeV. Its dominant decay
mode is Z,7. If the mass of |E)%D;;3") is taken as the
prediction 6432 MeV in Ref. [21], the sum of the partial
widths for the pionic and kaonic decays is I'g,,, ~ 25 MeV
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(see Table X), while the ratio between the partial width for
the &,z channel and I, is predicted to be

F[Ebﬂ']
IﬂSum

~ 37%. (40)

To look for this state, the E,7 decay mode is worth
observing in future experiments.

The other J* = 5/27" state |2,*D,,3") might be also a
narrow state with a width of a few tens of MeV. It has large
decay rates into Z)'z and ;K. If its mass is taken as the
predictions in Ref. [21], the sum of the partial widths of the
pionic and kaonic decays is I'gyn~30 MeV (see
Table VIII), while the ratios between the partial widths
for the Z)'z and X K decay modes and I's,,, are predicted

to be

TE7] o, I[Z;K]
Sum FSum

~ 16%. (41)

/%

To look for this state, the &)’z and X; K decay modes are
worth observing in future experiments.

We also estimate the radiative decays of these J© =
5/27" states into the 1P-wave bottom baryon states. Our
results are listed in Table XI. It is found that for |2},?D,,3")
the main radiative processes are [E/02D,;57) — |202P,37)y
and |E,2D,37) — |2,72P;37)y; while for |2,%D,,31), the

main radiative processes are |Z4D,;37) — |292P;37)y and

30
IR
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FIG. 7.
mass. The bold solid curves stand for the total widths.

1Z,7D3") — |B P37y, |E;*P,37)y. Their partial radi-
ative decay widths are estimated to be ~10-20 keV, while
the branching fractions is no more than O(1074).

4. JF=7/2* state

The J” =7/27 state [E,*D;;5") might have a relatively
narrow width of O(10) MeV. This state mainly decays into
Ebﬂ, AbK, Ab(5912)K, |E‘b2Pi%_>”’ and ‘Eb2PA%_>ﬂ'
channels. If one adopts the predicted mass in Ref. [21],
the sum of the partial widths of the pionic and
kaonic decays is estimated to be I'g,, ~40 MeV (see
Table VIII), and the ratios between the partial widths for
the E,7, ALK, Ay(5912)K decay modes and I, are
predicted to be

T[E,7, ApK, Ay(5912)K]

1—‘Sum

~ 24%, 13%,8%.  (42)

The E,7, ALK, and A,(5912)K decay modes may be ideal
modes for our search for |Z},*D,,1") in future experiments.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XI. It is
found that the decay rates for these radiative transitions are
small. Their branching fractions may be no more
than O(1074).
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Strong decay partial widths of the main decay modes for the 1-mode 1D-wave excited €2, and €, states as functions of their
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E. Q,
In the Q. family, there are six A-mode 1D-wave
excitations: Q4D i), |Q24Du3T),  |QDusT),

1Q.2D;;3%), |Q.*D,;;3T), and |Q.*Dy;5T). However, no
D-wave states have been established. The typical masses
of the 1-mode 1D-wave Q. excitations are ~3.3 within
various quark model predictions (see Table II). In the
possible mass ranges, we study their strong decay tran-
sitions within the ChQM. Our results are shown in Fig. 7.
To be more specific, taking the masses of the 1D-wave
states obtained in the relativistic quark-diquark picture [21],
we give the predicted widths in Table XII.

1. JP=1/2% state

The J¥ = 1/2" state |Q.*D;;57) may be a narrow state
with a width of [, ~ 20 MeV. Its decays are dominated
by the Z.(2470)K. The decay rates into E.(2575)K and
EF(2645)K are sizeable as well. The branching fractions

for the E.(2470)K, E..(2575)K, and 2/} (2645) K modes are
predicted to be

TABLE XII.

TE.K.Z.K, K]

I_‘total

~T71%,21%,7%. (43)
From Fig. 7, it is found that the strong decay properties of
1Q.'D;;5") are less sensitive to its mass. The Z.(2470)K
and E..(2575)K may be optimal channels for us to search
for this missing J” = 1/2% state |Q.*D;3").

We also estimate its radiative decays into the 1P-wave
charmed baryon states. Our results are listed in Table XII. It
is found that |Q%*D,,1") might have relatively large decay
rates into |Q2*P,17)y and |Q*P;37)y, and the partial
radiative decay width is estimated to be O(10) keV. The
branching fractions for these main radiative decay proc-
esses may be O(1073).

2. J¥=3/2* states
For the J¥ = 3/2% state |Q.%D,;3"), the width is pre-
dicted to be ', ~ 18 MeV, which is less sensitive to the
phase space of strong decays (see Fig. 7). It is found that
E.(2470)K together with Z..(2575)K governs the decays of
|Q.2D;;37). Their branching fractions are predicted to be

Partial widths of strong and radiative decays for the A-mode D-wave Q. and Q, baryons, the masses (MeV) of which are

taken from the quark model predictions of Ref. [21]. M stands for the masses of P-wave heavy baryons (MeV) in the final states, which
are adopted from the RPP [24] and Refs. [1,21]. The units for the partial widths of radiative and strong decays are keV and MeV,
respectively. The superscript (subscript) stands for the uncertainty of a prediction with a +10% (—10%) uncertainty of the oscillator

parameter o -

|Q.7D,37)(3282) [Q.7D,3")(3286) [Q.*D;5")(3287) 1Q,.*D1157)(3298) Q%D 37)(3297) |Q,*Dyf*)(3283)

Decay mode M I B; (%) I; B; (%) I; B; (%) r B; (%) I; B; (%) L; B; (%)
E.K 2470 7.9783% 447 Sa67%) 573 159078 714 790139 482 165703 198 643715 817

2K 2575 926723 519 177798 197 47127 208 2447088 148 015790 179 054735 673

=K 2645 050709, 2.8 205792 22.8 165707 74 597100 364 6.6179% 792 088 112

Q. 12P,1-)y 3000 91.87143  0.51 979759 0.1 0.03  <0.01 04979% <0.01 0.1979% <001 =00 <001
|Q.12P,37)y 3066 18.47%) 0.10 397787 044 004 <001 002 <001 0.1779% <0.01 0.1379% <0.01
|Q.19P,37)y 3050 0.13799% <0.01 0.008 <001 703713 032 34735 021 55670% 007 107793 001

|Q.14P,37)y 3050 0.279% <001 009 <001 275745 012 541788, 033 39878% 047 562793 0.07

|Q.14P;37)y 3090 0.03 < 0.01 0.1479%% <0.01 244794 <0.10 795713 005 19.6733 024 231735 029

Sum 17.847¢1¢ 903713 223359 16.21738 8.3479% 7.8271%

1€,°D:3")(6530) [€,°D,37")(6520) [€,,*D 57 )(6540) [Q,°D,5")(6549) [Q,%D,5")(6529) 1,*D,37)(6517)

Decay mode M, I; B; (%) I; B; (%) I; B; (%) r B; (%) I'; B; (%) I; B; (%)
E,K 5795 112435 555 618713 7583 22117 76.98 10.97¢! 5348 207794 2809 7.8371%% 90.84
E,K 5935 8.43+17 418 0307903 3.68 4697073 1634 255104 1251 003 041 009  1.04
K 5955 0.5120% 252 1.65:015 2025 186702 648 687118 3371 5241037 7110 0.6810% 7.89
|Q,12P,17)y 6301 332731 0.16 4.0379% 005 055799 <0.01 1.20:%1% <0.01 0327993 <001 =~0.0 <0.01
|Q,12P,37)y 6304 17.9735  0.09 16.873% 021 02695 <0.01 0.1079% <0.01 0.737%13 <0.01 0569 <0.01
|Q,1°P,17)y 6312 047709 <001 0024 <001 40475, 0.4 188732 009 272798 004 05091, <001
|Q,14P;37)y 6311 0.74751% <0.01 0277904 <001 17.973% 006 31.07%] 0.5 154733 021 2707%% 0.03
|Q,14P;37)y 6311 0.2175%% <0.01 0917013 <0.01 283793 0.01 898713 004 146737 020 121339 0.14
Sum 20.19%85 8.157139 287171265 20387838 7.37791L 8.627463
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(2K, 2.K]

~ 45%, 52%. (44)
l—‘total

The E,(2470)K and E..(2575)K may be ideal channels for
us to search for this missing J© = 3/2" state [Q.2D,;37).

For the other J* = 3/2" state |Q,*D,,3"), if its mass is
below the threshold of E.(2790) K, the width is predicted to
be Ty ~ 16 MeV, which is less sensitive to the phase
space of strong decays (see Fig. 7). In this case, both
E.(2470)K and E}(2645)K are the dominant decay
channels of |Q.D,;;37), while the decay rate into
E.(2575)K is sizeable as well. Their branching fractions
are predicted to be

IE.K. 27K, 5.K]

1—‘total

~ 48%,36%, 15%. (45)

However, if the E.(2790)K decay channel is open, this
decay mode should be the dominant decay mode. The
decay width of |Q.*D;3") can reach up to 3040 MeV. The
E.(2470)K and E.*(2645)K may be ideal channels for us
to search for this missing J* = 3/27 state |Q*D;;3").

We also estimate the radiative decays of these JX =
3/2" Q, states into the 1P-wave charmed baryon states.
Our results are listed in Table XII. It is found that
QPD,57) = [QPP,57 )y and [QYDy;51) — [QXP;57)y,
|Q94P,3~)y might have relatively large decay rates. The
partial radiative decay widths are estimated to be
O(10) keV, while their branching fractions may reach
up to O(1073).

3. JP=5/2" states

For the J* = 5/2% state |Q,.%D,;3"), if we take its mass
as the prediction 3286 MeV in Ref. [21], the width is
predicted to be 'y, ~ 9 MeV, which is slightly dependent
on the phase space of strong decays (see Fig. 7). The decays
of |Q.2D;;3") are governed by the E.(2470)K channel,
while the decay rates into E,(2575)K and E[(2645)K
are sizeable as well. Their branching fractions are predicted
to be

IE.K. 27K, 5.K]

l—‘tolal

~57%,23%.,20%.  (46)

The E,(2470)K, E.(2575)K, and E} (2645) K may be ideal
channels for us to search for this missing J© =5/2F
state |Q.2D;;3).

For the other J” = 5/2% state |Q.*D,;3"), if we take
its mass as the prediction 3297 MeV in Ref. [21], the
width is predicted to be ', ~ 8 MeV, which is slightly
dependent on the phase space of strong decays (see Fig. 7).
The E[f(2645)K are the dominant decay channels of
|Q.2D;;3%), while the decay rate into E.(2470)K is

sizeable as well. Their branching fractions are predicted
to be

I8 K.E.K]

=~ 78%, 19%. (47)
l—‘total

The E.(2470)K and E/(2645)K may be ideal channels for
us to search for this missing J* = 5/2" state |Q.*D;;37).

We also estimate the radiative decays of the J* = 5/2%
Q. states into the 1P-wave charmed baryon states. Our
results are listed in Table XII. It is found that [Q2?D,,37) —
|Q02P;37)y and |Q2*D;,37) — [Q2*P;37)y might have rel-
atively large decay rates. The partial radiative decay widths
are estimated to be (O(10) keV, while their branching
fractions may reach up to O(1073).

4. JP=7/2* state

The J? =7/2" state |Q.*D;;7") may be a narrow state
with a width of a few MeV. If its mass is taken to be
3283 MeV as predicted in Ref. [21], the width is predicted
to be I'yy1 ~ 8 MeV, which shows some sensitivities to the
phase space of strong decays (see Fig. 7). The decays of
|Q.*D;;2%) are governed by the E,(2470)K channel. The
branching fraction is predicted to be

I'E.K]

~ 80%. 48
Flotal ( )

The E.(2470)K may be an ideal channel for our search for
this missing J© = 7/2" state |Q.*D ;7).

We also estimate its radiative decays into the 1P-wave
charmed baryon states. Our results are listed in Table XII. It
is found that |Q2*D,,2*) might have a relatively large decay
rate into |Q2*P;37)y, and the partial radiative decay width is
estimated to be O(10) keV. The branching fraction for this
main radiative decay process may be O(1073).

F. Q,
In the Q, family, according to the quark model clas-
sification, there are six A-mode 1D-wave exci-

tations: |Q,*D,1"), |Q,*D 37, 9,2D,37), |9,2D57),
19,*D;;37), and [Q,*Dy;5"). However, no D-wave states
have been established. The typical masses of the A-mode
1D-wave €, excitations are ~6.6 GeV within various
quark model predictions (see Table II). In these possible
mass ranges, we study their strong decay transitions by
emitting one light pseudoscalar meson within the ChQM.
Our results are shown in Fig. 7. To be more specific, taking
the masses of the 1 D-wave states obtained in the relativistic
quark-diquark picture [21], we give the predicted widths in
Table XII.
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1. JP=1/27 state

The J” = 1/2" state |Q,*D,;5") may be a narrow state
with a width of ', ~ 30 MeV. Its decays are dominated
by the E,(5795)K. The decay rates into = (5935)K and
B (5955)K are sizeable as well. The branching fractions
for the 5,(5795)K, Z,(5935)K, and =} (5955)K modes

are predicted to be

I[E,K, 2K, 2 K]

1—‘total

~76%., 16%, 1%. (49)

From Fig. 7, it is found that the strong decay properties of
©,*D;;3) are less sensitive to its mass. 2,(5795)K and
E),(5935)K may be ideal channels for us to search for this
missing J” = 1/27 state |Q,*D,;1T).

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XII. It
is found that |Q;*D,,3") might have a relatively large
decay rate into |Q,*P;17)y. The partial radiative decay
width of this process is estimated to be O(10) keV, while
the branching fraction may be O(1073).

2. JP=3/2"* states

For the J” =3/2% state |[Q,’D;;3"), the width is
predicted to be Iy ~20+£5 MeV, which is slightly
dependent on the phase space of strong decays (see
Fig. 7). Tt is found that F,(5795)K together with
,(5935)K governs the decays of |Q,?D,;37). If its mass
is taken to be 6530 MeV as predicted in Ref. [21], the
branching fractions for the E,(5795)K and =} (5935)K
modes are predicted to be

I'E,K. 2, K]

~ 55%, 42%, (50)
lﬂtotal

The Z,(5795)K and Z} (5935)K may be ideal channels for
us to search for this missing J* = 3/27" state |Q,%D,;37).

For the other J* = 3/2" state [Q,*D,;3"), if its mass is
taken to be 6549 MeV as predicted in Ref. [21], the width is
predicted to be 'y ~ 20 MeV. The decays are dominated
by the E,(5795)K and E;(5955)K channels, while the
decay rate into =) (5935)K is sizeable as well. Their
branching fractions are predicted to be

TE,K,E K, E) K]

l—‘tolal

~ 53%,34%, 12%,  (51)

which is sensitive to the phase space of strong decays (see
Fig. 7). E,(5795)K and E}(5955)K may be ideal channels
for our search for this missing J* = 3/27 state |Q,*D;37).

We also estimate the radiative decays of these J© =
3/2% Q, states into the 1P-wave bottom baryon states.
Our results are listed in Table XII. It is found that

19,°D3") = 195,7P23 )y and [Q*D37) — QP37 )y
might have relatively large decay rates. The partial radiative
decay widths are estimated to be O(10) keV, while their
branching fractions may reach up to O(1073).

3. JF=5/2" states

For the J? = 5/2% state |Q,D;;37), if we take its mass
as the prediction 6520 MeV in Ref. [21], the width is
predicted to be Ty ~ 8 MeV. The decays of [Q,2D;;3")
are governed by the Z,(5795)K channel, while the decay

=%

rate into =7 (5955)K is sizeable as well. Their branching
fractions are predicted to be

IE,K. 5 K]

&~ 76%, 20%. (52)
Ftotal

It should be pointed out that the decay properties of
1©,°D,;;37) show some sensitivities to its mass (see
Fig. 7). E,(5795)K and E/ (5955)K may be ideal channels
for us to search for this missing JX =5/2" state
19,°D;,57).

For the other J* = 5/27 state |Q,*D,;37), if we take its
mass as the prediction 6549 MeV in Ref. [21], the width is
predicted to be 'y, ~ 8 MeV. B (5955)K is the dominant
decay channel of [€,*D;;3"), while the decay rate into
E,(5790)K is sizeable as well. Their branching fractions
are predicted to be

I'E;K,E,K]

~ 74%, 25%. (53)
l—‘total

The decay properties of [€,*D,;37) show some sensitivities
to its mass (see Fig. 7). The E,(5795)K and E/(5955)K
may be ideal channels for us to search for this missing
JP =5/2" state [©Q,*D,;;37).

We also estimate the radiative decays of the J* = 5/2%
Q, states into the 1P-wave bottom baryon states. Our
results are listed in Table XII. It is found that [Q,%D,;37) —
|Q5,°P137)y and [Q°D;;37) — [QP37 )y, QP35 )y
might have relatively large decay rates. The partial radiative
decay widths are estimated to be O(10) keV, while their
branching fractions may reach up to O(1073).

4. JP=7/2* state

The J” = 7/2" state |Q,*D,;5") may be a narrow state
with a width of a few MeV or a few tens of MeV. If its mass
is taken to be 6517 MeV as predicted in Ref. [21], the width
is predicted to be Iy ~ 8 MeV, which shows some
sensitivities to the phase space of strong decays (see
Fig. 7). The decays of |Q,%D;,1") are governed by the
E,(5970)K channel. The branching fraction is predicted
to be
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I'E,K]

I_‘total

~ 89%. (54)

E,(5970)K may be an ideal channel for us to search for this
missing J” = 7/2" state |Q,*D,,1T).

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XII. It
is found that |Q;D,,2") might have a relatively large
decay rate into |Q;*P;37)y, and the partial radiative decay
width is estimated to be O(10) keV. The branching
fraction for this main radiative decay process may
be O(1073).

V. SUMMARY

In this work, we carry out a systematic study of the
strong decays with emission of one light pseudoscalar
meson and the radiative decays with emission one photon
of the low-lying D-wave singly heavy baryons in a
constituent quark model. Our results may provide helpful
references to establish these missing D-wave singly heavy
baryons in future experiments. Several key results from this
study can be learned as follows.

The A-mode 1D-wave J¥ = 3/2* and J* = 5/27F exci-
tations of 3z (i.e., |’D;;3") and [>D;;3%)) in the A, and E,
families might have been observed in experiments. Both
A.(2860) and Z.(3050) seem to favor the J¥ =3/2F
excitation |[’D;;3%) of 35, while A.(2880) and E,(3080)
seem to favor assigning the J” = 5/27 excitation [?D,;37).
The nature of E.(3050) and E.(3080) may be tested by the
radiative  transitions  E.(3055)° — E.(2790)%  and
E.(3080)° — =.(2815)%, respectively.

The missing A-mode 1D-wave J¥ =3/2% and J =
5/27" excitations of 3, in the A, and Z, families have a
large potential to be found in forthcoming experiments.
They might be narrow states with a width of ~10 MeV. In
the A, family, the J* = 3/27 state might be established in
the X,z and A,(5912)y final states, while the J* = 5/2*F
state might be established in the Z;z and A,(5920)y final
states. In the =, family, the J” = 3/2" state might be
established in the 2} 7, &7 and X, K final states, while the
JP =5/2% state might be established in the £} K and E}x
final states.

The A-mode 1D-wave excitations of 65 in the . and €,
families have a large potential to be found in forthcoming
experiments as well. They are fairly narrow states with a
width of a few MeV or a few tens of MeV. The kaonic decay
channels E.(2470)K, E/.(2575)K, and £ (2645)K may be
ideal channels for us to search for these missing 1 D-wave
excited Q. states, while the kaonic decay channels E,K,
E,K, and EK may be ideal channels for us to search for
these missing 1D-wave excited €, states.

The A-mode 1D-wave excitations in the 2. ;) and g )

families appear to have relatively broad widths. The sum of
the partial widths with emission of a one-pion meson and
one-kaon meson is about 50-200 MeV. These 1D-wave
states might have large decay rates into the 1 P-wave heavy
baryon states via the pionic and/or kaonic decays. The
A.(2595)7 and A.(2625)x channels may be ideal channels
for looking for the missing 1D-wave excitations in the X,
family. The ZE.(2790)z, E.(2815)z, A.(2595)K, and
A.(2625)K decay channels may be ideal channels for
looking for the missing 1D-wave excitations in the =
family. The A,(5912)z, and A,(5920)z decay channels
may be ideal channels for looking for the missing D-wave
excitations in the X, family.

Finally, it should be pointed out that some of our
predictions bear a fairly large uncertainty from the non-
relativistic harmonic oscillator wave functions adopted in
the calculations. Considering a 10% uncertainty of the
oscillator parameter, one finds that the uncertainty of our
predictions can reach up to ~30%. In some senses, our
results are only a semiquantitative estimation based on the
SU(3) symmetry. Fortunately, it is found that most of
the featured results of the singly heavy baryons predicted in
the present work and previous work [11] are consistent with
other model approaches and observations, which indicates
that the constituent quark model can still serve as a useful
tool for investigating the heavy baryon mesonic decays and
radiative transitions.
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