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Abstract: Inspired by the latest experimental progress, we systematically study the Okubo-Zweig-lizuka(OZI)-al-
lowed two-body strong decay properties of 1P-, 1D-, 2S- and 2P-wave A, baryons within the j-j coupling scheme in
the framework of the quark pair creation model. The calculations indicate that: (i) Taking the observed states
Ac(2595)* and A.(2625)" as the 1P-wave A-modes states AJJF =1/27,1), and Agld” =3/27,1),, respectively,
we can reproduce the experimental data well in theory. (ii)) Combining with the measured mass and the decay proper-
ties of A-(2860)*, this excited state can be explained as 1D-wave A-mode state A|J P =3/2%, 1)14. (iii) The newly
observed state A.(2910)* may be assigned as one of the 1P-wave p-mode states AlJF = 3/27,2), or
AJP =5/ 27,2),. Meanwhile, we notice that the partial decay width ratio between X.m and Zix for the two candid-
ates is significantly different. Hence, experimental progress in this ratio measurement may shed light on the nature of
Ac(2910)*. (iv) According to the properties of A.(2765)", we find that the 2S-wave A-mode state
Ac1lJP =1/2%,0), may be a potential candidate. (v) The 2P-wave A-mode state Acq|J” =3/27,1); is mostly likely
to be a good assignment of the controversial state A.(2940)*: Both the total decay width and partial decay ratio
between pDU and E.x are in good agreement with the observations. (vi) In addition, for the missing A, excitations,

we obtain their strong decay properties and hope that's useful for future experimental exploration.
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I. INTRODUCTION

The singly-charmed baryons contain a charm quark
and two light quarks, which provide a good opportunity
to study the dynamics of quark confinement [1, 2].
Singly-Charmed baryon spectroscopy has always been a
hot topic at the forefront. So far, especially in the last six
years, a great progress has been achieved in experiment
and many new excited singly-charmed baryons have been
discovered [3]. To decode the inner structures of these
newly observed states, many efforts have been made in
both experiment and theory.

The A. baryon spectrum is one of important mem-
bers of the singly-charmed baryons, and there have accu-
mulated some valuable data in experiment. According to
the PDG 2024 [4], there are eight A. baryons: A},
A(2595)" /A (2625)*, A.(2765)* (or 2.(2765)1),
A.(2860)/A.(2880)*, A.(2910)" and A.(2940)". The A}
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ground state is the lowest-lying charmed baryon. It was
observed firstly by Fermilab in 1976 [5]. A.(2595)* and
A.(2625)* are the A} orbital excitations. They were first
reported by the CLEO Collaboration in 1995 [6] and AR-
GUS Collaboration in 1993 [7], respectively, and soon
confirmed by subsequent experiments [6, 8—10]. The
spin-parity of A.(2595)* is almost certainly 1/2", and that
of A.(2625)* is expected to be 3/27 [4]. The A.(2765)" is
a rather broad structure first reported in the A7*7~ chan-
nel by the CLEO Collaboration in 2001 [11] and later
also observed in the **/°2% decay by the Belle Collabor-
ation in 2007 [12]. However, nothing at all is known
about its quantum numbers, including whether it is a A}
or a }. In 2017, the Belle Collaboration determined its
isospin to be zero, and suggested this particle to be a A}
state [13]. The A.(2860)* resonance of spin-parity 3/2*
was reported by the LHCb Collaboration in the D°p amp-
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litude in 2017 [14], and expected to be confirmed by oth-
er experiment in the future. Another orbital excitation
A.(2880)" of spin-parity 5/2* was first observed by the
CLEO Collaboration [11]. The mass, decay width and
quantum number were further determined by later experi-
ments [12, 14—16]. In addition, the BaBar Collaboration
also reported a new structure A.(2940)* in the same pa-
per [15], and soon the Belle Collaboration confirmed the
existence of this state and reported first observation of
A (2940) — X.(2455)%* x*~ decay [12]. Furthermore,
the LHCb Collaboration confirmed this structure in the
D°p amplitude [14], and suggest its spin-parity to be
3/2-. Lately, the Belle Collaboration measured the
branching fractions of A.(2940)* decaying to Afn and
D°p relative to .z [16], which provided a more accurate
reference for the theory. The new resonance A.(2910)*
was observed by the Belle Collaboration in
B® — ¥.(2455)%*n*p decays in 2023 [17], and its spin-
parity wasn't be determined now.

Meanwhile, there exist many theoretical calculations
to decode the inner structures of those observed A} bary-
ons via mass spectrum [18—33] and decay properties [19,
33—47]. Except for the A} ground state, the A.(2595)*
and A.(2625)" can be well interpreted as the P-wave A,
states of J*=1/2" and J* =3/2" [18-20, 34-39], re-
spectively. Meanwhile, for the A.(2860)* and A.(2880)*,
most of the references suggest they together form the D-
wave A, doublet of J=3/2* and J" =5/2%, respect-
ively [23, 25-27, 41, 42]. However, thereis some literat-
ure that don't support A.(2880)* as J* =5/2% state [27,
41], and believe this state being F-wave A, states of
JP =5/2" [41]. Hence, the relation between those two
states still needs to be carefully examined in future exper-
imental and theoretical studies. As for A.(2940)*, its in-
ternal structure is controversial. In addition to being inter-
preted as a traditional hadron state of J* =1/2 [2], 3/2*
[22, 24, 41, 43], 5/27 [43, 45] or 7/2* [44], it has also
been 1nterpreted as D*N molecular state with J” =3/2-
[48, 49]. Meanwhile, there are some references [50, 51]
discussing the properties of A.(2940) for helping us to
clarify its nature. Fortunately, the latest experimental
measurements by Belle Collaboration [16] about the par-
tial decay width ratios of A.(2940)* will provide a
stronger basis for decoding its inner structure. Compared
to A.(2940)*, the properties of A.(2765)* (or X.(2765)%)

(@)
Fig. 1.

and A.(2910)* are more controversial, and it is not even
certain whether they are A, or X, states. At present, the-
oretical explanations suggest that A.(2765)* (or
$.(2765)") may be A.(25)1/2* [21, 22], A.(1P)1/2- [22]
or X.(1P)3/2~ [21] resonance. For A.(2910)*, it can be
assigned as A. resonance with spin-parity 1/2* [22] or
1/2 [24]. Moreover, the assignment of the two states as
D®N molecular states also exists [49, 52].

To decode the inner structures of those undetermined
A, resonances, more theoretical and experimental efforts
are essential. Meanwhile, the studies on strong decay
properties of p-mode excitations are scarce. Hence, in the
present work, we-carry-out a systematic analysis of 1P-,
1D-, 28- and 2P-wave A, states for both p- and A-mode
excitations within the quark pair creation model. On the
one hand, we attempt to explain properties of the contro-
versial states, and on the other hand, we want to predict
the decays for unobserved A, states. The predicted
masses and possible decay channels within the quark pair
creation model are collected in Table 1.

This paper is structured as follows. In Sec. II, we
briefly introduce the quark pair creation model. Then we
present our theoretical results and discussions in Sec. III.
A summary is given in Sec. I'V.

II. THEORETICAL FRAMEWORK

The quark pair creation model [53—57]as a phe-
nomenological method has been employed successfully
in the description of the OZlI-allowed two-body strong
decays. The main idea of this model is that the quark-an-
tiquark pair with 0** is created from the vacuum and then
regroups with the quarks from the initial hadron to pro-
duce two outing hadrons. Hence, for the A, system, there
are three decay processes, as shown in Fig 1.

In the framework of the quark pair creation model,
the transition operator for a two-body decay(A — B+ C)
in the nonrelativistic limit reads

T= -3y (Im;1-ml00) / d*pad®ps6° (ps +ps)

m

45 45 45 P4
X Wy X1 Py Y1 (

)ll (P4)b5,(P5) (1)

The pair creation strength y is a dimensionless para-

(color online) Possible decay ways for the A, system within the quark pair creation model.
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Table 1. Predicted masses of A, states(1P-, 1D-, 25- and 2P-wave) in various quark models and quark pair creation modes.
Notation Quantum Number Mass Decay channel
A" j)m monp Iy L, L S j j7 RQM[28] RQM[30] RFT[31] NCQM [25] QM [32]
=y, 0 0 1 0 1 01 1T 2598 2630 2591 2614 2625 Son

AE=310), 0 0 1 0 1 0 1 3T 2627 2640 2629 2639 2636

AT=E0), 0 0 0 1 1 1 0 4T 2780 2816 el

A= {,1>p 0 0 0 1 1 1 1 4 2830 2816

A |77 =371 >p 0 0 0 1 1 1 1 3 2840 2830

L %’,2)}) 0 0 0 1 1 1 2 3 2885 2830

Al=372), 0 0 0 11 1 2§ 2900 2872

AJF=372), 0 0 2 0 2 0 2 3" 2874 2910 2857 2843 2887 SO DN

AJP=372), 0 0 2 0 2 0 2 §° 2880 2910 2879 2851 2887

A= %*,2>pp 0 0 0 2 2 0 2 3 ~3035 3073 Ate® sOn Z K 5 (1P

A= g*,2>pp 0o 0 0 2 2 0 2 3 ~3140 3092

AglP=350), 1 0 0 0 0 0 o0 I' 2769 2775 2766 2772 2791 s DN

A P=570), 01 0 0 0 0 0 17 2970 O DON 5. (1P

Ag 0= i 1>A 1 0o 1 0 1 0 1 {7 2983 3030 2989 2980 s DON, 3 (1P)7

AglP=371), 1 0 1 0 1 0 1 37 3005 3035 3000 3004

A P=E0) 0 0 1 0 L 3200 AL 50 mE K EOK,
Zc(1Pyp)m, Af(1P)n

Ayl = {,1>p 0 1 0 1 1 1 1 /47 3240

Ayl = %‘,1}/) 0 1 0 1 1 1 1 3 3240

Ayl = %’,2>p o 1 0 1 1 1 2 3 3255

Ayl = g',2>p 0 1 0 1 11 o2 5 3130

meter and fixed by fitting experimental data. p;(i =4,5)
denotes the three-vector momentum of the ith quark of
the created quark pair. wj’=6;; and x{,, stand for the col-
or singlet and spin triplet of the quark pair, respectively.
#S=(uu+dd+ss)/ V3 represents the flavor function. The
solid harmonic polynomial Y7'=|p|Y}(6,¢,) corresponds
to the momentum-space distribution. The creation operat-
or a;d3; is the quark pair-creation in the vacuum.
According to the definition of the mock state [58], the
wave functions of the baryon(denoted as |A)) and
meson(denoted as |C)) is given by, respectively,

|A(Ny ZSAHLAJAMJA)(pA»
= V2E,pPwP Y (LaMy,:SaMs,|JaM,,)

My, .Ms ,
X /d3P1d3P2d3P353(P1 +Pp2+P3—Pa)

XN Lo, 0rppoX 5o, |01 (PDG(P2)g3(02)),  (2)

|C(Ne 2SCJrchJCZVIJC)(PC»

= V2Ecpfwf Z (LeMycsS cMsc | JeMy.)

My .Ms

X / d’p.d’py6° (P +Ps—Pc)

X ‘PNCLCMLC (p“,pb))(gbCMSC |9.(Pa) g (P5))- 3)

The p; (i=1,2,3 and a,b) stands for the momentum of
quarks in baryon |A) and meson |C). p4(pc) denotes the
momentum of the hadron |A)(|C)). The spatial wave func-
tions of hadrons are described with simple harmonic os-
cillator wave functions. For a baryon without the radial
excitation reads

w(lp’mp$l/l’m/l)
1 3
2lp+2 2/ lo+3 p2
- 33 i |: :| (7) " y
O ma ol \G,) Y )
1 3
21,1+2 }7 < 1 )1/1+’7 pz
ol = 7 _ra my
(=) {\/E(Zlﬂ+ o) \g,)  oPE Y e,

4)

and for a baryon with one radial excitation(n,,, = 1) reads
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wn/l/p:l (lp’ my, l/h m/l)

2
2/,1/p+3 p/l/p )

2 1 Lypt
ALy, +3)1 } (%> eXp(— 22

Alp

20, +3 P

i Alp Alp

X y//l/pp(p/l/p) ( ) _ a,T
Alp

= 3%(—i)l/l/ﬂ+2 {

) { loja+2 }2 ( 1 >lp//l+
X(=)t| —m— R
= V2L, + D! Apa
exp(- 2"“) o (©pra):
p

)

The p, represents the relative momentum within the light
diquark, and p, denotes the relative momentum between
the light diquark and the heavy quark. The spatial wave
function for a ground meson |C) is

R2 % R2 2
Yoo = (*) exp (—ﬂ),
n 2

where the p,, is the relative momentum between. the
quark and antiquark in the meson.

Then, in the center of mass frame we can obtain the
partial decay amplitude,

(6)

MMiaMigMic (A — B+ C)

=y V8EsEpEc H <X.l§i4MSB/\/ScM5C IX;‘?MSAXI -m

A,B,C
M
(o5 e lei” 0 ),y (- ™

IAA;IZ;\ . (P) denotes the spatial integration, and Clebsch-

Gorden coefficient [], 5 reads

> (LsMy,3S sMs,|J5, My, XLeMy ;S cMs e, My

X(LaMy, ;S sMs |, M, ){1m; 1 —m|00). ®)

Considering the vertex given by the quark pair creation
model too hard at high momenta, we modify the vertex
by adopting a form factor ¢ as in the literatures
[59—-61], which gives the quark-pair-creation vertex a fi-
nite-size rather than point-like behavior. It reads

MMJAM_]BMJC (A — B+ C) N MMJAMJBMJC (A — B+ C)e_zl%,
(©))
In the equation, we fix the cut-off parameter A =780

MeV, which is the same as to the value used in Ref. [62].
p stands for the momentum of the daughter baryon B in

the center of mass frame of the parent baryon 4, and
reads

AT - 2 A
VIM; = (Mp— Mc) 1 [M3

oM,

—(Mg+Mc)?]

Ipl = (10)

Finally, the decay width T'[A — BC] can be calculated
by the following formula,

2ol 1
M% ZJA+1

I(A—BC)=nr |MMoaMagMoc 2 (11)

D

My, Myg.Mye

In this work, we adopt m,=m;=330 MeV, m,=450 MeV,
and m.,=1700-MeV for the constituent quark mass. The
masses of the final baryons and mesons involved in our
calculations, collected in Table 2. The harmonic oscillat-
or strength  R=25 GeV' for light flavor mesons
/K w/n, R=1.67 GeV' for D meson and R =1.94
GeV' for D* meson [64]. The parameter of the p-mode
excitation between the two light quarks is taken as @,=0.4
GeV. The other parameter «, is obtained by the relation
[45]

1

3mQ ) 2
= —— . 12
@ (qu—i-mQ @ (12)
The value of vacuum pair-production strength y is de-

termined by fitting the well measured decay
¥**(2520) —» Afn*, and is obtained as y =11.51.

III. CALCULATIONS AND RESULTS

The two-body strong decays of 1P-, 1D-, 2S- and 2P-
wave excited A, baryons within the j-j coupling scheme
are systematically investigated by the quark pair creation
model. Both /-mode and p-mode excitations are con-
sidered in this calculation. We attempt to decode the in-
ner structures of the observed controversial A. excita-
tions, while give the strong decay predictions for the
missing A, states, which may be helpful for the observa-
tion in forthcoming experiments.

A.

For the 1P-wave /-mode A, baryons, there are two
states according to the quark model classification, which
are A J|J7=1/2",1); and A |J" =3/27,1),. They corres-
pond to the well determined states A.(2595)* and
A.(2625)*, respectively. Hence, we fix the masses of the
two states at the physical masses, and collect their decay
properties in Table 3.

Considering the uncertainties for the experimental
data and theoretical calculations, the theoretical value is
roughly consistent with the observations, which proves

1P-wave A-mode excitations



Possible explanations of the observed /. resonances

Chin. Phys. C 49, (2025)

Table 2. Masses (MeV) of the final baryons and mesons [4, 29, 63].

State Mass State Mass State Mass
p 938.27 70 134.98 w 957.78
n 939.57 7t 139.57 p 775.26
A} 2286.46 n 547.862 AP =171, 2592.25
30 2453.75 w 782.66 AP =371y 2628.00
oy 2452.65 KO 497.611 S = 17,00 2823

T 2453.97 K* 493.677 TP =171, 2809
Ch 2467.71 KO 895.55 P = 37,10 2829
=0 2470.44 K+ 891.67 S F =372, 2802

= 2578.2 Do 1864.84 TP =372, 2835

=0 2578.7 D 1869.66 LF =371, 2909

i 2645.1 Do 2006.85 P =371y, 2910

=0 2646.16 D+ 2010.26

Table 3. The strong decay properties of the 4-mode 1P- We know that the states in the j— j coupling scheme can

wave A. states, which are taken as A.(2595)" and A.(2625)%,
respectively. T represents the total decay width and Expt.
denotes the experimental value. The unit is MeV.

Decay width
Ac(2595)* A2625)
=0t - 0.02
r[=¢a0] 7.07 0.01
[Xa] - 0.01
Total 7.07 0.04
Expt. 2.59+0.30+0.47 <0.52

the applicability of the quark pair creation model. In addi-
tion, it should be mentioned that the mass of A.(2595)* is
very close to the threshold of X .z, and the partial decay
widths are highly sensitive to the precision of mass.

B. 1P-wave p-mode excitations
For the 1P-wave p-mode A, baryons, there are five
states AJIP=1/27,0) | AfIP=1/27,1) |
AJJ?=3/27,1) A JJ"=3/27,2) and A|JJ"=5/27,2) .

According to the theoretical predictions by various meth-
ods, the mass of the 1P-wave p-mode A, baryons is about
M ~2.85 GeV. Meanwhile, we notice that their masses
are above the threshold of ND, while their strong decays
are forbidden due to the orthogonality of spatial wave
functions. This is true for all of the p-mode excitations.
Hence, we mainly focus on their strong decays into X.x
and X!z. Fixing the masses of 1P-wave p-mode A, bary-
ons at the predictions in Ref. [30], we study their strong
decay properties, and list in Table 4.

Within the j-—j coupling scheme, the total decay
width of A |J” =1/27,0), is most likely to be near zero.

be expressed with the linear combination of the configur-
ations in the L—S coupling scheme, which reads

() 37], 50} ) = (0 4 VETH TS VIS +1
S

(sLQ SJp ; )’{[(1,,IA)L(S/>SQ)s]./}>'

(13)

In the expression, /, and [, are the p- and A-modes
quantum numbers of the orbital angular, respectively. The
total orbital angular momentum L = |l,—[,|,---,l,+1,. s,
is the quantum numbers of the total spin of the two light
quarks and s, is the spin of the heavy quark. The total
spin angular momentum S = |s, — sgl,-- ., + so. J is the
total angular momentum. That means the states in the
J—Jj coupling scheme will contain a mixing angle 6. Con-
sidering the heavy quark symmetry being not strictly true
and slightly breaking in the A, system, the mixing angle
6 will fluctuate around the center value(6 ~35°). To in-
vestigate this effect, we plot the strong decay widths of
A JJP =1/27,0), as a function of the mixing angle in Fig
2. we can obtained that A |/ =1/27,0), is still very nar-
row state, and the . decay channel almost saturates its
total decay widths.

The two states A.|J” =1/27,1), and AJJ" =3/27,1),
are probably broad states with a total decay width around
o ~ 780 MeV. The A JP =1/27,1); dominantly de-
cays into the E.zr channel. While the A.J”=3/2",1),
mainly decays into the X!z channel. In this case, the
AJJP =1/27,1), and A|J" =3/27,1), might be too broad
to observed in experiments.

The states A.|J” =3/27,2), and A |J" =5/27,2), may
be moderate states with a total width of several tens MeV,
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Table 4. The strong decay properties of the p-mode 1P- and 2P-wave A, states within the quark pair creation model, which masses
are taken from the predictions in Ref. [30]. Iy represents the total decay width and Expt. denotes the experimental value. The unit is
MeV.
Decay width i %_’O>P Ac}jp N %_’1>/J Ac|J" = %_’1>9 i %_’2>p Ac|J” = %_’2>p
M=2780 M=2830 M=2840 M=2885  A.2910)*  M=2900  A.(2910)*
T'[X.n] 0.00 782.44 10.33 31.53 41.96 16.34 16.65
T[] 0.00 6.42 768.63 14.37 21.12 27.50 32.85
TTotl 0.00 788.86 778.96 45.90 63.08 43.84 49.50
Expt. - - - 51.8+20.0+18.8
Decay width Aa|J"= %_’O>IJ Aal =7 1>P AallP =3 1>P At |07 = %_’2>p Act|J7 = %_’2>p
M=3200 M=3240 M=3240 M=3255 M=3130
T[Z.7] 0.00 19.02 7.10 12.15 6.78
I[Zgm] 0.00 16.47 21.08 14.47 22.55
[Acw] 0.00 7.30 7.30 12.58 2.10
TTAcn] 3.61 0.00 0.00 3.38 4.15
T[A:7'] - - - 338 .
I'Z.p] - 0.23 0.11 176.79 -
INZz.K] 0.13 0.00 0.00 2.65 1.36
I'E.K] 0.00 1.86 0.58 1.21 0.05
I'E:K] 0.00 0.44 6.05 0.53 -
TTANIP =1/27,1)1] 0.00 0.04 0.01 1.95 -
TIANIT =3/27, 1)1 0.00 0.01 0.03 0.25 -
TIZP = 1/27,0)7] 0.00 258 2.58 0.00 0.00
TSP = 1/27, 1)) 0.15 6.64 1.66 13.51 0.02
TIEJP =3/27, 1] 0.28 2.77 6.92 1.41 6.84
TSP = 3/27,2)7] 0.00 0.24 041 3.76 0.14
TIEJP =5/2,2) 7] 0.00 0.40 0.05 3.29 0.90
T[ENJE = 1/27, 1),7] 57.44 10.96 2.74 33.77 0.01
TSP =3/27, 1),7] 113.60 5.44 14.27 7.94 6.94
T'otal 175.21 74.40 70.89 293.02 51.84
° ' o ' served in the X .7 channel by the Belle Collaboration [17].
A =172 O, ---Ex Its mass and width are measured to be M =2913.8+
5.6+£3.8 MeV and I'=51.8+20.0+18.8 MeV, respect-
%‘ iyely, Combining the predicted masses and decay proper-
s ties, AJJ”=3/27,2), and A|J" =5/27,2), may be can-
~ didates of A.(2910)*. Hence, we fix the masses of the two
states as M =2914 MeV, and collected their decays in
Table 4 as well. It is found that the total decay width of
32 % 20 A JJF =3/27,2), is about
0 (degree)
Fig. 2. (color online) Partial and total strong decay widths of

AcJP =1/27,0), as a function of the mixing angle.
o g ang

and their strong decays are governed by the X 7 and Xn
channels. We notice that the new state A.(2910)* is ob-

Trow = 63.08 MeV, (14)
which is consistent with the observation. Meanwhile the
main decay channel is X7 and the predicted partial de-
cay width ratio is
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.
~1.99.
p = Xim]

P = -
I'A N = ,2?,] (15)

3~
2
TAJP =372

This calculation is consistent with the fact that the
A(2910)" was firstly observed in X invariant mass dis-
tribution by Belle Collaboration [17].

Asto AJJP =5/27,2),, its total decay width is around

i = 49.50 MeV, (16)
which is agreement with the observation as well. The
dominant decay channel is X!n, and the corresponding
branching fraction is

AT = 2 L2 - Ein

IﬂTotal

~ 66%.

(17)

Meanwhile, the predicted branching ratio of the X.«
channel is

T[AJF = 2 L2l o Een

FTotal

=~ 34%, (18)

which is enough large to be observed in experiment as
well. To further decode the nature of A.(2910)" and de-
termine whether it's A .|J” =3/27,2), of A/ =5/27,2),,
the partial decay width ratio between X,z and X!z may be
a good criterion.

Of course, considering that the current experimental
data are limited and bare large errors, there are other pos-
sible explanations, such as D*N molecular state [49, 52]
or A, resonances with different spin-parity [22, 24]. To
further clarify the nature of A.(2910)*, more discussions
are necessary.

C.

According to the symmetry of wave functions, there
are two A-mode 1D-wave A, states(see Table 1):
AJJP =3/27,2), and A JJF =5/2%,2),,. As shown in Ta-
ble 1, the masses of the two 1D A-mode A, states fluctu-
ate around ~ 2.85 GeV. Based on the predicted masses,
AJJP =3/27,2),, and A |JF =5/2%,2),, are probably as-
signments of observed states A.(2860)* and A.(2880)*,
respectively. Hence, we fix the masses of
AJJP =3/272y,, and AJJP =5/2%,2),, at M =2856
MeV and M =2882 MeV, respectively, and list their de-
cays in Table 5

Itis obtalned that the total width of A |J” =

1D-wave A-mode excitations

3/2+ 2>/M is

i = 68.56 MeV, (19)

which is in good agree with the experimental central

Table 5. The partial decay widths of A.(2860)* and
A.(2880)* assigned as A-mode 1D-wave A, states
AclJP =3/2%,2)01 and A JJP =5/2%,2),,, respectively. The unit
is MeV.
AJP =3/2%.2 AcJP =5/2%,2),
Decay width | /27,2) a2 c /27,20
A(2860)* M=2882

IZ.x] 24.32 1.74

I[Xin] 3.86 24.28

I'[pD°] 21.61 0.35

I'[nD*] 18.77 0.27

T rotal 68.56 26.64

Expt. 67.61 101 14732, 56708

value. Furthermore, pD° ia one of the main decay mode,
and the predicted branching fraction is
DO

TAN =3 2)u] -

IﬁTotal

~32%.

(20)

This result is consistent with the fact that A.(2860)* was
observed in pD° invariant mass distribution [14]. In addi-
tion, we get that

AJP =32, -5
LA 3 a1 o7 ~1.13, Q1)
[[ANJP = 57,2) — pD°]
[[AJJ? = 27,2) = nD*
[Ad 2 Ju Lo, (22)
(AP = 5 20— pD°]
If the observed state A.(2860)* corresponds to

AJJ? =3/2%,2),, indeed, besides the pD° channel, the
Y. and nD* may be another two interesting channels for
observation of A.(2860)" in future experiments. The
A.(2860)* resonance should be observed in the A .z and
nD* final states as well.

For the state A.J” =5/2*,2),:(see the Table V), fix-
ing its mass on M=2882 MeV, the total decay width

Trow = 26.64 MeV, (23)
is about five times of the observation for A.(2880)".
Meanwhile, the predicted partial decay width ratio
between pD° and T is

AP =272 D°
[A] 5 .2)u— pD’] ~0.20. (24)
LA NP = % 201 = 2]
This value is much smaller than the measured
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ratio(0.75+0.03 £0.07) by the Belle Collaboration [16].
Meanwhile, our theoretical calculation indicates that the
Y decay channel almost saturates the total decay
widths. The partial decay width ratio between Xz and
Y. is

CIANIT = 37,2) 0 > Zin
TIANIP = 37,2) 0 > Zen]

~13.95, (25)

which is inconsistent with the analysis from the CLEO
Collaboration [11]. Hence, according to our investigation,
the experimental widths and some partial decay width ra-
tios cannot be reproduced. To further clarify the proper-
ties of the A.(2880)* resonance, more experimental and
theoretical investigations may be necessary.

D. 1D-wave p-mode excitations

Within the quark model, there are two p-mode 1D-
wave A, states: AJJ” =3/2%,2),, and A |J* =5/2%,2),,.
According to the mass predictions listed in Table 1, their
masses are about M ~3.10 GeV. Firstly, we fix the
masses at the predictions within a relativized quark po-
tential model in Ref. [30], and collect the decay proper-
ties in Table 6.

The A|J” =3/2%,2),, state may be a moderate state
with a width of 'ty = 120 MeV, and mainly decays into
Y.n. The predicted branching fraction is

T[ANT =37,2),, - Zen]

Iﬂ"l'otal

~ 69%. (26)

Hence, the A.J”=3/2%2),, stateare likely to be ob-
served in the A.mm final state via the decay chain

Table 6. The partial decay widths of the two p-mode 1D-
wave A, states, which masses are taken from the predictions
in Ref. [30]. o represents the total decay width and the unit
is MeV.

AP =3/2%,2), AP =5/2%,2)p

Decay width M=3035 M=3140
[[Zcn] 82.20 33.38
[[Zin] 25.66 107.24
T[A 0] - 31.25
[[Z.K] - 0.02

T[Z /P = 1/27,0)a7] 0.01 0.29
[[Z|JP = 1/27, )] 0.13 0.79
T[Z /P =3/27, 1)a7] 0.06 1.91
[[Z|J7 =3/27,2),7] 11.81 0.11
T[Z|JP = 5/27,2)a7] 0.00 2085
T Total 119.87 195.84

AP =3/2%,2),, > Z.t > A
Meanwhile, the partial decay width of X!« is sizable,
and the branching fraction is

TIA T = 37,2),, - Zin

IﬁTolal

~21%. 27)

Thus, AJ*=3/2%,2),, — Zixr — An may be another
interesting decay chain for experimental exploration.

The other p-mode 1D-wave state A.J” =5/2%,2),,
has a width of 'y~ 196 MeV, and mainly decays into
X! with a branching fraction

LA =37,2),, - Zin

l—‘Total

~ 55%. (28)

Furthermore, A |J” =5/2*%,2),, may have a considerable
decay rate into X.r and A.w. The predicted branching
fractions are

TIANIT =37,2),, = Zor/Aw]

1—‘Tota]

~17/16%.  (29)

However, this state may be too broad to be observed in
experiments.

Then accounting for the uncertainty of the predicted
masses, which may bring uncertainties to the theoretical
results, we plot the decay properties of the 1D-wave p-
mode A, as functions of masses within the range of
M = (3.00-3.15) GeV, as shown in Fig. 3. We can find
that the total decay widths vary within the scope of
o <200 MeV as the mass increasing. In addition,
when the masses of the 1D-wave p-mode A, states are
above the threshold of A.w, the partial decay width of
this channel will be sizable and increases dramatically
with the mass.

E. 2S8-wave excitations
The 2S-wave states are the first radial excited states,

R 200

[rrr T
rA 1JP=3/2"2)
[ ¢ PP

150 |

S 10fp Zm 4 S t00f .. 3
pl - T -- 1 C E ]
AN _3/2’”'?. ] ok 5 ]
s o200 T 5
0 :—':'.-.'.’I“.“.“.”.“I..':‘:-:: [ S e
3000 3050 3100 3150 3000 3050 3100 3150
M (MeV) M (MeV)

Fig. 3.
the two p-mode 1D-wave A, states as functions of the masses.
Some decay channels are too small to show in figure.

(color online) Partial and total strong decay widths of
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and the radial quantum number n; =1 or n, = 1. Hence,
according to the symmetry of the wave function, there are
two 2S-wave A, states: A, |J7 =1/2%,0),(denote n, =1)
and A,|J” =1/2*,0),(denote n, = 1). As shown in Table
1, the mass of the A,|Jf =1/2*,0), state is around
M~ 276~279) MeV, while the mass of the
AalJ* =1/2*,0), state is slightly heavier and about
M ~ 297 MeV. Fixing the masses at the predictions in
Ref. [30], we analyze the decay properties of the two 2S5-
wave A, states, and collected their partial strong decay
widths in Table 7.

The A |JP =1/2%,0), state probably has a narrow
width of several tens of MeV, and mainly decays into the
Y. and X}z channels. In this case, this state has a good
potential to be observed in the A zx final state by the in-
termediate channels X7 and X!7. Combining the pre-
dicted mass and our calculations, the A, |Jf =1/2*,0),
state may be a assignment of the observed state
A.(2765)". Hence, we further take this state as A.(2765)*,
and list its decay properties in Table 7 as well. With the
mass of A,|JF =1/2%,0), fixed on M =2767 MeV, the
total decay width

o = 21.14MeV (30)
is about half of the experimental value (I'gyy. = 50 MeV).
The predicted partial decay width ratio between the dom-
inant modes . and X7 is

ClAal” =1/27,00 = Zer] o1
T[AqlJP =1/2+,0) - %n] -~

1)

This result is consistent with the fact that A.(2765)* is
firstly observed in the .7 and X channels by the CLEO
Collaboration [11]. Thus, the state A.|J” =1/2*,0), may

Table 7. The partial decay widths of the two 2S-wave A,
states, which masses are taken from the predictions in Ref.
[30]. o represents the total decay width and the unit is
MeV.

ActlJP =1/2*,00, ActlJP =1/2%,0),

Decay width

M=2775  A.(2765)* M=2970
T[] 11.63 10.90 81.48
T[Zin] 11.57 10.24 149.88
T[ZJP = 1/27,0),7] - - 13.15
[[Z? = 1/27,1),7] - - 0.00
T[ZJP =3/27,1),7] - - 0.00
L[E P =3/27,2)7] - - 0.01
Crotal 23.20 21.14 244.52
Expt. 50 —

be a candidate of A.(2765)".

For the other 2S-wave state A.|J” =1/2*,0),, the
main decay channels are X7 and Xizx as well, and the
partial widths ratio is

(AP =1/2%,0), - Z.7] ~ 054
T[AalJP = 1/2+,0), » Zin]

(32)

While, this state is most likely to be a broad state with a
width of about 'y ~ 245 MeV. Thus, it is hard to ob-
serve the A, |J” =1/2%,0), state in experiment for its
broad decay width.

Considering the uncertainty of the masses of the 25-
wave A, states, we further investigate the strong decay
widths as a function of the mass in Fig. 4. It is shown that
the decay properties of the 2S-wave A. excitations are
sensitive to their masses varying in the considered region.
Furthermore, if the mass of A|J” =1/2%,0), is above the
threshold of ND, the corresponding partial decay width
of ND will increase dramatically with the mass and holds
a important place in the strong decay.

F. 2P-wave A-mode excitations

In this calculations, the 2P-wave A-mode A. excita-
tions correspond to the radial quantum number n, = 1 and
orbital quantum number /, = 1. Hence, based on the quark
model classification there are two 2P-wave A-mode A,
states: A4|JF =1/27,1), and A4|JF =3/27,1),. Their the-
oretical masses and possible two-body decay channels are
listed in Table 1.

From the table, it is known that the predicted masses
of the two 2P-wave A-mode A, baryons are about
M ~3.00 GeV, which is close to the measured mass of
the observed state A.(2940)*. As the possible assignment,
it is crucial to investigate the decay behaviors of the two
2P-wave A-mode A. baryons. Considering the uncertain-
ties of the predicted masses of A.|Jf=1/2",1), and
AalJP =3/27,1),, we plot the decay width as a function
of the mass in the range of M =(2.90-3.05) GeV in

Fig. 5.
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Fig. 4. (color online) Partial and total strong decay widths of
the two 2S-wave A. states as functions of the masses. Some
decay channels are too small to show in figure.
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Fig. 5. (color online) Partial and total strong decay widths of

the two A-mode 2P-wave A, states as functions of the masses.
Some decay channels are too small to show in figure.

From the Figure, the total decay widths of the two 2P-
wave A-mode A, baryons are about dozens of MeV with-
in the mass range what we considered. When their masses
are lie below the threshold of ND*, their strong decays
are dominated by the ND channel. However, if their
masses are above the threshold of ND*, the dominant de-
cay channel should be ND*, and their total decay widths
are strong dependence on the masses.

In addition, we notice that the measured mass and
total decay width of A.(2940)* are consistent with the
properties the two 2P-wave A-mode A, baryons. Hence,
we further fix the masses of A.|Jf=1/2",1), and
AalJP =3/27,1), at M =2940 MeV, and collect their de-
cay properties in Table 8.

It is seen that the total decay width of the
A51|JP = 1/27, 1),{ is

Tiow = 16.47 MeV, (33)

which is in agreement with the experimental observation.
The dominant decay channels are pD° and nD* with pre-
dicted branching fractions are

C[Aal? =1/27,1), = pD°/nD"]

1—‘Tcotal

~35/42%.  (34)

Table 8. The partial decay widths of A.(2940)* assigned as
the two 2P-wave A-mode A, states A.lJ7 =1/27,1); and
AcilJP =3/27,1),, respectively.

AalP =1/27,1) Aal”=3/27,1)

Decay width
M=2940 A(2940)*
[[Zcn] 0.68 2.28
r[zin] 3.18 1.61
I[pD"] 572 10.21
['[nD*] 6.89 9.55
Total 16.47 23.65
Expt. 2078

Meanwhile, the X7 decay channel occupies a sizable
branching fraction, and the corresponding branching frac-
tion is about

[[A4F =1/27,1), — Zin]

l—‘Total

=~ 19%. (35)

However, we notice that the partial decay width of
AalJP =1/27,1), = = seems a little small, which does
not accord with the fact that A.(2940) was observed in the
Y. channel. Meanwhile, the partial decay width ratio
between pD° and X,

T[AqlJ" =1/27,1), > pD°] _
AP =1/27, 1) > Xl

8.41 (36)

is significantly greater than the latest experimental value
(3.59£0.21 £0.56) measured by the LHCb Collaboration
[16].

The total decay width of A |J7 =3/27,1),

o = 23.65 MeV (37)

agrees with the experimental value as well. Meanwhile,
the decays are governed by pD° and nD* and the pre-
dicted branching fractions are

[[AalJ” =3/27,1), — pD°/nD"]

FTotal

~43/40%.  (38)

In addition, A.|J” =3/27,1), has a sizable decay width
into X . The predicted partial decay width ratio between
pD° and T & is

T[AGJ" =3/27, 1), — pD°]
~4.48, 39
[[AqP =3/27,1), - Zcn] %)

which is close to the upper limit of the measurement [16].

In conclusion, our calculation indicates that the strong
decay properties of A.|JF =3/27,1), isin good agree-
ment with the nature of A.(2940), and A,|JF =3/27,1),
can be a good candidate. It should be pointed out that the
threshold of the main decay channel DN is close to the
mass of A.(2940), which may suggest the importance of
the coupled-channel effects for understanding the
A.(2940)* state.

G. 2P-wave p-mode excitations

In the present work, the 2P-wave p-mode excitations
correspond to the radial quantum number n,=1 and orbit-
al quantum number /,=1. According to the quark model,
there are five 2P-wave p-mode A, Dbaryons:
AalJ?=1/27,0),, Aald"=1/27,1),, AalJ’=3/27,1),
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AalJ* =3/27,2), and A,|J" =5/27,2),. For their masses,
there are a few discussions in theoretical references and
we have collected in Table 1 as well. From the table, the
masses of the 2P-wave p-mode A, excitations are about
M ~3.20 GeV. Fixing the masses of the 2P-wave p-mode
A. excitations on the predicted masses from Ref. [30], we
discuss their decay properties and list the results in
Table 4.

For the A |J” =1/27,0), state, the total decay width
is about 'ty =175 MeV. The dominant decay modes are
TP =1/27,1),n and Z|J" =3/27,1),n with the partial
decay ratio

C[Aal" =1/27,0), > I =1/27, 1),7]

~(.51.
AP =1/27,0), = X" =3/27,1),7]

(40)

Hence, this state may be observed in the A znzr final state
via the decay chains A/ =1/27,0), > Z|J" =
1/27,1),m = Z.ar — Aime and AalJ? = 1/27,0), —
P =3/27,1),n > Zinn — A.nnr.

Meanwhile, the partial decay width of T[A|Jf =
1/27,0), — A.n] is considerable. The branching fraction
is

C[Aal" =1/27,0), > Al

1—‘Tolal

2%.

(41)

The A.n channel may be also notable decay mode for fu-
ture exploring the A |J” = 1/27,0), state.

The states A/ =1/27,1), and A,|J" =3/27,1), are
most likely to be the moderate states with a total decay
width of Ty ~70 MeV. While, their dominant decay
channels are different. A,|J” =1/27,1), mainly decays
via the .7 and X}x channels, and the branching fractions
are

[[A4P=1/27,1), - Z.x/Zin]

IﬁTotal

~26/22%. (42)

In addition, the A |J” =1/27,1), state has sizable partial
widths decaying into X|Jf=1/27,1),nr, A.w and
2 |JP=1/27,1);n. Those channels' predicted branching
fractions are about (9 ~ 15)%.

As to A41J7 =3/27,1),, it decays mainly through the
X‘n channel. The predicted branching fraction is

C[AqJ” =3/27,1), - Zin]
I'[Total]

~ 30%. (43)

Meanwhile, the partial decay widths of X .|/ =3/27,1),7,
Y JP =3/27,1),m, A.w and X,z are considerable, and the
corresponding branching fractions are about (10 ~ 20)%.
The decay width of the state A, /" =3/27,2), is
about I' ~ 293 MeV. Its strong decays are governed by the

.o channel with the branching fraction around ~60%.
Meanwhile, this state has a sizable decay rate decaying
into the X.|J/”=1/2",1),n channel, and the predicted
branching ratio is about ~12%. However, the
AalJ? =3/27,2), might be too broad to observed in ex-
periments.

The state A.|J” =5/27,2), may be a narrow state
with a total decay width around I' ~ 52 MeV, and mainly
decays into the X!m channel. The predicted branching
fraction is

[[A47=5/27,2), - Zin]
I'[Total]

=~ 43%. (44)

Thus, this state is most likely to be observed in the
A final “state via the decay chain A JF =5/27,
2), = ¥'n— A.nn. In addition, the partial widths of Z .
and X|J" =3/27,1),,7 are sizable as well, and all of the
branching fractions are about 13%. Hence, the A .z and
A.nnre final states via the decay chains A|J” =5/27,2), —
Y. — A and AalJP =5/27,2), > 2 |JF =3/2",
1y pm — Zinm — A.rmm may be another three interesting
decay channels for experimental observations.

Similarly, we also plot the partial decay widths of the
2P-wave p-mode A, baryons as a function of the mass in
region of M =(3.10-3.30) GeV. The sensitivities of the
decay properties if these states to their masses are shown
in Fig. 6. From the figure, the partial widths of dominant
decay channels for most of the states vary gently with
mass increasing. In addition, if the 2P-wave p-mode A.
baryons are above the threshold of X.p, most of the states
can decay via X p with a partial width about several MeV
or more.

IV. Summary

In the present work, we have systematically studied
the strong decay properties of the low-lying 1P-, 1D-, 25-
and 2P-wave A, baryons in the framework of the quark
pair creation model within the j— j coupling scheme. Our
main results are summarized as follows.

For the two 1P-wave A-mode A. baryons
AJJP =1/27,1), and A.JP =3/27,1),, they are corres-
ponding to the well determined states A.(2595)* and
A.(2625)*, respectively, and we can reproduce the experi-
mental data well in theory. Meanwhile, we notice that the
mass of A.(2595)* is very close to the threshold of X.x
and this causes the decay widths are highly sensitive to its
mass precision.

For the 1P-wave p-mode A.  baryons,
AJJP =1/27,0), is most likely to be a very narrow state,
and the X.r decay mode almost saturates its total decay
widths. Hence, the A iz final state may be a ideal decay
channel to explore A.J”=1/27,0), infuture experi-
ments. The states A.J”=1/27,1), and A J" =3/27,1),
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Fig. 6. (color online) Partial and total strong decay widths of

the p-mode 2P-wave A. states as functions of the masses.
Some decay channels are too small to'show in figure.

are probably two quite broad states with a width of
around I'py, ~ 780 MeV. Their dominant decay channels
are X and X'z, respectively. Considering the decay
widths too broad, the two states may be difficult to be ob-
served in experiments. The total decay widths of
AJJP=3/27,2), and A.|J"=5/27,2), are several tens
MeV, and their strong decays are governed by the X.x
and X!rn channels. Combining the mass and the decay
properties of the newly observed state A.(2910)*, both
AJJF =3/27,2), and A |JF =5/27,2), may be good can-
didates. Further determine which one of the two is it, the
partial decay width ratio between X.7 and X!z may be a
good criterion.

As to the 1D-wave A-mode A. excitations,
AJJP =3/2%,2),, is probably a good assignment of the
observed state A.(2860). In addition, if the observed
state A.(2860)" corresponds to X |JF =3/2%,2),, indeed,
besides the pD° channel, the .7 and nD* may be anoth-
er two interesting channels for future experimental obser-
vation. The state A.J¥ =5/2%,2),, may be a moderate
state with a width of about (20 ~ 30) MeV, and mainly
decays via the X!z channel. According to our investiga-
tion if we take the observed state A.(2880)" as

AJJ? =5/2%,2) 1., the measured total decay widths and
some partial decay width ratios cannot be reproduced. To
further clarify the inner structure of the A.(2880)* reson-
ance, more experimental and theoretical efforts are
needed.

For the 1D-wave p-mode A, excitations,
AJJ" =3/2%,2),, may be a moderate state with a width of
o ~ 120 MeV, and mainly decays into X.7. Mean-
while, the partial decay width of X is sizable. Hence,
the A |J” =3/2%,2),, has the possibility to be observed in
the A.n final state via the decay chains
P =3/2%2),, > 9 — Aar. The other 1D-wave p-
mode state A.J"=5/2%,2),, has a width of Ty ~ 196
MeV, and dominantly decays into X:x. Moreover, the de-
cay rates into. X.r and A.w are considerable. However,
this state may be too broad to be observed in experiments.

The' 2S-wave state A.(|J* =1/2%,0), probably has a
width of dozens of MeV, and mainly decays into the .z
and Xz channels. Combining the predicted mass and our
calculations, the possibility of A, |JF =1/2+,0), being a
assignment of the observed state A.(2765)" can't be ex-
cluded entirely. For the other 2S-wave state
AqlJP =1/2%,0),, the main decay channels are .7 and
X as well. While this state is most likely to be a broad
state with a width of about 'y, ~ 245 MeV. Thus, it is a
great challenge to observed the A, |J” =1/2*,0), state in
experiments for its broad decay width.

The total decay widths of the two 2P-wave A-mode
A, states A,lJP=1/27,1), and A,|JF =3/27,1), are
about dozens of MeV, and the ND decay channel almost
saturates their decay widths. Comparing the masses and
total decay widths, AaldP=1/27,1), and
AalJP =3/27,1), are allowed good assignments of
A.(2940)*. While, the partial decay width ratio between
pDP and T for A, |JF =3/27,1), is predicted to be 4.48,
which is close to the upper limit of the newest measured
value by Belle Collaboration. In this case,
AalJP =3/27,1), is more favorable.

For the 2P-wave p-mode A, states, A.|J” =1/27,0),
probably has a width of Iy ~ 175 MeV, and domin-
antly decays into X.|J” = 1/27,1),7 and X .|J* =3/27,1),7.
The states A/ =1/27,1), and A,|J"=3/2",1), are
most likely to be moderate states with a width of about
ol ~ 70 MeV. Except the main decay channels .7 and
>'n, the partial decay widths of the final states contain-
ing a P-wave baryon are considerable as well. The state
AalJF =3/27,2), may be a broad state with a width of
Frow ~ 293 MeV, and mainly decays into Xz and X.x.
While, if its mass lie above the threshold of Z.p, then the
strong decays will be governed by the X.p channel. As
for A.|J" =5/27,2),, it may be a relatively narrow state
with a total width of I're ~ 52 MeV, and mainly decays
into X!7. So, this state is most likely to be observed in the
A final  state  via  the  decay  chain
AalJ? =5/27,2), > Zin > Anr.
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