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Classification (flavor)
Charmed baryon
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Antisymmetric antitriplet

3 states



YX Yao, KL Wang, XH, PRD98,(276015(2018)
TABLE I. Mass spectra of the singly heavy baryons of 3z up to

D wave from various quark models [21.22.27.33]| compared with
the data from the RPP [24].

Ay

ROM NQM NQM PDG RQM NQM PDG
State 21]  [271 (331 [24] 211 271 [24]
1251+ 2286 2285 2286 2286 5620 5618 5620
12pL- 2598 2628 2614 2592 5930 5938 5912
12P23- 2627 2630 2639 2628 5942 5939 5920
12D, 2+ 2874 2920 2843 28607 6190 6211  ?
12D, 2t 2880 2922 2851 2880? 6196 6212 ?

How to establish the D-wave states?



Evidence of D-wave A_states

A.(2860)" A.(2880)*
I(JF) = o(3t) I(J7) = o(3+)
M =2882 MeV
M =2856 MeV, B '
r =68 MeV [ =5.6 MeV

Decay modes:

' 0
Only seen in D% r Atmtae
Channel r2 }:C(2455)ﬂ~-f—+ﬂi
JHEP 1705 030 R. Aaij er al. [3 ¥ (2520)0+ 7=

r4 pDD

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)



Our explaination

A2D,3t)(2856) A2D;,5+)(2881)
Decay mode [; (MeV) [; (MeV)
Eon 45T 1.337050
i ﬂ.t}szg-g; 4381897
Sum 55740 51 | By

€ A, (2860) and A, (2880) most likely corresponds
to the two D-wave A_states.

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

& M[A, (2880)5/2%) |>MJA, (2860)3/2* |
YX Yao, KL Wang, XH, PRD98,076015(2018)



Evidence of D-wave A states

400

300

200

100

600

400

200

Candidates/(3 MeV)

:

III|III|||||||||
4

1000

2p region LHCb
+ +

_I_
ot b b

+
i+

Illlllflllllllllll
1 + J_
j:i ]

X TEZION e Ap(6152)° -

& A (6146)"

background
total

+
+
+
5 | _
+
Lot L |||||||+_*T|||||||||

I_'i:lllllllll
%
r L4l
i
f
5

=

PRL1 23 1 5200

NR region

+
||||||||-|.-+|||I

[GeV]

200

- 100

EAR(6152)°

LHCb

I:IE

— At ¢

b

grE—
Euh
- NR 7

total]

Ap(6146)° —

A
.-\h'ﬂf T

T g0y
)

My, (6146)°
M, (6152)°

r_.-\h (6146)°

r:‘\,.’;ﬁ‘ti?]ﬂ

|GeV| Moy [GeV|

= 6146.17 £ 0.33 MeV,
= 6152.51 +0.26 MeV,
=294 1.3 MeV,
2.1 +£0.8 MeV,



OLII' eXplaination PHYSICAL REVIEW D 100, 114035 (2019)

TABLE IV. Partial widths (MeV) of strong decays for the
A-mode 1D-wave A, baryons.

" =32) " =52)

Decay mode A, (6146) A,(6152) A,(6146) A,(6152)

Y7 4.41 467 0.64 0.73
i 1.26 1.41 4.26 4.60
Sum 5.67 6.08 4.90 5.33

A (6146) mainly decays into = * 7, JP=§/2+*

Ay (6152) mainly decays into 2, n, JP=3/2*
However, we meet a serious problem of mass reverse!
MIA; (3/2%) |[<MIA,, (3/2%) ]1?2?? One or two resonances? ??
MJ[A, (2880)5/2%) |>M| A, (2860)3/2+ |



Looking for higher A, states

Can one find two 2P-wave states with masses around 3.0 GeV?

Qi-Fang Lv and XH, PRD101 (2020) no.1, 014017
TABLE IV. Decay widths of the A_(2P) states in MeV.

Mode Aci(3,2P) Aci(3,2P)
RS & 0.49 0.52
P 0.48 0.53
Tort 0.49 0.52
AR = 0.50 0.97
it g0 0.51 0.97
) Nt 0.50 0.97
Dp 1.19 19.54
D™n 1.68 18.80
DYp 17.31 55.25
D*n 16.67 56.59
Total width 39.84 154.67

A, (2940) may be the 2P state with JP=3/2- .
QF, LY, ZY, XH, Eur. Phys. J. C (2018)78:599 10



Looking for higher A, states
Can one find two 2P-wave states with masses around 6.3 GeV?

TABLE V. Decay widths of the A,(2P) states in MeV.

Mode ﬂ,r,llf%_~11p} ﬂmlf%_~ EF}
Sfn 0.76 0.60
3020 0.75 0.61
2 A 0.78 0.58
Erte- 0.94 1.34
Eih 0.95 1.34
2 0.92 1.35
B~ p 12.47 17.42
B'n 13.07 17.04
B p 30.33 60.76
B*n 2991 61.37
Total width 90.90 162.42

Qi-Fang Lv and XH, PRD101 (2020) no.1, 014017
11
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RQM NQM NQM PDG RQM NQM PDG
State  [21] [22]1 [33]1 [24]1 [211 [22]1 [24]

1261+ 2476 2466 2470 2468 5803 5806 5795
12P,L- 2792 2773 2793 2792 6120 6090 7
12P,2- 2819 2783 2820 2817 6130 6093  ?
12D,,3" 3059 3012 3033 3055? 6366 6311 2

.

12D,3* 3076 3004 3040 30807 6373 6300

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

How to establish the missing P and D-wave states?
12



The 1P =, state may be established.

=.(2790)
fiury = 2L

M =2792 MeV,
[ =8.9 MeV

Seeninthe E.'n
channel

=.(2815)

7] = 3)

M =2817 MeV,

[ =2.43 MeV
Mode

Fy =W

[,  =.(2645)w

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

[Pty State Channel [, (MeV) B,
2P;37) Z,(2790) R 361 100%
_ Eox 3.9x107* =0.0%
total 361
2P;57) 2. (2815) Za 0.31 14.69%
_ Een 1.80 85.31%
total 231

The mass and decay of =, (2815) can be well understood.

The decay width of = (2790) is a factor 3 smaller than

our prediction.
Lei-Hua Liu, Li-Ye Xiao, XH, PRD86,034024(2012)

KL Wang, YX Yao, XH, QZ, PRD96,116016(2017)
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Candidates of the D-wave ZEstates

=.(3055)

M =3056 MeV,

[ =7.8 MeV
Mode

F1 i

[» ADT

[(AD¥)/r(Z++K")
VALUE
5.00+1.01+0.76

=.(3080)

M =3077 MeV,

[ =3.6 MeV
Mode

i ATKn

I 3 .(2455)K
3 X.(2455)t+ K~
Fy  E(2520)" " K~

s 5 .(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;;27)(3055) =.20D5,27(3080)

AN

Decay mode M I; (MeV) I, (MeV)
= o 2575 1931957 iRl gyl
=g 2645 0.607%94 208108
¥ K 2455 2.49+0.38 022598
>* K 2520 0. 142N 1.687 514
= 14PA e 2854 < 0.01 BT 2
=L 14P 2 \r 2912 0.04 0. 201993
ZL14P 3 Y 2929 Q.54 10
Sum 3. 3{3:3'3%. o. ‘J{J:{?.'rﬁ

@ 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.

YX Yao, KL Wang, XH, PRD98,076015(2018)
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Looking for the missing 1P =, states

Can one find two 1P-wave states with masses around 6.1 GeV?

[BHE T State Channel I, (MeV) B
*Pi57) =,(6120) Er 2.84 98.61%
2w 0.04 1.39%
total 2.88
2P 2 Z,(6130) B 0.07 2.37%
) =x 2.88 97.63%
total 2.9

@ The JP=1/2- state mainly decays into Z' .
@ The JP=3/2- state mainly decays into E', *x.

@ Very narrow states with a width of 3 MeV!
KL Wang, YX Yao, XH, QZ, PRD96,116016(2017)

17



Looking for the missing 1D =, states

Can one find two 1D-wave states with masses around 6.37 GeV?

2°D,;57)(6366)  |E,°D,;37) (6373)

15

Decay mode M, ['; (MeV) [; (MeV)
gy 5935 241757 0.907%35
! -().13 +0.68
Zin 5955 1.4579-13 321
%K 5811 3 AT 0.07

K 5832 03019 2104
E 1P )n 6227 < (.01 0281089
1P\ 6224 Qi1 0.10750;
EPi)n 6226 0.06 0451213
Sum 6.8700> 7155

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

€ Very narrow states with a width of about 7 MeV!

18



Symmetric sextet

6, states



ﬂc‘ ﬂ&

RQM NQM NOQM PDG RQM NOQM PDG
State 21] 271 221 B4 21 121 24
1251+ 2698 2731 2718 2695 6064 6076 6046
1453t 2768 2779 2776 2770 6088 6094 ?
12p,1- 2066 3030 2977 ? 6330 6333 ?
12p,3- 3029 3033 2986 ? 6331 6336 ?
1“P.1- 3055 3048 2990 ? 6339 6340 ?
14P.,2~ 3054 3056 2994 ? 6340 6344 ?
14P2~ 3051 3057 3014 ? 6334 6345 g
12D,,3+ 3282 3257 3262 ? 6530 6528 ?
12D, 2+ 3286 3288 3273 ? 6520 6561 ?
1D, 4+ 3287 3292 3275 ? 6540 6561 ?
14D, 3+ 3298 3285 3280 ? 6549 6559 &
14D,,3+ 3297 3299 ... ? 6529 6566 ?
14D, 4t 3283 -e- 3327 ? 6517 ?

LHCb and Belle provide good oppertunities. 2



LHCb observed five excited Q_ states!
PRL118 182001(2017)
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Four states were confirmed by Belle ik

3000 3100 3200

22 ="K D T NMeWV1

Resonance Mass (MeV) [' (MeV)
Q_(3000)° 3000.4 £ 0.2 +0.11)7 45406103
Q.(3050)" 3050.2 £ 0.1 £ 04352 08+£02=+0.1

<1.2 MeV, 95% C.L.

Q.(3066)" J065.6 £ 0.TH0 312 3.5+04+0.2
Q.(3090)" 3090.2 £0.3 £ 0.5 87+10+0.8
Q.(3119)° 3119.1 £ 0.3 £0.97)3 1.1 £08 +0.4

21



Our explaination

PRD95,116010 ( 2017)

120 - - -[1P. 1/2>, (3020) .
ool 1P 120,080 | T Tis
_ |——11P, 1/2>, 3000) | * § e | | [
> ] ' 5 : T s gy L 2 4p _
e 80 :/ >| = —|—Lns(qb)‘] Py >—|—hm(rf)) 1 PAE >
£ 60
? 4{1-: : gy A= G 27
N = —sin(¢)|1°P,= ) + cos(¢p)|1°P,= ),
1 2 /s 2 2
ED— Y
1N
G_ N
-80 -60 -40 -20 0 20 40 60 80
¢ (degree)
State Mass T(E.K) [(EK) T[Q.(2695)y] TI'[Q.(2770)y] Bt B Possible assignment
1Py, 3000 4.0 i 0.36/0.20 0.02/0.08 438/428 45+09 Q. (3000)
j14P2-) 3050 061 ce 1.12 x 1073 0.33 0.94 0.8+£03 Q. (3050)
12P,3) 3066 461 - 0.35 5.68 x 10~ 496 3.5+04 Q. (3066)
|14P2-) 3090 9.32 0.03 1.00 x 1074 0.18 9.53 8.7+18 Q. (3090)

22



Conslusion

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

€ Q. (3119) may be the 28 state.
€ A broad P wave state is waiting to be found!

€ Radiative decay is worth observing.

23



Looking for D-wave Q_ states @ 3.3 GeV

Q,.2D;;37) (3282) |Q.2D;,37)(3286) |.4Dy5")(3287) |Q,*Dyu37)(3298) |Q. D137 )(3297) |Q.4D;,37)(3283)

u.f
Decay mode M, I, Bi(%) T, Bi(%) TI. B% T B@® T, B(©®% T B(%
E.K 2470 7.97838 447 516773 573 159173 714 79009 482 1.6570% 198 643713 8L7
EK 2575 92615335 519 L7788 197 47155 208 24457 148 0155R 179 0540y 673
2K 2645 0.507090 28 205102 228 165102 74 597109 364 6615090 792 088104 112

Q. 12P,1)y 3000 9187153 051 979718 011 003 <001 0497%% <001 019902 <001 =~00 <0.01
Q.12P27)y 3066 184731 010 397757 044 004 <001 002 <001 017792 <0.01 0.13722 <0.01
1, iz Y +40 489 +0.02 +0.02

Q. 14P,17)y 3050 0.137907 <001 0008 <0.01 7037\% 032 3473§ 021 556703 007 107705 001
Q. 14P;37)y 3050 02799 <001 0.09 <001 27574 012 5417835, 033 398788 047 562795 007

“+0.03 “+1.23
Q. 14P;37)y 3090 0.03 <001 0.1473% <001 244798 <010 795718 005 19633 024 231735 029
Sum 17.84788 90313 W a3iee 162125 834 4% 7818

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

Decay modes = K, Z' K, &' *K are worth observing!

YX Yao, KL Wang, XH, PRD98,076015(2018) 24



Decay properties of the P-wave Q, states

TABLE X. Partial widths for the strong and radiative decays of the €, baryons.

State Mass (MeV) [24] I=,K] (MeV) Q7] (keV) rQ:y] (keV) oy (MeV)
Q%52 6088 .o 0.09 Jda i
1,2P, 1) 6339 49 38 154 1.49 49.53
19,2P;37) 6340 1.82 83.4 1.51 1.90
19,4P, 1) 6330 94.98 0.64 99.23 95.08
19,4P,3") 6331 0.22 1.81 70.68 0.29
1Q,4P,3) 6334 1.60 1.21 63.26 1.66

r (MeV)

KL Wang, YX Yao, XH, QZ, PRD96,116016 ( 2017 )
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€ Four narrow P-wave states!
¥ One broad P-wave state.

€ Mainly decay into E K.

€ Radiative decays are
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KL Wang, QF Lv, XH, PRD99,014011 ( 2019)
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LHCb observed four excited Q,, states!

~ LHCb
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il | il

—4-Data
m— ] fit
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s o7l i
L1 \l . l : . | . l | . l . . |
0 SD{] 550 600 650 700
M(ZPK™) - M(E9) [MeV]
d Mpeak [MeV] Mass [MeV] Width [MeV]

2,(6316)~ 523.744+0.31 +0.07 6315.64 +0.31 £0.07+0.50 < 2.8 (4.2)
2,(6330)~ 538.40+0.284+0.07 6330.30 +0.28+0.07+0.50 < 3.1 (4.7)
(2,(6340)~ 54781 +0.26 £0.05 6339.71 £0.26 +0.05+ 050 < 1.5 (1.8)
2,(6350)~ 557.98 +0.354+0.05 6349.88+0.35+0.05+0.50 < 2.8 (3.2)

1.4+58+0.1

26



Our explaination

Table 4 Partial decay widths (MeV) of the 1 P states within the j-j
coupling scheme in the £2; family. The value inside of the braces denotes
the reference mass (MeV) of the corresponding state

State [ 2, 5) FEsK] (MeV)
Qr(6316) 78 =17, 1)

Q4 (6316) [T =is ., 0 126

Qp (6340) 7P =37,2) 2.2

Q5 (6330) JP =3 ,1)

24 (6350) [(JP =g 9 3.4

Decays and masses are consistent with the predictions.
Good candidates of the P wave Q, states!

Where is the broad P wave state?
27



Looking for D-wave Q, states @ 6.5 GeV

19,2D,;537)(6530) |Q,%D;;31) (6520) |Q,*D;,37)(6540) |Q,*D;37)(6549) |Q,°D;;537)(6529) |Q,°D ;37 )(6517)

Decay mode M; I, B (% I, B (% I, B®% T B@® I, B@®% I, B %
E,K 5795 11.2+37 55.5 6.18;13% 75.83 22.1317 7698 109181 5348 207734 28.09 7.8371%) 90.84
K 5935 343*]131; 41.8 030707 3.68 4697047 1634 255704 1251 003 041 009 104
K 5955 05139 252 165102 2025 186103 648 6.87H8& 33.71 5241077 7110 068150 7.89
©,1%P,17)y 6301 33.27 {5‘115 0.16 40379% 005 055799 <0.01 1207215 <0.01 032799 <0.01 =~00 <0.0I
|Q17P,37)y 6304 17.973% 009 16873% 021 02600 <0.01 0.1073% <0.01 0.73;219 <0.01 056739 < 0.01
1©,14P, 1)y 6312 0.477 gf{}; <0.01 0024 <001 40475L 014 188737 009 27270% 004 05070}, <0.01
|Q,19P,37)y 6311 0.74721) <0.01 027790 <001 179738 0.06 31073 015 154735 021 270704 003
1Q,1%P;37)y 6311 0.2173% <0.01 0917913 <0.01 283703¢ 0.01 89871% 004 146737 020 121339 014
Sum 20.191837 B.i502 28.7111263 203815° p £ g 8.627163

Decay widths are relatively narrow (about 10-20 MeV).
Decay modes =, K, Z' K, Z',*K are worth observing!

Sevaral states may overlap with each other.

YX Yao, KL Wang, XH, PRD98,076015(2018) 28



Er: EFJ-

RQM NQM NQM PDG RQM NQM PDG
State 211 271 331 241 R11 271 [24)]
1251 2443 2460 2456 2455 5808 5823 5811
1153+ 2519 2523 2515 2520 5834 5845 5832
12p.L- 2713 2802 2702 ? 6101 6127 ?
12p, 3 2798 2807 2785 ? 6096 6132 ?
14,1 2799 2826 2765 ? 6095 6135 ?
14pP 3 2773 2837 2798 ? 6087 6141 ?
14P 2~ 2789 2839 2790 ? 6084 6144 ?
12D,,2+ 3043 3065 2952 ? 6326 6356 ?
12p,.3+ 3038 3099 2942 ? 6284 6397 ?
14p,,1+ 3041 3103 2949 ? 6311 6395 ?
140,32+ 3040 3094 2964 ? 6285 6393 ?
1%D,,2+ 3023 3114 2962 2? 6270 6402 2?
14D,,2+ 3013 ... 2943 ? 6260  --- ?

Only the ground states are established!

29



Decay properties of the P-wave X, states

TABLE V. Partial widths (MeV) and branching fractions for the strong decays of the 1P-wave states in the £, and

¥, families.

|+, JF) I, states Channel T; (MeV) B; ¥, states  Channel T, (MeV) B;

2p,4-) . (2713) A 6.49 28.65%  %,(6101) Apr 1.74 7.68%
> 16.08 70.99% X, 19.26 85.00%
X 0.08 0.35% o 1.66 7.33%
total 22.65 total 22.66

|3Pi%‘} %.(2798) A.m 2253 61.73% %, (6096) Apm 29.31 74.60%
S 8.84 24.22% T, 4.81 12.24%
2 5.13 14.05% o 5.17 13.16%
total 36.5 total 39.29

4P, 1) 5. (2799) A 6.66 37.78%  X,(6095) Apr 4.00 28.15%

i Y. 10.30 58.42% I 9.50 66.85%

¥'r 0.67 3.80% E?}'Jr 0.71 5.0%
total 17.63 total 14.21

[4P,37) ¥.(2773) A 3.62 14.66%  X,(6087) A 5.38 20.46%
X 0.29 1.17% P 4 0.20 0.76%
2w 20.78 84.16% on 20.71 78.78%
total 24.69 total 26.29

4P,3) ¥.(2789) L 25.03 75.35%  %,(6084) ApTt 31.38 81.85%

i > 229 6.89% 3,7 1.09 2.84%

X 5.90 17.76% 2, 5.77 15.05%
total 33.22 total 38.34

Relatively narrow states!
KL Wang, YX Yao, XH, QZ, PRD96,116016(2017)



ij coupling scheme

State 17, ) Channel I, (MeV) B, |2S+1L,) Channel I (MeV) [16] B; [16]
¥, (6101) =1 1) Ay o co 2Py ») Ay 1.74 7.68%
B P 4 28.89 02 04% I 19.26 85.00%
o 2.50 7.96% X 1.66 7.33%
total 31.39 total 22.66
%, (6095) 17 =1-,0) Ay 6.00 100.0% 4Py ) Ay 4.00 28.15%
. ¥, i Jua I 9.50 66.85%
Sin e Tin 0.71 5.0%
Total 6.00 Total 14.21
¥, (6096) IJ =3-,2) Ay 35.18 90.07% 2P;,5) Ay 29.31 74.60%
B PHY 3.25 8.32% I 481 12.24%
T 0.63 1.61% Iir 517 13.16%
Total 39.06 Total 39.29
5, (6087) IJ =3,1) Ay st s [4P5/») Ay 5.38 20.46%
- ¥, 1.47 5.28% X, 0.20 0.76%
i 26.39 04.72% Zom 20.71 78.78%
Total 27.86 Total 26.29
¥, (6084) IJ =3-,2) Ayt 31.38 81.85% [4Ps,) Ay 31.38 81.85%
B P 4 1.09 2.84% % 1.09 2.84%
E?);:r 577 15.05% E;:r 577 15.05%
Total 38.34 Total 38.34

Configuration mixing within the states in LS scheme!
KL Wang, Qi-Fang Lv, XH, PRD99,014011 ( 2019)
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Evidence of the P-wave X states from Exp.

25(2800) I(JP) = 1(??) Status: X Xk X

Seen in the A;" T, A;" 70, and .f"l;'_ T mass spectra.

¥,(2800)++ WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
+18+12 +1090 Bl oo

5" is ' 1y 28107 2 MIZUK 05 BELL ete™ =~ T(45)

¥(2800)+ WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
+37+52 +1750 o
2 e 1540+ 120 MIZUK 05 BELL ete™ =~ T(45)

¥ .(2800)° WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

72122 OUR AVERAGE

g6+33 412 AURERT 08RNRARR B— — BAT«—

€ A good candidate of P wave state with JP=3/2- or 5/2-!
€ Looking for more P wave states in the X ()7 final states.



LHCD observed P wave candidate X,(6097)

450
400
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Wz, (6097 — Apn
---Background

Candidates / (6 MeV)
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0 200 100
0 [MeV]

m[Z,(6097)~] = 6098.0 & 1.7 + 0.5 MeV.,
['[Z,(6097)] =289 £42+0.9 MeV,
m[E,(6097)%] = 6095.8 + 1.7 + 0.4 MeV,

[, (6097)%] = 31.0 £ 5.5 + 0.7 MeV.

Al ey ;i‘.:fr* d A° _5
—~ 400 . : (d) Apmr™ 3
T-:S - .f;ﬁxig?r" B E
s i 0 .
é 200 IZ6097)" — Apr 3
= 250 ---Background 3
¥ =
= 200 =
= -
g 150 2
= =
S 100 =
50 =
0 ; 1 ] 1 1 1 1 =
0 200 400 600

0 [MeV]

Mass, width, and decay
mode are consistent with
a P wave candidate with

JP=3/2- or 5/2-.

Looking for the missing narrow 1P JP=1/2- state in the Ayx.

KL Wang, Qi-Fang Lv, XH, PRD99,014011 ( 2019) 33




CMS found broad structure @ 6070 MeV in the A t'n-
Confirmed by LHCDb [JHEP 2006 (2020) 136]

CMS up to 140 o' (13 TeV)
~ 140F
g i $ Data {
120~  — Fit } :
© [ __signals ,
E 100 = Comb. bkg. | |
S 80F } H
- B
G 60F [ V1l
e PHYRILett. B803 (2020) 135345
40— } e .""' J |r|
200 \ .1 |
WL - e N R T |_':l‘-¢llli|'§.=' [ [T I
6.0 6.1 6.2 6.3 6.4
mo . [GeV]
h

M=6072 MeV, 1=72 MeV
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Our explaination with P wave X, state

TABLE IIl. The decay properties of the A-mode 1P-wave X, states. The units of mass and width are in MeV.

State Mass [, [[An] [[Z; 7] [[A,(5912) 7] IA,(5920)x] [total]
7P =1-.1) 6072 26.2 111 0.42 0.44 28.2
/P =1, 0) 6072 e 9.18 e 0.12 0.13 9.43
IJP =3-.2) 6097 3.26 35.2 1.97 0.50 0.75 41.7
P =3.1) 6087 1.46 26.4 27.8
P =3-.2) 6107 1.84 38.9 7.00 0.71 1.12 49.5

€ As the A, (2S), our predicted width is too narrow.
€ Decay mode can be understand with cascade decay:
Xy (6072)--- X, On-—-A o

€ Two overlapping states with JP=1/2- and 3/2-,
which can explain the broad width.

€ More observations for the X, channels.

Li-Ye Xiao, XH, PRD102,014009 ( 2020 ) 35



Decay properties of the D-wave X states

[2.2D,;3")(3043) |Z.2D;;3%)(3038) |Z.*D,;5")(3041) |Z.*D;,3%)(3040) |Z.D;,3)(3023) |Z.*Dy,5+)(3013)

Decay mode M, I; (MeV) [; (MeV) I; (MeV) [; (MeV) I; (MeV) I; (MeV)
Az 2286 ] gyt 119755 22t I g 13435
Y. 2455 70655 87815 53t 177 0547214 2.18504
P2 2520 2447933 29 B £ Bt TATES 11,6103 145122
E.K 2470 LT 0.03 zaTae B .55 < 0.01 0.01

IA2PA )n 2592 49330% 1037283 2632 306555 11.2753 .14
IAPS)m 2628 538108 10.912, 64.0722 43,11 192100 4t
2P ) 2713 4097033 5857013 75605 B 1{1—3;32 T Ko 2831078
|Z.2P;3 e 2798 ¥ Bl 036332 15.8+32 3 gl 0.01 095104
1= 4;31, Ve 2799 0.09 1301038 0.4632%7 2 tis 12,115 < 0.01

|z P V\e 2773 342104 1 26100 418130 189124 4.5413:18 L
Z4P3 ) 2789 2201908, 5T 6,115 16.8733 23.0433 126700
Sum 1G5 E3 SRS 16087558 121528 2 3 58.5 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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Decay properties of the D-wave X, states

1Z°D:5")(6326) |Z,2D;,37)(6284) |Z,°Dyx")(6311) |5,*Dyu37)(6285) [£,°Dy,37)(6270) |Z5°Dygt)(6260)

Decay mode M;  I'; (MeV) I; (MeV) I; (MeV) I'; (MeV) I; (MeV) I'; (MeV)
Avr 60 056737 7574k 156753 it 443295 1528
Zym 5811 828730 6.3271% 416123} 2,031193 0.37799 1437033
i 5832 42173 3261048 205t 8.361528 12.6104 1541052
=5, K 5794 ﬂﬁ@f{?ﬁg T {]‘33_—i3-33 o ooy s
AP ) 5912 S0 6.96706! 51,627 05 7.68:953 8.89137
APV 5920 700783 104739 66.07 571 40513, 1:90; 200 74 g
=P 4 )r 6101 118182 0.1370%3 0.7175% 0.8119% 0.01 043:2%
1Z,2P,3)r 6096 25,6555 02810 278 B 1.49132) <001 6245
1Z,*Py ) 6095 0.1079% 0.79107% 033 o 19554 530100 < 0.01
Z,%P3)r 6087 253701 0.411083 22410 6.447 352597 (3 oo
1Z,P;3 )n 6084 2397000 2.0910-X 5.461 7 0752 10.87% 0.3470%%
Sum AR 47.937 148.075¢5 8511 0% 48.5537 X A

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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— =

ROM NQM NOM PDG ROM NOM PDG

State [21] [22] [33] [24] [21] [22] [24]
1251+ 2579 2592 2579 2575 5936 5958 5935
1453+ 2649 2650 2649 2645 5963 5982 5955
12pP,1— 2936 2859 2839 ? 6233 6192 ?
12p,3- 2935 2871 2921 ? 6234 6194 ?
14p,1- 2854 S 2900 ? 6227 S ?
14p, 3~ 2912 S— 2932 ? 6224 - ?
14P 2~ 2029 2905 2927 ? 6226 6204 ?
12,3+ 3167 _— 3089 2 6459 S ¥
12,5+ 3166 . 3091 ? 6432 6402 ?
14D, 1+ 3163 “e - 3075 ? 6447 e ?
14D, .2+ 3160 — 3081 ? 6431 e ?
14p,.3+ 3153 3080 3077 ? 6420 — 7
14D, 2+ 3147 3094 3078 ? 6414 6405 ?

Only the ground states are established! 28



Decay properties of the P-wave

ol

=, States

PR State Channel I'; (MeV) B; State Channel [ (MeV) B;
|2P,1-) =/(2936) AK 711 3281% E(6233) A K 12.11 44.77 %
= 3.90 18.00% = 4.77 17.63%
=/ (2580)x 10.08 46.52% =i r 9.23 34.12%
= (2645)x 0.58 2.68% =! (5945 0.94 3.48%
' / b

total 21.67 total 27.05
’P,37) =/(2935) AK 3.73 17.86% =, (6234) ¢, 0 g 4.14 17.14%
=, 10.85 51.94% = 14.91 61.74%
= (2580)x 3.89 18.62% 2 237 9.81%
= (2645)x 2.42 11.58% ! (5945)n 2.73 11.30%

total 20.89 total 24.15
[P, 1) = (2854) AK 18.56 50.09% Z,(6227) ALK 17.28 53.60%
2. 15.02 40.54% = 10.01 31.05%
= (2580)x 3.44 0.28% = 4.54 14.08 %
=(2645)x 0.03 0.07 =}(5945)x 0.41 1.27%

total 37.05 total 32.24
14P,3-) =/(2912) AK 0.50 406% =, (6224) K K 0.98 6.19%
2. 1.70 13.79% = 2.67 16.87 %
= (2580)x 0.13 1.05% = 0.10 0.63%
=L(2645)x 10.00 81.10% =! (5945 12.08 76.31%

] /

total 12.33 total 15.83
Pp,3-) =/(2929) AK 4.06 20.10% =,(6226) Ao K 4.20 17.22%
) = 12.24 60.59% = 16.37 67.12%
= (2580)x 1.06 5.25% =i 0.60 2.46%
= (2645)x 2.84 14.06% E!(5945)xn 3.22 13.20%

total 202 total 24.39

Relatively narrow states!
KL Wang, YX Yao, XH, QZ, PRD96,116016(2017) 39



Candidates / (1 MeV)

LHCb observed three P-wave candidates
=.(2923) , =.(2939), =.(2965)!

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

o m|=,(2923)°] = 2923.04 + 0.59 MeV,
1500 IM=,.(2923)% = 7.1 +£2.6 MeV,
o m|=2,(2939)°] = 2938.55 + 0.52 MeV
_ IN=,(2939)"] = 102+ 1.9 MeV,
5 AVA! 1 m[E.(2965)°] = 2964.88 + 0.54 MeV,
0} o : 2;;5- w0 T[E.(2965)%] = 14.1 +£2.2 MeV.

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

Mass, and decay mode are consistent with P wave
candidates.

40



Our explaination with P wave Z'_ states

State Mass [@E=x] TI[Ea TEs] TAK] T2, e Possible assignment
|11P,L), 2880 0.86 129 0.18 .17 15.1

l1P,i-), 2880 217 0.51 0.01 29.6 51.8 e e
I14P,3-) 2923 1.74 0.15 10.7 0.48  13.1 7.1+£08+ 1.8 E.(2923)°
112P3-) 2939 102 3.80 246 3.74 202 102+08=+1.1 Z.(2939)°
114p,3) 2965  15.5 1.64 3.57 543 261 14.1+09+13 E.(2965)°

&® = (2923), =.(2939) may correspond to two
JP=3/2- states.

€ =.(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 ) 41



LHCb observed P-wave candidate =,,(6227)

[[=,(6227)7] = 18.1 + 5.4 + 1.8 MeV,

no

o

o
I

100 |~

Candidates / ( 8 MeV/¢?)

" LHCb
(s=7.8 TeV

Full fit

Combinatorial

Z,(6227) = AY—ALT K

PW“. 121 (2018), 072002
L i | T T P O | S S,

500

600 700 800
M(AJK™) — M(A)) [MeV/c?]

KL Wang, Qi-Fang Lv, XH, PRD99,014011 ( 2019)

900

Mass, width, and
decay mode are
consistent with a
P wave candidate
with JP=3/2- or
5/2-.
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Decay properties of the D-wave Z', states

2.2D,,31)(3167) |2.2D;41)(3166) |2.4D,;,17)(3163) |2.4D,3)(3160) |2.4D,,37)(3153) |E.4D,,57)(3147)

Decay mode M, [; (MeV) I; (MeV) I; MeV) I'; (MeV) I; (MeV) I; (MeV)
B 2470 2431213 343700 4.92+418 2 481206 132:5% 5.6871 5
E.x 2578 351412 29708 T lohr's 4 (55 s 0.17;5% 0.73355]
S 2645 0.7470% 18192 6T 2941372 4281334 0.561 20
AK 2286 123713 125704 F51 1 | 34k 072213 3.097938
LK 2455 6.375 % s 316100 1571048 01173 0.407010
K 2520  0.477%9 1.57182 130102 397 418150 0.5970 08
IAZPA)K 2592 0.8470] 0.5510% 3.660% 355452 065,00 101428
|f\F3P£;%“K 3623 1{_1,93??-],41 {1,34-__'[3_-{:,% 391:}% 725:1:;3 {us:ﬁé’? 1.15:%,?
.Ef;Pzg_}Jr ;?"H ]'35"._.“}]?5’ ],1%3:8_'&];;2 14.5:]1'_]]1; 'JES__'LQ% 33?,:3;],2 14-‘-1__{?{.;4
if;P;:?_}x :315_ 413573 3,545 40.2%q5 11875 06755 8.81 504
ECPA ) 2936 039500 0.21755, 0.26 501 0515543 0.03 0.9257
B2P3 )n 2935 853D 0.2279% 5.50113¢ Lot < 0.01 0,338
=Pty 2854 02300 100t 07504 05122 13055 < 0.01

EPS)x 2912 Lo 04150 1.1035%5 562155 R 0.3457301
EP ) 2929 059100 145t 7 A B L S g 185 0375
Sum 86.411>) 231755 1216150 7844153 39.142 4751

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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Decay properties of the D-wave Z', states

E,’D;37)(6459) |2,°Dy37)(6432) |2,°D,47)(6447) |21%D,47)(6431) |2°D;,37)(6420) [2,D,,57)(6414)

b —h b

Decay mode M, I'; (MeV) I'; (MeV) I (MeV) I'; (MeV) I'; (MeV) I'; (MeV)
Epn 5795 z.ﬂzji_-?g’ 9417134 441100 243175 24000 103740
= LTS 4 4 el
Ein 5935 418757 2.32:%—%1 20617 ¥ i) i 0.17 fg-_gg B
Ein 5955 1.60792L 5905 10021 4.0311% 6. 16:3_—%? g.7ote
v 3620 1.04%5% 2457583 239458 140717 129353, 5457556
E. K 5811 7.8012:16 0.8670:22 403108 1.8310%7 0.04 0.1635%¢
K 5835 0.8579% ] ghiae 17703 SR " S Rl 0.687008
AZPIK 5912 07720, 0.06 154319 3y 0.04 1G5
) 0 4 4 4 g1 2
Ay ]i )K 5920 14,6_%_5;: 0.17 4{?':{}5 %0,2_-%_% 5,37_]:_-52 ﬂ.ﬂ?m -
= 2p 3- +8.22 ey —0.66 +12.0 +1.47 +0.03 2 +0.07
|=p°Ps5")x 6130 544125 28070 303 1055 05610 L s
E2P;)n 6233 0.471906 0.1079% 0.287093 17 0.01 DS,
E2P5 )n 6234 9.601 8 0.147755 53t | K 0.001 L6
b 2 1.66 -0.02 1.18 (.09 0012
— o q 4 e .l o 4 5
|;§P;_15 )m 6227 ﬂ.{E " 0.43 43& 0.1 3{3]{}]33 5,3{1_:%-% 3.35_:;];% < ﬂg lm
B PS5 6226 0.721003 0.96 M3 L iy 480112 596105 B2003E,
Sum 100.8126 28321 108 Tt STt 2815 40,7443

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

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

| ©(3090)
o BHitR
160 — — ':
| — - ¥ (2800) *
340 - = (2923) '
> | e
= £, (27807}
0 (3000) _ 3
S 000 = SO s e287y (6107)7
300 - B £0,(6340) 5 (6207) o0 5y
- = (2873)”" T 5 609T) 5
S S 0,(6330) “E(EaT7) - u(6087) 55
- EE(E?E#U}?_ | — i ¥ {50?2}
o 0, (6316) 2. (6200) b 112
Qc J:E‘. EC gzb :.b Zb
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Summary

AM (MeV)

6, states
1 ©(3090)
07 o 5,(2065)
1  — . EF(EQSQ:] : I
360 - — ':
| — " ¥ (2800) :
IS0 e e ——
340 = (2923)
e x (2780)?
_ flc{:EDUD} EE{EBBD} Illlflb(BSSD} s {623?‘}.;
300 - —— Q2 (6340) = (6227) B0 o
_ = (2873)7" L el— 2.(6097) 3y
280 - C——. O6330) “Z(err7y - E(6087)2 55
| Z(2730) " 5. (6072)
- 0,(6316) =, (6200)7 " i 112
Q B Z Q “h 2,
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3 states

T80
: = = (3201)" H )
ool §7 Sl e R e, A E,(6502)
7 i, S = - = = - = =
2 Pl o~ E(3179) (6326 ;
G ] A(2983) ¥ Ay }—J'_ 5495}
ﬁ = (3080)
_ -+ A(2880) :

600 F 52 c : Eljfﬁ?}]’
S s40) A0 A(6152) -; £,(6366)
L)
= A (6146)
= 480}
=
<

420 F

: = (2815
360 - A : ! : = (6130)7
3/2 O i
S LELE R el e ——— E[”TQU} v B (6120)
;"'.C{ZS‘)E] .__.” f’\l![_59]3_} 5 1
240
Aﬂ Ea_' j\h I:'I'J

Predicted masses are taken from Ebert et al., arXiv:1105.0583.
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