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1.5 2B%: J/VHEAAERR

& 1964-1974%, 3% 5 LU, d sARRM AN TAETHREERIIRE,
BANKMNTFRELEGHALTY, ANKRL: wRXRELEFFHEE
(FCNC) #9385 Hik, 2, REAERE LA

K*"sxn" 48" +8, KO—>/1++;1—.

XA, TR, FRHEIHFNREILERNALE, BYEH, FFHAE
P HRRARREFAEN,

& HTHERX—E 19705 Glashow, lliopoulos#=Maiani 42 T —A4 4%
# A GIM LH 69 5 £[69], AN ARREALEFEWARS L, HRAES L
(charm) , RAck&®, HMAEcHEANMERLA1.5GeV A% . GIMMF
FINGRES ZTHRT kB, KAMmEFCNCiEf2a) dkMEHE,



1.5 2B%: J/VHEAAERR

& 1974F12H, £H “E it BRI (Physical Review Letters) F] &)
BT =& L F[70] ( Phys.Rev.Lett 33 (1974) 1404; ibid 33(1974)1406; ibid
33(1974) 1408), =R KAES %A% F: J/v EF.

&b FERATEPERANLTFN974F11 128 #43). iNEH, T
PHEATHOERLHAAEZERAEAALBEELXEEREI0GeVHmE R L, A H
KA ERFEN, BIMNEFRATIhHFEEeM L0 e THFRXRE
#E RKAT—ABEH31GeV(FE-6.11577), Fé&ibixrk (~1079s)

T, FLAIET.

& FElr, B.Richter¥ A&Stanford A& w2 B P O EfE-FTREER

E, AMR#EEMNSE (MARK-I) MMEee X4, XIATRER AT,

BMNARZAVETF (FBXFE, T4AF11A13HEAR) . FZANRZEX
#lFrascadiZ B E, Ao £BHAEFAHELEBRXERE XA/ VETHH L
B, IR THEZAR BT, MNETIETFHORR, H4£11 A18
BBy, AER PRI EXE,

& JWETFHEALRESAOAELELHE TARYERIERE, #RFEME
BOFHXEALE NG HB, I—HPFEHNERANARLELETHEF LY
FTE2EL IR THER, o FX—IT4, THEP#HiLARichterdtiz £
Bl 3K 1F T1976-F 69 N R4pFER,



1.5 2B%: J/VHEAAERR

& LJETFTHIRER: J/WETRCCRED-FBE. 5ARTX
#[72], RIBEGFIARSTAN LR T Hnfo ¥ A3 EETHJHEA
FLE B&RSARET: wHST L. BEH QTR ENEE, RBENF
#oho B AEDH) A

P = P(ce)(—-1)' = (-1, C = (—1)L+5, @
J/P(1 Sk F 49 & Z bk S 4 T - @
m(J/¥) = (3096.916 +0.011)MeV,
I = (92.942.8)keV, r(e+e‘) — (5.55 + 0.14)keV,
IG(JPC) = 0 (177). 6



1.5 2B%: J/VHEAAERR

& JVETFTH - NPEEFREARREELARFZ)DTHERTHORERE
B : r, ~149.1MeV, I, ~ 8.49MeV, I, ~ 4.26MeV.

ag, JJWHBEBFREERREINJ/v — e e ) Fop,w, pATFHRFEERAN
ZHARK

(p—ete”) = 7.04+0.06keV,
N(w—e"e) = 0.60+0.02keV,
N(¢—ete”) = 1.4keV.

VIR, CHEAREALLIARKERM,

& 2. J/VERMEKETiE: J/YpRCcRHS (Charmonium) , 5&€F—
ERFBEORBLERIELEEM, FBREKATJI/ HBEOEK
EWVERS), V) AR EEAS()FoHERXSE, HBA-6.128 L TEBERE
M E. F—AREEENEALEEREETHRETAAER.

& HMIARETH “C” XBBEFWRS L “Charm” . AEZMEAER
T, RERTEN. 2BREENT, RERXRARTELN, FLERR
MAC=1, EFRX-HHXEAXELKEFH:

Q=5hk+ = (b+S+C)



1.5 2B%: J/VHEAAERR

Mass

BODOES o imiaistitiaitig e DD' threshold | _

3700

3500

)
)
(=)
(o=

3100

2900

—™ 2-body clectromagnetic decay: ¢e or VY
— EI1 radiative fransition
--= M1 radiative transition
~ Hadronic transition

Figure: 6.12 18 X R T ALK A,




1.5 2B%: J/VHEAAERR

& FEMEFLREN, J/WAS)O- (17 )R E2aRAZVHRELAER
AL+ AkeV, KACRTFOHREELRIANMEA:

M(J/W(1S)) = (929+28)keV, myyus = (3096.916 +0.011) MeV,
M(V'(2S)) = (304 +9)keV, My zs) = (3686.1097% 7% )MeV.

& V/(3770)R AT HUH B KA E A K F25MeV,

r(w(3770)) = (27.2+1.7)MeV, Mygarmo) = (3773.15+ 0.33) MeV,
r(V(4040)) = (80+10)MeV,  Myuos) = (4039 + 1) MeV,
M(V(4160)) = (103+8)MeV,  Muyieo) = (4153 + 3) MeV,
r(V(4260)) = (95+14)MeV,  Myzeo) = (426375) MeV,
r(V(4360)) = (74+18)MeV,  Myuaso) = (4361 % 13) MeV,
[(V(4415)) = (62+20)MeV,  Mygass) = (4421 +4) MeV.



1.5 2B%: J/VHEAAERR

b ZAREBENTHEEEZNAANKELR, INPIHEBEEARAE
HENE LR, HBIEHTEES S LEH(INRCQM), FiA )/ VT
HMACCRUS, DAFRAF-ACHELHAT, HldD = (cd). BHRE
DT 8RR 1870 MeV, Bk, J/w(1S), V'(2s) k&3 F2mp, R
REEHB/ADATF, AikddREX (H6.13a) FHAXLHES
w(ud,s)iF, BB LE—TEOZIMN], X &P Kl MR EIKEG, Bk

EAMNTFHOREERERE
é -
0 .1/\1;. ( j
> : D+
(b

Figure: 6. 13 J/V AT TRE X TiE. (a) ARAEIKGERRE
B, BYSFHERXTTRYSHQCDA € 554 £, (b) #OZI A1
AFeMERARAFOTRETE,




1.5 2B%: J/VHEAAERR

& AV (B770)RACHVHEEESHREN K TFo2mp. A FPHRAHH
BRCAME SR CHTAABERUARSETHONS L, Pilidde
B-6.13b/ TR R ELEXEHDDst, AV (I770) R A CHUHEKEH
REFELERHI/VAS),J/VRSAAN M EL,. AHEZH
(FA-6.13,A-6.14) LTl A, 2B REFTHNES L F 2 B LR LB R
ALK GAY, TE2HEJARTEREANS, BEiTE-6.13bE T
AR ETREIEAREAE¥K, BEAEFHHS Ach LR RXEDATFHH S
Koo

J/

Figure: 6.14 @ 43K F XL FEANJ/V — 37 B XRE > L1342,



1.5 2B%: J/VHEAAERR

& ETFTEHANFHESE: RIFRARFHEYH, FARTIRAEEEZXA. &
HTFCFMARTEAORF, XENMTFTARETIANNEET. PloBALT
AEBAARKTF. BmwB-6.14F 5, REETEVAKRTFELT. X4,

I THOLREQCDHEHN A T:x o, EKKXEHEE.

& HE(2980)AF. HEETFHETHHICJIP) =01(0""), ARIFEA
F. £HEEHM()) = 2981.0+ 1.1 MeV. 1:(2980) AF & FHJ/V £FiF
K, BREFREEXEIAADAT. CROZIZE AN T, BEHER
RI=(29.7+1.0)MeV, ZARZAHXF100 2MeVHIEZR, FLJ/VHEA
XF%. REMR, ncRBIFENT, CRRXLIBANMKT, CHABLT A
WEAMETFRE, RAFRAA AR TFRENS/VEKBZEIR.

& FlAEH, \0(3415) 0 ROZIZ KM T4, &FRIFEAFOT(0T)),
TRBEIRHAMKTFEE, = (104+£0.6) MeV, EIKEGT5H

Fo \c0(3511)ELROZIZE A IAE, HTREBEEANATO0T(177)], AT RE
FEAKTELE, T=(086+005MeV, ZFEL, HFEAE.

& OZIAMRFRAEFATFE T m R EFTELE B AG, RELAHK
FREAMRPHRARL, AACKAHTEAZETY, AT AHETHREL
#R & OZI % T 42,

10



2. kA ufaE: YHAAEHRR

& 19775, @L.M. Ledermanii ¥ 49 # K 5 3 £ E288 5% 548 /£400GeV /it
F-RFTHEANEEERPEAALT A KEFGHELT, #LHTE
F0~(177)][73]e MIAT LKA I EMFfdT:

T(1S): m=(9460.30 +0.26) MeV, I = (54.02 + 1.25) keV,

T(2S): m=(10.0233 +0.0003) GeV, I =(31.98 £+ 2.63) keV,

T(3S): m=(10.3552 +0.0005) GeV, I = (20.32 + 1.85) keV,

T(1S,2S5.3S) & FHREEERMRE(QR0 -50KeV), F& K. T = (bb) &
B ERASAEANSAGNT, REANGRELH H4.6GeVES .
LbA AN RZEETRB = (ub)#B° = db¥:-F, mg = 5279MeV,
HT(1S) - T(BS)AFARTHREEH—3tERB AF.
& STATIATEIRS, 2BREHZANF, BRETHEAHLRAOZIZ &AM, X
R ANETHEHOLR -_QREBEBETNIT -, CRERE., CMNAKELTE XRE
BEELT, AR TERERZERIK, XEARYN “ET/E, FEA” K
Fio BBATAS)ARZFHRENTHELS, MA:

T(4S): m=10.5794(12) GeV, T = (20.5+2.5)MeV,
T(58): m=10.876(11)GeV, T = (55 28)MeV,
T(11020):  m=11.019(8) GeV, T = (79 + 16) MeV.

B, ZET HFRASHTUARELIBABANT, BRAEA/LTAMeV &9
RETLE.

11



2. kA ufaE: YHAAEHRR

’)S.',r, - S S
2 b ) YAs) on peak
- [ it
= - ' ~r
sk ! off peak :
= ; (28 o= "
S b = (g udsc) ;
T 10 - i '|1 e Y(3S) -
' ! ] i % :
+3 [ ‘ ' + ‘-' %, o ° 1 Y(4S ) i
-~ S N ‘+ -+ v ‘9 -
o F g | [ IS L yiieny ,.,.5...“.‘49_{“‘0_*_;_{__*_ 5
o [ PR S | g P YO | HON ! WY I T P | R ) VA Y (R t PR | Y T ST YOR WM - L
944 946 1000 10.02 10.34 10.37 10.54 I 10.58 10.62

Mass (GeV/c?) 21“]),
Figure: 6.15 T(NS) &£k &(N = 1,2,3,4).



2. kA ufaE: YHAAEHRR

& EFHFLE, BIBRHESHOZEE RSB G ERRIL,

BRAKAE BCH B o P fa kK, S{HREMAHE S AR, KEKHE, & TF5 54
Bk, o#HFIK, FTRERFAFENRTRARFRAE, RMEA2ERT
A —A %k, AFJRBHN, aToHEAR), 2HES, STETA
MEEMT AR FIRME, HEIANLE %%ﬂ%mvo

& JUEFRTEFRAEREGET, FX TGRSR
BHIEARETH T TR ERGeVER, X F4# 6 F0.2fm, E

HAAMTAS /U FFTETF O RREHRITLENATRRFEINEE
%o

& F—7@, AFES RS LRE, ClifAgdR 524

J /U, TEF T AL Mt dash kAR, TAERAEELRX
B, HEFIARBITOHAR, RALERA TR EERHBBEAN, T 52
#— & & EAast S A5 E,

& —HERSAEAMNBETONTHRASAIBE, TR LEALRPER
AATEGEE, REESABERAAGFRE, SECMNANRLEHERGHTE
A2 AT AFLEMERGHA X MBENFT S .

13



3.RE (R) FafdsxE

S ud 8
§ d&) U d €§g

m ? dibaryon pentaquark glueball

Q5 @ creee®

diquark + di-antiquark ~ dimeson molecule q q g hybrid

AR R R T AEORL T, EIEET cc RER bb 415,
(AR R R B R SURE RO, R AR X RS T EE R
Tilh, FBFHZ HRBEENL b HRMEE. RITEETHEREEE, @
MO XYZ FHEEl. X RTMEIE BN 0, Y R T4 J7C = 17— ek
TH, HAHNEN 1| R TSMEA Z K T—%,

14



3.RE (R) &2alg%

X(3872)
. X(3872)
~ X(3915) [as Y(3940)]

Y{4260f
| Xc2(2P) [as Z(3930)]

. Y(4260)

| X(3940), Y(4008), Y(4660)
. Y(4360)

. Y(4360)

. X(3915) [as Y(3940)]

. X(3940)

| Z*(4050), X(4160), Z*(4250),
| Z'(4430), X(4630)

. Y(4140)

~ X(3915), X(4350), Y,,(10888)
| Xe2(2P) [as Z(3930)]

. Y(4274)

. X(3915)

- Z,*(10610)

. Z,*(10650)

. X(3823), Z,°(10610)

Z--{3308) Zc"(4020)

- Z.%(3900)

. Z.°(4020)

. Y(4140)

- Y(4274)

. Y(4660)

| Z.*(4020)

. Z*(4200)

. Z'(4240)

| Z*(4430)

- X(3823), Z.%(3900), Z.%(4020)
. Z.'(4055)

. Y(4230)

. P.'(4380), P *(4450)
. Y,(10880)

| X*(5568)

| X*(5568)

| Y(4140), Y(4274)

| X(4500), X(4700)

Dbserved Confirmed
Belle

Belle

BESIII
LHCb

DO

Y (4260)




3. k% (&)

B e E

overpopulated YRI00) 1o

Charmonium spectrum

charmonium(-like) | %> 2016 5557 X (4630) 1]
states 2021
3D 4
4500 - 4 X%f_%m Z,(4430)*
45 B ) 2F 2008
Y(4390) == X (4350)
17 U(4360) 3P . X350
X brrrerd e = = —= 2010 2014
- 011 *
203, B 20 arif w20 2008 Rio(4240)
P W (@160) Xeu(4140) ) ZSHY
- 38 2009 1F 201 81 E1™ 5015
38 0 (4040) 2008 x(4050)* X(4055)*
4000 ™ T T T T T T T T S ; Anrlite
DD 2p - 2P 2P 2007 X3940 ;L-(:zig);2014
3 2 XaG872) }o0o%)  geers) Al
=3 1D vo860) 2003 2006 T 2005 2013
] (3770 ¥2(3823) )
§ | pp &2 W 2013 2019
Y(28)
7:(25)
xe2(1P) © g
_he(P) Yei(IP) — X (3915) 0t 0FF or 2FF
3500 X(3040,4160) 77 ???
X (4350) 0+ 27+
Xeo(1P) z* 1+ 1*t-
R(:U ].+ 0__
X (4020, 4055)F 11 77
X (4050,4250)* 1~ 27+
S Godfrey-Isgur quark model
discovered before 2003
3000~ _yc(1S) discovered after 2003
L0f(07*) 0°(177) 0°(1*) 0*(0*) o*(1**) 0*@2*) 07 (27) 0°(3) 27 =1

2021
Z.5(4220)

1=1/2

16



3.RE (R) FafdsxE

Mass (MeV)

11000

10500

10000 -

9500 -

—88 Bottomonium spectrum
SLLL020)
58 1(10860)
Y(10753)
e 40000
I ey v~ s
e v
: 2D Y51 3P) X0 (3P) 2D
3 Y(3S)
I JJ,',QP) _J[’J‘:U(El}\} X bl (2P) 2 (2P)
Y,(1D
D 2(1D)
7H(25) _X@2S)
(1P
iy(P) Yno(1P) (1) xC)
Godfrey-Isgur quark model
Y(1S) discovered before 2003
_dS) discovered after 2003
0*(0™) 0 (17) 0" (1) 0*(0™) 0*(1*) 0*(2™) 0°(27) 1"(1")

17



"\

Mass [MeV/c?]

11000 T ' : :
P
10500 l o*®"" 159 new hadrons at the LHC o
T B;(25)* Teice
7000 OBC(25)+ .Bzézs))"’ P
Q,(6350) -
0 -
2(6227) " Nielagw meeHoL o
=0 - +,0 - =
B = b Ay(5920)° b B,(5970) u M=, (6100)
6000 W) (5012 =0 85,(5840)+ 5,(6097)°  A,(6070)° B,(6114)°
5,(6097) " B,(6063)°
5000 - X(4700) X(4685)
: zg P.(4450)* :X(4500) P.(4457)* @x(4630)
X(4274) P.(4440)* Z.(4220)*
@ cilqd) 4140 | p (a380)* | |® Pc(4312) ®..(4000)*
4000 - _ - X(3842) £}
@ cccc -
® o = ¢
® cdag D,(3000)*° 86(3858)8 Z:(2939)°
3000 1 M bag D;(3000)° @ D;(2860)"  A.(2860)* I Qc(3066)° = X1(2900)
98 Dlazen o e o ® 30001 (2923 1902900
- D;(2740) D;(2760) c Z ® A
B ccqqq D/(2580)° Do(2590)
1 L} T T L] T 1 T T T T
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date

59 new hadron states (conventional & exotic) observed at LHC,
most of them discovered at LHCb



3.1 X(3872) %) & I,

2003 4E Belle S2a#H| JHAE Y(4S) LIRAER REFH Y 153 JK BB Hifll, £
B*  KEnta—J/¢ 3B P MM T X(3872) —» ntn

"

H R BV 100, EIE X,

AR=—EIW _

Hp ECY, REOCHEPHPRGGER, EGY 1 pE" BELCHET B i+ THEE W
BER BN . 75 Mye. Mrin—g/p M AE 1% EEIFF] T X (3872) 19fE5 0, W

E(V':\l

‘beam *

~J /Y BILIRIESS Y, St

‘beam

e TOPR. MR X (3872) MREATEHE S,

—a4oF @)
> 35
gao
Sa2s

o
~ 20

S

=

@ 10 +
2

g.2 522 524 526 528 53
M, (GeV)

N W W

Events /( 0.:,005 GeV)

.82 3.84 386 3.88 3.9 392

M(J/ vy 1) (GeV)

Events /(0.015 GeV)

M,. = \/(EEM. )2 — (pGM)2, (7.114)

34 i FAT]

.1-0.05 0 0.05 0.1 015 0.2
AE (GeV)

K 7.9: X(3872) — ntn~ J /Y (G5 RMMEERE (a) Mpe. (b) Myir—y/p

(c) AE i L4 [34].

M = [3872.0 + 0.6(%it) + 0.5(F%)| M eV,

' < 23MeV (90% 15 5E).(7.115)

19




3.1 X(3872) &9 /= A

Jiyr't candidates / 4 MeV

counts/(0.02 GeV/c?)

SRR T BY — KX (3872) fl BY — Ko/ (90 355 L2 I,
B(B* — K*X(3872)) x B(X(3872) — m*nJ /¢)

B(Bt - K*/') x B(¢¥/ = ntn—J/v)

= 0.063 + 0.012(%51t) £ 0.007(£5;).

x10° JHEP01,117(2017)
0.20(- L - ;451'03 - .
B ¢ Data 2 i
- —Fit 222 f
0_15‘_ —X(3872) Sig é i i
B —w(2S) Sig 3 ’ ]
r --Background § 18& 385 390 i
0.10 ATLAS -
L \s=8 TeV, 11.4 fb’ ]
0.05F [
, [T S R
0.00 3.7 3.8 3.
m(J/yrt) [GeV]
14E coupass |
1265 & arXiv:1707.01796
10
8
6F
4 Lo bl
0736 38 4 42 44 46

i85
M., . [GeV/CT]
pTN = utXn= N - ut(Jyrta )t N

(7.116)
05— PRL112,092001(2014)
+d
osf Y(4260) —Y?ZSO)
: ’Y‘X (38 72) ? -~ Phase Space
G --- Linear

0.3}

o8(yX(3872) »yr'm J/y) (pb)

e M T R (S S R 0TSOV

4 4.1 42 43 44 45

Suggestive of Y(4260)->yX(3872)

— In B decays - KX similar to charmonia,

— K*X smaller than charmonia
— KnX

— In pplpp collision - rate similar to charmonia
— Radiative transition of the excited vector charmonium(like)?za Jre=q+



31 X387 EE

pJ/v w)/y

v ,/kwww(%)

DD*
U Not observed in n.h decay

@ Strongly coupling o DD*
@  Not observed in n h decay

21



3.1 X(3872) 69 1L J&

@ Properties
M-M(D° D*?)=0.01+0.18 MeV
[<1.2 MeV

o I=0, JPe=1+

@ Production

10" ge—r—T T ——r—r—r—r—r—r—r—r—r—

108 PRL 110, 222001 (2013) EiﬁCb
* Simulated J/%=2" 4+ Simula =

Number of experiments / bin

B decays, hadron collisions,

Y(4260) decays?, muonproduction? ECE T
s )
el Theoretical predictions :
« DD* molecule : (3-4)x10-3 Not a pure
X 2 2
B(X(3872) = (25)y) =246 £0.64 £0.29 + Charmonium :1.2-15 DD* molecule
B(X(3872) = JAby) * Mixture : 0.5-5
\_ .
(- Relative BF ) A mixture of a DD* molecule and a '
jﬁg 08 1 03 Isospin violation charmonium
Uy 0.21+0.06 | Named y.,(3872) in PDG2
DOD*0 ~10 a DD* molecule 22

.




3.1 X(3872) 69 1L J&

X (3872) I RIAKA I T I 200 WHIRAMIOHIIE, 00 $E 0

RHIA, X(3872) — J/¥, 0(2S)y, J/dw B4 [49] Wi MM GHR C = +1,

X (3872) — D°D°n® thgesBmik, SRR AT X (3872) — D*0DC[50].

PDG 4 i SR -4 3871.68 £0.17MeV , ‘&l mpo +mp.o = 3871+
0.27M eV )R MEVA S #F . LHCD &3 i R 45 R4« M x 3872y — (mpo+mpeo) =
—0.09 + 0.28MeV[51], Belle 7€ [52] il T H M FEREN 95% Fl5E LR
[ <1.2MeV. LHCb #1 CDF S5l 4 e i 74 J7 = 17+[53].

23



3.1 X(3872) 69 1L J&

X X(3872) BYJE HLHI#E e AT Z AR MAERE. WRFHBE TREER
&, WLRARIR 2P, 35, B . X(3872) A X SUTHIEIG R T HoRAT
L, (HRZEED pJ /¢ MR EAGEM OZI MRy, Him /™ E &
i, 1 X(3872) — ntw~J /¢ FAKEN ot WFEERAT p° - otr, A
7.10 1) Belle 338 45 R 7R [37]. T C=+1 1 X(3872) &5, HAKE ntn-J /¢
1) p M J/Y ZEWFLEEASEAT S i, MR 27T &, W p M J/v Z[H
B SR AT P . W 710 (£) B8 S# (JP=17) WUEHET P
(JP=27) ¥. FIHIEARXH,
dN
dMax
X kY2 X(3872) kR J/0 shiR, | BFUEMASIE. fox =10, fix(k*) =
(1+ R%k**)~1/2 2 Blatt-Weisskopf #£[H T (barrier factors) [20] , BW, 24
XV 114 11 38 - £ A ) o B,
BW, x VM,

2 _m2 _ g :
mg —my, —im,l,

= k"D £2 (k") BW,(mer) 7,

a0 40
asf _l_ as
3 30 ‘.‘+ 3 m;—
25| 2 2sf
S o Lol Sat
2 15 ) %- % 15|
5 10 : W 10f
= .- - == '-_ 5:— +
0’ ] 1-1 rLl " L I °> 1 P " 1 L 1
04 045 05 055 06 065 0.7 075 08 04 045 05 055 06 065 07 075 08
M(xx) (GeV) M(xx) (GeV)

B 7.10: (Z2) Belle X} X (3872) — wtw— J /¢ {5 'SP BIAAXITEHEEAEIE G0
S, HELRFNSCLRSr 9K S 3N P 3% BW RENVRLIESES S (4) 3 2318 p
M w TRV LS SR [34].

24



3.1 X(3872) 69 1L J&

Belle fl BABAR SC5G# % 5] 1 X (3872) — WJ/L: (w = mt7™) N,

HIAE M (% 77) FE TRAHE p M w WTEER, XRAK (7.117) §
1) BW, NMgE#A,

BW,_, = BW, + r e~ BW,, (7.120)

Hrp BW,, #1 BW, JEAMilE, R w b FHi M s A% BW, b p 9H
MBS r, 2w ’FﬂXﬂ‘ p WHRIRIRSEE (r, = 0.07£0.05); ¢, RHXHIEE, i
o 95°, WE p M w THELMMGEIR AT 7.10 (&), MELAFMHIXS S
B P . BT ATE, X (3872) AREMUBERE N AR R ERT.

25



3.1 X(3872) 69 1L J&

HEE FARYE X (3872) (1) DD* 28R T 250 2 TSMAL, N LR
e DD [R{EMHE , 2 T35 kB0 h DD 3509, Aa] fE R4l i [ 7 g 8
5, R x@mRHET TiHE [54]. (H2 CDF #1 DO S£304Rk45 , B4y (16.1+£5.3)%
1) X(3872) (5K AT B &, KEEUESHHZHEY pp (pp) AHE™4
(19, X (3872) B VFZHFL , &M RS AR R pr 201, A 7 20
LHCb 1 CMS SR RGTE TTeV B AR pp XHE P24 X (3872) &
Pt AT S LA RIRFFIE. SR X (3872) 22— B HLRK G5 G 6 LR/ AL
TS, BFE pp M pp X A FHLEE 20T GBS TSR BB ce AT
O HIRIIR? BB AR R, AAH DOD0 4 T ARSI I 7 A A Y %
ke CDF (il &t /)Ny R0 2% .

A AFG i, X(3872) — ' #1 X (3872) — oJ /v MM 4 SEHE AT PAGS
X X (3872) HUSRAT IRRES, BAXTTRERS x EE, X %R
BEZH 0.7 - 6.8, Mixtaif) DD* 4-FEMAER /D, ~ 3 x107°, BIRH
X(3872) — ' ()RS BER LLRAR, (EJLFRIDARSEE S X (3872) = +J /v )
S REZ WEAMIORS, B4 DD* 4 TENBAHERNZ, Al X (3872)
AR R4l DD* 4 T35
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3.1 X(3872) 69 1L J&

X (3872) 545 M5 S0 FRRIRUR 4 %5375, BV HII% 3075 oq MRS 15
67 (q = d s u) Wl BWIEETEAE BT - K+ X,(3872) #1 BY - K0X,(3872)
SRR Xy A X AR R, HATRAERA ARIHE S X, @
BABAR #l Belle i3s3 87 % SR X (3872) AR GE% , RN
3 B(B - KX*) x BX* = nn®J /v) MR T 5T RO MEMSH By

QCD BAAIN THAR s BB S LRSI RSN T
FHIE. BELAT AKHICBIRI I T X (3872) ASt%H, ATRER T LQCD

WM, RGIIAY 1+ SRALY 400MeV , e X (3872) HRR2 L.

REAr RASA I 5 — R B R9R 28FK (Hadrocharmonium ) Fi% . 7% 4
P EH N QQ WMEEWHAS, WRERN T2, LK QCD fEH
RUNTFRAEERNT (Van der Waals) g [41]. BBERUN & B AT 4 AN X (3872)
M KT -
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3.1 X(3872) 69 1L J&

i B AT X SRR T X(3872) Ak A 2 AR A IAR S, s al AKF
AEWEESEE -BHNE - EaR B, BIITE Takizawa 1 Takeuchi )52
BE-7 TRASHER Y [42], ¥ X(3872) My R BFRH,

|X (3872)) = 0.237|ce) — 0.944|D°D*°) — 0.228| Dt D*~), (7.121)

Bk 6% 1 ce, 69% [EGLlEbRiig DD* #1 26% [E{ijiE K& DD*. 58T
FeAEBOA RSB e ARSI, SORERE AT LARRRE R (14 X (3872) M7
AEFFAEAT ¥ 240l
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3.1 & KA X BT

Candidates / 6 MeV

pp — Xb — Y(lS)?rJr

1
1

L DL ot T Pt I'd LY
i Y (2S) Y(3S) CMS barrel | ‘*%* cMS |:| + 16 Expected
8000 * # \s=8TeV £ 10% [\s =8 TeV | |+ 2c Expected
I L =20.7 fb" 1 = 8% L L =207 ib _ 6.56%. .. - Median expected |
- p, >13.5 GeV._ “g 6% | — Observed .
6000 [ lyl < 1.2 5 -
- 4%
4000|-
: 2%
2000~ ?LB727,57(2013) - _
C ] ] 1 | | | N
. R R T B 10 1014 10.2 103 104 105 106 107 108 109 11
9.8 10.2 104 10.6 10.8 11 My, [GeV]
MY{1S)1':*1:' [GEV] t o
= o(pp =X, = Y(US)w'7")

~7 o( pp—Y(2S)— Y(lS)x*ar‘)

@ Structure close to BB* threshold ~ 10605 MeV ?

@ No clear peak besides Y(2S) and Y(3S) !
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3.1 FAXETS

PRL94, 182002 (2005) PRD82, 011101 (2010)

' ! TEELE

I eue ] s 3 T
20r 1 os AT ]
¥(3940) TR 7 ]
1of 3l D/ =
- Eu : =+ Nonresonant :
o o 1 | + L] E : :
3880 4080 4280 i ]
M(wJ/y) (MeV) 4 42 a4 26 28
m,,w(Gch:l
@ Unexpected peak around 3.94 GeV
@ Observed in two photon process by 25F 1)
both Babar and Belle € »f n=>odly
M = 3912-4i1-9 MeV z 15 PRD86,072002(2012)
' = 20%+5 MeV %1{15— PN
@ Babar's preferred J°¢ = 0* $ o |
g AT
@ X(3915) =y, (2P)? Belle found a better ot Tt i PR et
3.8 385 39 385 4 4.05 4. 415 4.2
Yo (2P) candidate | mlyo) (Gevic)
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3.1 AAXETS

Events / 50 MeV/c?

e*e” - JAYDD

D
D

BHLE

M = 386226:%0 MeV

12 -32-13
- +154+88
10 I = 201 o782 MeV
8
6 PRD95,112003(2017)
4
0 ¢® ! < oo Wiz SV,
4 4.5 5 5.5
2
M5 GeVic

N/25 MeV/c?

N/50 MeV/c?

20

I
=

el D
D

e'e"—=J/w D) 20

X(3940)— DD’

e'e—>J/y D (D)

X(4160)>D'D’
PRL100,202001(2008)

@ X(3860): JP favors 0* ;Consistent with y,(2P) hypothesis
@ X(3940) [X(41607]: close to DD*(D*D*) threshold; did not show up in

M(DD)
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&

N(B*) / 20 MeV

150

CMS \'S— '

PLB734,261(2014)

IGV, I.—uslu
T

- X(4140)

T T T T T

—+— Data

——— Global fit

Three-body PS (global flt)
o uncertalnty band ]

Event- mlxlng (Jhw, 0, K 7

- Event-mixing (J/y, ¢ K* )

4

L X(33500)7
12 13

1.1 1.4 1.5
Am [GeV]

m(u'w K'K)-m(u*w) [GeVic?

L=

'-4

| X(4140)

a

Cand idates/10 MeV/c?

ﬂ_l.

m{u W KK mm w) [GeV/c?]

[ PRD89,12004(2014)-
%Gol_-x( 40 — Full Fit
= | x(4350) " X1%0)
= | PHSP
= nn
0 AN

4.2M( Jﬁj}:laf K')4i$e\l)4 5

PRL102,242002(2009)

Entries/25 MeV/c*

14 15

=
=]

MPLA32,1750139(2009)

[=1]

i

ha

Candidates per 10 MeV/c?

0!
m(ut KK )-m(u*w) [GeVicY]

8 FX(4350)
: W NAY
® _ HRL104, 112004(2010)
5 E_‘r'(4-140) ]
I \l’ ............ [ [
0 L 'I =T = EEE
42 44 46 48 5
M(pJdAp) (GeVlc )

32



3.1 LAXE TS

Latest results from LHCb

[PRL 118 (2017) 022003], [PRD 95 (2017) 012002]

Gl
e . tw
I

N '4’;;,;'[;6;.,:; T o ow e w0 o

Contribution ~ J°¢  Significance ~ My [ MeV ] Mo [ MeV ]

X (4140) 1+t 8.40 4146.5+4.51%% 83421713
X(4274) 17 6.00 4273.3+£83 1102 5611770

X (4500) 0" 6.1c 4506411 712 92421754
X (4700) 0 5.60 470441077, 120431 7%



32Y KBTS

BABAR #EHISHESEHRE ete = yspn™n I/ ¥) M(nto=J/Y) A
AREEPERAT Y(4260) LREWFLE, EEE ete” — yspmm Y 1
M(mta=y") AZERRE TP ME 7 Y (4360)[36], Hr ¢ — ata-J/¢¥, FrPAK
BH 2ntn)J /. Belle [ f5HiIA T Y (4260) 1 Y (4360) (4E7E [44, 45], [6R}
fE M(mtn— ") A2 RRGERS mZ B T Y (4660),
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3.2Y % F AY(4260)

o(e*e’—n*nJ/y) (pb)

100

80

20

60

a0}

—<4-XYZ

BESIT

PRL118,092001

BESIII 51

& A1l

22
Vs (GeV)

Bl A5 T AR
1.4)MeV /2,

-J’éi’réﬁ%l}'ﬁkﬂﬁfﬁﬁfm’!@iﬁlﬂmo AN R

BEy T = (101.412%5:2 £ 10.2)MeV,

nta—J /¢ B

Ky, e 7

4.4

o(e'e—=ntnd/y) (pb)

150

100

50

10

PRLOS, 142001 (2005) _

8 40
ST T 17
§ B 103§ 7
T s E . 2
g 30_— % 1025— O 1__
E B u);"| 'Im'mr'n' "t T ]
-as F T 'm'ﬂ@ |
520__ 56738 4 42 44 4o 48 5]

BESI

l PRL118,092001

9fb=1 ] 3.77 — 4.60 GeV ¥, 7F ete”
13Ff /]\ [46] ,vP
GEIEN T = (44.1 £4.3 £ 2.0)MeV

1Y (

Vs {GeV)

_> It "

w—J/psi it

AN IR (4222.0£3.1+
4260)

-3, ,Hf.’?HJ

(4320.0 £ 10.4 £ 7.0)MeV /2,

1 Y (4360)
mEMHREEK, BEEHKT 7.60.

. B

AEIRETE ete —

Events/50 MeV

]
4.6

L
4.8 5

m(t I/ y) (GeV/c?)

200F-
180F
160
140F
120
100f-
80E-
60F
40F

|

DO Run 1,

arXiv:1807.00183 -

e

g1 42 43 44 45 46 47 48 49 5

m(J/ymnn) [GeV]
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32Y #2-F&5HK (4260)

e+e-—rttP(29)

120

Besm

"= BESIIl |

100 - PRD96,032004 l‘ + Belle —:
E 80 [ ‘ -+ BaBar —
e [ i
2 60[ .
o i ]
C% i i
e 40 — —:
3 ]
@]

4.3

.6
Vs(GeV)
100 T
80 - ee _)G)XCO
o - —+ Data
& 60} — Resonance
i - - -. Phase Space
?ﬁu 40
3 : L
T e20f [ —
o - .
t@.— OF - : ' [
) -
20 |

P54z 4z 48 435
\'s (GeV)

p—

=]

Ul’.ll‘l:.\i:i[p

000

800—=

600

400

200

BESI Preliminary }

_ The error are statistical only. E
- *- I
— e+e-—n*DD 1A
- .-"..-* —
: 4k e dasalsslosal. ]
4.1 4.2 3 13 1
| FE BT
90
‘e PRL111,242001
80 —e— ofe’e->n"mh,) BESII

—&— ole’e->n"Z, (4020)+c.c.) BESIII

o(e’e->n*wh,) CLEO-c

e*e—nrh, ]

Born cross section (pb)
wun
=

-

»
=)

4.2
Ecu(GeV)

44

v' Line-shapes are different from that of T}/

44 445 45y Both Y(4220) and Y(4390) seem significant 3s



32Y #2-F&5HK (4260)

e Significant n*n~h,_ production reported by CLEO @ 4170MeV [PRL 107, 041803 (2011)]
— Correlated with observed Y(4260) or others charmonium states?
o 3.3fb! data at 13 energy points from 3900~4420 GeV [h.—»yn,, n.—~hadrons, 16 exclusive decay modes]

o 320 — 0 T T T T T T T T
> . T T

738, BGS ) Circle  :e*e> 'n*mJhy [Belle] -
Troel /4l }. 80k Dot :e‘e— m'mh, [BESII] ]

Eraos Triangle: e*e— n*wh, [CLEO-c]

[
3.00F i— -,
2,95

1 L
2900 10 -

2.85F s 6 0 = {)

2 = o o

28050 352 354 356 358 3.60 —

M Gevie?)
— 40

20;- ++¢ﬁl’¢¢¢¢ Q A —
0 [ o L2

R 42 43 44 45 46
’ Ecm (GeV)

e g(ete >n'nh )~ o(ete—ntn-Jhy), but different line shape.
e Local maximum ~ 4230 MeV, broad structure at ~ 4400 MeV?
e Correlation with Y(4260) or Y(4360) is unclear

e More data around 4230MeV and above 4400MeV is very help.

Events / ( 0.001 GeV/c®)
|74 E wm (=
|\|°\||\°lwllcllllol

[ =]
=]
T
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3.2Y £ F AY(4360)/Y(4660)

Events / 10 MeV/c?

(‘b 20: | T T T ] T T T T T T ] T T T T T T ] T T T | T T T I T :
> 1sE-(a) y(2S) = Jyr'w =
> 160 | ¢ BABAR =
7 1aF- 112 events (520 fb') 5
£ b [ 1Belle E
& mi_ 157 110 events (673 fb'") _i
8 7% E
4t =
=
{)El'l'l A Yz dgganzzziiavizznzz) ezl iz
_ 4 _ 44 46 4.8 5 5.2 5.4
B™—K~AYA; mOCSE'T) (GeV/e)
30 Dat o N D 8+5
- —_ a - - +8+
o5 {B _ — Total Fit % 40 n <o M = 4634777 MeV
- e Fitted Bkg = i (a)
sof . Sideband S 30 r =90 +495392Mev
Z -
200
10
U"'I""""'l"".' u:llllll I R S PR el B I il
4.6 4.85 4.7 4.75 45 46 47 48 49 S5 51 52 53 54
M,z (GeVic?) M(AL AD GeV/c?

PRL101,172001



32Y KBTS

In QM, five states expected between 4 and 4.7GeV
— 3S/Y(4040), 2D/Y(4160), 4S/Y(4415), 3D, 55

But seven states observed:

— Y(4008), Y(4040), Y(4160), Y(4260), Y(4360), Y(4415), Y(4660)
Y(4260), Y(4360) and Y(4660) have similar properties

— All produced in e*e~ collisions

— narrow structure above charm threshold

— Strongly couple to charmonium states

— No evidence in open-charm process and R-value scan,

Large BESIII R value data sample may confirm/improve

ete-—>mrnh, and oy, cross section line shape

— Makes situation more complicate

— Have fine structures at 4230MeV, strong couple to wy,?

What are these Y states

— Hybrid? Molecule? Threshold effect? .....

Unclear, need to be understood

o(nb)

H 2R A2 KR A

o

i B 5 D D"
f. | R i e e
- _ii: g PRL9S, 092001 (2007
= ¢, S 1 D
Eoa o £ %"‘M‘ﬂ-@&
- S .| PRD77.011103(2008)
AT
v PP
; PRL100,062001(2008) ; g DDJT
S m.i..m. b

DDJT

L |L|+i4++ ++‘H+ +++++ +,

| PRL1OL17T200L1(2008)

| l-H)hII

4 42 44 4.6 48
ds,qevm

Wl
-

R(s) = c(e*e*—»hadrons)/c(e*’e*—»u n) — R g

BES(2002)

L
4.6
Durham Data Base

if R,4:=2.285=20.03



33ZEF A

The most promising way to searching for the exotic hadrons

e Decay into a charmonium or DCIDC) pair

C_an_not !?e clearly
— thus contains hidden-cc pair PRIIARSY  Chamaan

(quark-antiquark)?
e Have electric charge,
— thus has two more light quarks
At least 4 quarks, not a conventional meson /

e Observed in final states : Can be clearly
distinguished
— mtlly, mry(29), meh,, wy,, (DODO)E,...
e Experimental search:
— BESIII/CLEO-c: ete~—nt +EXxotics, ....
— Belle/BaBar  : ete"—(y,sg)m+EXxotics, ....

— Belle/BaBar/LHCh: B—>K*+Exotics, ...
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3.3 Z % F 3 Zc(3900)

Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

100

80

60|

40

20 3

ete” >Jhy Tt~

—4- Data

- PRL 110 252001 (2013)
- 1 —— Total fit
: 525pb @ 42669‘/ ==== Background fit
TBES]I[ ---- PHSP MC
B + [ sideband
1 PR T S S S S N h |
3.7 3.8 3.9 4.0

Munax (/) (GeV/c?)

ete” >y erd/V T T

— PRL 110 252002 (2013) .
C ata

— Fit
— Background

-==- PHSP MC

iy
S
- ey
I — s

39 4 41 42
Moy (W) (GeV/c?)

Events / 0.02 GeV/c?

Counts /10 MeV

1200 4 g BESTT
100 ~"MC H
- —z 0 me Lt
80:* [ stdeband *H +E
60| ...ﬁ" ;
0 f Wy
My f th,
0 ¢ ¥ ;
02704 06 08 1 12 14
M(r*r) (GeVic?)
35,
" tData  PLB 727 366-370 (2013)
30} - Phase Space 586ph’ @ 4.17GeV
- — Fit
25 = 1y Sidebands
20
1 L
5 w[ 1 } ) L{

M0 3700 3s00 3900 4000

Mrnax(*JAp) (MeV)

BESIIII
M = 3899.0+3.6+4.9 MeV
I" = 461020 MeV
307 + 48 events, >8c

BELLE
M = 3894.5+6.614.5 MeV
I' = 63+24+26 MeV
159 + 49 events, >5.2c

CLEO-c Data
M = 38861412 MeV
I' = 37+418 MeV
81+ 16 events, >5c
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3.3 Z % F 3 Zc(3900)

[aV] F . . .
o 90 PRL112, 022001 (2014)  Bachelor &t angular distribution :
= BOEBES]]I 525pb" @ 4.26GeV g
= 285 - favors a JP=1*+ assignment
< 50F e*e —m(DD*)F 0.5
~ 40F - 0.45EBESIT
+ 30F © 04 1= . P wave
o 200 > 035 | 140020
(T 18? - , , , , & O8F e e T
3.85 3.90 3.95 4.00 4.05 4.10 4.15 8 0.25E—+ _¢__=+ _____________ + - SID wave
M(D"D*) (GeV/c?) = 0 Flat distribution
S T
— 0.1 .
100_365]]1 L (505 40 éiEZ\el)vave
O 6162 08 04 05 06 07 08 0.9 r

lcos 6.
Are Z (3900) and Z_(3885) same states?

- 1fZ,(3885) is Z,(3900):

Lse s 50 555 400 A 55 A 15 s ['(Z:(3900) — DD*)
" MDD (GeVicd) T(Z.(3000) > 7))

Large non-DDbar coupling
Typical values : y(3770)~500, y(4040)~200

40

20F

Events / 4 MeV/c?
(e)]
(@]

=6.21+29

M[Z (3885)] = 3883.9+1.5:+4.2MeV
T[Z (3885)] = 24.843.3+11.0MeV

26/1c below those of Z,(3900) Very different dynamics in the Y(4260)-Z_(3900) system?
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3.3 Z % F 3 Zc(3900)

=i
Pl

Counts / 15 MeV

Events / ( 0.01)

Has an isospin partner, Z(3900)° ?

b E;;E coace PLB 727, 366-370(2013)
op "~ LS TP 586Pb7 @ 4.17GeV
H:— = Jiy Sidebands 50
E_

_ll f—

(%]
B |
[
T

e
i
i
tft]
IEats
-----
. 4| FREE
J e e T s P A B
1 " z
i g
." ’ 2
'_'J_I_I_I_L ke
. i . [ L

MENENN
3700 J800 390 4000
M, (i) (MeV)

©EBESII 4260 MeV

IS.EI I I4.DI 4.2
M(n"J/y) (GeV/ic?)

Events / ( 0.01)

o 2.8fb! data at 10 energy points from 4230~4420 MeV
e Z(3900)° is observed clearly at E_=4230,4260,4360MeV

o BESIII preliminary results :
— M=3894.81+2.3 MeV, I" =29.61+8.2 MeV
— Significance =104 ¢

Neutral isospin partner, Z (3900)° observed

F = 70
s BESIT | 4360 Mev | 3 4230 MeV
n -
- < so
‘E 40
o
= 30
20
10
. 0 I 3.8 — 4.0 I 4.2
M(7°J/y) (GeV/c) M(7°J/y) (GeV/ch)
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3.3 Z % F 23 Zc(4020)

Events/(0.005 GeV/c?)

efe"—>ntnh,

120 BES L _PRL 111 242001 (2013)
100 BE
so- g
60} %
40 ) llnuhrle;r;a‘le
20
T b b e st

95 400 405 410 4145 420 425
M_., (GeV/c?)

* Narrow n*h, structure observed
— M =4022.910.8+2.7 MeV,;
— I'=7.942.712.6 MeV

— Significance : 8.9c
* No significant evidence for Z (3900)—>n*h,
— Significance 2.1c
— @ Ecm = 4260 MeV
o(ete™ — 7£Z,(3900)F — nt7~h,) < 11 pb

b

o(ete™ — 7£2,(3000)F — xtr—J/y) =13+ 5 pb

Events / (2.5 MeVic®)

ete—>nHD*D*)*F

80

gBES]]I —4— data —— Z;(4025)
TOE — total fit - comb. BKG

= - PHSP signal
60 3 H ws
>0 PRL112, 132001 (2014}
40 82‘F$b-1 @ 4.26GeV
30f
20
10

— - -
I

- R N N
4.02 4.04 406 4.08
RM(t) (GeV/c?)
« Deviation from phase space decay

— M =4026.3+2.6+3.7 MeV
— I' =24.845.6+7.7 MeV
— Significance : 10c

Are Z_(4020) and Z(4025) same particle?

« IfZ,(4025) is the Z,(4020)

[(Z.(4020) — D*D*)
[(Z.(4020) — 7h.)

—

=12+5
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3.3 Z % F 23 Zc(4020)

Born cross section (pb)

90 45

S0 Blue: ofe'e>xnh) BESII wf Z ,(4020)° @ d*e —>n’n0h, BESIL
- Red :o(efe=>n’nlh,) o -

70 =2 3sE

60 -R=0.530.1120.07 [4230MeV] = b
- 0.62+0.14:0.09[4260MeV] S

505 0.73:+0.14:+0.10[4360MeV] = 250

40 = wf
c of o

305 T I5E

205 I 2 10F

lgzl tI ]I | | | E_ "I""I""I""I'."'&"

4.0 4.1 4.2 4.3 4.4 = 30 305 re::'nil 4.05 1 4.1.; ) . b
E(GeV) M (GeV/cY)

o Study ete~—n'n’h, atE_ =4230,4260,4360 MeV
« X-sec. is about half of that charged process, agree with the expectation of isospin symmetry
« Observe Z (4020)°structure in myh, mass distribution

o BESIII preliminary Result :
— M[Z,(4020)° ] = 4023.6+2.2+3.9 MeV Neutral partner of charge Z(4020) observed!

[M[Z,(4020)* ] = 4022.9+0.8+2.7 MeV]

' Isovector nature of Z
~ Width fixed to charged Z,(4020) LR E R el c

Z(3900) and Z_(4020) states established

— Significance : >5c
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3.3 Z % F 23 Zc(4020)

PRD96,032004(2017)

02

M2(rt*) (GeV/c?)?

o
L=z
L |

o
e~
T —

o
[=]
T
Lo
| g
o o

| P
/5 = 4.416 GeV I

1715

o
~
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o

o
(=]

f=]
[e~]
T T

o
no
T T

' ‘15' ~ |1|6' - '17' - '1|8‘
M(y(3686)) (GeV/cH?

/5 = 4.258 GeV ';Is

Anlllxllnlll'xlxlllllo

150 155 160 165 17.0
M2(y(3686)r) (GeV/cH?

Zc(4030)inete” » Tt P (3686) 4

= 150}
!
©
>
(0]
g 100
s
*m- L
2 50
e
> L
w F
0 15 J 16 17 ] l18 I
ME(ny(3686)) (GeV/c’)
‘:;'_‘: IIIIFPII ||| Illll'!_
(3]
-E‘-,-\. Eu_ _-
= ]
m b IF'I -
O , [\ .
~ 40 +; \ -H\{- -
=T 1N
— Fa | “'nl» i
~ . A
@ b ; ,Hr "'+£ .
fal [1 [} &
5 ! ‘l‘ + ‘n'l “‘I‘,"\.
= . A
LLJ

" Wy 86 Gevc

Charge structure in M (£ (3686))

Entries/20 MeVic®

Mass = (4032.1 + 2.4) MeV/c?

Width = (26.1+5.3) MeV

20 ———p——————7—T————

[ Phys. Rev. D 91, 112007 (2015) ]
15:— Belle .
10 .

w
L I I |

M, Ty (25)] (GeVic?)

Mass = (4054 + 3 +1) MeV/c?

Width = (45+111+6) MeV



3.3 Z % F A @BESII

Zc(3900)+ Zc(3900)° Zc(4020)+ Zc(4020)°
PRL 110, 252001 (2013) PRL 115, 112003 (2015) ~ PRL 111, 242001(2013) PRL113,212002 (2014)
- = Prelimina ? | o %
% B0, % 0 4 % ;: ... 3
E z" . ST -
a 40 |-:| . L] L ad ..E‘ ] =
'ﬁ - i3 30 .'.I::ul.u::-.'ll’ E
a MG _ = !
1] I'!‘-' L d . i - L B LAY
M(T"J/y) (Gev/e') | oamoaE MGV T iy
ete™ 5w atJ/y ete™ — m9n%J/y ete™ - mmth, ete— — 1970h,
Zc(3885)* Zc(3885)° Zc(4025)* 7.c(4025)°
ST: PRL112, 022001(2014) FIRIL ik, 22200 (i) [ FIREE, eAt(Ehe) PRL115, 182002 (2015)
DT: PRD92, 092006 (2015) T
3 F B b T e A s 1
%30; iG.Iabaan EW: P-IfIEF'S;;hH ‘2:'20._ @ i ##% __
Zeof- - \Sr:f::‘kg w | ws a [ N ]
%402 “mu PHSP {1.1.;] + s k}%\#} ,5,,\4 _
mmi E 20f ot W ]
e Ta—T M(n%b'} T v T o5 4 :D%S‘)(ewcz) 4402 Eﬁm'] .1:1:‘:_.:':.?;_”} 4,08 ‘ ‘ " RM(x%)(GeV/c?)
— **\0
ete— — n—(DD*)* (DD )° ete~ —s 7~ (D*D*)* (D°D")

Which is the nature of these states?
Different decay channels of the same observed states?
Other decay modes? 47



3.3 Z % F A @BESIII

State ‘ Mass (MeV/c?) Width (MeV) | Decay ‘ Process
Z.(3900)*  3899.0+3.6+49 46+10+20 ] /Y ete" >ntn /Y
Z.(3900)°  3894.8+23+27 29.61+8.2+8.2 ] /P ete” » n'n/y

3883.9+1.5+4.2 24.8+3.3+11.0 (DD**  e*e” » (DD*)*rn™
Single D tag Single D tag
+ — — —
Z(3885)  3g817+16+21 26.6+2.0+2.3 (DD*)*  e*e” - (DD*)tn”
Double D tag Double D tag
Z(3885)°  3885.77%3+84 35711415 (DD*)°  e*e” - (DD*)°n°
Z.(4020)*  4022.9+0.8+2.7 7.9427%26 nth, ete” > ntn~h,
Z.(4020)° 40239422438 fixed n0h, ete” - nOnCh,
Z(4025)*  4026.3+2.6+3.7 24.8+56+7.7 D*D* ete” » (D*DM)*n”

Z(4025)°  4025.57294+31  23.0+£6.0+1.0 D*D* ete” - (D*D*)°n”®



3.3 Zc(3900) H JiE

Amplitude analysis of e'e” >n'wJ/yY

] 4.23GeV
g 300 —==-  S-Wave Jhy + ; 3505 o ;:{1?;:;‘;1:7;!\”. b N 400
) 1,(1270) Jfy (a) @ E o ZiTHCL, (b) e e T —
O 250 e (0 300f e o ] memrm -
S m S o O _.'._".:+....'..‘.'
o S a0k ] +
~ 1% S af |£ $_ ____________________
7)) ~ 150t - -
B 10 L owop K- T T AN
w0 2 sop g a N
o z o 0 I
-0 -y
wn
2000 —g o (a)
P=1+ 1
F=1 4.26GeV
o, 180F o 150 '
% 160F  --- mSWeve diy (©) % 180F 0.0 02 04 0.6 0.8 1.0
140 F 1,(1270) Iy d 160 |
O 120: e T HE.C. ” i o 140 ¢ ICOS(G :)l
) 00E  — tom 2 120) Z;
S Lk ’ g 100{ p: + .
& wf S w J” 1S measured to be 1* with
Z W E ol T
T AT [ | 7 e R significance larger than 7.60
W 05=""0s 05 08 o 2@ %2 34 a6 3s 40 a2

m_... (GeV/c?) my,.. (GeV/c?)

=3881.2+42+52.7MeV, I' , =51.8+4.6+36.0 MeV

[

M

pole pole
 Born cross section fore’'e > Z 7 +cc. o> n'n J/y
21.8£1.0+£4.4 pb at4.23 GeV oe’e > z;'(4020) ztecon'nlly) T
11.0+1.2+5.4 pb at4.26 GeV ole'e »2°(3900) 7 tccosax Jly)

<13% at4.26 GeV



3.3 Zc(3900) H JiE

PRD 102, 012009 (2020)

@
(=]
T

f
Fi 1 @Vs=4.258 GeV

pram i o H b - 1. Simultaneous PWA fit of
TN I ete -7 % /1 to the four
¢ ! ” Il energy points
T et | § e » The spin-parity of Z.(3900)°
g ! (S ¢l is determined to be 1*
3| : $7 * The nominal fit includes the
: 2 I e 3iE intermediate process a /1,
4 ey ] f(980)] /4, £(1370)] /1 and
5 | 11l 70 Z.(3900)".
vi-i- I Q 8 ;.-'3..,_, t _' Q . Mass and width of Z_(3900)°
o _ - is measured:

%1.5’_ %2/ndf=109.98/ 102 NE N;J 40: . M(ZC(3900)0) —
; |8 g | (3893.0+2.3+19.9) MeV/c?,
I " . * T'(Z,(3900)") =
. _ 2 o
o ek BT § 1] g S (44.245.4+9.1) MeV.
10 12 14 16 18 3.2 34 36 38 4 4.2 02 04 06 0.8 1 1.2
M, (GeV/c?)? oy (GEV/E) M. (GeV/c?)
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3.3 Zc(3900) = 4 #, &

o(e*e »nZ2—n0n0J/y) (pb)

L L L B B BN BN
—+-data
— Fit _
----- Y(4220)
--------- NonRes
----interference |
_57L..|L...11...1....1...11..H|..1.|.1.
41 415 42 425 43 435 44 445 45
s (GeV)

PRD 102, 012009 (2020)

Parameters Solution I Solution II
po(c?/MeV) 00x+113

P1 (1.8 £1.9) x 1072

M(R) (MeV/c?) 4231.9+53

'y (R)) (MeV) 41.2 £16.0
[‘eeBR_,ﬂchmOO)n (eV) 0.53 +£0.15 0.22 +£0.25

#(R) (1039 £33.9)° (1127 + 43.0)°

Zc(3900)° resonance parameters are fixed to the results of the previous four-

energy-point fit

The Born cross section of e e ~>1°Z_(3900)° -»n° 7%/ /1 is extracted.

Clear structure around 4.2 GeV is observed

— M = (4231.945.344.9) MeV/c?,
— I'=(41.2+16.0+16.4) MeV.

Compatible with the Y(4220) line shape

Indication of correlation between the production of the Y(4220) and Z.(3900).
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337 BT

ete - KT (DS_D*O + D§_DO) PRL 126, 102001 (2021)
We analyze 3.7fb! data accumulated at 4.628, 4.641, ~ D°
4.661, 4.681 and 4.698GeV in 2020. @\ Pl
Partial reconstruction of K™ and Dy — S
Signature in the recoil mass spectrum of K* D to | =
identify the process of ete™ - K*(DZD*° + D~ DY) K*

Looook @) (s=4681GeV|  Lq000 - (s = 4.681 GeV . el 0

%15005— “'_ igiagt:al MC %:400_ :#*1. igiag::al mMC cre K Ds b

*7## IR

g AT Hoat ay
a I MDA
=200
S i
> I D*O
m L L

0

1.9 1.95 2 205 1.9 1.95 2 ) 2.05 /
M(K‘S’K) (GeV/c?)
p.4 Dy
_‘ _

ete” > K*D;D*°

1.95 2 205 21
RM(K'D,+M(D)-m(D)) (GeV/c?)
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347 $5F A
PRL 126, 102001 (2021)

Data driven background description: wrong Sign (WS) combination of Dg and K~
Conventional charmed mesons can not describe the enhancement below 4.0 GeV/c? at

------------ — 27— 275¢

 s—4631Gev +Data 1 — . .f is=4681Gev] | (s =4.681 GeV:
o oy o 278 Right-sign 1 <, 27F Wrong-sign
D, D ] ;2 6sb! B 1 =, _F ]
~-non-Res.{ 577 ?,:5:‘:“"“ oy ] 82'65'_ Ll . E
1 S 26 Tl e 1 Z26F koL 7
_: a) E et ._-.”_..-.. ‘..:'-' -.‘...- :_‘:..‘. _E =) E I A U ]
! -1 [ {’;- Vbt ] %2-555_ - ':'. .:..-.- .:..'.y'?. :.‘.:'l’. E %2’55 3 ) ": ’ .0 . T * _:
t s 1///;1;1 2 2.5;_ . '-'..\.' '_. :". ._; 2 2‘5;_ . :‘- ... [ _;
s ey - A Y TR B R T Y RS R T

RM(K") (GeV/c) RM(K*) (GeV/c?) RM(K") (GeV/c?)

e « Assume the structure as a Dy D*° /D~ D°

QSS 3 /s = 4.681 GeV

resonance, denoting it as the Z.;,(3985) .
« Afitof JP=1% S-wave Breit-Wigner with
mass dependent width returns:
m = 3985.2%5) + 1.7 MeV/c?
r =13.8%14+49Mev

4 405 41 415 * Global significance: >5.3 @
RM(K") (GeV/c?)

First candidate of the hidden-charm tetraquark with strangeness.




347 _%F &
164'2,/ph data

charm-tau factory program
Mass (MeV/c?) 39852723 +1.7 3899.0+3.64+4.9 3883.9+1.5+4.2

: « Jjp K* resonances: from Marek Karliner
818144 +10+ 8+3.3+11. ;
Width (MeV) 13.8+81 +49 46+10+26 24.843.3+11.0 Z.(3900) analogue? i i
aBoT™ . B (ph) 44703+ 1.4 13.5+2.1+4.8 83.5+6.6+22.0 Z.(3900)* = (cEud); d — s: (cEus) ~ DsD*
. close width no natural molecular binding,

so if discovered, would indicate

*  cross section: one-order-of-magnitude less T :
g or a novel mechanism

~10 MeV above D.D*/D.D thresholds
similar to Z(3900) & Z,(10,610)
(DD*)  (BB¥) : T

9.2MeV  10MeV

v |

Zcs: 3985.2MeV

@
s &

SU(3) partner of Zc(3900)?

@
=]

Events / 0.01 GeVic®

25F (3 ase1G oogpET R TTTTTTTTTTT ottt D;~D° 3977.0MeV
W3O F Vs =4.681GeV 20 b v - —n*0
Z30F (a) , # 090902 2 emeeoeemossssmeses e e———— DS D*" 3975.2MeV
= b
o3 e g
B £ ' . I A 90 a ~ 2 - - ge —
E100 T\ T | =0 @y diquark-antidiquark? D*D. + cc molecule?
010 \ 2 6 2 % S
@ 5F sa f sef T
4 405 41 415 G IR | G| .
RM(K*’) (GEV/CZ) .’;\,85 3.90 3.95 4.00 4.05 4.10 415 30 5 3.90 3.95 4.00 4.05 4.10 4.15
M(D°D*) (GeVi/c?) M(D'D*) (GeV/c?)
quns
Z.,(3985) Z,(3900) kT Tt s
C
K-zr  RzZL KT KZ rz¥ nZ) w7 %
1/4 1/4 1/4 1/4 1/3 1/3 1/3

neutral/charged = 1 neutral/charged = 1/2



3.3 ch*’ F5

|

—> - &
o)

Zcs

Several Z; states were observed from in e*e™ production or B decays,
at least have ccdu four quarks

Would be nice to look for Z ., the SU(3) partners of X(3872)/Z.(3900)
It’s useful to distinguish different models

— Less exchange particles expected the Z.; molecule picture

Theoretical models have predicted the existence of Z . state
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337 %5-F AZc(4430)

m3,. [GeV?]

e originally found by Belle in B — (Z(4430)— J/y == Kand B — (Z(4430)— w(2S) =) K
[PRL 100(2008) 142001, PR D80(2009) 031104, PR D88(2013) 074026]
— not confirmed by BaBar [PR D79 (2009) 112001]

¢
b AT .
0 = © :
B° g T
S g+
{ U K |
T_L L I i...i. B
d 7]— 3.8 4.05 M(“1w4£33(GeV) 4.55 4.8
Argand plot indicates a
PRL112,222002(2014) resonance nature of the
—— Withz  NoZ
125_‘ : .L : l-. . E 10° o " edma ‘I L “"\" U 0 — ot
- l"-.E_—r" L 10007 ~wan - weeno b, BT - YQ2S)mTKT
E - ] E @] K (B32) e <
nire B Z{4430)F 2 "-E E Q[ T | E
191"‘\' N1 . AL “:h_! 10 E +:fh‘u,°°;,d
i 8 '-'- _-: = 2 a 3 7 i K (16300
18— EE = u 500 —~ Kkosw -~ —
S— I ¥ El:f'ﬁf_; é
16 i — =
e i LHCbh o |
D.SI-H-TlllllfSHIléll‘l?.:S 0
my,  [GeV-]




347, BF &

00—
- (a) \ [7] ws data + RS data
Yy 80 £ Model-0
2 ; ———- Model-2 ]
2 60 T b, : Model-3 |
n, L . Yo Background
: 4“ -_ 3"' : L4 d _-
F AR ] P E
a2 | SRS [55 ]
8 TaRseesete M stetyl
i A o] _ .
g o atetelatetetutetatatetetatetetaty B
P i :
i B RS
100 E W Sisiesrinisreiairinsieiviviieioieisteleioteiinieiviqe
Sl ® B ¥ dava 8 dete Z,(10610) Decays
%) - . b y
So0f ] "Y(1S)7™
PRI 116,21300(2016) 1 | (15)
© o Model-3 .}_,\ ] ’ o
S | —— Backgrouna , ++:|> ] | / 'T(2S)‘ﬂ'+
"; 40 - e j } ‘ -
+ F emd] T ] - )
8 I 1 i
B 20 . +
: “ "T(38)
A T ] T(3S)mw
0 PRI PR R | 2 AN
10.57 10.59 1061 10.63 10.65 1067 1069 1071 10.73

v"  Evidence for molecule?

M, (1), Gev/c

u hb (lP)ﬂ+
hy(2P) T
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(Events/10 MeV/c’)

120 —
~ wof TEY(3S) ;
= = 80| ]
= = ]
0 Sl E
2 2 f ]
8 g 40 E
5 i :
= =~ a0f ]
l‘?ﬁﬂ L 10.8 I‘JIUA L‘ 10.75 ‘FIJ.5B 10.7 1lt‘.l.73
M(Y(1s)n),__, (Gev/c’) M(Y(28)n),,_, (Gev/c’) M(Y(38)n),,_, (Gev/c’)
ete' > w'n’Y(ns), t*wh
PRD91,072003(2015), PRL108,122001(2012) ) b
120000 metre-hy(1P) 17500F mptm-hp(2P)
10000 F 15000
o (3]
S sooof S 12500f
[14] [«4]
E 6000 [ g 10000
-E 4000 F i E 7500F
& oL .l[ H.l'_{_ Tl & 2500}
-2000 ﬂﬂ .H. 11 oF

104 105 106 10.7 10.4
M, (m), GeVic®

105 106 107
M., (m), Gev/c®

Both Z,(10610) and Z,(10650) were observed in different processes

JP favors 1

close to BB*, B*B* mass thresholds

58
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4. & w95 5, 5X(6900)

< Existence of Ty, o,5.0, States (Q; = c or b) is expected by many QCD models

o Likely compactly bounded since the interaction between heavy quarks is
dominantly mediated by short-range gluon exchange

o Usually described with the attraction of a diquark (Q1Q,) and
an anti-diquark (Q30Q4)
o Never observed before

*Proposed as early as 1985 from Maiani

L. Heller and J. A. Tjon, On Bound States of Heavy Q*Q? Systems, Phys. Rev. D 32, 755 (1985);
A. V. Berezhnoy, A. V. Luchinsky and A. A. Novoselov, Tetraquarks Composed of 4 Heavy Quarks, Phys. Rev. D 86, 034004 (2012).

*Widely considered after the observation of doubly heavy baryons together with

doubly heavy tetraquarks

W.Chen, H.X.Chen, X.Liu, T.G.Steele and S.L.Zhu, Phys. Lett. B 773, 247 (2017); Y.Bai, S.Lu and J.Osborne, arXiv:1612.00012
[hep-ph]; Z.G.Wang, Eur. Phys. J. C 77, 432 (2017); M.Karliner, S.Nussinov and J.L.Rosner, Phys. Rev. D 95, 034011 (2017);
J.M.Richard, A.Valcarce and J.Vijande, Phys. Rev. D 95, 054019 (2017); J.Wu, Y.R.Liu, K.Chen, X.Liu and S.L.Zhu, Phys. Rev.
D 97, 094015 (2018); M.N.Anwar, J.Ferretti, F.K.Guo, E.Santopinto and B.S.Zou, Eur. Phys. J. C 78, 647 (2018); A.Esposito and
A.D.Polosa, Eur. Phys. J. C 78, 782 (2018); M.A .Bedolla, J.Ferretti, C.D.Roberts and E.Santopinto, arXiv:1911.00960 [hep-ph].

“* Tpppp Was not searched for at LHCb and CMS, but not observed

% T..z¢c states predicted to have M € [5.8,7.4] GeV/c, away from known
qguarkonia and quarkonium-like exotic states



4. & w95 5, 5X(6900)

> Using J /4 pair final states to reconstruct T, q¢
J/Ww - utu~ has good trigger efficiency

[arXiv: 1803.02522]

PC

> n{~(1S)n§(\IN;¥]eJ/wJ/w| nc-(lS)Xfl]()l‘;)a,vﬁ/whc(lf’) Single parton scattering (SPS)

0 1(18Veo(1P), J/wrho(1P) Q w/ or w/o Tecee

0 hun1s) : A

1+ - J/Uhe(1P), n(18)xa (1P), T
ne(18 Yo 1P) ) ) ——

1" Jum(15) VJ/oxo(1P), J [y (1P))
n(15):(1P)

1= J/gh(1P), n.(18)xc1(1P) -

177 [ J/uxeo(1P), J/uxa(1P)) J/um(18)
T (IO P)

Decays in 2]/ /i directly or with feed-down

» T,z State production via SPS is dominant
over DPS

» DPS: dominates high J /4y pair mass region



https://arxiv.org/abs/1509.00771

4. & w95 5, 5X(6900)

> Full Run1+Run2 LHCb data correspondingto 9 fb~!
> ] /1y candidates reconstructed using the J /1 —» u*u~ decay
» SPS enhanced sample with J/y-pair pr > 5.2 GeV/c

—+ Data

— Total fit
fe EEI Yy ly,
- bkg,+/1y,
- JIy +bkg,
bkg +bkg,

3000 LHCb

g 2 N /4 pair) = o
> 20E 1 HCb . (33.57 +£0.23) x 103
]j B2 rs 3200

e i e M
e

14
e R e SRR .ﬁ?g"@':"%‘""@
<
B e e

7000 8000 9000
Mdi-mp [MeV/c?]

oB53B3R58X

Weighted Candidates / (28 Me

= ..I.I
3009 "'

000 3050 3100 3150 3200
(22/\SW ) / serepIpueD M [Mev/ic]

» The J/-pair invariant mass spectrum is inconsistent with non-resonant SPS and

DPS only hypothesis by more than 5c in the [6.2,7.4] GeV/c? mass region
v Abroad structure next to threshold ranging from 6.2 to 6.8 GeV/c?

v' A narrower structure at about 6.9 GeV/c?=» X(6900)
» A narrow peaking structure matching the lineshape of a resonance and a broader
structure close to the threshold are fitted in two scenarios

61

Candidates/(5 MeV/c?y?



2 8 v 5 55, 5X(6900)

» Assuming X(6900) is a resonance with Breit-Wigner lineshape:
v" Model I: Based on no-interference fit (worse fitting quality)
M[X(6900)] = 6905 + 11(stat) + 7(syst) MeV/c?
I'[X(6900)] = 80 + 19(stat) + 33(syst) MeV/c?
v" Model Il: Based on the simple model with interference (better fitting quality)
M[X(6900)] = 6886 + 11(stat) + 11(syst) MeV/c?
I'[X(6900)] = 168 + 33(stat) + 69(syst) MeV/c?
consistent with predicted T,.zz states
» The lower broader structure is objected to many uncertainties:
v’ feed-down from heavier quarkonia, e.g. Tocce = Xc(— J/Yy) + ] /Y

v" near-threshold kinematic rescatterlng effects
o~ 220 g .

L} 'I L
—I— Data

2 200 + Data ' '

% 180 LHCb = ]I(.ul l_) . LHCb = Total fit

= — = Theeshold BW! T Resonance

ﬁ 160 | = = Threshold BW2 Em“_ﬂ*mw -

ket 140 nan PS e Interference !

2 " DPS

8 1208 iy J , * =

o 1 | iy |

6 60 // .} {_ 1 an : [

B 40 B = f ,* A“vov.‘@ e 18
o) X s s N . °o'o-¢°"’b¢ SR e%q&-ﬁ
-5 20 ﬁ‘bﬁfﬁ oo%v@? °°¢
; 0 % ‘? o°3° '@ho“f q‘t ‘@':

8000 90( 7000 8000 9000
M, [MeV/c?] M., MeV/c?]



5. A5 LA

% 800

PC(4380), PC(4450) Em An umexpé:cted nariradQb
Ay — J/b pK~ decay / %}K_ peakinJ ‘%{ p mass spectrum|

w <
b_’_Qg[f
A u————2—¢p'c
d —- »—d
P.(4380):

ImAf
= =

M = 4380 + 8 + 29 MeV,

[ = 205 + 18 & 86 MeV
P.(4450):

M = 4449.8 + 1.7 4+ 2.5 MeV

[ =39+5+19MeV

PRL115, 072001 (2015)
PRL117, 082002 (2016)

Two J/) p states give the best fit, J = 3/2 and 5/2 with opposite parities




5. BA LA

Ag — Jppr—

Pc(4380), Pc(4450) N
-
- u o
Wl K B30
b C + S 20
0 P >
Ab u— \-b-—ﬁ ¢ o
d —— »—d

—
LHCDb

—=— Data
—— RM N*+Z_+2P,
------- EM N*

.“i-::.. : 3l - Pc(4450)
~1' . P,(4380)

PRL117,082003 (2016)

Cabibbo suppression

Ap — P(28)prr—|

Total significance of Pc(4380) and Pc(4450) — 40—

is around 3o

Contribution from Zc(4220)

Belle, PRD 90, 112009 (2014)

No clear peak observed in M(y(2S)p)

LHCb

+ data
— gimulation




5. Pc?

0 _
Test the nature of Pc states ? Ab — Xc2PK

o Structures close to y.p threshold ~_ [PRL 119 (2017) 062001]
L 200 ' ' ' ' =
. . . - = LHCb 3
@ Kinematic effect? Absent in 7 F , ) % E
= :gg = Abﬁ,{“p[{ ; E
—_ u e 40 - ; =
Ag — X K T pop BT ,PK 3
% 100g —-Comb. E
F.K. Guo et al, PRD92,071502 (2015) J 2 ok E
- R E
- D LHCb G 40k ;EEE =
40 ___.:_%;gg - g 20 . ?%E =9 3

O 1 I I I I I L L I I
5450 5500 53550 5600 5630 5700

m(vy nK ) [MeV/c?]

;_-_-_;-- B W s & -

— ; b > P c
< S I _}J /Y
:q;-: 2_1 r;;.} *;v'r;li; *I ¥'r§rl}l1l;1;;l¥—};ﬂ },. ,;; W_ [ } }l}

5 ‘r! ; L1 s i! Q; yriws ey LI *3 S
% = e == ( A% ul }K—
= LHCb ] E, (Ap) <:: u
£ E u
S : d » > d }A{’p]
= 5 > > s
S () (u)

': |III|III|III|II[|F1:TP?-;HII|III|

@ Any strange hidden-charm pentaquark?
E— o Observationof =, — J/WYAK™ -

3700 5800
m(J/ wAK™) [MeV/c?]




