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We have systematically calculated the strong decays of the low-lying p-mode 1P-wave A.p), Ze),

[1]

c(b)> S (b Q. ;) baryons using the chiral quark model within the j-j coupling scheme. For the

controversial states, our results indicate the following: (i) For the singly charmed heavy baryons, the newly

observed A.(2910)" is a good candidate of the J* = 5/27 state A |J" =37.2),
heavy baryons, the Z,,(6227)~ favors the J* = 5/27 state E,[J" =37.2),
IP-wave excitations in A, X.;), and Z| )

families

. (i1) For the singly bottom
. (iii) The other missing p-mode

appear to be broad structures with

~ (100-200) MeV, and their strong decay widths are sensitive to their masses. (iv) The p-mode
1 P-wave B, and €2.(;) baryons have a relatively narrow decay width of a few mega-electron-volts (MeV)

or a few tens of MeV, and have a good potential to be observed in forthcoming experiments.

DOI: 10.1103/PhysRevD.106.074020

I. INTRODUCTION

Among the fantastic hadron zoo, the singly heavy flavor
baryon family plays an important role and is being
constructed step by step. Thanks to the large mass differ-
ence between the heavy quark (c or b) and the light quarks,
its inner structure can roughly be explored within heavy
quark symmetry Refs. [1,2], which is a simpler method in
hadron physics. Thus, the singly heavy baryons provide a
good plot to better understand the nonperturbative nature of
the quantum chromodynamics (QCD).

Over the past few decades, great progress has been made in
the detection of singly heavy baryons. Except for the ground
states, more and more excitations have been found in
experiments. For the baryons containing a single charm
quark, the excitations listed by the Particle Data Group
(PDG) Ref. [3] include A,(2595)7(37), A.(2625)%(37),

(2765) orZ‘(2765)+, A (2860)"(37), A.(2880)7(37)
A.(2940)*(57), Z.(2800), E.(2790)(;7), E.(2815)(37),
+(2923), E.(2930), E. (2970)(;*), E.(3055), £.(3080),
-(3123), ©.(3000)°, ©.(3050)°, ©.(3065)°, ©.(3090),

’
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and Q.(3120). A few of the states are not listed since the
evidence for their existence is poor and needs further
experimental investigation, such as E.(2939) and
E.(2965) Ref. [4]. Very recently, a possibly new excited
A., namely A.(2910), was reported by the Belle
Collaboration via investigating the B — X.(2455)zp decay
process Ref. [5]. The mass and width were measured to be
M=2913.845.6£3.8MeV and['=51.84+20.0+18.8MeV,
respectively. While, for the states containing single bottom
quark, our knowledge is slightly less, the observed excita-
tions listed by PDG are A,(5912)°(37), A,(5920)°(3),
A, (6070)°, A,(6146)°(3), A,(6152)°(37), %,(6097)%,
Eb(6100)‘(%‘), E,(6227)70, €, (6316)7, €,(6330)7,
Qb(6340)‘, and €,(6350)~ Ref. [3]. Recently, two new
excited 29 states E;,(6327)° and E,,(6333)° were reported by
the LHCb Collaboration in the AYK~z" mass spectrum
Ref. [6]. Undoubtedly, these observed resonances provide
good opportunities to establish the low-lying singly heavy
baryon spectrum.

For a singly heavy baryon, there are two kinds of
excitations: p-mode and A-mode excitations in theory
(see Fig. 1). The p-mode excitation appears within the
light diquark, while the A-mode excitation occurs between
the light diquark and the heavy quark. Using the simple
harmonic oscillator model to estimate the two kinds of
excitation energy Ref. [7], one finds that the p-mode
excitation energy should be pronouncedly larger than that
of the A-mode. This indicates that the A-mode excitations
should be more easily formed than p-mode excitations.

Published by the American Physical Society
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FIG. 1. The p- and A-mode excitations in a singly heavy
baryon. Here, p and A are the Jacobi coordinates defined as
p= ﬁ (rj —ry)and A = \/LE (r; + 1, — 2r3), respectively. ¢, and
q, stand for the light (u, d, s) quark, and Q5 stands for a heavy
charm or bottom quark.

Therefore, it is natural to think that most of the low-lying
observed single heavy baryons probably are good candi-
dates of the A-mode excitations. Meanwhile, based on
the mass spectrum and strong decay analyses Refs. [7-37],
the literature also indicates newly observed states
E.(2923,2939,2965) Refs. [22,26,38], Q.(3000,3050,
3065,3090,3120)° Refs. [18,39-42], X,(6097) and
E,(6227) Refs. [17,25,28,43-50], and Q,(6316,6330,
6340,6350)" Refs. [51-53] may be explained with
the 1P-wave A-mode excitations; A.(2910) may be the
2P-wave A-mode excitation Ref. [54] and A.(2940) is a
candidate of the 2P- or 1D-wave A-mode excitation
Refs. [8,11,12,15]. However, it should be mentioned that
there are other explanations of those observed structures,
such as 2S-wave excitations Refs. [9,15,31,55-57],
1P-wave p-mode excitations Refs. [22,45], and unconven-
tional interpretations Refs. [58—65].

As a whole, the interpretation of the low-lying singly
heavy baryons observed in recent years is still controver-
sial. The possibility of some of those states as p-mode
excitations Refs. [22,45] cannot be excluded completely.
Additionally, according to the quark model predictions
Refs. [7,22,66,67], the mass of the p-mode states is
about (70-150) MeV higher than that of A-mode states.
We collect some theoretical predictions of the spectrum for
the 1P-wave p-mode singly heavy baryons in Table I. From
the table, it is seen that some observed states in experiments
are in the predicted mass region of the 1P-wave p-mode
states Refs. [7,20,22]. Besides mass spectrum, strong decay
property is one of the important aspects for determining
hadron’s structures. Thus, to better understand the inner
structures of the observed low-lying singly heavy baryons,

it is crucial to study the decay properties of the 1P-wave
p-mode states. However, there are only a few discussions of
the strong decays of the 1P-wave p-mode singly heavy
baryons Refs. [22,45].

In the present work, we conduct a systematical discus-
sion of the strong decays of the low-lying 1P-wave p-mode
Acvys Zep)s Eer)s E’C(b), Q) baryons using the chiral
quark model within the j-j coupling scheme which
includes the heavy quark symmetry. According to our
theoretical calculations, we obtain that the newly observed
structures A.(2910)" and E,(6227) may be assignments
of the 1P-wave p-mode resonances, and we collect our
possible explanations in Table II. We hope the predicted
strong decay properties of the missing 1P-wave p-mode
singly heavy baryons are helpful for future experimental
exploring.

This paper is organized as follows. In Sec. II, we present
the classification of single heavy baryons in a quark model
and give a brief introduction of the chiral quark model. The
numerical results are presented and discussed in Sec. III.
Finally, a summary is given in Sec. I'V.

II. SINGLY HEAVY BARYONS
CLASSIFICATION AND CHIRAL
QUARK MODEL

The singly heavy baryon contains a heavy quark (c or b)
and two light quarks (u, d, or s). The heavy quark violates
the SU(4) symmetry, but the SU(3) symmetry between two
light quarks is approximately kept. According to the
symmetry, the singly heavy baryons belong to two different
SU(3) flavor representations: the symmetry sextet 6 and
antisymmetric antitriplet 3. In the singly charmed (bot-
tom) baryons, there are two families, A, and 2. (A, and Z;,)
belonging to 3 7, while there are three families, ., =, and
Q. (X, ), and €,), belonging to 65 Ref. [70].

The spatial wave function of a singly heavy baryon is
adopted the harmonic oscillator form in the constituent
quark model Ref. [23]. For ¢,¢,Q system, it contains two
light quarks ¢, and ¢, with an nearly equal constituent
quark mass m, and a heavy quark Q with a constituent
mass m’. The basis states are generated by the oscillator
Hamiltonian

P2 1
H — c.m.
2M + 2m

1 3
P2 +—Pi+ZK(p* +4%).
m,

3 5 (1)

P

Here, the constituent quarks are confined in an oscillator
potential with the potential parameter K independent of the
flavor quantum number. p and A are Jacobi coordinates as
shown in Fig. 1, and R_ , is the center-mass coordinate.
The momenta P,, P), and P, are defined as

P = m lj"’

Pp = mpﬁ, Pc.m. = MRc.m.’ (2)
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TABLE L.

The masses (MeV) of the 1P-wave p-mode single heavy baryons obtained from the quark model. (S, stands for the total

spin of the two light quarks; L is the total orbital angular momentum; j represents the total angular momentum of L and S,,; J is the total
angular momentum; P is the parity; n, and [, represent the nodal quantum number and orbital angular momentum, respectively).

Constituent ~ Relativized A quark Mass

quark model  quark model model formula
State n, lp L s, j J P Ref. [7] Ref. [67] Ref. [20] Ref. [22] Strong decay channels
=1, 0 1 1 0 1 I 2909 2840 2848 Yo Zin
=31, 0 1 1 0 1 F 2910 2865 2860
A|JP :% ,0>p o 1 1 1 O %— 2890 2780 2816 Zom X
AP=t1, o 1 1 1 1 b 2933 2830 2816
AJJP = % ,1>p o 1 1 1 1 %— 2917 2840 2830
AP =52, 0 1 1 1 2 & 2956 2885 2830
AP=32), 0 1 1 1 2 5 2960 2900 2872

ElP=t1, 0 1 1 0 1 L 3060 g7 3K Er 2K
gMrF=3.1, 0 1 1 0 1 3 3096
EMP=10, 0 1 1 1 0 I 2951 B B 2K Er AK,
M=, 0 1 1 1 1 I 2980 E.(2790)7,E.(2815)%
BP=%1), 0 1 1 1 1 3 2987
EMP=32), 0 1 1 1 2 3 3016
BlP=5.2, 0 1 1 1 2 5 3076
Q=41 0 1 1 0 1 I 3110 3046 ELK
Quf=r1, 0 1 1 0 1 ¥ 3112 3056
LU=, 0 1 1 0 1 Lk 6246 6170 6200 7 Ty
P = %‘, l)p o 1 1 0 1 %— 6246 6180 6202
Ap|IP = %—,0>ﬂ o 1 1 1 O %— 6236 6100 6180 DYR NG 4
A=y, 0 1 111 b 6273 6165 6206
Ap|JP = %—, 1>ﬂ o 1 1 1 1 %— 6273 6185 6211
Ap|JP = %‘,2)1) o 1 1 1 2 %— 6285 6190 6191
Ap|JP = %‘,2)/, o 1 1 1 2 %— 6289 6205 6206
gur=-1, 0 1 1 0 1 L 6305 6356 g7, %,K, Ei7, 5K
B |JP = %‘, 1)/, o 1 1 0 1 %— 6308 6364
B P =0, 0 1 1 1 0 Lk 6214 E,1.E1,%,K,Eix, A K, 2K
EF=1, 0 1 1 1 1 I 6226
Bl/f=5.1, 0 1 1 1 1 3 6222
EylsF=3"2), 0 1 1 1 2 3 6234
By lIF = %‘,2)/) o 1 1 1 2 %— 6247
Q,lJF = %‘, l)p o 1 1 0 1 %— 6437 6388 E,K
QF=4&1), 0 1 1 0 1 F 6438 6390
with M =2m +m', m,=m, and m, = % For an 5 3m' A
oscillator, the wave function is given by % 2m + pd “)
Wy (0) = Ry, (0)Y1,(0). (3)

where ¢ = p, A. Thus, in the spatial wave functions of
singly heavy baryons, there are two oscillator parameters,
i.e., the potential strengths a, and a;. The parameters a,
and a; satisfy the following relation:

The spatial wave function is a product of the p-oscillator
and A-oscillator states. With the standard notation, the
principle quantum numbers of the p-mode and A-mode
oscillators are N, = (2n, +1,) and N, = (2n; + 1;), and
the energy of a state is given by
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TABLE II. The parameters of the states (taken from PDG Ref. [3]) and possible interpretations. The unit of the width is MeV.
Main decay
State channels Total width Possible interpretations Our results
A.(2910)F Ref. [5] £.(2455)%FFz* 51.8+£20.0+£18.8 2P-wave with J = 1/2~ Ref. [54] AJJP = 5/27,2),
E,(6227) AN K By 18+6 1P-wave E) with J*=3/2" Refs. [17,28,32,44,50] E,|JF =5/2", 2),
1 P-wave B, with J* = 5/27 Refs. [17,28]
1 P-wave or 2S-wave state with J=23/2 Ref. [35]
Pentaquark molecular state with
JP = 1/2* Refs. [65,68,69]
¥, K molecular state with J© = 1/2~ Ref. [61]
(N 3 N 3 5 form of the quark-pseudoscalar couplings with the form as
=Nt 5 )% TNt 5 )® (5) follows Refs. [71-73]:

with the p-mode and A-mode frequencies

w, = (3K/mp)1/2, w, = (3K/m,)"/2. (6)
Finally, the total wave function of a singly heavy baryon
can be obtained, which is made up of color, spin, flavor, and
spatial wave functions. Considering the color wave func-
tion is antisymmetric, the product of spin, flavor, and
spatial wave functions must be symmetric. More details
about the classification of the heavy baryons in the quark
model can be found in Ref. [23].

With the obtained total wave functions of the singly
heavy baryons, we can further discuss their decay proper-
ties. In this work, we study the strong decay properties
of the singly heavy baryons with a chiral quark
model. This model has been successfully applied to
study the strong decays of baryons and heavy-light
mesons in previous works Refs. [24-30]. In the chiral
quark model, the effective low energy quark-pseudosca-
lar-meson coupling in the SU(3) flavor basis at tree level is
described by

1 o
j Jm

where y; stands for the jth quark field in a baryon, f,, is
the pseudoscalar meson decay constant, and ¢,, is the
pseudoscalar meson octet

%7[04—%11 s K*
- 1.0, 1 0

b = z —wrh TET K@)
K- K° —\/3

To match the nonrelativistic harmonic oscillator spatial
wave function ™ ; _in this work, we adopt a nonrelativistic

® ®
HanE " +5..P mn P
: j{E.f+Mf6" N TR
—0 ;- +Cl)md'. / Id) (9)
jid 2, % P o Li@m:
q

where the 6; and y,, stand for the Pauli spin vector and the
reduced mass of the jth quark in the initial and final
baryons, respectively. ¢,, = (747 denotes (emitting)
absorbing a meson. p; = p; — (m;/M)P., is the internal
momentum of the jth quark in the baryon rest frame. ,, and
q are the energy and three-vector momentum of the meson,
respectively. /; is the isospin operator associated with the
pseudoscalar mesons. For the emission of a light pseudo-
scalar meson, the partial decay width is

S\2(Er+My)lgl 1
Lp=(+— ! ! Z |MJ,~Z,sz
I M, 20+ 1A

where M;,_; \. is the transition amplitude; J;, and J ¢, stand

o (10)

for the third components of the total angular momenta of the
initial and final baryons, respectively; and & is a global
parameter and accounts for the strength of the quark-meson
coupling. In Ref. [23], the authors have determined this
parameter value by fitting the decay properties of the state
%.(2520). Research shows that this fitted value has general
applicability and can be applied to study the similar strong
decay processes of the heavy hadron system. Hence, in
the present work, we fix its value the same as that in
Refs. [23,25,27,30], i.e., 6 = 0.557.

In the L — S coupling scheme, the states are constructed
by Ref. [20]

PHLy) = (L)L (5p50)s]m) (11)

where [, and [; are the quantum numbers of the orbital
angular momenta for the p-mode and A-mode (see Fig. 1)
oscillators, respectively. L corresponds to the quantum
number of the total orbital angular momentum L. =1, + 1,
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which determines the parity of a state by P = (=1)"". s,
and s stand for the quantum numbers of the total spin of
the two light quarks and the spin of the heavy quark,
respectively. S is the quantum number of the total spin
angular momentum S =s, +s,. Because of the heavy
quark symmetry, the physical states may be closer to the j-j
coupling scheme for the singly heavy baryons. Hence, in
the present work, we study the decay properties of the
singly heavy baryons in the j-j coupling scheme. Within
the j-j coupling scheme, the states are denoted as [J7, j)
and can be expressed as linear combinations of the
states within the L-S coupling scheme by the following
relationship Ref. [20]:

Lol splsols) = (=D)F 2 /2j 4 1% V25 +1
N

GRS (AR

(12)

In the calculations, the standard quark model parameters
are adopted. Namely, we set m, = m; = 330 MeV,
my =450 MeV, m, = 1700 MeV, and m; = 5000 MeV
for the constituent quark masses. Considering the mass
differences between the u/d and s constituent quarks, the
harmonic oscillator parameter @, in the wave function
N‘PLLZ for uu/ud/dd, us/ds, and ss diquark systems
should be different from each other. Thus, we take
a, = 400, 420, and 440 MeV for uu/ud/dd, us/ds, and
ss diquark systems, respectively Ref. [70]. The decay
constants for z and K mesons are taken as
[z =132 MeV, fx = 160 MeV, respectively. The masses
of the well-established hadrons used in the calculations are
adopted from the PDG Ref. [3]. With these parameters, the
strong decay properties of the well-known heavy-light
mesons and single heavy baryons have been described
reasonably.

III. CALCULATIONS AND RESULTS

Inspired by the ambiguity states observed by the col-
laborations, we carry out a systematic study of the strong
decay behaviors of the low-lying 1P-wave p-mode singly
heavy baryons within the j-j coupling scheme in the
framework of the chiral quark model. Our theoretical
results are presented as follows.

A. A, and A, baryons

In the A, and A, families, there are five p-mode 1P
excitations according to the quark model classification,
which are

ZPl_ + %
) 3

w5 ) (13)

I- 20, 1- i, 1-
P—__ 1\ =./Z2p = ) 14
/ 2’>p ﬁ f’2>Jr 3 f’2>’ (14)
3 1), 3- 5, 3-
P2 1) =—/-7P 2 2P 2N, (15
=3 >,, \é P2>Jr 6 P2> (15)
3- 5|, 3- 1, 3-
P 2) =/2pp > “lp,2 1
/ 2’>p \/; ”2>Jr 6 f’2>’ (16)

ap, §_> (17)

The predicted masses and possible two-body strong decay
channels of these states are listed in Table L.

From the table, we can see that in the quark model the
predicted masses of the 1 P-wave p-mode A, excitations are
about M =~ (2780-3000) MeV, and their Okubo-Zweig-
Tizuka (OZI)-allowed two body strong decay channels are
¥. and Z:z. However, we notice that the mass of A |JF =
1/27,0) , is above the threshold of 2 7 and X, while their
strong decays are forbidden due to the orthogonality of
spatial wave functions if we adopt the simple harmonic
oscillator wave functions. Thus, we mainly focus on the
strong decay properties of the other four states. Considering
the uncertainties of the predicted masses, we plot the strong
decay widths as a function of their masses in Fig. 2.

Our results indicate that the decay properties of the four
1 P-wave p-mode A, states are sensitive to the masses. With
the mass in the region of M = (2780-3000) MeV, the
states A JJ” =37.1),, AJJP=37.1),, and A I =
%‘, 2) , are predicted to be moderate states with a width
of '~ (50-150) MeV. It should be pointed out that the
mainly decay channel of A |J” = 17,1) , is .z, while that
of A JJF =37, 1), is Z¢z. For the A |J7 =37,2), state, if
its mass is less than M < 2958 MeV, its dominant decay
channel is Z}z. Otherwise its dominant decay channel is
Tz As to the A |[JP =37,2), state, it is likely to be a
narrow state with a width of I' ~ (10-50) MeV when the
mass varies in the region of what we considered in the
present work. The mainly decay channel is X.z, while
the X}z partial decay width is considerable as well.

Combining the natures of the newly observed state
A.(2910)" at Belle Ref. [5], we find that this new state
may be an assignment of the narrow state A |J” =37,2) .
Fixing the mass of A |[J” =37,2) at M = 2914 MeV, the
predicted total decay width

FTOtal ~22 MeV, (18)
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180 . . 120 . .
ASP=(172),1), AJP=(372)1),
1201
S
(]
2
—
60 -
v
_ -~
0 — = - T 0 T I
180 4 Pk -
10 A '=(5/2) ,Z)P |
S 120 4 " Zm
2 - =3 L
[ ‘1204 Total A
60 , 7/
. e
.-
7. -
- - -
0 T T 0 — T
2800 2900 3000 2800 2900 3000
Mass(MeV) Mass(MeV)

(a)l Py-wave A, states

300 T 300 T
AJP=(1/2),1), AJP=(3/2),1),
200 D00 - ]
S ..
(]
2
—
100 4 100 - -
0 0 , , PP
250 1 80 A,WP=(5/2),2), -
200 -
_ 60
% 150 -
=
= 140
100 -
50 4 . {201
0 T 0 T
6100 6200 63006100 6200 6300
Mass(MeV) Mass(MeV)

(b)1P,-wave A, states

FIG. 2. Partial and total strong decay widths of the p-mode 1P states in the A. and A, families as functions of their masses.

is close to the lower limit of the observed one
[gxpe = 51.8 £20.0 £ 18.8 MeV. The branching fraction

for the dominant decay channel X .z can reach up to

LA P =37.2), = Z.7]

~ 63%.
1—‘Tot.all

(19)

Meanwhile, the decay rate of A .[J” =37,2), into Eix is
considerable, and the predicted branching fraction is

CA P =37.2), - Zia]

~37%. (20)

1—‘Tot.all

The significant branching fraction indicates this strong
decay process may be measured in future experiments and
can be used to confirm the A.(2910)" structure as well.
It should be pointed out that we cannot exclude the
possibility of A.(2910)* as a candidate of the broader
states A |J" =37,2)  and A |J” = {7, 1), since there are
large uncertainties in the observed width of A.(2910).
In the A, family, according to the predicted masses
collected in Table I, the masses of the five p-mode 1P A,
excitations are in the region of M ~ (6100-6300) MeV.
Similarly, although the mass of the A,|lJ” =37,0), is
above the threshold of X,z and X 7, their strong decays are
forbidden in this work since we adopt the simple harmonic
oscillator wave functions. Then, we calculate the decay
properties of the other four p-mode 1P A, states as a
function of the mass within the possible range allowed, as
shown in Fig. 2. From the figure, it is found that the four A,

resonances are slightly broader states compared to the
corresponding states in the A, family. Meanwhile the
variation curves between the partial decay width and
the mass are similar to that for A, states. Among the four
p-mode 1P A, states, A,|J” =37,2) , 18 the narrowest state
with a total width of ',y =~ 5-74 MeV in the range of
(6100-6300) MeV. This state mainly decays into X,z and
X, m, and their partial width ratio is predicted to be

F{Ab|JP —
C[A,|JF =

-, 2>/) - Zbﬂ]
_’2>

~1. (21)

[SIVATNI

P ZZ?T]

The AylJ” =37,2), state may be observed in the
Aprz final state via the decay chains A,|J”=37.2),—
Yym/Zpn— Ayrm. The A,,|JP:%‘,1)/] and A,,|JP:%‘,1>/,
dominantly decay into X,z and X}z, respectively, and they
have a comparable width of I'~120-200 MeV. The
AplJP =37,2) , mainly decay into X;z and X,z channels,
and their partial width ratio is predicted to be

LA P =37.2), — Zp7]

~0.4-1.2.
LA P =37.2), - Z; 7]

(22)

B. X, and X, baryons

In the X, and X, families, there are two p-mode 1P-wave

excitations:
1- 1-
JP== 1) =|2P - ), 23
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TABLE III.  Partial decay widths (MeV) and branching fractions
for the p-mode 1P-wave states in the X. and X, families. The
numbers in parentheses stand for the corresponding masses (MeV).

E|IP =157.1),(2909) z|J" =37.1),(2910)
I B;(%) I; B;(%)
.z 100 66 55 30
i 51 34 127 70
Total 151 182
T, [07 =47, 1),(6246) 2y [J7 =37.1),(6246)
I B;(%) I'; B;(%)
pIT 99 53 54 27
Sin 87 47 145 73
Total 145 199
3- 3-
JP ==, ] == 2P O~ . 24

The masses of the p-mode 1P-wave X. and X, excitations
are predicted to be M ~(2840-2910) MeV and M ~
(6170-6250) MeV, respectively. Adopting the predicted
masses from Ref. [7], we collect their decay properties in
Table III. It is shown that all of the p-mode 1P-wave
excitations may be broad states with a total decay width of
around " ~ (150-200) MeV.

In the X. family, the dominant decay channel of

I =37.1), is Tz, while that of X.|[J7 =37,1), is
Xiz. The predicted branching fractions are
TP =11, > Zx
=5l ~66%, (25)
IﬂTotal
TP =31), > Zix
| 2Ly ~70%, (26)

1—‘Total

which can be used to distinguish Z.|J” =1~.1), from
2. |J? =37.1), in future experiments.
In the ¥, family, the J* = 1/27 state X,[J” =17.1),

mainly decays into X,z and Xjz. Their branching frac-
tions are

P =1, - S

ol =5 0y = 2 ~ 53%, (27)
1—‘Total

P =1, - Zix

7 =57 0y 2 B g, (28)

IﬁTotal

The J” = 3/2~ state %,|J" =37, 1), is governed by Z;x,
and the branching fraction is predicted to be

200 — T L B —
200 1
5 T =(112),1), 3 |J (1/2) )
—~ ﬂ- 150- TOtaI T
S
o 100 41 1004 .
P ch in - ]
T b _ -
50 - B0 - DU
———— - Z;n T
208 T T T T 0 T T T T T
zN=(312).1), 2004 3, 1J=(312),1 )
M 150 ol |
s S e g
s 104 - -3 1 100 5 1
[ ¢ In
50 R
In
c
0 T T T T T T 0 T T T T T T T
2840 2860 2880 2900 6180 6200 6220 6240
Mass(MeV) Mass(MeV)
(a)1 Pp-wave X states (b)1P,-wave X, states
FIG. 3. Partial and total strong decay widths of the p-mode 1P

states in the X, and X, families as functions of their masses.

Z1)|JP - %_7 1>/)

l—‘Total

- X
~ 73%.

(29)

Considering the uncertainty of the mass predictions of
the p-mode 1P-wave X. and X, excitations, we plot the
strong decay widths as a function of the mass in Fig. 3. The
sensitivities of the decay properties of those states to their
masses can be clearly seen from the figure.

C. E, and E; baryons

In the E. and E, families, there are each five p-mode
1P-wave excitations:  |J* =17,0),, |/ =1".1),
JF=3.1), W =3.2),, and |JF=3.2),. For
their masses, there are a few discussions in theoretical
references, and we have collected them in Table I. From the
table, the typical masses of the p-mode 1P-wave E, and &,
states are about M ~ 2.9 and M ~ 6.2 GeV, respectively.
Adopting the predicted masses based on the mass formula
Ref. [22], we calculate their two-body strong decay proper-
ties and list them in Table IV.

In the 2, family, the J* = 1/2" state E.|J” = §7,0), has
a moderate width of I'~ 113 MeV and dominantly decays

into E.7 and A K with predicted branching fractions
e/ =1,0), - E.x
=l 20 L. 43%, (30)
l—‘Total
JP = ,0 - AK
[l ) I 57%. (31)
l—‘Total

The E.z and A.K channels can be used to search for the
missing Z.|J” = 17,0), state.
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TABLE IV. The strong decay properties of the p-mode 1P-wave states in the =, and =, families. ['t,, stands for
the total decay width. The unit of the width and mass is MeV. The masses for the unestablished p-mode 1P E. and

=, states are taken from the predictions in Ref. [22].

E P =37.0), EF= -, 1, Elr= -, 1), EJJf= =, 2), B = -, 2),
Decay width M = 2951 M = 2980 M = 2987 M =3016 M = 3076
I'[E.7] 48.6 0.0 10.7 10.8 37.1
['[AK] 64.2 0.0 5.1 5.5 20.7
I'[E.7] 0.0 33.5 0.3 10.2 5.5
I'Z.K] 0.0 102.9 0.0 1.9 2.9
['[E:7] 0.0 1.9 16.1 17.9 3.5
['[Z:K] e e e 11.5 0.6
I'[Z.(2790)7] 0.0 0.0 0.0 0.0 0.1
I'2.(2815)7] 0.0 0.0 0.0 0.0 0.1
ol 112.8 138.3 32.2 57.8 70.5
E’b|‘]P :%_’0>p E‘b|‘]P :%_’1>/) Eb|JP:%_’l>p E‘b|JP:%_’2>p E‘b"]P:%_’Z)p
Decay width M = 6214 M = 6226 M = 6222 M = 6234 M = 6247
I'E,7] 50.6 0.0 5.5 5.1 13.1
T[A,K] 76.0 0.0 1.5 1.5 4.4
[, 7] 0.0 25.0 0.1 1.5 0.6
I'Z,K] 0.0 0.0 0.0 0.0 0.0
I'[E; 7] 0.0 0.8 11.2 13.7 0.6
[[Z;K] 0.0 0.0 0.0 0.0 0.0
ol 126.6 25.8 18.3 21.9 18.7

For the other J” = 1/27 state E.|J” = 17,1) ,, its width
is predicted to be around I" ~ 138 MeV. This state mainly
decays into E.z and X K. Their branching fractions are

E.JJF = %_, 1>p — Bl.x]

~24%, (32)

IﬂTotal

[EJJF = %‘, 1>p — X.K]

~74%. (33)

IﬂTotal
The J© = 3/2" state E.[J" =37, 1), has a narrow width
of ' ~ 32 MeV, and dominantly decays into the E .z, A.K

and Eiz channels. The branching fractions are predicted
to be

ME P =31), — E.1]

~33%, (34)
1—‘Total
rE /P =2,1), - AK
=l 2Ly . 16%, (35)
1—‘Total
[[EJJF =3-,1), - &
Bl =57 1y > Bl o (36)

1—‘Tot.all

This state has a large potential to be observed in the E .7z,
A K, and Z}7z channels.

The other J” =3/27 state E.|J” =37,2), is slightly
broader than E.|J” =37.1), and has a width of
I' ~ 58 MeV. Except for the E.7z, A.K, and E}z channels,
this state also has large decay rates into E.z and ;K. The
branching fractions for the =}z and X} K channels can reach

up to

rE P =2.,2) - Eix
=l 22, L. 31%, (37)
l—‘Total
e |JF=32",2), - =K
=l 22, L. 20%. (38)

l—‘Total

The E.|J” =37,2), may be observed in the E.z7/A 7K
final states via the decay chains E.|JF = %_, 2), =
Eir/ZiK — E.nn/A 7K.

The decay of E.|J” =37,2) , is governed by E.z and
A.K with branching fractions

rE |/ =2",2), - E.x
I_‘Total

e P =3".,2) - AK

=l 22 L. 29%. (40)
l—‘Total
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In the 5, family, the =,|J” =17,0), has a moderate
width of I'~ 127 MeV and mainly decays via E,z and
A, K. Their predicted branching fractions are

=P =10 57
1—‘Total
B |JP = ,0 , = N K
L= b= MK o, (42)
1—‘Total
The other four pmode 1P states E,|JF = % ,1>p,
EplJP =37.1),, BlJF =3.2),, and E,|JF =3".2),

have a comparable width of I ~ 20 MeV. While we notlce
that the main decay channels have big differences among
those four states, the :b|] P=1-1) , is mostly saturated by
the decay channel =)z, and the branching fraction for the
B, channel can reach up to

[[E,JF =1.1), - Eyn
1—‘Total
The J"=3/2" states E[J"=3".1), and

Ey|JP =3,2) , dominantly decay into the E,7z and =7
channels. The branching fractions are predicted to be

FE JP :i_’l 2 e d E
Bl =57 12, =~ 8] Sa239). (44)
l—‘Total
= JP :i_’l 2 - B
Bl =57 1@y = Zim ¢ anie3%). (45)

l—‘Total

For the E,|J” =37,2), state, the dominant decay mode
is &,z with a branching fraction of

['_'b |JP ’ 2>

IﬂTotal

il ey

(40)

Meanwhile, the Z,|J” =37,2), state has a sizable decay
rate into A, K, and the branching fraction is about
[H |‘]P =2 ’2>/1 - AbK]

~24%.
IﬁTotal

(47)

Our theoretical results indicate that the decay properties
of the 5, /7 =37,2) , State is in good agreement with the
newly observed Z,(6227)" in both the A; K and the )z~
invariant mass spectra at LHCb Ref. [74]. Fixing the mass
at the physical mass M = 6228 MeV, the total decay width
of E,|J7 =37,2), is about 'y ~ 15 MeV (see Table V),
which is close to the lower limit of the measured width
[gxpe = 19.9 £ 2.6 MeV. Furthermore, the dominant decay
channels are E,7 and A, K, which is consistent with the
nature of =,(6227)".

TABLE V. The partial decay widths (MeV) of E,(6227)

assigned as p-mode 1P E, state Z,|J" =3 ,2>ﬂ.
P =3.2),

Decay width _b(6227)‘
I[E,1] 10.7
T[A,K] 3.0
I'[E), 7] 0.4
I'[E; 7] 0.4
Iotal 14.5
| SN 199 +26

Similarly, the predicted masses of the p-mode 1P E. and
&, excitations certainly have a large uncertainty, which
may bring uncertainties to the theoretical results. To
investigate this effect, we plot the two-body strong decay
widths of the p-mode 1P Z. and E, excitations as a
function of the mass in Fig. 4. As a whole, most of the p-
mode 1P E, and E, states may have good potential to be
observed in experiments due to their relatively narrow
widths.

D. E. and E; baryons

In the E/, and =, families, there are two each p-mode 1P-
wave excitations: |[J*=1".1), and |[JF=3".1),.
According to the theoretical predictions by various meth-
ods, the masses of the p-mode 1P E, and =) baryons are
about M ~ 3.0 and M ~ 6.3 GeV, respectively. Fixing their
masses at the predictions in Ref. [22], we collect their
strong decay properties in Table VI.

All of the four states may be moderate states with a
comparable width of I' ~ 100 MeV. While their main decay
channels have some differences, the Ef|J" =37,1), is
governed by XK, and the corresponding branching fraction
is predicted to be

FEP =53.1),

1—‘Total

Z.K]

~T71%. (48)
Thus, the E;|J” = {7, 1), may be observed in the A .zK final
state via the decay chain Z.[JF =17, 1) , = XK = AaK
in future experiments. Meanwhile, this state has sizable
decay decay rates into E..z and Zz with branching fractions

rEr =41 Bl
=l o = Berl 16%, (49)
1—‘Total
MEP =1-1) - =
BT =37 Dy = Zenl g, (50)

l—‘Total

For the E.|JF =
branching fraction

%‘, 1) »» it mainly decays into XK with a
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FIG. 4. Partial and total strong decay width of the p-mode 1P states in the E. and E;, families as functions of their masses. Some decay

channels are not shown in the figure for their small partial decay

[[E " =37.1), = ZiK]

~ 58%. (51)

1—‘Total

Yet the other channels 2.z, Z:z, and XK are not obviously
neglectable as well. The branching fraction for the Eiz
channel can reach up to

TABLE VI. Partial and total strong decay widths of the p-mode
1P states in the B/ and Z} families. The unit of the width and
mass is MeV. The masses for the unestablished p-mode 1P = and
states are taken from the predictions in Ref. [22].

=/

—b

Decay modes

States Elr  Ezr XK XK  Total

=P =1 1),(3060) 163 117 717 11 1008

ELJP =3,1),(309) 164 258 104 728 1254
Decay modes

States B  Er %K XK  Total

g P =4.1),(6356) 169 134 696 0.6 1004

g P =37.1),(6364) 83 243 1.5 65.1 99.1

widths.

=/ | P — 3- ks
PEW =30, > Sr]

(52)
l—‘Total
For the two p-mode 1P states in the T, family, the
dominant decay channel of Z}|J" =37, 1)  is Z,K, while
that of Z}|J” =37,1), is £;K. The predicted branching
fractions are

[E P =47.1), = Z,K]

~ 69%,
l—‘Total

(53)

FE" =3.1), > ZiK]

~ 66%. (54)

lﬂTotal

In addition, the Z},[J” = 37, 1) , has a large decay rate into
E,m with the branching fraction

[Er=3.1), > Enr
[bl 2 >p b]st%.

(55
l—‘Total )

We also plot the partial decay widths of the p-mode 1P
E. and E; baryons as a function of the mass in Fig. 5. The
two-body strong decays of the p-mode 1P state in the E.,
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FIG. 5. Partial and total strong decay widths of the p-mode 1P
states in the | and &) families as functions of their masses.

=/

family are similar to that in the Zj family. Roughly
speaking, they only contain different heavy quarks: In
the =/, family the heavy quark is the ¢ quark, while in the =),
family the heavy quark changes to the b quark.

E. Q. and Q, baryons

In the Q. and Q, families, there are also two p-mode
1P-wave states, [J” =17, 1) and |J” =37, 1). The masses
of these p-mode 1P-wave Q. and Q, states are, respec-
tively, about M ~ 3.1 and M ~ 6.4 GeV within various
quark model predictions. Similarly, we first fix their masses
at the predictions in Ref. [7] and collect the decay proper-
ties in Table VIIL

In the Q, family, both the two p-mode 1P states
mainly decay into Z.K. However, the J* = 1/2~ state
Q.|J" =17, 1), may be a moderate state with a width of

[~ 119 MeV, while the J* = 3/27 state Q |J" =37, 1),

TABLE VII. Partial and total strong decay widths of the
p-mode 1P states in the Q. and €, families. The unit of the
width and mass is MeV. The masses for the unestablished p-mode
1P Q. and Q, states are taken from the predictions in Ref. [7].

Q" =11), Q=11
States M = 3110 M = 3112
IELK] 119.4 0.9

Qb|‘lp:%_7]>/) Q[)|‘1P:%_a1>p
States M = 6437 M = 6438
[[E,K] 65.2 0.02

— 1 180 —————————
150+ chJP=(1I2)',1)p Qb|JP=(1IZ)',1)p
| 1204
S 100- —=K
[0}
2
= e | 60+
0 T T T 0 T T T
P g a N .
4] QN=E2)1), 6 Qb|JP=(3[2),1>p
N 4 ]
[0]
2 27
s 2] i
0 T T T T T T 0 T T T T T T
3080 3100 3120 3140 6420 6440 6460 6480

Mass(MeV) Mass(MeV)

(a) LPy-wave Q. states (b) 1P,-wave €, states

FIG. 6. Partial and total strong decay width of the p-mode 1P
states in the Q. and €, families as functions of their mass.

is most likely to be a very narrow state with a width
of '~0.9 MeV.

For the two p-mode 1P €, states, their decays are
governed by Z}K. The J” = 1/27 state Q,[J" =37.1),
has a width of I'~ 65 MeV and may be observed in the
E,7K final state via the decay chain Q,|J" =1,1) , =
E,K — BynK. The J¥ = 3/27 state Q,|J” =37, 1), may
be a particularly narrow state with a width of I < 0.1 MeV.
Thus, the state Q,[J” =37, 1) , may have a large potential
to be observed in the E,zK final state via the decay chain
QyJ" =37.1), > E,K - E,nK at LHCb.

In addition, we analyze the decay properties of the
p-mode 1P €, and Q, baryons as a function of the mass
in Fig. 6. It should be pointed out that the total width of
the J” =3/27 state Q)" =37.1), is [ <5 MeV
within the mass varying in the region of what we consid-
ered, which indicates the state Q.(,)|J" =37,1) , has a
good potential to be observed in future experiments.

IV. SUMMARY

In the present work, we systematically studied the two-
body strong decays of the low-lying p-mode 1P-wave
singly heavy baryons in a chiral quark model within the j-j
coupling scheme. On the one hand, we attempt to confirm
the possibility of the controversial singly heavy baryons
taken as p-mode excitations. On the other hand, we hope to
provide the theories’ foundation for the experiment explor-
ing of the missing p-mode 1P singly heavy baryons. Our
main results are summarized as follows.

For the p-mode 1P A. and A, baryons, the OZI-
allowed two-body strong decays of the J© = 1/2~ state
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Acp)|J* =37.,0), are forbidden since we adopt the simple
harmonic oscillator wave functions. Hence, the A |JP =
%‘,O) , should be a very narrow state. The three p-mode
states Ay |J* =37.1),. Ay [J¥ =37, 1), and A, |J* =
3.2), have a broad width of '~ (100-200)MeV. It can be a
big challenge for experimenters to observe them in the
future. While the J” = 5/27 state A.(;)|J” =37,2), may
be a narrow state and the decay width is about dozens of
MeV, the A |JF = %‘, 2) , has a good potential to be
observed in the A.zz final state via the decay chain
AP =5.2), > Z.r > Aczm, and the A, 77 =37.2),
may be observed in the A7z final state via the decay chain
Ap|JP=3,2), - %,n/5;n— Apam. The newly observed
state A.(2910)" can be explained as the J* = 5/2~ state
AP =37.2),.

The p-mode 1P X, and E/ ,, states are predicted to be
broad states with a decay width of around I' ~ (150-200)
and I' ~ 100 MeV, respectively. It should be mentioned
that if the mass of the J* = 3/2” state &, [J" = 37,1, is
close to the mass threshold of the Zz( K this state may
be a narrow state with dozens of MeV. Hence, the
= h)|JP =3, 1), may be observed via its mainly decay
channel E 7.

For the p-mode 1P E. and E, baryons the states
E‘b|JP = %_’ 1>p’ B b)l‘]P = %_’ 2>p’ ‘—‘C |J %_’ 2>p’
and E,(,)|J” =37,2), may be narrow states with a total
decay width around dozens of MeV, and have a good
potential to be observed in experiments, especially the =,
states, whose decay widths are relatively narrower. The
ideal channels for exploring these missing p-mode 1P &,
states may be ZE.z, Ein, and A.K, while that for the &,
states may be Bz, )z, and E; 7. Furthermore, our results
indicate that the decay properties of the E,[J” =37,2),
state is in good agreement with the newly observed state
E,(6227)~, which mainly decays into E,7 and A,K

As to the p-mode 1P €, and €, baryons, the

w|J¥ =37.1) state also has a good potential to be
observed in experiments due to its particularly narrow
width of a few MeV. To look for these states, the E ( )K is

worth observing in future experiments.
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