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Abstract: In this study, by combining the equal spacing rule with recent observations of Q.(X) and Z.(X) baryons,
we predict the spectrum of the low-lying 1-mode 1P-wave excited X states. Furthermore, their strong decay prop-
erties are predicted using the chiral quark model and the nature of X.(2800) is investigated by analyzing the A7 in-
variant mass spectrum. The X.(2800) structure observed in the A.m mass spectrum was found to potentially arise
from two overlapping P-wave . resonances, X.(2813)3/27 and X.(2840)5/2~. These resonances have similar de-
cay widths of I' ~ 40 MeV and predominantly decay into the A, channel. The X.(2755)1/2~ state is likely to be a
very narrow state with a width of T’ ~ 15 MeV, with its decays almost saturated by the A.m channel. Additionally,
evidence of the X.(2755)1/2~ resonance as a very narrow peak may be seen in the A,z invariant mass spectrum.
The other two P-wave states, £.(2746)1/27 and £.(2796)3/27, are relatively narrow states with similar widths of
I' ~ 30 MeV and predominantly decay into X.m and X7x, respectively. This study can provide useful references for
discovering these low-lying P-wave states in forthcoming experiments.
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I. INTRODUCTION

Over the past several years, immense progress to-
ward the observations of singly heavy baryons has been
achieved at the LHC. In 2017, five extremely narrow
Q.(X) states, Q.(3000), Q.(3050), Q.(3066), Q.(3090),
and Q.(3119), were observed in the £} K~ channel by the
LHCb Collaboration [1]. In 2018, the LHCb Collabora-
tion observed a new bottom baryon, E,(6227)", in both
AYK~ and E)7~ decay modes [2] and two new reson-
ances, X,(6097)*, in the Agﬂi channels [3]. In 2020, the
LHCDb Collaboration also observed four new Q,(X) states,
Q,(6316)~, Q,(6330)~, Q,(6340)~, and Q,(6350)~, in the
EEK‘ mass spectrum [4]; three new Z.(X) states,
2.(2923)°, £.(2939)°, and Z.(2965)°, in the AYK~ mass
spectrum [5]; and a new Z,(6227)° state in the gt
channel [6]. Also in 2020, the CMS Collaboration ob-
served a broad enhancement around 6070 MeV in the
A)r*n” invariant mass spectrum [7], which was con-
firmed by subsequent LHCb experiments with high stat-
istical significance [8]. More recently, the CMS Collabor-
ation observed a new excited beauty strange baryon,

Ep(6100)~, decaying to E 77~ [9].

These newly observed resonances provide opportunit-
ies for establishing an abundant singly heavy baryon
spectrum. For a singly heavy baryon, there are two kinds
of excitations, "p-mode" and "A-mode". The p-mode ex-
citation appears within the light diquark, while the A-
mode excitation occurs between the light diquark and the
heavy quark. In the heavy quark limit, my — co, no mix-
ing occurs between the A- and p-mode excitations due to
a strong suppression of the spin-dependent interactions by
the heavy quark mass mg [10-12]. The p-mode excita-
tion energy should be notably larger than that of the A-
mode [12-17], which can be understood using the simple
harmonic oscillator model, as the frequency w, of the p-
mode is larger than the frequency w, of the A-mode. The
lower A-mode excitation energy indicates that the A-
mode excitations should be more easily formed than p-
mode excitations.

In the literature, the masses for the 1P-wave A-mode
Q., &, E;, E}, and X, baryon states are predicted to be
~2.95-3.10 GeV [10, 12, 18-32], ~ 6.30-6.38 GeV [10,
12, 28-37], ~2.85-3.03 GeV [10, 13, 24-31], ~6.15-

Received 6 April 2021; Accepted 20 October 2021; Published online 3 December 2021
* Supported by the National Natural Science Foundation of China (U1832173, 11775078) and Scientific and Technological Innovation Programs of Higher Educa-

tion Institutions of Shanxi Province, China (2020L0617)
" E-mail: wangkaileicz@foxmail.com
* E-mail: zhongxh@hunnu.edu.cn

©2022 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

023103-1



Kai-Lei Wang, Xian-Hui Zhong

Chin. Phys. C 46, 023103 (2022)

6.25 GeV [10, 13, 28-31, 34], and ~ 6.07 - 6.20 GeV [10-
12, 28-31, 34], respectively. The 1P-wave p-mode states
lie 70—150 MeV above the A-mode states according to
the quark model predictions in Refs. [11-15]. It should be
mentioned that the p-mode excitation energy calculated
within QCD sum rules is slightly lower than that of the A-
mode in some other cases [25, 34, 38-43]. The newly ob-
served singly heavy baryons, Q.(X), Q(X), E.(X),
Z,(6227)° and Z,(6097)*, are just within the predicted
mass ranges of the 1P-wave excitations. Furthermore,
prompted by the newly observed singly heavy baryon
states and combined with mass spectrum, the strong de-
cay properties have been studied using the QCD sum
rules [38-45], 3Py model [13, 19, 46-52], chiral quark
model [16, 17, 53-55, 56], and heavy quark effective the-
ory [18, 57].

Based on the mass spectrum and strong decay ana-
lyses, the ©.(3000), Q.(3050), Q.(3066), Q.(3090), and
Q.(3119) structures may be explained with the 1P-wave
A-mode Q. states [18-22], although, there are different
explanations about some resonances, such as Q.(3090)
and Q.(3119), which may be explained with radially ex-
cited (2S5 -wave) Q. states [45, 56-58]. It should be men-
tioned that the recent LHCb measurements show that the
spin assignment of the four observed states Q.(3000),
Q.(3050), Q.(3066), and Q.(3090) is consistent with A-
mode excitations with quantum numbers J = 1/2, 3/2, 3/2
and 5/2 [59]. It is interesting to notice that among vari-
ous models, only the predicted JP quantum numbers in
our previous work [56] are consistent with the above-
mentioned scenario as pointed in the recent review of
charmed baryon physics [60]. Similarly, the new Q;(X)
states, Q,(6316)", Q,(6330)", Q,(6340)~, and Q,(6350)",
can be assigned to the 1P-wave A-mode €, states [35-37,
46], although the Q,(6316)~ may be a p-mode excitation,
as suggested in [43]. The new Z.(X) states, Z.(2923)°,
Z.(2939)°, and Z.(2965)°, are also good candidates for

the 1P-wave A-mode E| states belonging to 6, as sug-
gested in the literature [13, 38, 54], although different ex-
planations exist for some resonances, such as Z.(2939)°
and Z.(2965)°, which may be candidates of the 1P-wave
p-mode excitations [13], and Z.(2965)°, which may be
the JP =1/2% E.(2S) state [52, 61]. Additionally, the
%,(6097)* and Z,(6227)° resonances are good candidates
for the 1P-wave A-mode singly bottom baryons [16, 41-
44, 48-51, 53, 62]. Finally, some unconventional inter-
pretations, such as molecular or pentaquark, were also
proposed in the literature for the newly observed reson-
ances, Q.(X) [63-74], Q,(X) [75], E.(X) [76, 77], and
Ep(6227)" [78-81]. As a whole, a fairly complete 1-mode
P-wave spectrum in the Q., E/, 5], Q;, and ¥, families
may be established with discovery of the series of heavy
baryons at the LHC. Based on our previous work [16, 17,
53-56], we provide a quark model classification of these
newly observed resonances, summarized in Table 1.

LHC experiments have demonstrated the capability
for the discovery of heavy baryons. Therefore, the miss-
ing 1-mode P-wave X. baryon states are likely to be dis-
covered by forthcoming LHC experiments. The X, mass
spectrum has been studied theoretically using various ap-
proaches, such as the relativized quark model [11], re-
lativistic quark model [28, 29, 82], non-relativistic quark
model [10, 12, 24, 62, 83, 84], lattice QCD [26, 27],
QCD sum rules [25, 32, 85], and more. Some quark mod-
el predictions of the masses for the A-mode P-wave and
S-wave X states are collected in Table 2 [11, 28-30, 83,
84]. Using the heavy-quark-light-diquark approximation,
the masses of the A-mode P-wave X, states in the relativ-
istic quark model are predicted to be approximately
2.71-2.81 GeV [28, 29], which is consistent with that of
the non-relativistic quark model [83]. With the hypercent-
ral approximation, the 1-mode P-wave X, states in the
non-relativistic quark model are predicted to be approx-
imately 2.79 —2.84 GeV [84]. By strictly solving the three

Table 1. Quark model classifications of the newly observed singly heavy baryon resonances based on our previous work [17,53-56].

This table is taken from [16].

L-S scheme Jj-j scheme Observed states/structures belonging to the 67 multiplet

P25+ L Py IJP, j) (nl) Q. states =/ states T, states Q,, states ) states Xy states
12s ;> P = 1/2%,1)(1S) Q.(2695) =/(2578) 5,(2455) Q,(6046) £/,(5935) ,(5810)
148 %+> |JP =372+, 1)(18) Q7(2770) E7(2645) 27(2520) 52(5955) 22(5830)
1723 ) U= 120 03P u(3000) 0,(6316) £,(6072)
|1P,1%7)2 [JP = 1/27,0)(1P) Z.(2880)
[14P, %} [JP =3/27,1)(1P) Q.(3050) 2.(2923) Q,(6330) 2,(6072)
|12PA%7) [JP =3/27,2)(1P) Q.(3065) 20(2939) .(2800) Q,(6340) E,(6227) X,(6097)
|14P4§7> 1P =5/27,2)(1P) Q.(3090) ,(2965) £.(2800) Q,(6350) £/,(6227) £5(6097)
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Table 2.

Predicted mass spectrum of 1§ -wave and 1-mode 1P-wave X, states belonging to the 6, multiplet in various quark models.

The =, states are denoted by |J*, j) in the j-j coupling scheme, where j stands for the total angular momentum quantum number of the

two light quarks. The unit of mass is MeV.

IJE, 7 Ref. [28] Ref. [29] Ref. [12] Ref. [11] Ref. [83] Ref. [84] Observed state
P =172%,1) 2439 2443 2460 2440 2456 2452 2.(2455)
7P =3/2%,1) 2518 2519 2523 2495 2515 2501 27(2520)
JP=1/27,0 2795 2713 2802 2765 2702 2832 X.(2755)?
P =1/27,1) 2805 2799 2826 2770 2765 2841 3.(2746)?
P =3/27,1) 2761 2773 2807 2770 2785 2812 2:(2796)?
/P =3/27,2) 2799 2798 2837 2805 2798 2822 2.(2813)?
|JP =5/27,2) 2790 2789 2839 2815 2790 2796 .(2840)?

body problem without the diquark and hypercentral ap-
proximations, the masses of the A-mode P-wave X, states
are predicted to be approximately 2.76-2.82 GeV and
2.80-2.84 GeV in the relativized quark model [11] and
non-relativistic quark model [12], respectively. The
masses for the two p-mode P-wave X. states with
JP =1/27 and 3/2~ are predicted to be ~2.85-2.91 GeV
[11, 12], which is approximately 70 MeV larger than the
highest A-mode excitation. Considering the mass, the
%.(2800) resonance [86] observed in the A .z final states
by the Belle and BABAR Collaborations [87, 88] may be
experimental signals of the P-wave X. states. The case of
%.(2800) as the p-mode P-wave excitations should be ex-
cluded as the A .z decay channel is forbidden [89]. There
are some discussions on the nature of X.(2800) in the lit-
erature [17, 25, 28, 31, 40, 60, 89-93], however, these in-
volve strong model dependencies. For example, the spin-
parity (J*) numbers were suggested to be J* =3/2" us-
ing the heavy hadron chiral perturbation theory approach
[60, 91], J¥ =3/27 or J¥ =5/27 in the 3Py model [90],
and JP =1/2 or 3/2~ using the QCD sum rule approach
[25, 40]. In our previous work, it was found that X.(2800)
might favor the J©=3/2" state |Z.2P;3/27) or the
JP =5/27 state [X.*P,;5/27) in the L-S coupling scheme
[17].

In this study, we revisit the 1-mode P-wave X, bary-
on states. The main aims are as follows: (i) the spectrum
was classified in the L-S coupling scheme in our previ-
ous work [17], where configuration mixing between two
different states with the same J” numbers, which may be
caused by antisymmetric spin-orbit forces, is not con-
sidered. This configuration mixing may affect some of
our predictions, thus, we include this effect here by ad-
opting the j-j coupling scheme. (ii) We hope to provide
more reliable predictions for the A-mode P-wave X, ba-
ryon states by combining the information from the most
recent observations of the Z.(X) and Q.(X) states.

This paper is organized as follows. In Sec. II, we
provide a quark model classification of the singly heavy
baryon states and the mass analysis of the A-mode 1P-
wave X, states by incorporating the recent observations

of the singly-heavy baryons. Then, according to our chir-
al quark model calculations, their strong decay properties
are discussed in Sec. III. To determine the contributions
of the P-wave X, states to the experimentally observed
%.(2800) resonance [86], we further analyze the A.r in-
variant mass spectrum measured by BABAR [88] in Sec.
IV. Finally, we summarize our results in Sec. V.

II. MASS SPECTRUM ANALYSIS

A. Quark model classification

For a singly heavy baryon system ¢;¢>Q3, shown in
Fig. 1, it is convenient to introduce two Jacobi coordin-
ates,

p= %(1‘1 -I), (1)
/I—L(r +1;—2r3) 2)
73 1+12 3),

where r; and r, are coordinates for the light quarks ¢
and ¢, respectively, while r; is the coordinate for the
heavy quark Q3. The orbital/radial excitation appearing
between the light quarks ¢g; and g, with a Jacobi coordin-
ate p is denoted by "p-mode", while the excitation ap-

. p mode q

2

* mode
Qa
Fig. 1. (color online) ¢;¢2Q3 system with A- or p-mode ex-
citations.
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pearing between the light diquark ¢;¢> and heavy quark
Q3 with a Jacobi coordinate A is denoted by "A-mode".

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 approx-
imately kept. According to this symmetry, heavy baryons
containing a single heavy quark belong to two different
SUQ3) flavor representations: the symmetric sextet 65 and
antisymmetric antitriplet 3z [17]. For charmed baryons
A. and E. belonging to 3, the antisymmetric flavor
wave functions can be written as

1
—(ud—du)c for A},
N c
. 1 -
¢§ = $(us —su)c for -::‘r, (3)

1
—(ds—sd)c for E.
V2

For the charmed baryons belonging to 65, the sym-
metric flavor wave functions can be written as

uuc for ¥+,
1

—(ud+du)c forX},
V2

ddc for X0,

5571 e e forz )

—(us+su)c forE[,
\/z C
1 .

—(ds+sd)c for ECO,
V2

ssc for Q0.

Furthermore, the heavy-quark symmetry as an ap-
proximation is commonly adopted for the study of the
singly heavy baryons. In the heavy-quark symmetry limit,
the quark model states may favor the j-j coupling
scheme [10]:

)= (16, 5]} ,)- ®

where £, and ¢, correspond to the quantum numbers of
the orbital angular momentum £, within the light diquark
and the orbital angular momentum ¢, between the light
diquark and the heavy quark, respectively; s, and s¢ cor-
respond to quantum numbers of the spins s, and sy of the
light diquark and heavy quark, respectively; L stands for
the quantum number of the total orbital angular mo-
mentum L =¢,+¢,; j is the quantum number of the total
angular momentum j=#¢,+¢,+s, of the light diquark,
which is conserved in the heavy quark symmetry limit;
and J is the quantum number of the total angular mo-
mentum J = j+sp of the heavy baryon system. The par-
ity of the state is determined by P = (-=1)%*%. In the j-j
coupling scheme, there are five A1-mode P-wave states
belonging to  6p: |[JF=1/27,0), |JP=1/27,1),
|JP =3/27,1), |[JF =3/27,2), and |J¥ = 5/27,2). Their cor-
responding quantum numbers are displayed in Table 3.

The states within the j-j coupling scheme are linear
combinations of the configurations within the L-S coup-
ling scheme, in which the quark model configurations are
constructed by

|2s+1LJ> = '[(fpfl)L(spsQ)s]J», (6)

where S stands for the quantum number of the total spin
angular momentum S=s,+sp. In the L-S coupling
scheme, there are also five A-mode P-wave states:
112P,1/27), [12P3/2°), [14P31/27), [14P33/27), and
|1*P;5/27). The relationship between the j-j and L-S
coupling schemes is given by [10]

1
‘{[(fpfﬂ)L 5], sQ}ﬂ> ) N ; V2S +1

o 0 Il )], )

(7

Table 3. Classification of the 1-mode 1P-wave singly heavy baryon states belonging to 65 in the j-j coupling scheme. The states in
the j-j coupling scheme are denoted by |J7, j).
LY 7P J b 0 L Sp so s
B 1 13
P =1/27,0) %7 0 0 1 1 1 ? ?g
P =1/271) %7 1 0 1 1 1 ? %g
WP =3/27,1) %7 1 0 1 1 1 ? 3
P =3/27.2) %7 2 0 1 1 1 ? 5,35
P =5/2.2) % 2 0 1 1 1 : :
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The heavy quark symmetry may suggest that there is
configuration mixing between singly heavy baryon states
with the same J” numbers in the L-S coupling scheme.
In the heavy quark limit, the mixing angles are determ-
ined by Eq. (7). The two J¥ =1/2~ states, |J* =1/27,0)
and |J¥=1/27,1) in the j-j scheme, are mixed states
between [°P;1/27) and [*P,1/27) of the L-S coupling
scheme with a mixing angle of ¢=~35°. The two
JP =3/2" states, |JF=3/2",1) and |JF =3/27,2), are
mixed states via [*P,3/27)-|*P,;3/27) mixing with a relat-
ively small angle of ¢ ~ 24°.

B. Mass analysis

For Ag, Z¢p, and Qp(Q = ¢/b) systems containing two
light quarks with an equal mass m, and one heavy quark
with a mass mg, considering the simplified case of the
harmonic oscillator potentials, the oscillator frequencies
w, and w, for the - and p-mode excitations satisfy the
relation [12, 16, 17, 89]

1 2
ﬂ = —+ ﬂ (8)
wp 3 3mg

This relation approximately holds for Zyp (Q=b,c)
baryon systems as well, as the masses of my,;; and m;
may be considered to be approximately equal in the
SU3) limit. From Eq. (8), when mg > m,, the A-mode
excited energy is smaller than that of the p mode,
w) < w,. In the heavy quark limit, mgy — co, there is no
mixing between the A- and p-mode excitations [10-12].
This is due to the spin-dependent interaction, which
causes the mixing, being suppressed by a factor of 1/my.
For the singly charm and bottom baryons, the 1- and p-
modes are well separated [10,12]. For example, Yoshida
et al. showed the probability of the A- and p-modes of
JP =1/27 for the lowest £y and Ay as a function of the
heavy quark mass m in Fig. 10 of their article [12]. One
sees that the lowest state is almost purely in the A-mode
at mgp > 1.5 GeV. It should be mentioned that in the SU(3)
limit, i.e., mg = my, the excited energies of the 1- and p-
modes degenerate, w, = w,; while the A- and p-modes in
the light baryon systems are largely mixed. The relat-
ively small excitation energy of the A-mode indicates that
a A-mode excitation should be more easily formed than a
p-mode excitation. This may explain why most of the
newly observed singly heavy baryons, Q.(X), Q,(X),
Z(X), Z,(6097)*, and Z,(6227)°, may favor the A-mode
excitations, as predicted in the literature [16, 17, 19, 38-
40, 42-46, 48-56].

In the P-wave X, states, there are two p-mode excita-
tions: J® =1/2- and J¥ =3/2", and five A-mode excita-
tions: ZJJF =1/27,0), S JJF=1/27,1), ZJJF=3/2",

1), I =3/27,2), and T |JF = 5/27,2). In this study, we
focus on the A-mode P-wave X, baryon states. There is a
high likelihood that they will be discovered in future ex-
periments, as many A-mode-like states have been ob-
served in the Q, Z/, E], Q;, and ¥, families in recent
years. Many theoretical approaches, such as the relativ-
ized quark model [11], relativistic quark model [28, 29,
82], non-relativistic quark model [10, 12, 24, 62, 83, 84],
lattice QCD [26, 27], QCD sum rules [25, 32, 85], and
others have been adopted in the literature to calculate the
mass spectrum. In Table 2, we display some masses for
the 2-mode P-wave X, states predicted within the heavy-
quark-light-diquark approximation in both the relativistic
quark model [28, 29] and non-relativistic quark model
[83], using predicted using the hypercentral approxima-
tion in the non-relativistic quark model [84] and by
strictly solving the three body problem in the relativized
quark model [11] and non-relativistic quark model [12].
The masses predicted using various approaches with dif-
ferent approximations are comparable to each other, at
~2.71-2.84 GeV. Although, there is an obvious gap
between the p- and A-mode P-wave X. states. The
masses for the two p-mode P-wave X, states with
JP =1/27 and 3/2" are predicted to be ~2.85-2.91 GeV
[11, 12], which is ~70 MeV larger than the highest A-
mode excitation.

The X.(2800) structure observed in experiments [87,
88] is just within the predicted mass range of A-mode 1P-
wave excitations. However, the predicted mass order and
mass splitting between the P-wave spin multiplets is dif-
ferent for various models. Fortunately, one can determ-
ine the mass order and mass splitting for the 1P-wave X,
states from the newly observed E.(X) and Q.(X) states. In
our previous work [56], the Q.(3000), Q.(3050),
Q.(3065), and Q.(3090) resonances were predicted to be
the A-mode 1P-wave states with JX=1/2", JF=3/2",
JP=3/27, and JP =5/27, respectively. The newly ob-
served states, Z.(2923), £.(2939), and Z.(2965), could be
the flavor partners of Q.(3050), Q.(3065), and Q.(3090),
respectively [16, 54, 56].

The equal spacing rule [94, 95] perfectly holds for the
newly observed Z.(X) and Q.(X) states, i.e.,

m[Q:(3050)] — m[E.(2923)°]
=~ m[Q.(3066)] — m[E,(2939)°]
=~ m[Q:(3090)] — m[E.(2965)°] ~ 125 MeV.

The equal spacing rule also perfectly holds for the
JP =3/2* charmed ground states:

m[Q:(2770)°] — m[E.(2645)°]
=~ m[2.(2645)°] — m[Z.(2520)°] =~ 125 MeV.
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For the J¥ =1/2* charmed ground states, the equal
spacing rule also holds: m[Q.]-m[E.]~ m[E.]-m[Z.] ~
120 MeV. Thus, the equal spacing rule is potentially uni-
versal for the charmed baryon states. Based on this, we
predict that for the charmed baryon sector, the flavor
partners of the four Q.(X) states, Q.(3000), Q.(3050),
Q.(3065) and Q.(3090), are likely to be

Q.(3000) : Z.(2873)2,X.(2746)?,
0.(3050) : E.(2923), X.(2796)?,
0.(3065) : E.(2939), X.(2813)?,
0.(3090) : .(2965), X.(2840)?,

respectively. The states labeled with "?" are yet to be dis-
covered by current experiments. Finally, the equal spa-
cing rule can be further confirmed using other experi-
mentally observed baryon and meson states. For example,
the equal spacing rule holds:

(i) for the J¥ = 3/2" light ground baryon states,

m[Q(1672)] - m[E(1530)]
= m[E(1530)] - m[=(1385)]
~ m[X(1385)] = m[A(1232)] ~ 145 MeV;

(i) for the well-established light unflavored nn
(n=u,d) and s5 meson states,

m[¢(1020)] —m[w(782)]
~ m[h1(1380)] —m[h;(1170)]
= m[£(1270)] - m[f;(1520)] ~ 240 MeV;

(iii) and for the D and D; meson states,

m[D(1968)] — m[D(1865)°]
=~ m[D*(2112)] - m[D*(2007)°]
=~ m[Dy1(2536)] — m[D;(2420)°]
~ m[D»(2573)] — m[D,(2460)°] ~ 105 MeV.

Less is known about the P-wave state |J =1/27,0),
with the only hint coming from the recent LHCb experi-
ments, with a broad structure Z.(2880) found in the
AfK™ mass spectrum with a small significance [5]. This
Z.(2880) may be a candidate for [J¥ =1/27,0) in the E
family. Thus, according to the equal spacing rule [94,95],
the masses of the X.J” =1/27,0) and Q.|JF =1/2",0)
state are predicted to be 2755 and 3005 MeV, respect-
ively. The two P-wave JP =1/2" states, |JF=1/27,1)
and |J” = |JP = 1/27,0), may be largely overlapping. It is
worth mentioning that for the A-mode P-wave states
there is no place for Q.(3119), which was observed by

LHCDb [1]. The ©Q.(3119) may be a candidate for the A-
mode 2§ states with J© =1/2* or JF =3/2* [56]. Com-
bining this assumption with the equal spacing rule, the
masses of the A-mode 2S state of X, and E, are pre-
dicted to be approximately 2869 and 2994 MeV, respect-
ively.

By combining the precise experimental data of Q.(X)
and E.(X) with the equal spacing rule [94, 95], we can
determine the masses for the X.(X) states model-inde-
pendently as corresponding flavor partners of Q.(X) and
Ec(X). Then, according to our previous analysis of the
strong decays and masses, the newly observed reson-
ances Q.(3000), Q.(3050)/E.(2923), Q.(3065)/ Z.(2939),
and Q.(3090)/Z.(2965) can be naturally explained as the
A-mode 1P-wave states with JP=1/2-, JF=3/2",
JP=3/27, and J¥ =5/2", respectively [16, 17, 54, 56].
Finally, combining the masses determined from the equal
spacing rule with possible configurations based on our
previous analysis, we predict a mass spectrum for the A-
mode P-wave X. states, which are summarized in Table
2. For clarity and comparison, we also plot the mass spec-
tra of the 1-mode P-wave Q,, E. and X, baryon states in
Fig. 2.

Finally, it should be emphasized that the equal spa-
cing rule perfectly holds for the 1S-wave ground
charmed baryon states =, =) and Q%, which is illus-
trated in Fig. 2. Considering the newly observed Q.(X)
and Z.(X) resonances as the A-mode 1P-wave states,
from Fig. 2 we observe that the equal spacing rule also
holds for these higher excitations. This indicates that the
equal spacing rule should hold for all 1P-wave charmed

31001 ©,(3090)
0,(3065) .
G050
°(3005)?
3000 - ————
©,(3000)
2900 4
. $.(2840)? 5
= %z (2813)? -
3 2800 = 2
S Q L Z(2796)?
< G I(2758)2 1
= . s (2746)? 12
27004 2% -
. EI‘ .
2600 e '
*.
z, 32"
2500
Z 12"
Q B z,
Fig. 2.  (color online) Mass spectra of the 1S and 1P-wave

Q., 2/ and X. baryon states belonging to 65, predicted by
combining the equal spacing rule with the recent observations
of Q.(X) and E.(X) baryons.
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states. Thus, combining the equal spacing rule with the
observations, a fairly reliable and precise prediction of
the P-wave X, states in a certain mass region can be ob-
tained, as displayed in Fig. 2. The masses obtained with
the equal spacing rule are comparable to the quark model
predictions [11, 12, 28, 29, 83], although a precise predic-
tion cannot be obtained by these models due to typical
uncertainties of approximately 10s to 100 MeV.

IOI. STRONG DECAY ANALYSIS

A. The model

Combining the decay properties with the masses of
the P-wave X, states can provide crucial references in
searching for them in future experiments. In this study,
we reinvestigate the strong decay properties of 1P-wave
3. baryons with the chiral quark model [96], which has
been successfully applied to the strong decays of heavy-
light mesons, and charmed and strange baryons
[14,16,17,53-56,89,97-106]. In this model, the nonrelativ-
istic transition operator for a strong decay process by
emitting a pseudoscalar meson is adopted as [107-109]

w
HY = m P+ " _o.-P:
m ;{Ef+Mf0—J U VRS
PO A ) g e
_o-].q+2ﬂq0'j pj}Ije , )

where (E;, M;, P;) and (Ey, My, Py) denote the energy,
mass, and three-vector momentum of the initial and final
baryons, respectively; w,, and q represent the energy and
three-vector momentum of the final light pseudoscalar
meson; o; is the Pauli spin vector on the jth quark;
p}(: p;—(m;/M)P. ) denotes the internal momentum of
the jth quark in the baryon rest frame; and u, isa re-
duced mass, expressed as 1/u, = 1/m; + 1/m;.. The isospin
operator /; associated with 7 mesons has been defined in
Refs. [107-109]. Using the wave functions for the initial
and final baryon states, the transition amplitude M of a
decay process can be determined. For simplicity, harmon-
ic oscillator wave functions are adopted for the initial and
final baryon states in our calculations.

The partial decay width for a decay process can be
calculated using [89, 98]

e ( ki )2 (Ef+Mplql 1

I 4 M. Z My, P (10)

2.],' +1 .

where J;; and Jy, are the third components of the total an-
gular momenta of the initial and final baryons, respect-
ively, and 6 is a global parameter accounting for the
strength of the quark-meson couplings. Here, its value is

fixed to that in Refs. [89, 98], § = 0.557.

For the calculations, the masses of well-established
hadrons were taken from the Particle Data Group [86]
and the standard quark model parameters have been de-
termined previously [17]. For the harmonic oscillator
space-wave functions, ¥} = R, Y, the harmonic oscil-
lator parameter «, in the wave functions for a uu/ud/dd
system is taken as a, =400 MeV. Another harmonic os-
cillator ~parameter «; is related to @, by
a; = [3me/2mg+m)V*a,, where m, and m, denote the
light u/d quark mass and heavy charmed ¢ quark mass,
respectively. Here, we take m, = 330 MeV and m, = 1480
MeV.

B. Results and discussions

Using the predicted masses of the 1-mode P-wave X,
states from the mass spectrum analysis in the above sec-
tion, their strong decay properties are calculated using the
chiral quark model. The predicted results are displayed in
Table 4.

The two j=1 states, X.(2746)|JF =1/27,1) and
2.(2796)|JF = 3/27,1), should have very small decay rates
into the Az final state, as this decay mode is forbidden in

Table 4.
states. The X, states are denoted by |J7, ) in the j-j coupling

Strong decay properties of the 1-mode P-wave .

scheme. The units of the partial widths T'; and masses of the
resonances are both MeV.

State [P, 7 Channel T; B,

2.(2746) P =1/27,1) Acr
Zem 28.06 98.00%
s 0.47 2.00%
total 28.53

2.(2755) P =1/27,0 Acrt 15.23 100.00%
.
i
total 15.23

2.(2796) P =3/27,1) Acm
Zem 3.21 10.43%
s 27.57 89.57%
total 30.78

z.(2813) 7P =3/27,2) Acr 30.59 75.42%
Zem 7.53 18.57%
s 2.44 6.01%
total 40.56

2.(2840) P =5/27,2) Acr 37.63 73.96%
z.n 4.90 9.63%
s 8.35 16.41%
total 50.88
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the heavy quark symmetry limit. The X.(2746)|J7 =
1/27,1) and X.(2796)|J =3/27,1) states have similar
widths of T ~ 30 MeV, and predominantly decay into X .z
and X%n, respectively. To established these two states, the
A (97 — Ao invariant mass spectrum should be
observed in future experiments.

The two j=2 states, Z.(2813)[JF=3/2",2) and
*.(2840)JF = 5/27,2), predominantly decay into the Az
channel with a comparable branching fraction of ~ 75%.
Additionally, they have relatively large decay rates into
Y. and Xz final states, with branching fractions of
~10%. The decay widths for the X.(2813)[JF =3/27,2)
and X.(2840)JF =5/27,2) states are predicted to be
I'~41 and 51 MeV, respectively. These two states might
contribute to the X.(2800) structure observed in the A.m
invariant mass spectrum. It may be difficult to distin-
guish the T.(2813)JF =3/27,2) and
%.(2840)|JF =5/27,2) states from the A,z invariant mass
spectrum due to their highly overlapping masses, which is
discussed later. Fortunately, as these two highly overlap-
ping states have different J” numbers, they may be separ-
ated by measuring the angular distributions.

The j=0 state, £.(2755)JF =1/27,0), may be very
narrow state with a width of I'~ 15 MeV. Its decays are

o T T I T T I I- ) ) I T T I T
— 30 = =120 60 5 10=3/2,1)
> — — c
q) - -
s J J
= 15 —\
0 - _
T T I T T I T T T I T T I T
2700 2760 2820 2700 2760 2820
T T I T T I T ) ) I T T I T
48 - )
s, 19°=172,1) 601z V=322 A
S 1 . 40 -
@
\E_, 24 4 — i
~ J d 20 4
o e 4 [
T ™ — T 0 oozt o
2700 2760 2820 2700 2760 2820
— T 1 1 1T ] 7 M (MeV)
0 5 |y=52.2)
< 0] -~ - A(2286)n
G sk I g I— 5 (2455)r
= 20 —wmer 5 (2520)x
0 1-:-:-_-I_-T-_;-F-I I T
2700 2760 2820
M (MeV)
Fig. 3. (color online) Strong decay properties of the 1-mode

1P-wave X, states as functions of the mass.

likely saturated by the A,z channel, and the X 7 and Xn
decay modes are forbidden in the heavy quark symmetry
limit. It might be interesting to search for this narrow
state in the A.m channel.

Considering the case that the masses of the A-mode
P-wave X. states may be out of our predictions, in Fig. 3
we plot the strong decay properties as functions of the
mass within a possible region, allowing the observation
of the sensitivities of the decay properties to the mass.
The uncertainties of the mass for the A-mode P-wave X,
states do not affect our main conclusion.

Finally, the strong decay properties of the two p-
mode 1P-wave X, states with J® =1/2" and J* =3/2-
are also determined in this study. The p-mode 1P-wave
states do not overlap with the 1-mode 1P-wave states ac-
cording to the quark model predictions [11, 12]. Their
masses were predicted to be M =2909 and 2910 MeV in
a recent study [12], which is approximately 70 MeV lar-
ger than that of the highest A-mode P-wave state,
T.(2840)JF = 5/27,2). Additionally, the A.r decay mode
is forbidden for the two p-mode 1P-wave X states. Tak-
ing the mass predicted in Ref. [12], we find the J* = 1/2~
p-mode state has a width of I' ~78 MeV, and predomin-
antly decays into X, and X7 with branching fractions of
~ 65% and ~ 35%, respectively, while the J© = 3/2" state
is relatively broad, with a width of I’ ~ 90 MeV, and pre-
dominantly decays into X,z and X}x with branching frac-
tions of ~ 25% and ~ 75%, respectively.

IV. INVARIANT MASS SPECTRUM ANALYSIS

To determine the contributions of the P-wave X,
states to the experimentally observed X.(2800) structure,
we further analyze the A.m invariant mass spectrum
measured by BABAR [88]. In our analysis, we adopt a re-
lativistic Breit-Wigner function to describe the event dis-
tribution:

CrAr(m) VO |

dN
— + ’ 11
dm f ; m?— mI% + imgl'gr(m) (b

where m and myp are the invariant mass and the reson-
ance mass, respectively, Ag(m) is the resonance strong
decay amplitude for the A.m channel, and I'g(m) denotes
the energy-dependent total decay width of a resonance.
The decay width of resonance is considered to be satur-
ated by the two-body OZI-allowed strong decay modes.
Thus, as an approximation, I'®(m) is a sum of the energy-
dependent partial widths of all two-body OZlI-allowed
strong decay modes, calculated using the strong decay
amplitudes extracted from our chiral quark model. Addi-
tionally, ®(m) is strong decay phase space and f repres-
ents the background contributions. In this study, a linear
background, f= Va+bm, is adopted, where a=248.0
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MeV and b ~ -67.0, which were determined by fitting the
backgrounds taken in Ref. [88]. Finally, {Cg} is a free
parameter set related to the resonance production rates.
According to our strong decay analysis, three P-wave
Y. states, T.(2755)JF =1/27,0), Z.(2813)JF =3/27,2)
and X.(2840)|J° =5/27,2), predominantly decay into the
Acm channel. Due to the unknown production rates of
these resonances, seven cases with different relative ra-
tios, Cs, 2755172 : Cx,2813)3/2- : Cx.(2840)52- = 1:1:1/0:
1:0/0:0:1/1:2:1/1:1:1.5//1:2:2/0:1:1,are con-
sidered to reproduce the A.m invariant mass spectrum
measured by BABAR with our predicted strong decay
properties for the three resonances [88]. Our results are
displayed in Figs. 4(a)-(g), respectively. Assuming the

N
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>
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w0
)
)
2
c
o
>
m
2 300
]
Yo}
2 200 4
e
5 1004, .
c
& "1
L A I
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9-, background
£ ---- £ (2755) [J=1/2,J=0)
o
S ool ;BN 8 ] 3 (2813)14=3/2,J=2)
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Fig. 4.  (color online) The A.r invariant mass spectrum

measured at BABAR [88] (solid squares) compared to the the-
oretical description with three possible A-mode 1P-wave
states, X.(2746), =.(2813), and X.(2840). The figures (a)-(e)
show seven cases with different resonance production rate ra-
tios,  Cs.755)1/2- : Cso2813)3/2- : Cxo(2840)572- = 1:1:1/0:1:0/
0:0:1/1:2:1/1:1:1.5/1:2:2/0:1: 1, respectively.

three resonances with J” =1/27,3/27,5/2" have compar-
able production rates as illustrated in Figs. 4(a), (d), (e),
and (f), the measured A 7 invariant mass spectrum can be
described. In these cases, Z.(2755)JF =1/27,0) should
contribute a very narrow peak to the invariant mass spec-
trum, while the interferences between
>.(2813)|JF =3/27,2) and Z.(2840)|JF =5/27,2) contrib-
ute to the main broad peak at approximately 2.8 GeV.
The invariant mass spectrum may also be explained us-
ing the two state interferences  between
2.(2813)[J7 = 3/27,2) and =.(2840)|JF = 5/2",2) [see Fig.
4(g)]. However, due to the large uncertainties, this ana-
lysis cannot exclude the possibility that the X.(2800)
structure is caused by a single resonance
T.(2813)|JF =3/27,2) or £.(2840)J7 =5/27,2) [see Figs.
4(b) and (c)]. The measurements of the angular distribu-
tions are required to separate these two overlapping
states.

According to our analysis of the A,z invariant mass
spectrum, the %.(2800) structure may be caused by two
largely overlapping resonances, X.(2813)|J° =3/27,2)
and X.(2840)JF =5/27,2), although an alternative ex-
planation involving only one single resonance cannot be
excluded. Evidence of the X.(2755)J7 =1/27,0) reson-
ance, as a very narrow peak, may be seen in the A .z in-
variant mass spectrum. More accurate measurements of
the A.m invariant mass spectrum along with the partial-
wave analysis of the measured angular distributions are
crucial for establishing >.(2755)JF =1/27,0),
2.(2813)|JF = 3/27,2), and .(2840)|JF =5/27,2).

V. SUMMARY

In this study, by employing the equal spacing rule, the
newly observed Z.(2923)°, Z.(2939)°, and Z.(2965)°
states appear to be flavor partners of Q.(3050), Q.(3066),
and Q.(3090), respectively. As the flavor partners of four
P-wave candidates, Q.(3000), ©.(3050), Q.(3066), and
Q.(3090), as suggested in the literature, four P-wave X,
baryon states, X.(2746), ZX.(2796), X.(2813), and
%.(2840), are predicted using the equal spacing rule. Ac-
cording to our assignments for the Q.(X) states, £.(2746),
2.(2796), X£.(2813), and X.(2840) may correspond to the
A-mode P-wave states X.|JF =1/27,1), T JF =3/27,1),
T |JP =3/27,2), and Z.|JF =5/27,2), respectively, in the
heavy quark symmetry limit.

Furthermore, their strong decay properties are pre-
dicted using the chiral quark model. It is found that these
1P-wave X, states have relatively narrow widths, within
the range of ~15-50 MeV. The X.(2813)JF =3/27,2)
and X.(2840)J° =5/27,2) states have comparable decay
widths of I' ~ 40 MeV and predominantly decay into the
Acnr channel. The X.J” =1/27,0) state may be a very
narrow state with a width of ' ~ 15 MeV, with its decays
nearly saturated by the Acr  channel. The
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.(2755)JF = 1/27,0), T.(2813)|JF =3/27,2), and
T.(2840)|JF =5/27,2) states may be established in the
A.m invariant mass spectrum with more accurate meas-
urements and anglular distribution analysis in future ex-
periments.  The  other two  P-wave  states,
¥.(2746)lJ7 = 1/27,1) and =.(2796)|JF = 3/2",1), are rel-
atively narrow states with widths of I' ~ 30 MeV. Addi-
tionally, they mainly decay into X.7 and Xim, respect-
ively. To establish the existence of these two states, the
Ao (97 — Acnrr) invariant mass spectrum is worth
observing in future experiments.

Then, using our predicted decay amplitudes, the A .z
invariant mass spectrum measured by BABAR is further
analyzed, which improves our understanding of the
nature of X.(2800). It is found that the X.(2800) structure
can be explained with two largely overlapping reson-
ances, X.(2813)J7 =3/27,2) and T.(2840)|JF =5/27,2),
although an alternate explanation with only one single

resonance cannot be excluded. If the production rate of
TJJP=1/27,0) is comparable with that of
T.(2813)[JF =3/27,2) and $.(2840)|JF =5/27,2),a nar-
row peak will be observed in the A m mass spectrum at
approximately 2.8 GeV.

Finally, the equal spacing rule appears to perfectly
hold for the charmed baryon states. The mass spectrum of
the four P-wave states, X.(2746), X.(2796), X.(2813), and
%.(2840), is approximately extracted model-independ-
ently by combining the recent observations of the
charmed baryon, Q.(X) and E.(X), with the equal spa-
cing rule. The extracted masses are in the range of the
quark model predictions, and should more precise than
the quark model predictions due to the highly precise
measurements from the LHCb Collaboration. A reliable
determination of the mass spectrum alongside our de-
tailed analysis of the decay properties for these P-wave
¥, states should provide useful references for observa-
tions in future experiments.
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