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Hadron properties difficult to derive from QCD
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Hadronic structure
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Experimental progress on the exotic hadronic states
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Theoretical explanations
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Mass splitting model

H:Zml.+

H = Zmi+HCMI = Zmi_

A2

—_

A

i<j

Al a

S

3
T

J

i<j

m; : the effective quark mass

Model I:

ZCUA,- 40 - 0;

M, = Zmi + Ecmr
:

Hadron Th Ep | Th-Ep|Hadron Th Ep | Th-Ep
T 246.8 139.6| 107.2 p 8825 ¥ib.3| 1072
K 605.0 493.7| 111.3 K* 1003.9 891.8] 112.1
D 1980.3 1869.7| 110.6 D*  2121.1 2010.3] 110.8
Ds  2159.3 1968.4] 191.0 D 2301.7 2010.3| 2914
n 3363.4 2983.9 379.5 | J/v  3476.5 3096.9] 379.6
Y 1185.7 1189.4] 3.7 ¥*  1379.3 1282.8] 3.5
=, 2616.3 257821 38.1 =Y 2682.7 2645.1) 37.6

Overestimated

theoretical masses

<€

—> Upper limits

Ha(lron <ch\.[]> Hadron (HC}UI) Cij
N —8Cy, A 8Chun Cy—18.3
Z %C‘H?l - %C‘ns E* gC‘RH + 1-736(7’715 (‘T‘Lé - 12'1
39 8C, — 20, Y 8Cu +2C,, G, =40
Eé %(ns a %("cn - %(‘cs Ez %C‘ns T 3( en T %(‘ES Crﬂs =44
e —16C.s T/ B Coz=5.3
D, —16C, ot B8 Chs = 6.7
D —16C., D B Cop =66
Q 8Cs Ces =65
T —16Cpn p Ll Cpn =29.8
K —16C,, K* i e M = AET
B —16C, B* %C'bﬁ Cn = 2.1
B, —16C}e B: B Chie= 3.3
B, —16C%, B B Cle= 923
M 716(‘&5 i i3 %C"bﬁ Crbg =29
Eb g( nn Cbn EZ 8("1171 Jrg o C‘bn Cpn = 1.3
EE, %Cns - 136(’bn - 136(:55 EZ g(ns + 2( en T %Cybs Cbs =13

= 361.8 MeV, m,
= 1724.1 MeV, m;, = 5054.4 MeV.

c — Cn-n
3 Cnﬁ

S

=
3

= 542.4 MeV,

N



Mass splitting model

- Model |l: meson-meson threshold —— underestimated

M = eref _(ECMI)ref J+ECMI ] Lower limit

_ Model lll: chose the exotic hadron as the reference state

M = Mx(4140) — (ECMI)X(414O) -+ ECMI <+ Zni]' (mi — m]) Hadron  Hadron Ay, Hadron ~ Hadron A, Hadron  Hadron A,,
ij B(BY) D (D) 33402(3340.1) D (D*) 7 (p, ) 13564 (1357.6, 13502) K (K') 7 (p, ) 178.4 (178.1, 170.7)
B, (BY) D, (D}) 33282(33267) D, (D)) K (K% 1280.7 (1282.6) p K* 175.9
B, e 3259.0 e J/w) D (DY 1095.9 (1095.3) D, (DY) D (DY 102.7 (103.1)
5= M ( E ) - B, 3117.7 B, B 1014.6 B, (B) B (B") 90.6 (89.7)
m = VX (4140) CMI)X(4140) 4, A, Z. 33331,33186 A, N 1347.5 A N 176.8
5, (5 5 (S 33311(33299) I, (E) N (A) 1362.1 (1362.4) LEH  N@Q) 187.0 (186.2)
%, A, 3345.6 = A 1328.8 ] A 169.0
- B, B, B, 3325.1,32996 E. (&) @) 1318.6 (1319.8) E@E) =) 158.7 (159.3)
M =m+ Ecyr + E Nij Az’j B (E) E. () 33239 (33232) &, A 13033, 1293.0 Q = 172.7
— = g, 3349.4 Q@) EE) 1295.9 (1273.0) =h A, 158.0
1] Q, Q, 3313.6 E(E) I (@) 1435 (143.5)
- 132.5, 118.0
. Q, E, 161.6
A-II’}’; —m. * the effective mass gap Q, (@) E (= 136.0 (135.7)
J J =l Aj 148.8
B (5D %, (5D 136.3 (136.8)
A, =3340 2MeV, A_ =1280 .7MeV, A _ =90.6 MeV B AT, 12451120
c n sn Q, g, B 150.1, 125.7
A, =1180 .6 MeV, A, =4520 .2 MeV 2 e 31884 . U/w) m(pe) 12261012264, 1227) 4 poo 1770, 173.3
s S E,. N 12872 E(E) N@) 172.9 (184.3)
Q A, 3* 180.4, 177.5
A A +A A A A Q, A, 147.0
— 1+ — + Q. @) I (=) 139.8, 139.6
cn CS sn? —bs bc cs Q, Ap S 137.3, 121.0

J. Wu, X. Liu, Y. R. Liu, and S. L. Zhu Phys. Rev. D 99, 014037(2019)
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Rearrangement decay

1. The decay Hamiltonian is described by a constant H = C.

2. The total width is equal to the sum of two-body rearrangement

decay widths T, .., ~ T

SUuI

49,99, = (4,95). +(9,9,).  49-959, = (4:9,):. +(9,45);.
MP?=C?)) XY
wtetraquark — Z iX'i(Q1QZq_3q_4) I'= |M|2

Yrinat = Y iYi(q102030)

P
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Results for QQqq, Qqqq,
and QQQq

©

L 2 4



+
TCC

Assume X (4140) to ge the lowest 1**tcscs

ccnn =m+ ECMI _2Asn
C = 7282.15 MeV
— 4226 ccnn
a3 I(JP)  Mass Channels r
N —— 4073 —— 4074 D
@ . 1(2t) [4143.2]  [(33.3,20.8)] [20.8]
D (D D) D*D
2 T+ (387 3949 1(17)  [4072.8] [(16;,32.0)] o [53.0]
e [~ 3878(D' D) 1(0) 42259 (55.7,43.2) (0.3,0.3) 435
L 20 [3948.8} [ (2.6,-) } [(41.4,35.9)} [35.9]
~~~~~ D" D*D
-------------------------------- (DD) ~~~.~o£1+ 4074071 (484 209)1 (62 19 &)1 14071
~d 387182 | (6-) | [(188,72)) 172]
1(2") 1(1") 1(0) 0(1")
= / - dk e poar 5mBW =My, =M 5o
My — Epes (k) — Epo(k))? + 1172,
o W= Eor (O = Ep ) 4l = 273+6145") keV
KM
X -~ +18
2(27)*My: Eper (k) Epo (k) L [y =410 12165 £437;, keV
g o T:.(3875) can be regarded as the

[' ~ 105 keV

lowest 0(1%) ccud -



bbnn states

Mbbﬁﬁ =m +ECM[ _2Asn + 2Abc C =7282.15 MeV

bbiifi
—— 10834 1(JP) Mass Channels r
——10795 B*B*
S 10773 1(2Y)  [10795.3]  [(33.3,5.3)] [5.3]
v ——10738 - -
= ——10718 B*B
" 1(1%)  [10772.9]  [(16.7,11.5)] [11.5]
(EU ———————————————————————————————— (B* B*) B*B* BB
________________________________ — 1(07) [10834.4] [(57.4,10.3)} [ (1.2,0.3) ] [10.5]
" osgs P 10738.4 (0.9,0.1) (40.5,7.2) 7.4
———————————————————————————————— BB R BB BB
TSO(1T)  [10717.81 [(412,4.6)1  [(12:2,7.0)] r11.6]
°~ [ T10584.5] [ (88,-) ] [(12.8,-)] [0.0]
1(2") 1(1) 1(0) 0(1)

® The lowest O(17) bbud is a stable tetraquark about 20 MeV

below the B* B threshold
Almost all theoretical studies favor this conclusion
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050(2900)

“ A, — A, Assume T %-,(2900) to be the 1(0*)cnsn

C =13.577 GeV
e 3150 cnsn
ff 30583082 ------- Dl ) Mass Channels r
o7 = 304 o ] | Dip . _ DK _ _
o e d—— 2918, s 4 3058.0 (95.8, 340.4) (26.9,94.8) 435.2
***************** ggci_BD p.D’K’ .Diw 1(27) 2971.3 (4.2,10.9) 5.1, T79.3) 190.1
» i i i D p i i Dir i Dgp D*K* D*K DK* i i
o FTTIEEEIIIIIIIIIIzIIIiiiiipKeDoDR PN 1308217 | [(71.1,266.6) 7 [ (0.0,0.2) 71 [ (4.5,22.7) 1 [ (22.5,84.1) T (0.8,4.6) (9.3,46.7) [ 424.9 7
- 5636 D VN 3004.4 (26.8, 80.9) (0.3,2.0) (22.7,103.6) (61.8,181.3) (1.8, %7.5) (1.3,6.1) 381.4
= “ 5 1) 2902.7 (0.0,0.0) (0.7, 4:2) (44.1,166.0) (12.6,2.7) (0.0, 0.2) (12.4,45.5) 218.5
ALl —_— 2538 D1 \ ( 2837.3 (1.3,-) (0.0,0.0) (26.8, 80.2) (0.1, -) (3.2,16.5) (70.9,198.4) 295.1
S : \ AN 2636.4 (0.8, —) (10.7, 51.5) (1.8, —) (1.5, —) (72.7,258.8) (4.4, —) 310.3
— 2386 “ S| L23859] | [ (00,-) | (88.2,253.0) ] | (0.0,-) | L (14,-) | (22.1, -) (1.7, -) | 253.0 |
”””””””””””””” DK \ N D*p D7 D*K* DK
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Dt \ M 314977 | [ (63.3.2666) 7 T (0.0.0.3) 7 [ (463.1961)7 [ (0.2.1.7) 1 [ 464.6 T
— s \
2214 \  1(0%) 2917.9 (34.1,54.9) (0.7,5.1) (47.4,56.9) (3.1,20.1) 137.0
\ I537.5 = 17.3,96.2) T, =) 67.0,297.1) 3935
fffffffffffffffffffffffffffffff D1t ! L 22143 ] | [ (01,-) 1 L[@19,2356) ] | (21,-) | (296, —) L 2366
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, D*K
\
\ * % *
> 1 o \ D(Dp) i T Dy s TIK™) e TIDK ) = 10.8: 1.0z 11.2: 89
cnsn states \
\ cnsn
— — P
The mass of I=1 and |=0 &0 e - - IR 3
[3058.0 1 | [ (95.8,333.6) (26.9,94.8) [ 428.4 ]
states are degenerate od) | [Sema ] || Gates | | Garies ] | 1897 |
\‘ D*w D*n Dy’ D.w D*K* D*K DK*
_ \ | [3082.17 | T (71.1,262.0) T (0.0,0.1) [(0.0,0.007 [ (4.5,225) 7 T (22.5,84.1) 7 (0.8,4.6) (9.3, 46.7) [ 420.0 T
0 =0 \ 3004.4 (26.8,78.5) (0.2,0.8) (0.2, —) (22.7,102.3) (61.8,181.3) (1.3,7.5) (1.3,6.1) 376.5
BY — D D+7T_ o1+ | | 20027 (0.0,0.0) (0.4,1.6) (0.3, -) (44.1,162.4) (12.6, 2.7) (0.0,0.2) (12.4, 45.5) 212.3
S (AN | 2837.3 (18 =) (0.4,0.0) (0.0, —) (26.8,77.1) (0.1, =) (3.2,16.5) (70.9, 198.4) 292.0
B-l— — % D_D+7T+ \ 26364 08 (57 (50 .\ (1.8 (it | (zo7omgey ||~ rag 258 8
s \[L2ssso ] | [ (00,-) | @67,—y Les)] | o) | | (a4 | [ @i ] | 7o) J]1 |
| b 5 ST I ¥ DK
-914(\47- ‘/E‘?") OQ') r)\- -ﬁ.\ ira —/nn n1\- '//ILZ") 106~ 1\- C. /nn 1'7\ | "A£1.")'
- [ ] 2017.9 (34.1,47.8) [ (0.4,2.2)) (0.4,0.1) (47.4,56.9) (3.1,20.1) 127.1 ||
M 2908 :I: 0011 :I: 0020 GCV 0(0) 2537.5 (2 5 -) (9.1,14.1) (8. 1 -) (4. 1 -) (67.0,297.1) 311.2
22143 ] | | (0.1,-) | 433,-) | | (386,-) i, —) (29.6,—) |
I'=0.136 + 0.023 4+ 0.013 GeV

[(D*w) : I(D*K*) : T(DK) = 2.4 : 2.8 : 1.0. |
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(2870)

c sO
Mesan = m+ Ecoumr Asn Acn C — 13.577 GeV
1 I(JP) Mass Channels r
FE"
3129 0(21)| [ 2998.3 ]| [ (66.7,380.2) ] [ 380.2 ]
3058 D*K* D*K DK*
2398 [ 2953.5 7|[ (47.6,203.0) ] [ (1.3,14.5) 1 [ (10.6,88.5) | [ 306.1 ]
9088  mee 2954 0| 2784 3 i I (1.8, 17.8) (47.6.151.9) 169 7
,,,,,,,,,,,, 5902 S 2500.6 (0.1, —) (55.2, —) (0.1, —) —
S 2081 R PPN T 2850.5 ] (42*4[(*) [ (2 7n:>i 4) ] 34.4
\%; ————————————————————————— T A—— DR~ 000 | 2320.7 { (0.3, -) w (55.6, —) [/—' w
é 2694 Taae el
2606 RN e
.. Consistent .
erwwe 2504 - D'K s i
State N oy Mass(MeV) T’ (MeV) /Observed channels
T T T K T ,(2870)° %2866 + 7 + 2 57+12+4 B* - D*D K"
| | T* 1(2900)° 2904 +5+1 110x11+4 B* - D'D K*
2 1 0* T(ﬁ’go(2900)O 2892 +21+2 119+29 B’ - D°Din~
I =0/1 csnn states T¢,(2900)"" 2921 +23+2 137 +35 B* - D Din*

o T*

csO

(2870) can be regarded as the highest 0(0") csnn

® The lowest 0(0") and the lowest O(1")csnn is stable

18



bnsn and b snn states

o A
6308 6286 5
ffffffffffffffffffffffffffffffff B'K
%‘ i ceenns §q7772220: 6186 g
w
w
2 —60%5___ 0(2%)|[ 6312.5 ]| [ (66.7,95.0) | o . [ 95.0 |
B*K*™ B*K BK
[ 6286.0 || [ (34.1,41.3) ] (0.2,0.6) [ far2.49:25 7 [ oro ]
77777777777777777777777777 - 0(1+) 6176.8 (15.8. —) (2.9 7 2 [(27.1. 7.8) 14.9
------ 5810 €====4BK
e L I E T ———— - 5810.1 (0.1,—) 55.2,—» (0.1,—) —
s B K~ 7l
2" 1 0" =~0~(U+ﬁ-~-: 6186.4 | [[ dis 1 [ i 7.8
bnsn
Bl w B K~
+ [ 6373.6 ] [ (97.1,89.4) ] (24.0,21.8) [ 1112 ]
Lk 6291.1 (2.9, 2.0) [ (76.0, 47.7) } 49.7
) ) ) Bfw ) Bin B*n’ B.w B*K* B*K BK* ) )
[ 6422.0 T F (55.7,57.7) ] (0.0, 0.0) r (0.0,0.0) 7 r(12.1,14.0) ] M (27.8,28.8) ] r (0.4,0.6) T r (13.6,15.6) T r116.6 7
6344.0 (32.2,27.1) (0.0, 0.0) (0.0, 0.0) (57.1,56.1) (23.8,19.5) (0.2,0.3) (6.4,6.2) 109.3
0(1+) 6269.6 (0.5,0.3) [ (0.1,0.1) (0.1,0.1) (13.1,10.2) (37.0,19.6) (0.2,0.3) (24.5,17.9) 48.6
8237 A (10 .32 4. 8) ( ‘\\ (0.2 0O 2) (1.6 111 (7 Z 5 AN (2 DA DN (852 4 21 41 |0 I |
5963.3 1.2, — 6.7,0.1 5.9,0.1 1.0, — 2.4, — T2.1.56.7 2.0, — 56.8
| 5698.5 | EOB(); _§ (45 9, —J)A' | E4JOB..7’—; i EJOB.Q,A—} i E]gk—g | ((23.9, —)) i E].o, _§ —
- 6447.47 | [ (65.0°70.8) 1 (0.0.0.0) " - (0.0.0.0) (44.7, 48.8) T - (0.3,0.5) T 1201 7
6252.1 (32.7,16.9) [ (0.3,0.4) (0.3,0.0) (48.7,20.9) (3.4,4.9) 43.1
o(0™)
5930.1 (2.3, —) [ (7.6,2.0) (6.7, —) 4.2, 0 (70.3, 58.4) 60.3
| 5640.8 | (0.1, —) (45.0, —) (40.0, —) | (2.4, —) L (26.0,—) | L — U

Stable st.a;e_s
The lowest 0 (0™) and lowest O (17)bnsn
The lowest O (07") and lowest O (17)bsnn

Cllannels

Bsn

BK,B*K



CSSS states

Mass(MeV)

2+

1* | 0"

SS states

CS8SS
Mass Channels r
T\
[ 3123.3 ] $g33.32 Y] [ -]
D5 ¢ D3n D3n' Ds¢
[ 3148.5 |[ (49.3,111.2) ] (0.4, 4.6) [ (0.5,2.3) 1 [ (3.3,23.2) ][ 141.3]
11| 3041.2 (0.4, —) (3.4,34.0) (3.8, =) (26.1,111.4) 145.5
2049.7 (0.4, —) (15.8,143.9) (17.7,—) (12.3, ) 143.9
) D¢ Do, Do o
o+ [ 3212.0 1|[ (54.9,262.2) | [ (0.1,0.7) ] [ (0.1,0.5) ] [ 263.4 |
2872.9 (3.4, ) (19.6,209.6) (22.0, -) 209.6

® There may exist a stable state with J¥ = 27 for csSS case

20



QQQq states

cccn = M+ (HCMI) I Acs — Asn;

A SO b ) e
MccEﬁ = m+ (HCMI> + Aps — Asn, q
MccEs? =+ (HCMI> + Ay, l
Mypzn = m+ (Hepp) + 285 — Acn,
Mppes = M+ (Hepr) + Dpe + Ay, 14

. — . GeV
Mypin = M+ (Hepr) + 28ps + Ape — Acn, C 999
Mypps = 1+ (Hepr) + 205 + Ags,
MbCEﬁ = MccEﬁl MbCEg — Mcc}_jgl -~ — .
M, 5. = Myen, My 5 = Mppes. No stable QQQq state is found.
The mass spectrum of thiply theavy Most theoretical studies are in

tetraquark ranges from 5.2 GeV-15.5 GeV ggreement with this conclusion
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 Meen =m+ (Hemp) + Aes — An Q Q Q q states

5435.5
5372.0 5382.5 = -
- o Mass C»}}ilxlllels I ga5m
- CCeT
> 5242.4 J /D>
z P o+ [5372.0] [ (33.3,168.2) ] [ 168.2 ]
L e e o o J/pD* J/pD neD”™
© (J/uD") - 4 I - J - .
= 5382.5 (49.6, 254.5) (1.3, 8:0) (2.9,17.6) 280.0
_____________________________ (n,D') 1t | 5309.8 (0.2,0.8) (11.4,66.0) (218, 122:%) 189.1
***************************** S 5242.4 (0.2,0.7) (29.0,153.6) [ (17.0, 86.4) ] 240.8
k — T JfgD* T T Ne D ) = i
----------------------------- (n.D) o+ [ 5435.5 7 [ (54.9,302.0) T [ (0.1,0:8) [ 302.8 ]
5191.1 (3.5,10.5) (41.6,247.6) 258.1
2 i 0

Six states : 5.19 GeV ~5.44 Gev  Similar features are found in the ccts, ccbn, ccbs, bben, bbcs, bbbn, and bbbs states

Mppcn = 11+ (Hemr) + 28ps — Acn.

JE Mass Channels | E—
87139  8719.4 8746.8 been
B6962 Se0s 3 8668.0 ] . BDY o B ] ]
8633.0 o+ [ 8713.9 (97.3,245.8) (21.8,55.2) 301.1
8602.3 §E55 8696.2 (2.1,5.3) (77.7,191.3) 196.6
S 8555.9 ' i R : -7 . : .. 7 B.D* B*J/4 B* 1, B.J/4 ) ’
-~ — [8719.4 7 [ (78.2,199.0) 7 [ (0.1,0.2) (2.1,5.7) 7T (17.8.45.6) T [ (1.3,3.9 ] { (10.3, 28.2) 1 r282.3 7
= = 8698.4 (19.4,48.1) (1.3, 88) (7.6,20.8) (79.1, 195.6) (1.0,2.8) (2.1,5.6) 276.7
R [ s S e (B J/¥) 1+ | 86653 (2.1,4.9) (1.5,4.4) (16.7,43.9) (1.2,2.8) (3.8,10.6) (43.6,111.1) 177.7
2 ::::::::::::::::::::::::::::%BjD*)(BJ«‘"*“") 8633.9 (0.3,0.6) (1.0,2.8) (64.7,163.6) (0.3,0.8) (0.1,0.2) (38.4,92.8) 260.6
_____________________________ N 8602.3 (0.5,1.0) (26.1,68.7) (8.4,20.4) (0.9,1.7) (51.0, 131.6) (4.8,10.6) 233.9
B e e s o 151 A (Bnr) L 8555.9 L (0.1,0.2) (69.5,173.3) | [ (0.4,0.8) | | (0.4.0.8) L (42.8,102.1) J L (0.9,1.7) J | 278.9 |
7777777777777777777777777777 <E.D) B B.D B*J /4 Bn.
e r8746.8 7 T (61.5,161.5) 7 [ (0.1,0.2) (49.3,130.8) 7 [ (0.3.0.8) T r293.2 7
————————————————————————————— (B.D) o+ | 8668.0 (36.8,87.5) (1.2,3.6) (45.2,106.1) (3.6,10.8) 208.0
8572.2 (2.4, 4.8) (23.4,65.3) (4.4,8.2) (60.8,161.9) 240.2
| 8478.1 ] | (0.1,0.1) L (75.9,190.2) (1.3,1.5) 1 L (35.4,80.0) | .ot 8 |
5 1 0" Fonm
Twelve states: 8.48 GeV ~ 8.75GeV Similar features are found in the becs. bcbn, and bcbs states
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Summary

1.QQqq states, T/.(3875): the lowest I(JF) = 0(1")ccud,
Stable: the lowest 0(1")bbud.

2.Qqqq states, T2,(2900)**/%: 1(0*)cnsh, T, (2870): 0(0)csTA.
Stable: the lowest 0(1%)cnsn, the lowest 0(0") and 0(17%)csnn,

the lowest 0(0")and 0(1")bnsn, the lowest 0(0") and 0(1")bshn.

3. QQQq states, no stable tetraquark state is found.

Thank you for your attention !



