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The simple picture

@ PRD92,114029 (2015)
9 O 0O @)
q q

q

o @
P-MODE A-MODE

Two light quarks: Permutation symmetry

No genuine diquark structure!!! A complex three
body problem.



Classification (flavor)
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A, states

3200 =
(A A,
o, ROM NOM NOM PDG
w0 s, State 211 [27] [33] [24]
i 1251+ 2286 2285 2286 2286
2800 Ao —__:“ 2P~ 2598 2628 2614 2592
s, o 12P3- 2627 2630 2639 2628
| - 12D,A 2874 2920 2843 28607
A (2625)3/2 — o - .
2600 — 20 12D, 2t 2880 2922 2851 28807
A(2595)1/2° -
| .\&6
2400 | < How to establish the
NI high-lying states?
2200

PDG 127 32Y 512° 1/2 32 512

YX Yao, KL Wang, XH, PRD98,076015(2018)



Evidence of D-wave A, states

A (2560)

1(JF) = 03™) 1UP) = o(3+)
M =2856 MeV, M _=5228|\2/| gl/ev,
[ =68 MeV =
Only seen in D% aeca)i goﬁd_es:
channel r2 CEC(2455)U~—|——|—W:I:
JHEP 1705 030 R. Aaij er al. [ 5 Ec(2520)ﬂ‘++?ri
ry  pD°

PDG, PRD110, 030001(2004)



Our explaination

IAD;;27)(2856) IA’D;;27)(2881)
Decay mode ['; (MeV) [} (MeV)
bR 45749 1.33703%
e 0.9575:05 4.38104]
Sum 5521140 5.715057

& A, (2860) and A, (2880) most likely corresponds
to the two D-wave A_ states.

@ To confirm the A, (2860), look for the = _ 7 mode.

& M[A, (2880)5/2%) ] > M[A, (2860)3/2" ]

YX Yao, KL Wang, XH, PRD98,076015(2018)



Higher A, state, 2940

N (2940)* 1(UP) = 0(37) Status: * k%

+

A narrow peak seen in pDO and in /\jw 7 . ltis not seenin pD+,

and therefore it is a /\:r and not a X . JP = 3/27 is favored, but
not certain.

TABLE VIII: The partial decay widths of A.(2940)" assigned as the

two 2P-wave A-mode A, states A, |J7 = 1/27,1), and A, |JF =
3/27, 1),, respectively. Ac (2940) may

AT = 1727, 1 AGIT =3/2. 1), be the 2P state
Decay width - ]
V=230 A9 o with JP=3/2-.
[[Z.7] 0.68 2.28 . \Q’O
I[sn] 3.18 Lol &
I[pD'] 5.72 10.21 Q@
T[nD*] 6.89 9.55
I rotal 16.47 23.65
Expt. 20*2

Li-Ye Xiao and XH Zhong, to be published



N (2910)* 1JP) = 2(2")

Status: K

M=2913.8(9.4) MeV, TI'=51.8(38.8) MeV

— 40 N —— Data — i —— Data
‘:‘9 : ( ';mal: Fit ) o_"_(_z - ;o:a: Fit )
% 30 — z;:4g;;u:ideband E} 40 _ 4 ------- 232432‘,’3';“,,3"(,
= } +
O L e~ O
& 20_ A & okt I\ JIFJI[#JI[‘L#.}'L{J[][{- i j
c 3 c e
(] : T L
0 2:8 é 3I2 3I4 0 2:8 é 3I2 3I4
M, (54565 (GEV/C?) M, 3455+ (GEV/C)

TABLE VIII: The partial decay widths of A.(2940)* assigned as the

Y. B. Li, C.P. Shen et al (Belle
Collab.), PRL130,031901

S sy 7 = U nd Aol = If A, (2910) assigned as a 2P

(g@?ywm Al = 1/ Dy Aall” =3/2° 1), state, it should be a narrow
.\\ M=2940 A(2940)7
€ mml oW oom state.

[[pD"] 5.72 10.21

T | 16 e More studies are needed!

Expt. 2079

Li-Ye Xiao and XH Zhong, to be published



Can we find rho mode 1P states @2.7-2.9 GeV?

3200

3000

2800

2600

2400

2200

I

3094,

A(2940)3/2

X 2923,
A (2880)3/2

A (2860)1/2*

2844, ,

2723,

A (2625)3/Y

A (2595)1/2

A(2286)1/2"
2292

3116,

2868,

2637,

PDG 127 372°

52Y 1/2 3/

Two main decay channels

180 , . . 120 . - T
| AWP=(172)1), AMP=(3/2).1),
120
S
(]
g .
|-
60 -
/ -
0 . = - T 0 T R L
1809 AJP=(512),2),
S 1204 | noEm
é - =3 L’
= | =——Total p
60 Ve
7
R 7
. -~
3 - -
0 T T T 0 = T T
2800 2900 3000 2800 2900 3000
Mass(MeV) Mass(MeV)

(a)1P,-wave A, states

Wen-Jia Wang, Li-Ye Xiao, XH, PRD106,074020

(2022)
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[1]

(¥
T

. states

Mass (MeV)

3600 A - Ef‘
— g RQM NQM NQM  PDG
- == = = State  [21] [22] [33] [24]
2001 _ — 1261+ 2476 2466 2470 2468
3000 — = = ] EP‘;é—_ 2792 2773 2793 2792
= 12P3- 2819 2783 2820 2817
— 12D, 3059 3012 3033 3055?
2600 Three—quark model ]Eﬂ”%_ 3076 3004 3040 3080?
— g#== This work pred. —
2400 4 | | | | | - F:DG data |
v e st amt o set s R yX Yao, KL Wang, XH, PRD98,076015(2018)

jP
PRD107,034031 (2023)

How to establish the missing D-wave states?

11



Candidates of the D-wave E_states

=.(3055)

M =3056 MeV,

[ =7.8 MeV
Mode

F1 JTTK—

[ ADT

r(AD¥)/r(Z++K-)
VALUE
5.091+1.01+0.76

=.(3080)

M =3077 MeYV,

[ =3.6 MeV
Mode

i ATKn

I 3 .(2455)K
M3 X.(2455)T+ K-
M2 X.(2520)TT K~

s T.(2455)K + X (2520)K
g ADT

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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Our explaination with 1D states

E.2D;;37)(3055) |=.2D;37)(3080)

!

Decay mode M_.f I (MeV) I; (MeV)
= 2575 1.93+0.57 0.7579.15
=*x 2645 0.607004 2.081078
> K 2455 2.49+0.38 0.22559%"
> K 2520 0.14=-901 1.687 3,
I=L14P AV 2854 < 0.01 1.4270-3%
I 14P 2\ 2912 0.04 0.2070593
|=.14P .;.%'_}ﬂ' 2929 T 0.54750
Sum 3. Eﬂ':{?_‘é; f]!. 6.90 :{{]]fﬁ

€ The predicted decay widths and main decay
modes are consistent with the observations.
€ To be further confirmed, for some main decay

modes are still missing.

Lei-Hua Liu, Li-Ye Xiao, XH, PRD86,034024(2012)
YX Yao, KL Wang, XH, PRD98,076015(2018)
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LHCb observation

arXiv:2409.05440

Best fit projections: Jz++(sos5) = 3/2*

)

"2

I80F LHCb e

o 540! ‘ —— Data

140 —— Total fit

iég ...... Z,(3055)"
e Z(3080)°

80
60
40
20

""" Nonresonant

T T T[T T T[T [T I T
IARTTI RRL RTR PERY FATA FATA FATA FANY AT

Vs
i CTIRPPIER R L b2 S . i v 0
E_1 1

1 1
3000 3050 3100 3150
mpy,, [IMeV/c?]

Weighted candidates / (5 MeV/¢

Theoretical interpretations of Z.(3055)

Run2, £ — E:**m~ chann

2
T

10 LHCo E

@

2 &
T

Weighted candidates / (0.2)
2

candidates / (0.2 rad)

=3
|
|

Weighted

¥ j§£_<(3055) = 3/2+,]§E*(3[]8{)) = 5/2+=]£R = 1/2_ (S'\\r"ﬂ\"e) as default

References Theoretical model J? of £,(3055)
Eur. Phys. 1 A 37 (2008) 217-225 Faddeev method 5/2% (1D)
Phys. Rev. D 78 (2008) 056005 Regge phenomenology 5/2% (1D)
Phys. Rev. D 84 (2011) 014025 QCD-motivated relativistic quark model 3/2% (1D)
| Phys_Rev. D 86 (2012) 034024 Chiral quark model 3/2* (1D) ]
Eur. Phys. ] A 82 (2015) 51 Relativistic flux tube model 3/2% (1D)
Phys. Rev. D 94 (2016) 114016 QCD sum rules within HQET 3/2% (1D)

Phys. Rev. D 96 (2017) 114003

3P0 model

1/2%(35),3/21(65) (29)

Eur. Phys. J. C 79 (2019)167

Hadron molecular state

1/27,3/27 (molecular)

From Guanyue Wan's report
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Looking for higher 2P E_ states @ 3.1GeV

1D 3/2+: A, (2860) =, (3055)

1D 5/2+: A, (2880) =, (3080)?

2P 3/2-1 A, (2940) =, (3140)?2

2P 1/2-1 A, (2910)? =, (3110)??

15



Looking for rho mode 1P =E_ states @ 3.0GeV

= = Several main decay
channels are suggested

Zae| (= D = to be observed in

11
2}

)]
[1°]
= 2000 — — future experiments
PRD107,034031 (2023) P
2600 1
Three—quark model
— This work pred. . o a
. — e Wen-Jia Wang, Li-Ye Xiao, XH,
2t 120 32t 32 ST S Rt PRD106,074020 (2022)
k0, EW =), EW -k, S =12, =%,
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
[[A,K] 64.2 0.0 5.1 5.5 20.7
r2.4] 0.0 335 0.3 10.2 5.5
I[5, K] 0.0 102.9 0.0 1.9 2.9
IE:4] 0.0 1.9 16.1 17.9 3.5
(5 K] . . . 1.5 0.6
I, (2790)x] 0.0 0.0 0.0 0.0 0.1
I'[=,.(2815)x] 0.0 0.0 0.0 0.0 0.1

o 112.8 138.3 32.2 57.8 70.5




Summary for 3¢ states

780

720
660

600

AM (MeV)

420
360
300

240

540

480

i Ab(63 33) : Eb(6502)?? |
EL(3]40)')'? —1\—(&),23)” ='_ ——4 ?
! A(2940) T T o b o E(6490) -
3/ e e 2 @1IQ2
1/27 = Al2910) )
5o+ A2880) =,(6373)"
,————— " 53055 ===z ===
 AL(6146)°
. = (2815
L, A(2625) (2815) £,(6130)"
o AR(5920) [— - —
L /2 = £ (2790) =,(6120)” -
Ad2593) L AY(3912)
Ac E‘c Ab :b

Some predicted masses are taken from Ebert et al., arXiv:1105.0583.
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Part |1
Symmetric sextet

o states



Q, states

A )

3600 - 25 2P| 5oy 3590 1D |Qc Baryonsl
i 3529 3532 3531
3500 § 3522 3523 3466
[ 3437 3422 3425 3419
3400 | 37 B9 T
L 1325 3360 3397 3339 L. 3380
L3307 0% 335y L e 3269 201 3305 0,(3327)
~ 3300 |- — — 3306 ‘
S [ . = 3296
g L 3264
< 3200 3177 Q.(3185)
= [ 3127 1P
- 3085 12 3091 <3090
3100 j 3062 -- Q.(3060)
3021 3061 2,(3050)
3000:515 = QC(3000;
— Q.(2770)
2696
2700 F— Q,(2695)
L A p A p A A p- A p- A p- A p
JP=12" 320 1 32 52 12 32" 5/2° 72" PDG

LHCb and Belle provide good oppertunities.



LHCb observed flve exated Q states'

400

W
0
®

N
o
®

Candidates /(1 MeV)

T 0¥y

PRL118 182001(2017) ‘E

Four states were confirmed by Belle it

3000 3100 3200

2 =T K Y ITNMeWV1

Resonance Mass (MeV) [' (MeV)
Q.(3000)° 3000.4 £0.2+0.177 45+06=£0.3
Q.(3050)" 3050.2 0.1 £0.153 08+02+0.1

<1.2 MeV, 95% C.L.

Q.(3066)° 3065.6 £ 0.1 £ 0.3 35+04£0.2
Q.(3090)° 3090.2 £0.3 £0.5%3 87+10+£08
Q.(3119)° 3119.1 £0.3 £0.953 1.1 £0.8+0.4

20



Our explaination

it - AR PRD95,116010 (2017
1204- - -1"P. 1/2>, (3020) g : ! ( )
vood: = 1P, 172, (2080) PR
_ | ——I1P, 1/2>, 3000) | “ AN - - -
E Eﬂ—_/ o , > = —I—cnﬁ(ﬁf?)‘l “P;— > + sin(¢) 14P,15 >
= ] 1
S 60
2 0] _ o 1= an 17
A = —sin(¢)|1°P,= ) + cos(¢p)|1°P,= ),
1\ ) 2 2
2{]—_ Y
1N
0- ~=
80 60 -40 -20 O 20 40 60 80
¢ (degree)
N S = K = K 2695); 2770); h Xp sig
State Mass I'(Z.K) I"(ZK) ['[Q.(2695)y] Q. (2770)y] . | Possible assignment
1pLy, 3000 4.0 0.36/0.20 0.02/0.08 4.38/428 45409 Q_(3000)
|14P,§—;« 3050 0.61 o 1.12 x 1073 0.33 0.94 0.8+0.3 Q. (3050)
112P, % ) 3066 461 0.35 5.68 x 10~* 496 35+£04 Q.(3066)
[14P,37) 3090 9.32 0.03 1.00 x 1074 0.18 953 87+18 Q. (3090)

21



Conslusion

€ Q. (3000,3050,3066,3090) may be 1P-wave
states with very narrow width.

€ Q _(3119) may be a 2S state or other
assignment.

& A broad 1P wave state is waiting to be
found!

& Radiative decay is worth observing.

22



Looking for D-wave Q_ states @ 3.3 GeV

Q.7D;,5+)(3282) Q.7D,;3) (3286) Q.4D,,57)(3287) 1Q,*D;,37)(3298) 1Q.4D,;3)(3297) Q.%D,,37) (3283)

Decay mode M [;

1

B.(%) I, B(% I. B@% I B@ I, B (% I, B (%)

~
2K

EK

=K 2645 0.50759!
Q. 12P,1 )y 3000 91.87143
Q. 12P,37)y 3066 18473
Q. 14P 1)y 3050 0.13799
1Q, 14P,27 )y 3050 0.27003
)

4 “40.03
\Qf ]4P;_%‘ y 3000  0.03
Sum

2470 7.9713%

2575 9.261373

17.84781

57.3
19.7
22.8
0.11
044
< (.01
< 0.01
< 0.01

48.2
14.8
36.4
<0.01
< 0.01
0.21
0.33
0.05

447 516718
51.9 17798
28 2051038
0.51 9.7975%
0.10 397784
<001 0.008
<001 0.09
<001 0, 14;?];‘%
9.03715

71.4
20.8
74
< 0.01
< 0.01
0.32
0.12
< 0.10

81.7
6.73
11.2
< 0.01
< 0.01
0.01
0.07
0.29

1.65793  19.8

+0.44
0.157%%  1.79
6.6170%  79.2
0.19722 < 0.01
0.1775% < 0.01
5.567%5,  0.07
39.875¢ 047
19.6733 024
8.3470

15.9173
+122

47175
&+0.25
165702
0.03
0.04
703713
27.57%

=045
2‘44—{].{‘12

4.0 %
22,3303

7.901 3%
244708
5.97:09
0.49709
0.02
347348
54.1788,
7.9571%8

- 1+5.64
]h""]—i:ﬂ'

643714
0.5479. 1%
0.8870-11
~0.0
0.1379
1.07753
562795
23.1739
7.827146

Decay widths are relatively narrow (about 10-20 MeV).

Decay modes E K, =' K, E'.*K are worth observing!

YX Yao, KL Wang, XH, PRD98,076015(2018)
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New Q. states observed at LHCb

Q,3065)° — EFN(>EPK === 02,3000 — FZiK- —F— Data
B Q2.(3090)° — EFH(—=Er YK =emee- 02,3050 — Z'K- === Combinatorial background

Q3119 5 EF(>Ery)K  mmmmns 02,3065 — EZiK- Total fit
Bl 2.03185° —» =K~ eeeees 02,3090 — E'K- PRL131 '1 31902 (2023)
B 23327 > K- memees 02,3119 - =K

x10°
L B | T T T 14
5 <12
z > 12
= 2 S 10
v = 0T
> = 8
[«P] 175) L
b= 2 6
b s |
: Y 2 4
S s
)
0 ‘,' '.‘ R P 0 S AT
3000 3100 3200 3300 3400 3500 3000 3100 3200 3300 3400 3500
Resonance m (MeV) I' MeV) Yield (dataset 1) Yield (dataset 2)
Q.(3000)° 3000.44 + 0.07 3.83+0.23 1225 + 83 7533 £263
Q.(3050)° 3050.18 £ 0.04 0.67 £0.17 1139 + 65 7379 £215
Q.(3065)° 3065.63 + 0.06 3.79 +£0.20 2180+ 99 13046 + 316
Q,(3090)° 3090.16 = 0.11 8.48 +£0.44 2234 + 136 14434 4 486
Q.(3119)° 311898 +0.12 0.60 £0.63 470 + 66 3279 + 234
Q. (3185)° 3185.1 £ 1.7 50+7 1642 + 367 10278 + 1565
Q.(3327)° 3327.1+1.2 20+5 489 + 173 3649 + 723




Our new explaination: Q. (3120) arxiv:2502.13741

12 i Q,(3120)

! Q,(3065) ) May be a rho mode 1P
e S state Wlt.h JP=3/2, slightly
: : e mixed with the lambda
=l \ mode.

3| 0<16"

| P

N T S aamozx

0 5 10 15 20 25 30 35 40 45
0 (degree)

As the 2S states, the predicted width is too broad.

TABLE VI: The partial decay widths (MeV) of the excited states of .. I stands for the sum of partial widths.

State Mass T[E.K] T[[Z.K] T[[E¢K] T[[Quq  [1Q.(2770)7] T[E.(2790)K] T[[Z.(2815)K] It
|JP = 1/27,0)p, 3021 9725 - - - - - - 97.25
P =1/2 . 1)p, 3008 ~0 - : - ; - : ~0
P =3/27 1)p, 3062 ~0 - - - - - - ~0
VP =3/27.2)p, 3061 6.39 - - - - - - 6.39
IJP =5/220p, 3091 12.21 0.04 ; ; ; . ; 12.25
P =1/27,1)p, 3085 ~0 42.35 ; ; ; . ; 42.35
WP =3/27,1)p, 3115 ~0 1.07 : - ; - : 1.07
WP =1/2" 1)s 3127 7121 2539 - - - - - 96.60
P =1/2% 1yys 3307 2127 23.92 8.97 0.33 - 8.52 - 63.01
P =3/2 s 3177 4017 7.34 10.08 ; ; . ; 57.59

lJP =3/2%,1),s 3325 23.96 7.45 30.15 0.30 0.03 0.04 ~0 61.93 25



Our explaination: Q_ (3185)

The observed mass, width, and decay mode are consistent with
the assignment of 2S state with JP=3/2+.

2.(3185)° MASS

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

3185+17 1302 126 LAAU 23p5 LHCB pp at 7, 8, 13 TeV

1 The third uncertainty is due to the uncertainty in the _:;‘_ mass, taken to be the PDG 22
fit result 2467.71 + 0.23 MeV.

02.(3185)° WIDTH
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
50730 12k AAI 23A5 LHCB pp at 7, 8, 13 TeV

Predictions: Mass: 3177 MeV, Width: 58 MeV

26



Our explaination: Q. (3327)

This state may favor the assignment of 1D state with
JP=5/2+ or7/2+.

TABLE VII: The strong decay widths (MeV) of |J¥ = 3/2*, Dip,-
7P = 5/27,3)ip,, 7P = 7/27,3)p,, and JP = 1/2%, 1)1p, as the
candidates of €.(3327). l"f,f;s stands for the sum of the partial widths
for the K and 77 emitting channels.

States [ T[ED] T[[ED] I" [ [78]
JP =3/2%, 1)1p, 708 5.6 024 766 2074
JP =5/2% 3)p, 11.8  0.14 0.02  12.0
JP =7/2%3)p, 10.1 5.1 ~0 152
VP =1/2* 1)1p, 8.9 i ; 8.9

The DE channel is worth observing!

27



, states

3200

3000

2800

2600

2400

2200

=,
RQM NQM NQM PDG
ate [21]  [27]1 [33] [24]
SL+ 2443 2460 2456 2455
S+ 2519 2523 2515 2520
P 2713 2802 2702 ?
P~ 2798 2807 2785 ?
Pl 2799 2826 2765 ?
P~ 2773 2837 2798 ?
P2 2789 2839 2790 ?
D,A" 3043 3065 2952 2
D,a2° 3038 3099 2942 ?
D, 1+ 3041 3103 2949 ?
D2 3040 3094 2964 ?
DAt 3023 3114 2962 2
DL+ 3013 2943 ?

| 3098PP 3125 .
— 3089 3103
— 3116, 3073, =" 1072 R —p
- 3094, TES,S 3055ig —_—
— 3050, 3039, , e
- 3018,, 3013 3021
2964 A 3007 A
A (2940)3/2° — M
[ = 2023,
A (2880)3/2" ~Zo12
(2880) 286 2912,
-A_(zsﬁﬂ)lle — 2868, Mﬁ 2866, 2816
‘ 284, _—— z(2800) 2799 anity 2814,
o 2814, 2825 — 2784, == __2B05,
— 2784,
. 2767, '-
23 2704, ¢§ *
@b
i . 2637, * QO
A[(2625)3/2 2637,
L5 2601, X \
A (2595)1/7 \Q}
L Q T (2520)3/2'
2517
L ¥ (2455)1/2"
2454
A (2286)1/2°
L 2292
PDG 172" 32* 52 12 32 52 PDG V2T 320 st 72t v 32 5/

The high-lying 1P,1D
states highly overlap
with each other .

Only the ground states are established!
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Decay properties of the P-wave X_states

Relativelv narrow states!

WA gPYy X, states “hanne i MeV) ;

2SHLJP) X Channel I'; (MeV B

|*P,L7) ¥.(2713) A.x 6.49 28.65%
Y, 16.08 70.99%
T 0.08 0.35%
total 22.65

’P,37) ¥, (2798) Acm 2253 61.73%
¥ 8.84 24.22%
% 5.13 14.05%
total 36.5

|*P;1-) ¥.(2799) A.m 6.66 37.78%
Y 10.30 58.42%
' 0.67 3.80%
total 17.63

1*P,27) ¥ (2773) Am 3.62 14.66%
T, 0.29 1.17%
T 20.78 84.16%
total 24.69

|*P;27) X.(2789) Acn 25.03 75.35%
Y. 2.29 6.89%
' 5.90 17.76%
total 33.22

KL Wang, YX Yao, XH, QZ, PRD96,116016(2017)

State P, jy Channel T B;

Z.(2746) JP=1/27.1) Aent
Zem 28.06 98.00%
i 0.47 2.00%
total 28.53

Z:(2755) |JE=1/27,0) Act 15.23 100.00%
Xom
X
total 15.23

Z:(2796) |JP=3/27,1) Aet
X 3.21 10.43%
n 27.57 89.57%
total 30.78

.(2813) |JP=3/2".2) Aem 30.59 75.42%
Zem 7.53 18.57%
i 2.44 6.01%
total 40.56

Z.(2840) |JP=5/27,2) Aemt 37.63 73.96%
Zew 4.90 9.63%
Ir 8.35 16.41%
total 50.88

KL Wang, XH, CPC46,023103(2022)
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Evidence of the P-wave X states from EXxp.

25(2800) 1(JP) = 1(?7)  Status: k& *

Seen in the Az_r T, f‘l;r ?rﬂ, and Aj T mass spectra.

3 (2800)*+ WIDTH

VALUE (MeV) EVTS DOCUMENT D TECN  COMMENT
+18+12 +1090 Lo
sti3 01 281071590 MIZUK 05 BELL ete™ =~ T(4S)

¥(2800)* WIDTH

VALUE (MeV) EVTS DOCUMENT 1D TECN COMMENT
+ 37452 + 1750 4o
52_23_33 1549_1050 MIZUK 05 BELL eTe™ = T(45)

¥ .(2800)° WIDTH
VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

72122 OUR AVERAGE

aat33 119 AlIRERT naon RARR R— _. mAT ——

€ A good candidate of P wave state with J°P=3/2- or 5/2-!

@ Looking for more P wave states in the X )= final states.
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The roles of P-wave Xc states

In the Acz Invariant mass spectrum

Events/(0.015 GeV)

Events/(0.015 GeV)

2 3004
& ] 1
g 2004
2 | 1 f ol
5 1004, 4 F
2 ] 1
LT% T T T T L | O- LI I L r--1
| L B S s S E | L L
26 28 30 32 34 26 28 3.0 32 34 26 28 30 52 34 e
mAﬁ(GeV)
S
3
9 background
2 - - - - (2755) [J=1/2",J=0)
o
5 1004 G #EM e f e I, (2813)J=3/2"J=2)
§ ----- z_(2840) \ J=5/2,J=2)
o w T T T T T T T T !
i 26 28 3.0 3.2 34
T T T L L
26 28 30 32 34 26 28 30 32 34 m/\n(Gev)

Three states with JP=1/2-,3/2- and 5/2- may highly overlap!

KL Wang, XH, CPC46,023103(2022)
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Decay properties of the D-wave X states

1Z.2D,;27)(3043) |Z.2D;;27)(3038) |Z.D,,47)(3041) [E.2D

3tY(3040) |Z.4D,;27)(3023) |E24D,,17)(3013)

Ady AdD Ad E AdD 447
Decay mode M I; (MeV) [; (MeV) I; (MeV) I; (MeV) I; (MeV) I; (MeV)
Az 2286 1.2971234 11 .9;’1-};5] 262730 115732 3.17945 13.1 2%
T.m 2455 7.061358 8.78 7158 353123 177443 0.54791% 2.18708
Xin 2520 244793 2917072 1715079 747130 11.6705 1.4570:3
=K 2470 1177017 0.03 227705 1127019 < 0.01 0.01
AZPA ) 2592 49370 1035953 52633 30672 112338 1133
AP ) 2628 5281676 10.972) 64.07222 43,1744 1.92:002 242700
Z°P5 ) 2713 409795 5.85 0% 7.56 059 210108 1137518 2.83 0
|E2P;3)m 2798 25.6 7332 0.76 5% 15.8732 358105 0.01 0.957 0%
2P )n 2799 0.09 1.307038 0467907 224134 12,133 < 0.01
=P ) 2773 3427022 1.267 048 418700 18.97 34 4541216 1.0370%
AP35 )r 2789 2203806 4517577 6.171% 16.874% 23.0133 1.2679%
Sum 1051122 585713 16087528 121,570 69.17%7 58.17)3

Broader than the P wave states.
The JP=5/2* and 7/2* states are worth observing!

YX Yao, KL Wang, XH, PRD98,076015(2018)
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JJ coupling scheme, 3P0 model & ChQM

TABLE IV. The strong decay properties of the 2-mode 1 D-wave X, states, which masses are taken from the predictions in Ref. [54].
["pota Stands for the total decay width. The unit of the width and mass is MeV.

Z|J" :%+- Dy ZJ” :%+= Dy ZJ” :%+=2>u Z " :%+=2>u Z " :%+=3>M Z|J” :%+s3>zz

M = 3041 M = 3043 M = 3040 M = 3038 M = 3023 M = 3013
Decay width QPC ChQM QPC ChQM QPC ChQM QPC ChQM QPC ChQM QPC ChQM
T[DN] 17.1 1.1 96 - 03 - 0.6
['[D*N] 3.9 75 4.6 6.8 0.1
X, 7] 2.5 3.5 07 09 53 79 03 438 0.3 47 0.1 2.4
T[A, 7] 2.8 23 24 22 0.1 . . - 07 155 06 145
7] 1.0 1.7 28 43 3.5 6.0 55  10.8 0.2 52 02 15
['E.K] 0.9 3.4 0.8 3.6
FAJE =4 1),2 372 138 .- 8.1 0.4 0.2 02 - 1.7 2.2
CA P =3 1), 0.1 14 373 108 0.3 0.2 05 19 0.3 1.2 1.0 8.0
[E |/ =17,0),4 43 0.3 0.4 0.2 13 - 0.5 02 10
[[E 0P =1 1,7 279 249 03 05 0.5 43 02 0.1 39 08
(S0P =3, 1),4] 3.4 67 06 4.0 2.9 20 0.1 23 .- 2.7 0.1
[[E 7P =3.2),7] 1.5 46 03 556 229 0.5 - 1.0 03 05 0.2
[[E 0P =3.2),2] 147 09 33 13 5.0 0.9 86 7.6 6.9 08 14 0.4
Crow 1124 570 675 330 89.1 466 249 258 135 340 89  27.1

The predicted main decay modes are often consistent in two models.
The DN channel is suggested to observe!
YH Zhou, WJ Wang, LY Xiao, XH, PRD108,014019 (2023) 33



= . states

3800

3600 -

3400 -

Mass (MeV)

2800 -

2600

Only the ground states are well established!

3200 A

3000 A

—
—
—

0

=c =
- =
_— L
_— — — =
E ] P
= —
s —
— =
g
L]
A
E ] —
Three—quark model
—_— g&= This work pred.
=== PDG data
1/2* 1/2- 3/2* 3/2° 52+ 5/2~ 7/2*
jP

PRD107,034031 (2023)

RQM NQM NQM PDG
State [21] [22 [33] [24]
1251+ 2579 2592 2579 2575
1453+ 2649 2650 2649 2645
12P,1- 2936 2859 2839 ?
12P 2~ 2935 2871 2921 ?
14P,1- 2854 . 2900 ?
14P3— 2912 E 2032 ?
14P,2~ 2929 2905 2927 ?
12D, .2+ 3167 . 3089 ?
12D, .2+ 3166 3091 ?
14D, 1+ 3163 3075 ?
140,32+ 3160 . e 3081 ?
140,,2+ 3153 3080 3077 ?
140,47 3147 3094 3078 ?
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Decay properties of the A mode P-wave =, states

|21, 07 State Channel I'; (MeV) B,
|?P,1i- =.(2936) AK 7.11 32.81%
) = 3.90 18.00%
=1(2580)x 10.08 46.52%
= (2645)x 0.58 2.68%
total 21.67
12P,37) =/(2935) AK 3.73 17.86%
= 10.85 51.94%
= (2580)x 3.89 18.62%
= (2645)x 2.42 11.58%
total 20.89
|*P, L~ =1(2854) AK 18.56 50.09%
) 2.7 15.02 40.54%
=/ (2580)x 3.44 9.28%
= (2645)x 0.03 0.07
total 37.05
|4P,3- =/(2912) AK 0.50 4.06%
= 1.70 13.79%
=/ (2580)x 0.13 1.05%
Z(2645)x 10.00 81.10%
total 12.33
|*P;2~ =1(2929) AK 4.06 20.10%
=i . 12.24 60.59%
=/ (2580)x 1.06 5.25%
=/ (2645)x 2.84 14.06%
total 20.2

KL Wang, YX Yao, XH, QZ, PRD96,116016(2017)
3

Relatively narrow
states!

5



Belle observed P-wave candidates =.(2930,2940)

YB Li et al, EPJC 78 (2018), 252  YB Li et al, EPJC 78 (2018), 928

~ 20
- &) - —— Data
~ 30 —e—Data S - — Reflection+PHSP+Sideband
o -~ —— Total Fit [4)) - PHSP + Sideband
S 250 e Total non=,(2930) Bkg S 15-.... Sideband
()] B Phase Space o - — Total Fit
= 20E Sideband — —p Sideband
(] E ----- Generic MC -~ 10E
— = 7)) c
- 151 = -
2 - D
c 10F > -
g N =25 B A TR, LI > =
w  5c g - |
K 7oar: == s, S d
Lok e T Sl N fael A b |
098 285 29 295 3 - 295 3
M., (GeVic?) Miza, (GEVICY)
Mass: about 2929 MeV Mass: about 2942 MeV
Width: about 20 MeV Width: about 15 MeV

Mass, and decay mode are consistent with P wave
candidates.
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LHCb observed three P-wave candidates
=.(2923) , =.(2939), =.(2965)

Candidates /(1 MeV)

Phys.Rev.Lett. 124 (2020), 222001

2000 ' '
: m[2,(2923)°] = 2923.04 + 0.59 MeV,
1500f MZ=,(2923)°] = 7.1 £2.6 MeV,
000 m[Z,(2939)°] = 2938.55 + 0.52 MeV,
[Z.(2939)°] =102+ 1.9 MeV,
sook
: A 1 m[2.(2965)°] = 2964.88 + 0.54 MeV,
05 s ol J IE,(2965)°] = 14.1 +2.2 MeV.

m(ATK) - m(AD) - (K ) [MeV]

Mass, and decay mode are consistent with P wave
candidates.
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Our explaination with P wave E', states

State Mass TI'[E.x] [I'[Za] T[Eax] T[AK] 10, | Possible assignment
l1P,L-), 2880 0.86 12.9 0.18 1.17 15.1

1Py, 2880 217 0.51 0.01 29.6 51.8 : ..
|14P,2-) 2923 1.74 0.15 10.7 0.48 13.1 7.14+08+ 1.8 =.(2923)°
12P,37) 2939 10.2 3.80 2.46 3.74 202 102408+ 1.1 =,.(2939)°
I1*P,27) 2965 155 1.64 3.57 543 261 141+09+13 =.(2965)°

& =.(2923), =.(2939) may correspond to two

JP=3/2- states.

€ E_(2965) may be the JP=5/2- state.

€ To confirm the nature, the other dominant decay
modes should be further observed.

Kai-Lei Wang, Li-Ye Xiao, XH, PRD102,034029 (2020)
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Evidence a new P-wave state =_(2880) at LHCb

Phys.Rev.D 108 (2023), 012020

T LB B T T T T T2
140 —dan LHCh -
g 120:_ — total fit 5fb71 _:
) U LR excited =.° .
E 100 :_ non-resonant —:
g 80 f_ ----- background
] L
2 60F New! }1
= -
g 40
S -
20 $ Py N
0 . i GameasgesspergzcijEeis .,.'.'.,‘.‘:xr :qr~‘:.:---,-"‘.'":"'r'--I.-...,i_;_.
2800 2850 2900 2950

M(A*K") [MeV]

TABLE II. Measured masses, widths and significance of
excited 2V states.

State Mass (MeV) Width (MeV)

=.(2880)° 2881.8+3.1+£85 124+52+58 3.86
2.(2923)Y 29245£04+1.1 48£09£15 > 106
Z.(2939)0 29385+09+23 11.0£19=£75 > 106

Significance

Narrow state

r(MeV)

1 Broad state

r(MeV)

OIEIB.1I6.2I4l3Ié
¢(degree)
KL Wang, LY Xiao, XH, PRD102,034029 (2020)

Mass, and decay mode are consistent with a
narrow P wave candidate with JP=1/2-.
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Can find p mode P-wave states?

150

| =r=(112),1),

Ofeeahec-r-c”
2004 5 |)P=(3/2),1),

; , :
2900 3000 3100
Mass(MeV)

Decay modes

States Er Erz XK XK Total
2P =11),(3060) 163 117 717 1.1 100.8
2P =3.1),(309) 164 258 104 728 1254

There two p

states with JP=1/2-
and 3/2-,respectively.
The mass Is about 3.1
GeV. The decay width is
about 100 MeV.

mode

Wen-Jia Wang, Li-Ye Xiao, XH, PRD106,074020 (2022)
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Puzzle on =_(2970)

Citation: S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) M /12‘?7? seen
M +Z_c(2455) K seen

r AT K not seen
=.(2970) I(UP) = 33 1) status: kkok 76
I's Ze2m seen
was =.(2980) e =7 seen
JP =172 is favored by MOON 21. 7 =c(2645)7 seen

As a 2S or 1D state with JP=1/2+,
The mass is hard to understand

The decay properties is hard to understand

=.(2965) observed at LHCb may be different from that
observed at Belle and Babar.
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Decay properties of the D-wave E'. states

PP

A E

L E

L E

AT

22D ,,34)(3167) [212D,,5%)(3166) [214D,,4+)(3163) [214D,,3+)(3160) [214D,,54)(3153) [214D,,0+)(3147)

Decay mode M I; (MeV) [; (MeV) I; (MeV) I; (MeV) [; (MeV) I; (MeV)
En 2470 243778 5.1379% 4927318 24872 132703 5.687110
S 2578 35151 % 2.777942 1.7570 88 0871044 0.17799% 0.737047
Ein 2645 0.7472% 1.18702 0.76 03] 2947072 428703 0.567 08
AK 2286 1.237 4 1.257598 2.51772 12774 0.727913 3.097028
LK 2455 6375, 172758 3.16700¢ 1.57+046 0.117993 0.407210
¥ K 2520 0.477°%0 1.579% 1.221023 3.97°062 41800 0.5900%
IACPE)K 2592 0.8470 0.5550 08 3.66 0% 355758 0.65.0% 10.1733
IAZPA)K 2628 109757 0.247 002 39.1797 7.25+133 0.1550% 1157013
fffP;.’g:)n 2792 1.35:_%}5 1.33E§;§ 14.5%-,}%% 9_23_:_,11-35 33?;%% _144_:{?_5
._C;P;_]?_)Jr 2815 413573 35400 402755 1182 0.67 0% 8.81 004
2Py 2936 0.397 00 0.2179% 0.262°0%, 0517013 0.03 092792
EP&)r 2935 853D 0.2255%; 5.501)3; 1.0ZG1 < 0.01 0.3370%5%3
::,jP;_]g_)Jr 2854 {1.23:%_‘}3, l.m:g;;a 0.757911 2{:-_.5__5% 13.0 7 < ff-f”

ESPA ) 2912 1017010 0.4170% 110559 5627082 285708 0.34=7001
2P 2929 059700 1.46700 2.2370¢ 5.75% 131 7.5511] 0.37 5500
Sum 86.41 121 23.175% 121.67304 784753 39.1733 47.577

Broader than the P wave states.

The JP=5/2* and 7/2* states are worth observing!

YX Yao, KL Wang, XH, PRD98,076015(2018)
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Summary for

AM (MeV)

b states

2001 ©.(3090)
_ ) - states
360 — - :
| — - ¥ (2800)
0 (3050) @ e
340 - = (2923)
390 x (2780)7"
_ EEC{:?JDUD} EE{EBBD} I'Ill:flb{BSED} — {523?‘}.?
300 - S — 0 (6340) = (6227 58107 g
‘ (6227)
_ I - e— '
| = (2873)7%, - == .. 1,(6097) 3
280 EW 0,(6330) “Z 8217y - Z(6087)? 5
: T (6316) T 3(6072)
260 - b = (6200)?
Q. c z Q B, %
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