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1.5 %28%: J/vHEXIAEMRR

& 1964-1974%, 3% 245 % u. d SHEEMRBANTFAETFHREELRIKD,
BAENFKANAFEEIAHTARLY, AMMNEXAL: wRELAHFFHAETET
(FCNC) #9538+ HiA, A, REAFZE ELEFD

Kt n® 48548 a0~
REIAE, TR, RRHEEIFNORETIERAL, Ba)EH, FRHEAE
MBTHARTRAEN.
& HTHEZX—E 19705 Glashow, lliopoulosf=Maiani #2: T —A#%
# A GIM LH 69 5 £[69], AAARREALEFEWRS L, HRAES R

(charm) , Hlck &, #MEcH AR ERH1.5GeVAEEL . GIMMF
FINGES ZTH THMIRE, Am{EFCNCEAEM LKA E,



1.5 %28%: J/vHEXIAEMRR

& 1974F12H, £H “HE it B3I (Physical Review Letters) F] &)
AT =K XL F[70] ( Phys.Rev.Lett 33 (1974) 1404; ibid 33(1974)1406; ibid
33(1974) 1408), =R KARLS ZA%%: J/v BT,

& FRBRRTEPERAGILFAI74F11 4128 243). MNEH, TH
PHERATHOERAAEZERHAEAEBALBEEXLXELELEIGeVHmE R L, A H
KA ERFEN, BIMNEFRA T FEEeM L0 e HTHFRRE
#E KT —ABKEH31GeV(EE-6.11777), Fébixk (~ 1072s)

HET, FLAHJTF,

& FElr, B.Richter¥ A&Stanford A& w2 B P S IE R E-FATREEE

E, AR#EFEMNEZE (MARK-I) MEe e X Z4, XATRER—ATELT,

ERMNFAZAVETF (FBEXLFE, 74511138 #43) . FZRAUNRAEX
#lFrascadik B E, AHELXBAAFAHELEARXREELETRAARAI/VETHIH L
B, TP RFSTHEARRBZNESE, MNETIETFOHER, H4&£11 A18
BFhmbaER, H£LER PRI EXE,

& JWEFHEARELAOALELETHERBN SRR, 23 F4HE
U LEAEN G HB, I—HPFERANEREANLAEALETHEF LY
FTE2ENLIWEHTHER, - FX—IT4, T#+P#Hi&/Richterdig L
BlFT1976569E N RpEE,



1.5 %28%: J/vHEXIAEMRR

1974 £ IE 52 7 GIM AU X B EF M . T2 F R 09 LI B A 5 7%
BB RELEE 30GeV R FREH E it AGS L TR FENT — A REEKF
GHIATF, FL A BR—AH TIRLE,

p+ Be —» J+ X, J —ete”
HWERT ety e T, HTMNBE LN BL, B 1588 7 EL—NFGMAE,
FANEAST TR FRANS F a8 £ A A 146, M Fe M2 B A Mask sk, 12438
A N A A e F A9 IE R B FAGEBGERN 2. B 1.6 1M 2 dete R 23,
MeABFE 31GeV, SEEARF o BN R AL 2k 69 LIV 10%, 57 R 4369 R KR 269
AT R, WHAF TR 1.6F

0 Im 2m

Events/25MeV

B 1.5 Z 3] #2-F 69 S 1354 i) ] AL E




1.5 %28%: J/vHEXIAEMRR

JU-F /e ) — Bt i), B.Richter 4 549 5228 42 SLAC 4 SPEAR i fi & FxF 3
YO ENTZETF, LAY, NS E TiIZRERSIGEHK

E = (3.105 £ 0.003)GeV, I' < 1.3MeV

el T e A . FHRA O ERFTMHRMA =1 B 1LTANE LGN Z 4.

s000 F
2000 | S

1000 D —
500 F : 3

a/ub
*‘

200 | P -
100 te L —
50 F ; T s e T
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200

100 = +"|:..|, 3
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a/nb
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200 :
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_E & E
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1.5 %28%: J/vHEXIAEMRR

& 1LJ/WVEFTHIRNRR: JWETRCCRES-EI8F. 5ARTX
[72], ZEBENTRRARESTUALZETFTHNAEAHETETTHIIEAH

FLEA®RSERF: WHST L, RBETRG TR RMNEE, RISEHT

Ao fr L5 A A

P =P(ce)(-1) = (-1, C=(-1)"*

J/(1S) ke F 14 £ bk Sy 4 F -

m(J/W¥)
r
18(JPC)

(3096.916 + 0.011)MeV,
(92.9 + 2.8)keV, T(eTe™) = (5.55+ 0.14)keV,
3 L

(6

P -
r \\
// ™,
4 \
| \
| |
\ |
\ /
9 y
b y
- y
\\\. .'//



1.5 %28%: J/vHEXIAEMRR

& JVEFH A AEEFNEARRERLAEARF,Z)DTHEARTHRERE
B : r, ~149.1MeV, I, ~ 8.49MeV, I, ~ 4.26MeV .

B, JJWHBEFEELEINJI/L — eTe) 7FU/), W, N TFHBRTFEEEAN
ZATK

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

CHRH, CHERXEAZLIARXEPIA,

& 2. J/VERMEETE: J/pRCcRHS (Charmonium) , 5&F—

ERFIBEGRRLEHEEEM. FBREXRATI/L HBEHRK

EWERS),V)flAxagBAE5(\)FomEAS. B-6128 L TEBERT
RRAE, F—ANREERFNERLEBEREETHORE LA REK,

& HKRMFIANEZTH “C” XREFW%S £ “Charm” . AZRIBEZEH
P, RERTEWN. ABAEIHERAP, RERALTEN, FLERZ
MAC =1, ZRZ-BHEHEXEZXELKEFH:

s Y N w+3+q



1. £ %28%: J/vHEXIAEMRA

=

Mass

3700

2)
A
o
(]

)
)
(=)
(=)

3100

2900

DD" threshold

— _// X] ‘ 3
AT & ol
y .ﬁ/l/ N § 7

—™ 2-body eclectromagnetic decay: ¢e”or VY
— E1 radiative fransition
--= M1 radiative transition
= Hadromnic transition

Figure: 6.12 £18 F R TR L A,



1.5 %28%: J/vHEXIAEMRR

& FBMFLREEN, JOOAS) 0O (1" L Z2ARAIVHEETAER
AILtAkeV, KACERTOREEAIBEANATA:

M(J/W(1S)) = (92.9+28)keV, myyus) = (3096.916 +0.011) MeV,
M(V'(2S)) = (304+9)keV, My (as) = (3686.10970%%)MeV.

& U(3770)H T K9V KK A 6 E Ak F25MeV,

r(W(3770)) = (27.2+1.7)MeV, Mygarmo) = (3773.15+ 0.33) MeV,
r(V(4040)) = (80+10)MeV,  Myuos0) = (4039 + 1) MeV,
M(V(4160)) = (103+8)MeV,  Myieo) = (4153 + 3) MeV,
[(V(4260)) = (95+14)MeV,  Myzeo) = (426375) MeV,
r(V(4360)) = (74+18)MeV,  Myuaso) = (4361 = 13) MeV,
[(V(4415)) = (62+20)MeV,  Mygars) = (4421 +4) MeV.



1.5 %28%: J/vHEXIAEMRR

& ZAXEBENTFHREEZANARAREL., IANAPEHEERRAD
HEMEEER, HBIERTRES S LEA(NRCOM), HA M/ ViT
HMRACCRAS . DAFRAFE—ANcEALHAT, PlD = (cd). BARE
HDAF# K& 21870 MeV, Ak, J/J(1S), V' (2s) & F2mp, R
RETHAEADAT, Rfkdld2®EX (H6.13a) IHEET I 4
#(ud,s)AF, BI/ELE-TFTHOZIAN, X 2B KiERAMKBIARKY, Bl

EAMNTFHREERRE .
e -
0 .1/\1:. ( j
A
)

Figure: 6.13 J/W A F &9 THE R K ik, (a) MRAEIKES 2 REE
W, B P eEMEET TR SYHQCDALE#E, (b)HOZI AN
fH AR E R ALK TR E K E .,

J/¥

10



1.5 %28%: J/vHEXIAEMRR

& AV (3770)RACHVHEEXSHRAEN KX TF2mp. AFHHEAGHH
B RN R EACHTUAABHLARIETHONS L, Pilidd
B-6.13bM R X EXE R L FDDst. ARV (Z770)RFACHUHELSH
EERALEROI/VAS), J/VRS)ABAER. AEEH
(A-6.13,A-6.14) LTulF, 2B XEXTHMNES A £ B KR LB R
ALK RS, T2HEVEAKRTEREARANS. BLEH-6.13bEE
BN ETRIAR-ANEK, MEAETFOHORNS AchCLRZRXEDATFHH S
oo

:J // /]

Figure: 6.14 {3 F XL FEANJ/V — 37 BXRE > £ 42,

11



1.5 %28%: J/vHEXIAEMRR

& ETFEHANFHRE: RIRAFHREYN, FARTAREEEIXA. A
HTFCFHRTENOMRF, XKENMNTARXLIANAEET ., PlBAAALT
AAANKT. BmieE-6.140 7, REBIESZAKRTRE. EH,

AKM A TRELLRQCDHFHH B T ix 02, BIKELAL,

& H R (2980)AF. EETFHEFHHICITC)=07(0"7), RBHFEA
Fo HAEHM(no) =2981.0+ 1.1 MeV, 1(2980) AF A F 1k J/V £F &
K, BRETEEEHRADAT. LROZIZEAM A, FEHEA

Al =(29.7+1.0) MeV, RKRZAZX2100 $MeVHIER, L/ VHEA
xB%. RALR, o RARREANT, ERXLAAMT, LHRAELTR
BRAAMETFRE. EAFRALEZARTRENS/VEKIEE R,

& B, \o(3415)LROZIE AN T4, HTFRAEEANTFO07(077),
TAETHAKRTFEEL, T=(104+0.6)MeV, EIKHTR5FH

Fo 03511 ROZIZE AT, HTRMBELEANFOT(177)], ARTAE
FEAKTEE, T=(086+005MeV, ZFEL, HFEAE.

& OZIMM KR FRA AT EI T m ENREPEL B £, mAAEH
FREAHEPHER L, AACLEAANTREZETS, ATAIHETHERE
AR 2 OZIFE A T A2,

12



2. KA fdE: YA REMWR

& 19775, @L.M. Lederman4i ¥ &9 % K 55 3 £ E288 % 148 /£400GeV /it
F-RTEBEARERFRAT A KFFHELT, FLATE
F[0~(177)][73]e MBATEEENZEHFideT:

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,2S.3S)EFELRKRELARE(20 — 50 KeV), Fo#Kk. T =(bb) &
= ERRSREANSAONT, REXWRELHHAL6GeVES.
b5 A RBETFRAB = (ub)#B° = db%:F, mg=5279MeV, H
®HY(1S) - TRSAFATREE H—3+ERB T,
& MHATIATEKRE, 2BREEEA XA, BREAHRROZIZ A, 2%
R ANETELR - BREHEETN/T -, RERE. SMAKELTEXRE
MERE, MARERERTELRK, RALARY “T/RE, FEE” B
Bio EHTAS)ARLFHRENTHELSE, WA :

T(4S): m=10.5794(12) GeV, T = (20.5+2.5) MeV,
T(58): m=10.876(11)GeV, I = (554 28) MeV,
T(11020): m=11.019(8) GeV, T = (79 + 16) MeV.

B, AT FBASHTARELIAANBAT, BmBEAH/LTAMeV &
RELK.

13



2. KA fdE: YA REMWR

o (¢'e” — Hadrons)(nb)

25 PR o ai a  E E S  E S e i
of 1 TAS) on peak
sEog ! off peak \
g Y(2S - :
SR . ((1_117dasﬁc) d
10 - * ' ?“'. Y(3S) .
: : Ty Y 1 Y(4S) )
S5F + "” , ¢ v ’,_’ =
i b +he ekl ‘."“ﬁ‘.“-—.—’f.‘.’»"tf:‘:— LA :
o PR S | g g g oy g g -8 3 P | B e chos) gy t PR B3 Jgv-g g lgey Qg
244 946 10.00 10.02 10.34 10.37 10.54 I 10.58 10.62

Mass (GeV/c?) 21N p

Figure: 6.15 T(NS) #£3k&(N = 1,2,3,4).
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2. KA fdE: YA REMWR

& EFTHFLE, BEBHELSHOZE R RSB G ERRIL,

BRAKAE BCAH B o P fa kK, SAEMA IS B E R, IKEBHKE, & T 554
Bk, S#HFIK, HTFTRFTAFENITRARFRAE, RMEA2ERT
A —A %k, AFZRBHE, dTFoH#HEAR), 2HES, ¥TETA
MEMTAARFRMBE, ABANLE ﬂ%ﬁ%wvo

& JVETFRTEFRAEREGET, TR TN LERERN SR
B AR EHTENRAEAGVER, X3 E T HHEEF0.2/m, H

BAMTT A J /VETFATETFHAFLENETILENTREFZHREH
Ko

& F—7Hd, OFRSAFREARE, CMiolERE LA

RSV, TETF TR bkt it Esh R dE. AAEALEELX
A, JHREFEHRSIFOHRAR, RA LKA TRELRRUAN, T2
#— & AR M E

b —HERSEEANMETHONTHRASAIBE. FEINLEARZRAEL
METmARE, REESEBEFRXINFHRE, HEMAFLHEROHTE
AT AT ANRLEHERGH L mBEENT S,

15



3EE (R) FafB#xE

/ 1R ‘\: g
v S \u" d -‘U- d %

e (s :

dibaryon pentaquark glueball

® ©

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

WTAE R S50 L REZE R B T SeAPRR ORI T, ENERSAT cc Bl 2 bb 45,
AXAR #REFRNES R ERAFHE, ARERFHHARERIES 7 AR AL
Tile, IRz ARBEREL b TRMER. RIXEEETHERREM/R, @
WA XY Z fpigefl. X KT EIE -8R 0, Y BT J7C =17~ iyhikhe
T, HRARAN 1 R TSMHEA Z K12,

16



3R (R) rldx

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

Y{4260}

| 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)
| Xc2(2P) [as Z(3930)]

| Y(4274)

. X(3915)

| Z,*(10610)

| Z,*(10650)

| X(3823), Z,°(10610)

- 2={4888) Z-7(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

¥(4260)




3R (R) rldx

Charmonium spectrum

overpopulated YRI00) 1o

charmonium(-like) | %) 2016 5557 X (4630) 1]
states 2021
3D 4
4500 - 45 X%%f_%m Z,(4430)* 1
43(4590) w(4415) 2F 2008
17 (4360) 3p . X(4350)
X brrrerd e = = —- 200 2014
- 011 * 2021
204, =20 o @z7af w20 2008 R0@240)  z4(4230)
20 U(4160) Xl (4140) 2D i
L, 38 2009 _IF 2015000 5 c -ocmsge
D 2008 X(4050)* XEO0SS" 5 (3985)-
4000 T T ST T s e e 02015014 )
DD 2P - 2P 2P 2007 X(3940) ’ 3900:;2014 5% D Db
> cLpo’ T {g_(?ﬁl{)_/h-zﬁ%ﬁ_)______________2(119_15}__‘(— _______ 2020
= 1D yw@860) 2003 — == 2005 2013
] Y(3770) 2(3823) )
§ | pp v 2013 2019
Y(28)
7.(2S)
Xe2(1P) © e
_he(P) Yci(1P) X (3915) 0F 0t or 2FF
3500 X (3940,4160) 77 777 1
X (4350) 0+ 77+
Xeo(1P) o 1+ 1+-
Reo 1+ 0
X (4020,4055) 1 77
X (4050,4250)+ 1~ 27+
S Godfrey-Isgur quark model
discovered before 2003
3000+ _ncUS) discovered after 2003 1
L0*(07*) 0°(177) 07(1*7) 0*(0™) 0*(1**) 0%(2**) 07(27) 07(37) 27 =1 1=1/2

18



3R (R) rldx

Mass (MeV)

| 68 __ Bottomonium spectrum
11000 —
59 Y(10860)
Y(10753)
I L e 210650)_ 1
e B L 7+ {5
——————————————————————————————————————————————————————————————————————— }-06 -
10500~ BB Ao
2D Y1 (3P) Yp(3P) 2D
3 Y(35)
Ny, (2P) vi0(2P) Y (2P) p2(2P)
L Y5(1D)
29 Y(2S
10000~ M5(2S) 125 "
hy(1P) Yso(1P) Y (1P) X0

Godfrey-Isgur quark model
discovered before 2003
discovered after 2003

9500 - Y(1S)
ny(18S)

0"(0™") 0 (17) 07(1") 0*(0™) 0*(1*") 0"(2™) 0°(27) 1"(17)




Mass [MeV/c?]

11000
Xo(3P) Xe2(3P)
10500J, 0 59 new hadrons at the LHC 0. G L
T + B.(25)* T .
7000 OBC(2S) .BEEZS))" P
Q,(6350) -
Ap(6152)° ? -
3b(6227)_. /\226146;0 .Qb(6340)3b(6227)0
-0 - +.0 - =
| =12 A,(5920)° z B,(5970) w M=,(6100) L
6000 W, 5012y e M5 (5840 ° 3(6097)"  A,(6070)° B,(6114)°
55(6097) B4(6063)°
5000 ~ X(4700) X(4685) I
& Zlf P.(4450)* :X(4500) P.(4457)* @x(4630)
® bJ X(4274) P.(4440)* Z.(4220)*
® c&gd) o140 | p (a380)* | |® Pc(4312)* ®> " (4000)*
4000 1 o céct .X(384Z) ] &
e 52
@ Cd =CC
® c9qq i 0
B bag D,(3000)*° ) . 8§§§%53)0 =(2939)°
3000 - D;(3000)° @ D,,(2860) A-(2860)* 11 Qc(3066)° X1(2900) -
w | ounoe 2
- ,(2740) D5 (2760) c = ) +
W c<cqqq D/(2580)° 3 D(2590)
1 1 1 1 1 1 I 1 1 1 1
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
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3.1 X(3872) 89 X A,

2003 4E Belle S2BGF I 7E Y(4S) SLRAER REDW 153 JK BB 6, 7
B o KEgta—J/¢ FREPME 7 X(3872) —» ntn—J/¢¥ WILIRIGELEH, S
2 EME 100, EREX,

AE = E;’}':\l . E(';\l *"Ibc - \ (EC:\! )2 _ (p(l;."l)Q, (7114)

beam ‘beam

Hrp EZY, RELOCRERPHORGRER, ERY 1 pgY BIEOCHET B rTrEEEm
BER MBI . £ Mye. Mrirn—y/p H1 AE Wil LIRS T X (3872) M{ES 0, W

B 7.9F7R. 4TS TR X (3872) R MTIIE N,

S lm il y
c

e —_ s

%3 % q K

s 5

g 5

e =

<1 -

2 2

=1 Lo

L @

> >

w w

82522 524 526 528 5.3 .82 3.84 3.86 3.88 3.9 3.92 3005 0 005 01 015 0.2

be (GeV) M(J/ vy 7tr) (GeV) AE (GeV)

K 7.9: X(3872) —» ntn~ J /Y [GERMEERE (a) Mpc. (b) Myir—y/p
(c) AE i 94 [34].

M = [3872.0 £ 0.6(4¢it) £ 0.5(F % )|MeV, T < 2.3MeV (90% FEA5HEE).(7.115) )



3.1 X(3872) %) = %

Jiyrn candidates / 4 MeV

counts/(0.02 GeV/c?)

B(Bt — K*tX(3872)) x B(X(3872) — ntnw—J/v¢)
B(B* - K*¢') x B(y) = ntn~J/¢)

= 0.063 £ 0.012(%¢it) £ 0.007(F50). (7.116)
x10° Jll-lEP01411|7(1201|7)| . 0s—PRL112,092001(2014)
0200 ¢ Data 3 24f1" — = | e
- T 5 0 1] Zosp Y(4260) = _yuogg
0.15 —X(3872) Sig g ., 1 ’§ v X (3872)7 --- Phase Space
- —ves)sig 5 | ] S 04F --- Linear
R --Background § 3.85 3.90 _ +|:
0.10F ATLAS - i
- \s=8 TeV, 11.4 fb’ 1 g
0.05F i ;><'v'<>;
i =
. 2
0.00- N
3.7 3.8 3.
M) [GeV] 4 4.1 4;2 ~ ‘f.s 44 45
N Suggestive of Y(4260)->yX(3872)
14E compass . . _
1261 S arXiv:1707.01796 — In B decays - KX similar to charmonia,
12; o — K*X smaller than charmonia
6F — KnX
4F
oF, 1 ] M Ll — In ppl/pp collision - rate similar to charmonia
0% 3638 4 42 44 45

78 5 — Radiative transition of the excited vector charmonium(like)? — Jre=1++
M., [Gevic] 22

TN - utXn N - ut(Jyrta)nt N



3.1 X(3872) ¥ &

plly  olly

v %w(zs)

DD*
g Not observed in n;h decay

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

23



3.1 X(3872) 4 1 &

@ Properties
M-M(D° D*9)=0.01+0.18 MeV
I<1.2 MeV

e I=0, JPé=1+

@ Production

107 g—T T T

10f PRL 110, 222001 (2013) ﬁﬁ Cb
* Simulated J’°=2" 4+ Simula =

Number of experiments / bin

B decays, hadron collisions,

100 200

Y(4260) decays?, muonproduction? R
s )
e Theoretical predictions :
 DD* molecule : (3-4)x10-3 Not a pure
X 2 2
B(X(3872) 2 $28)Y) _ 5 464 0644020 « Charmonium :1.2-15 DD* molecule
B(X(3872) — JAby) . Mixture  :0.5-5
\_ W,
(- Relative BF h A mixture of a DD* molecule and a y,’
jm’o 08 1 03 Isospin violation charmonium
DOD*0 ~10 a DD* molecule 24

Y,




3.1 X(3872) 64 b %

X (3872) FIRIORA S T I 20 WHIRAMIOHIIE, 0 R gk

Riih, X(3872) — J/uv, $(2S)y, J/vw B4 [49] B HHEHTH C = +1,

X (3872) — D°D°n° thgsciemik, AR AR AT X (3872) — D*OD°[50].

PDG 4B R R 3871.68 £ 0.1TMeV , ‘&l mpo +mp-o = 3871 +
0.27M eV (1 F{E XE VA5 #E. LHCD 25 i I 545 8 - M x (3s79)—(mpo+mpeo) =
—0.09 + 0.28MeV [51]. Belle 7 [52] il T H MR 95% B LR Y
' < 1.2MeV. LHCb #1 CDF SE3il 43 e i 75 JPC = 111[53],

25



3.1 X(3872) 64 h: %

Xt X(3872) BJE ML HI e LA 2 A RIMARE. WRFHAE TREE

&, TBARARER 2P &, B oo X(3872) A0 Xty SUAATIR 0 T4cRTH

I, (HRZMEED pJ/¢ MR EAGEM OZL Wiy, FHim g™ E &

i, M X(3872) — wtw—J /v WAKEH tr WEIERET p° — «tr, Wi

7.10 1) Belle SEBG 5 R 7R [37]. X TF C=+1 1 X(3872) &5, HARES ntn~J /¢

1 p # J /0 ZEMPLEASIRALT S K, MRZ 277 &, W p#M J/¢ ZH

B SR AT P . B 710 (%) 857 S¥E (J7=17) MEIGHT P
(JP =27) #. FAHMMEARRN,

dN

dMmazx

X H kY 2 X(3872) #kFE T J/0 shiR, | BUEMEIE. fox =10, fix(k*) =

(1+ R%k*?)~1/2 jZ Blatt-Weisskopf #£H T (barrier factors) [20] , BW, Z#

XA ) A 24 A 4 R B

BW, x —— YT ¢

= kTG 2 ()| BW, (e ).

2 _ 2 _; :
m, —mg, —imgl,
40p 40
=l F
3 3of 2 30
g 2sf g 25|
S 20f S zo?
% s % 1sF
5 10 5 10f
S e o 5:— +
o -L- 11l 1 1 L 1 ok 1 s 1 L L
04 045 05 055 06 065 07 075 08 04 045 05 055 06 065 07 075 08
M(nr) (GeV) M(xr) (GeV)

B 7.10: (Z) Belle Xt X (3872) — wtaw— J /¢ 5S35 XIHE R IE S
UG, HELRMEICERS IR S BN P 3% BW sREUWIIESS R (&) 3 2F1E p
M w TRV SRS SR [34].
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3.1 X(3872) 64 h: %

Belle #1 BABAR sCB0EPMZER| T X (3872) — wJ /¥ (w — nh7™) WAELE,

AHAE M (rF77) BE TRAFEE p M w WTHHN, ZAK (7.117) F
[¥) BW, NEH#A,

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

Hir BW, fl BW, JEAMIl, HRN w K THREMEERE BW, b p (]
MBH- 1o 2 w ﬂ]ﬁf p WIRIRSEIE (r, = 0.07£0.05); &, RHXHE,
WH 05°. WF p M w THHMAMEGERFATE 710 (&), XMELARFMRIX5 S
B P . maXEEHE AR, X (3872) ARER AR AR REERTS
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3.1 X(3872) 64 h: %

G2 A X(3872) ) DD B i T ISR 4 TR, FH IR
T DO D™ RIEMHE , 4 TASB MRS D°D 5y, Kal AR R e
%5, ML TR T8 [54). B2 CDF 1 DO 21445 , 147 (16.125.3)%
) X(3872) 52k ETF B M3, KEBISSHOIRMED pp (pp) RHEFE
(9, X(3872) SOIMIVEEARE , H ARG B pr 475, #6F0 o HI%0L.
LHCb #1 CMS SRt fi457E 7TeV Wl Al pp XHESH /L) X (3872)
BB BAT 5 A AR R X (3872) 22— MR ek 45 A HLR /NI
WO TAS, SLE pp A pp RHE TG AL 28] AE SRR MBS oo A
o HIBAIR? MU OB S RN, KA DOD* 4 T-A aAS 0 500 7t AR TH %
Ho CDF 5 (i 1NF§ 444
A A, X(3872) — o' #1 X(3872) — 7.J /4 MR 43 FEHERT DAL

Xt X (3872) Wi AT KR, PO TREEE . M3, B SR
B2 K% 0.7 — 6.8, x4y DD* HTEWAER/D, ~ 3 x 1072, BIAH
X (3872) — 7o' (i MRS R RS , (FULFA[ AR 5 X (3872) — 7J /0 i)
SFREY WAL MRS, T DD 4 TANBEHMANZ, Fiol X (3872)
AKATRER A4l DD* 4 T4
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3.1 X(3872) 64 h: %

X(3872) LW 7 A FEARE 4 57, HANE RS cq IRFEZ RS
eq(q=ds u) Wl BIMEEFiGE BT - KT X(3872) #1 B = K°X,(3872)
RPN X Xy SRR E, BrREERMARMAES X=, H
BABAR #1 Belle (5530 A7 A AN E] X (3872) S 22 A4 , iy H.5E 300
{3 B(B = KX*) x B(X* — w*n"J [v) M AET 5T [ A ee it i .

QCD BHAEMNTFEAERZ -MENESH SRS - MESHK T
HEHEE. &0 AR ICB R H T X (3872) B4, AliER M T LQCD 1)

LRI, RICRRGY 1+ SIRASAN M00MeV , B X (3872) MR 2 L.

REAr RASA I 5 — FpB AR R 28 (Hadrocharmonium ) Fi% . 7Ei% 4
R EL A QQ B REEN RS, SRR T2, MERE QCD fEH
ROTFRAEERMT (Van der Waals) g [41]. BBERUN4 & BAT 4 A X (3872)
M KT
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3.1 X(3872) 64 b %

I AT SRR T X (3872) Ak A R B ATAE S, B AT AT

AH PGSBS - NEENER, FlUfE Takizawa Fl Takeuchi )4
fEE-7 TIRASER Y [42], 5 X (3872) KRR RN,

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

HIAtIE 6% [ e, 69% [F{Ljebriti) DD* #1 26% [H{jig &) DD*. 38T
FEAEBOA R R D) e o RSEELY), X FERE AT AR R A fH 4 X (3872) 7™
AFFAEAT ¢ 20l
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3.1 &A% X ¥F

Candidates / 6 MeV

pp — Xb — Y(lS)?rJr

1
1

L L ror T ot I'd LY
i Y(2S) Y (3S) CMS barrel | “%" CMS |:|+15 Expected
8000 * # \s=8TeV £ 10% [\s =8 TeV | |+20Expecled ]
I L =20.7 fb" 1 = 8% L L= 2071b _ 6.56%. .. - Median expected |
- p, >13.5 GeV._ “g 6% | ' Observed .
6000 [~ lyl <1.2 > -
- 4%
4000
: 2%
2000~ ?LB727,57(2013) - _
C | | | ] ] L | | |
. R R T B 10 101 10.2 103 104 105 106 10.7 10.8 109 11
9.8 10.2 104 106 108 11 My, [GeV]
M, g+ [GEV]
(8 o~ o(pp—X, = Y(US)7'")
‘R

- o(pp—Y(2S)—>Y(1S)a'x")

@ Structure close to BB* threshold ~ 10605 MeV ?

@ No clear peak besides Y(2S) and Y(3S) !
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31 AAXETFS

PRL94, 182002 (2005)
T T T I T T T I T

D

30 ¥ 1 3
[T i g’
20 |- B -EN Y, B ]
Y(3940) S
NN =
- Eu : + = Nonresonant :
o 4 4 1 + Lo | E ok |
3880 4080 4280 i ]
M(wJ/y) (MeV) 4 42 4 16 28
m,,w(Gchjl
@ Unexpected peak around 3.94 GeV
@ Observed in two photon process by 25 (b)
both Babar and Belle guf n2odly
M = 329013.54i 1\./9 MeV 2 1sF PRD86,072002(2012)
I = — e %1{15— Y
@ Babar's preferred J°¢ = 0™ $ sf |
g R AR
@ X(3915) = %, (2P)? Belle found a better ot R et b el
3.8 385 39 3585 4 405 41 415 4.2
Yo (2P) candidate | i) (GeVic)
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31 AAXEFS

Events / 50 MeV/c?

_ — D
e'e” - J/WDD D
- +26+40
M = 3862'25:% MeV
[ = 201 +154+88 MeV
-67-82
PRD95,112003(2017)

4.5 5

N/25 MeV/c?

N/50 MeV/c?

20

X(3940)— DD’

et

1
=

X(4160)> DD’

T T T T I T T T

e'e">J/w D) 20

) SOOI 1y g -— =
000000000000 %5 oo zeler o . ye,

e'e"—>J/y D (D)

PRL100,202001(2008)

.....

@ X(3860): JP¢ favors 0* ;Consistent with y.o(2P) hypothesis

@ X(3940) [X(4160]: close to DD*(D*D*) threshold; did not show up in
M(DD)
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&

N(B*) / 20 MeV

150

PLB734,261(2014)
CMS \'S 1 15y, Il.—unlu

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* )

1D fit

- X(4140)

I 1.2HI “1.5“'
Am [GeV]

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

@ @

'q,l

| X(4140)

(%]

Cand idates/10 MeV/c?

-t

04

m(u*u KK mm w) [GeV/c?]

[ PRD89,12004(20145
%Goljx( 40) — Full Fit
= | x(a350)> T N140)
8 40- -« X(4330)
E‘zo- 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]

=

=]

Candidates per 10 MeV/c?

u11

1 2 1 3 1,4 15
m(uwuw K K)m(uy) [GeV/c?]

8 FX(4350)
: Y>>0y
6 _ | RL104, 112004(2010)
of
2 E_Y(Mrw) [
| = | ol o
0 i 'I oI Iml, | 5
4.2 44 46 48 5
M(dJAp) (GeVlc )
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3.1 ZAXEFS

Latest results from LHCb

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

ot . B
Pl [0
: - o
T "'_......!.--.- T o
T =i T ; e : e
TETSTTETT TR T e o aw s s
Contribution  JP©  Significance ~ My [ MeV ] Mo [ MeV ]
X (4140) 1+ 8.40 4146.5+4.57%%  83+£2173
X(4274) 1t 6.00 4273.3+£8.3 1102 561170
X(4500)  0fF 6.10 4506+11 12 924212}
X(4700) 0T 5.60 4704410 "%, 12043174



32Y TS

BABAR #HHISHESER ete = yspm™n I/ W) M(znta=J/Y) A
BRRIEPEIRT Y(4260) SLIRESWFLE, HEEE efem = ysprm ¢ [
M(m+r—y') AASIERIE T ME T Y (4360)(36], Hih o — wr—J/w, FiAK
% 2wtw)J /1, Belle BJSHIIA T Y (4260) #1 Y (4360) [(U7FE4E [44, 45], [@mt
fE M (nrm") AL ) & w2 L T Y (4660),

36



32Y #F AY(4260)

3

Events / 20 MeV/c?
3

3%
(=

10

_PRL9S, 142001 (2005) _

10';1 TS
103;_ .

lO"E- A

3 i Hs'o’ " i
iy i ||||m”rnlq”,t||

36 38 4 4” 44 46 48

B

IIIIIlIIIIlIIII

1 1 1 ! 1 1 I 1 1 1 1 1
9% 2 12 e 48 5
100 150 m(trt /) (GeV/c?)
= [ t+Xxz BESIT = | —+Scan BESTH

% 80 - . PRL118,092001 :% i) l PRL118,092001 %220:----|---.|---.|---.|---.|---.|-.-.|-...|....:
Z _t = 1or - S 200F DO Run II, 10.4 f6' c
o %or o 8 180 =
® o F ' 2 160 =
T 40 T so0f- $ 140F i e
o [ ‘o m 4OF arXiv:1807.00183 -
° af o 0 120F E
5 . o | 100F- E
Y S S R SR A or 80F- 3
38 4 42 44 46 60E- =
is (GeV) 40F + =
BESIII 5256 F|H 9fb~! (14 3.77 — 4.60 GeV il , £ ete — ntn—J/psi it 205—+ + L

EPET IHJ’I‘}L}IR’S?J Ky, i 7.137 75 [46]. 45
14)MeV /e, N T = (44.1 £ 4.3 +2.0)MeV,
Jtﬂﬁﬁé&‘ﬁfﬁiﬂ*ﬁﬁfﬁﬂﬁiﬁlﬂmo AR (4320.0 £104 £ 7.0)MeV /2,
BE T = (101.47253 £ 10.2)MeV, Fi )"'(4360) ., BoAKIRSE ete —

rtr—J /¢ BEREREHRAER, BENKT 7.60.

AN R (4222.0+3.1+
M Y (4260) —%, H&Z! ‘. (i

m{Jynm)

O a3 a4 ar i 47 a8 49 s

[GeV]

37



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

e+e-—rrtP(29)

120 I L] T L L I L} T L} L I L} T L} T T T I T L) L] L]
[BESIT = BESII
100 PRD96,032004 u + Belle .
g 80 [ ‘ -= BaBar
c i ]
2 60 .
(@] B i
C% B i
p 40 — —:
3 ]
&)

4.3

Is(GeV)
100 T
80 = ee _)(DXCO
o - —+ Data
& 60} — Resonance
i - - -. Phase Space
?ﬁu 40
3 : L
T e20f [ —
o -
I r
o -
20 |

(0 T I R L
_42.15 42 425 43 435

\s (GeV)

p—

=]

Ul’.ll‘l:.\i:i[p

000

800—=

600

400

200

BESI Preliminary }

_ The error are statistical only. 4
— e+e-—n*D'D™ [ [
- .."'.-* —
[ LD i 1 TR
4.1 42 4 4.5 4.6
| FV N Th
90F
- . PRL111,242001
80 - ole’e->n"h,) BESIIT
g 705_ —5— ofe’e->1"Z,(4020)+c.c.) BESIII
.g 60 ;_ . -U[e"e'-:m"ﬂ‘hli; CLEO-c
zs
g F
é‘ 205— 1 l
0 P
C 1% L | ! P IR T I R S S N E
0 4.0 4.1 4.2 4.3 44
Ecu(GeV)

v Line-shapes are different from that of Tt/

24 445 45v Both Y(4220) and Y(4390) seem significant 33



32Y BFA5%K (4260)

o Significant wrnh, production reported by CLEO @ 4170MeV [PRL 107, 041803 (2011)]

— Correlated with observed Y(4260) or others charmonium states?
e 3.3fb"! data at 13 energy points from 3900~4420 GeV [h.—~yn,, n.—~hadrons, 16 exclusive decay modes]

=
=
(Y

<)

gu
o

Events / ( 0.001 GeV/c®)

3200 — e 0 T T T T T T T

3.15) N -
:ooopesm |
3.05 — 2 8 0 —
3.000 " _-i- = 20 -
2,95/ 5 -
2900w = -
2.85 6 0 =
2.805 ! ! L . o o
28050 352 354 356 358 3.60 e

)

Circle :'e*'e"—>'n+'1t'.'ll\|'; ['Be'lle'] g
Dot :e*e—>n'wh, [BESII] ]
Triangle: e*e'— w*wh, [CLEO-c]

. 4%

o AT,

3'}50 352 354 356 Ms"j.l;siscewcsz.)ﬁo - 42 . .4I3 | .414' - '4i5l ~ .4I6
° Ecm (GeV)

¢ o(ete > ntnh,) ~ o(ete~>ntn~Jly), but different line shape.
e Local maximum ~ 4230 MeV, broad structure at ~ 4400 MeV?

o Correlation with Y(4260) or Y(4360) is unclear
o More data around 4230MeV and above 4400MeV is very help.
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3.2Y #F5Y(4360)/Y(4660)

Events / 10 MeV/c?

l‘:e 20:| T T T ] T T T T T T ] T T T T T T ] T T T | T [+| ] 'I:
> s-(a) y(2S) >yt 3
L C _
= 16 - ¢* BABAR =
2 jal 112 events (520 fb") =
% 2 Belle =
& mi_ | / 110 events (673 fb'') _i
£ ; -
o~ o E
a- 1\HT I —
3 '
e gl el il
_ 4 _ 44 46 48 5 52 54
BT —K _A;FAE my(2S)m ) (GeV/c?)
30 Dat o oD 8+5
- — a B - +8+
o5 <D _ — Total Fit % 40 M = 463477 MeV
- e Fitted Bkg = B (a)
ool | Sideband S 30 r =90 *4954192M6V
' Z -
2010
g 10
D"'I""""""".' “:IIIIII [ B R N A I i 11
4.6 4.85 4.7 4.75 45 46 47 48 49 5 51 52 53 54
M,z (GeVic) M(A? AD GeV/c®

PRL101,172001

A~



32Y #

In QM, five states expected between 4 and 4.7GeV
— 3S/Y(4040), 2D/Y(4160), 4S/Y(4415), 3D, 5S

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-—>ntn h, 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

=t -~ IBHE R
S Il DD
- MBI
2 iy =
g s £ """.*'Mﬂ--m
- i i PRD77.011103(2008)
- 1A W
o ﬁ‘%’ﬂﬂfpﬁ ?*.
1 _ PRL100,062001(2005)
0.5
05 | |I'H'+|-i+j.i|.|!i.'|‘+|
1 L
‘DD
0.5 + +:
E Mmhﬁ Y ”*"“* 4
[ PRL101.172001(2008) S
0.5 ﬁ]]' £
0:.|..|..|...|..leﬁk
3.8 4 4.2 4.4 4.6 4.8

~J Sa Gerc

R(s) = c(e*e*—»hadrons)/c(e*’e*—»u n) — R4

=]

3 BES(2002)

vis)

¥(4660)

H H i 1 i H 1 i 1
3.8 a a2 a.a a.6 a.s 5
if R,,,=2.28540.03 Durham Data Base Nis), GeV



33Z BEF A

The most promising way to searching for the exotic hadrons

e Decay into a charmonium or DCIDC) pair

C'an'not be clearly
— thus contains hidden-cc pair PN ORsennsiin

(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
— mtlhy, mhy(2S), mth,, Ty, (DODO),...
e Experimental search:
— BESIII/CLEO-c : ete~—nt +EXxotics, ....
— Belle/BaBar  : ete"—(ygr)n*+Exotics, ....

— Belle/BaBar/LHCb: B—>K*+Exotics, ...

42



3.3 Z %5 F 2 Zc(3900)

Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

100 PRL 110 252001 (2013)

ete” >Jhy T

—4— Data

— Total fit

525pb" @ 4.26GeV

---- Background fit

-.=- PHSP MC

3.7 3.8 3.9 4.0
Mpax (M) (GeV/c?)

et e” >YpdW T

— PRL 110 252002 (2013)

—+— data
— Fit
— Background

=== PHSP MC

37 38 39 4 41 42
Miax(m/y) (GeV/c?)

Events / 0.02 GeV/c?

Counts /10 MeV

1200 | BESTL
100 ~-MC H
- — Z,(3900) MC ‘fg
80  [H]sideband }H :
60 ...ﬁ’
40¢ I
200 } '
82 04 06 08 1 12 14
M(x*n) (GeVic?)
35
- {Data  PLB 727 366-370 (2013)
30 Phase Space 586ph! @ 4.17GeV
- — Fit
257 = J1y Sidebands
20"
e
10- W
5111, 1 Ty L\k
#30 3700 3800 3900 4000

Mpax(*J/p) (MeV)

BESIIII
M = 3899.013.61+4.9 MeV
I" = 46:10+20 MeV
307 + 48 events, >8c

BELLE
M = 3894.516.61+4.5 MeV
I" = 632426 MeV
159 + 49 events, >5.2c

CLEO-c Data
M = 3886+4+2 MeV
I' = 37+4+8 MeV
81 + 16 events, >5¢
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3.3 Z %5 F 2 Zc(3900)

90f PRL112, 022001 (2014)
BOEBES]]I 525pb' @ 4.26GeV

70E
ete"—nH(DD*)*

60F
50F
40F
30F
20F
105 |

Events / 4 MeV/c?

30 5 390 3.95 4.00 4.05 4.10 4.15
M(D°D*) (GeV/c?)

100{BESII

40F
20F

Events / 4 MeV/c?
(¢)]
(@]

365 3.90 3.95 4.00 4.05 410415
M(D*D*%) (GeV/c?)

M[Z ,(3885)] = 3883.9+1.5+4.2MeV
T[Z (3885)] = 24.8+3.3+11.0MeV

 Bachelor &t angular distribution :

favors a JP=1*+ assignment

0.5
- 0.45
@ 04 1= :Pwave
= 03
g 0.25 1+ . S/D wave
2 oo T,
B 015 Flat distribution
o
— 0.1 .
L o5 ~| 0~ : Pwave

0 sin%0,,

0O 0102 03 04 05 06 0.7 0.8 09

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

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

['(Z.(3900) — DD*)

['(Z.(3900) — wJ /) 6.2 +2.9

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

26/1c below those of Z(3900) Very different dynamics in the Y(4260)-Z_(3900) system?
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3.3 Z %5 F 2 Zc(3900)

Counts / 15 MaV

=
Pl

—
=]

Events / ( 0.01)

Has an isospin partner, Z(3900)° ?

T | Data
" -— Phase Space
[ — Fit

=)

[ = Jiy Sidebands

PLB 727, 366-370/(2013)
586Pb' @ 4.17GeV

ST

......
g i 0 e e
T 2
e 5;.
e
{ Pl s MO

3900 4000
My T20) (MeV)

4200 MeV

4.0 42

M(n’J/y) (GeV/e?)

Events /( 0.01 )

e 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=3894.8+2.3 MeV, I"=29.6+8.2 MeV

— Significance =10.4 &

Neutral isospin partner, Z (3900)° observed

4360 MeV

M(7°J/y) (GeV/c?)

Events /( 0.01)

=]
=

4230 MeV

38 4.0 4.2

M(7°J/v) (GeV/ch)
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3.3 Z %5 F 2 Zc(4020)

Events/(0.005 GeV/¢?)

[y
(&)
=

l—O—'—'—'IIIlIII|III|I

100

=]
=

60
40

20

?

efe"—>minh,

BES]]I PRL 111 242001 (2013)

TERIREEEE

95 4.00 4.05 410 415 420

 Narrow ©th, structure observed
— M=4022.910.8+2.7 MeV;
— I'=7.9£2.7£2.6 MeV
— Significance : 8.9c

* No significant evidence for Z(3900)—>n*h,
— Significance 2.1c
— @ Ecm =4260 MeV

olete” = n¥Z,(3900)F - xtmn~h,) < 11 pb

o(ete” = 7t Z.(3000)F - nta—J/y) =13+£5pb

Events / ( 2.5 MeV/c’)

ete"—n(D*D*)*F

80

gB_ES]]I —4— data ——Z.(4025)
TOF —— total fit - comb. BKG

E ---- PHSP signal
60 = H ws
S0F PRL112, 132001 (2014}
40 82ﬁb-1 @ 4.26GeV
30}
20}
10|

4.02 4.04 4.06 4.08
RM() (GeV/c?)
« Deviation from phase space decay

— M =4026.312.6+3.7 MeV
— I'=24.845.617.7 MeV
— Significance : 10c

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

- If Z,(4025) is the Z,(4020)

[(Z.(4020) — D*D*)

- - = 12+5
[(Z.(4020) — 7h,) ’
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3.3 Z %5 F 2 Zc(4020)

Born cross section (pb)

90 45

80F Blue : ofe*e—mmh,) BESIT 10 *e~—nnlh, BESTH
- Red :o(efe=>n’n’h,) s

70 =35

60 -R=0.53:£0.1120.07 [4230MeV] > 30
- 0.62:£0.14:+0.09 [4260MeV] S

50— 0.73+0.14:0.10 [4360MeV] = 15

40 = 20
- )

30F s

201 I Z 10
= 5

10% I ] ..I....I....I....I....ﬁ..

0 '4'0 4'11 — '4'2' 4i3 4‘4 85 39 395 4 405 41 413
Ey(GeV) llzﬁmﬂlm{{;e\?"c'}

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

« 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]
— Width fixed to charged Z(4020)

— Significance : >5¢

Observation of neutral Isovector nature of Z,
Z.(3900) and Z(4020) states established
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3.3 Z %5 F 2 Zc(4020)

PRD96,032004(2017)

(=]
o

(=4
4~
T — T

0.2

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

(=4
o
n — T

Bl PV
/5 = 4.416 GeV |

Events / (0.1 (GeV/c?))
S

—
o

M (e (3686))(GeV/c™)

—_
=]
T T—T

) (%) ~
T —
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Entries/20 MeVic®

o
T T T T

/\
ﬂ Iﬁ\ -H lll".ll.
fermdil

Events / (0.1 (GeVic?F)

||||||||||||||||||||

150 155 160 165 170
ME(y(3686)r) (GeV/c??

Zc(4030)ineTe” » ttm~ P (3686) 48

+()(3696))(GeVic?,

Charge structure in M (¥ (3686))

Mass = (4032.1 + 2.4) MeV/c?

Width = (26.145.3) MeV

Phys Rev. D 91 112007 (2015)

M, I my(25)] (GeVic?)

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

Width = (45+11+6) MeV



3.3 Z % F A @BESIII

Zc(3900)+ Zc(3900)°
PRL 110, 252001 (2013) PRL 115, 112003 (2015)
2 . - e =" Preliminary
o 50 % &l
E B z il
a ™ _
T Ml y) (GOVIE) S M(EJIY) (GeVI)

eTe™ — 797/

Zc(3885)°

ete” s - atJ/y
Zc(3885)*

ST: PRL 112, 022001(2014)
DT: PRD92, 092006 (2015)

Evenkd 0 s Gevx ™)

PRL 115, 222002 (2015)

70 e r —4-Data
280 )
B0 L — Global Fit
i o C wanm S
- 5 :GD; A Ty Signal
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g 40 £ L e en PHSP
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:.5],;5 a9 495 . 405 4.1 4.1E X i . 4 4.05
M(IJ%'D‘}

ete™ — i~ (DD*)~

Which is the nature of these states?

M(ODY) (GeVIc?)

(D*D )°

Zc(4020)*
PRL 111, 242001(2013)

Tim 4
M, (GeVic?)

eTe” = a1 1T he
Zc(4025)*
PRL 112, 132001 (2014)

— . = pombk BRG =4 gt
{‘ _ - ot — tolal At
= oo 78025}
2 PHSF sicnal
wo | mws
manf
g |
5 20
LU |

404 406 408
RMIT) (Gevic™)

ete” — n (D*D*)~

Different decay channels of the same observed states?

Other decay modes?

Events/(5MeV/c?)

Zc(4020)°
PRL113,212002 (2014)

Fweniwil, 81 GeWie

35 195

m..-i- 405 41 4 43
Mo

o (GEViE)

ete~ — m97Oh.
Zc(4025)°
PRL115, 182002 (2015)

30

4.23GeV+4.26GeV V=423 G|
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[N
=]
T

5
T

4.08 4.1
RM(%)(GeV/ic?)

(D*l—)*)o
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3.3 Z % F A @BESIII

State ‘ Mass (MeV/c?) ‘ Width (MeV) | Decay ‘ Process
Z.(3900)*  3899.0+3.6+4.9 46+10%20 ] /Y ete" >ntn /Y
Z.(3900)°  3894.8+2.3+27 29.61+82+8.2 ] /Y ete” - om0 /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)0°  3885.77%3+84  357l+igg (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)°  40255%77+31  23.0+6.0%+1.0 D*D*  e*e” - (D*D*)°n°



3.3 Zc(3900)

Amplitude analysis of e'e” >n'n I/

300
250 F
200
150}
100
s0f

EVENTS / 0.02 GeV/c?

JP=1*

180
160 |

100

EVENTS / 0.02 GeV/c?

[

M

pole

m_.. (GeV/c?)

=3881.2+4.2+52.7 MeV, I

pole

e Born cross section fore'e > Z'zn +cc.o>a'n J/y

21.8+1

0+4.4 pb at 4.23 GeV
11.0x1.

2154 pb at4.26 GeV

|
o(e'e > Z;(4020) 7~ +cco>a'n J/y)

=51.814.6+£36.0 MeV

o(e'e > Z7(3900) 7~ +ccontn J/y)

4.23GeV
===z S-Wave Jiy + § 350§ - :;1527";?:7“%{' b Nl 400
;2.(1270].}.'4- (EL) 8 300§ _:Zo;;rcc ( ) O' MY
prEmes 10 250t 350 | - + ""
— o 3 ol » L — e T
2 sf E w0l —"_.' ______ S
2 wop K o w I RO
& sop gl a atvimminime PP EEPTEOS
04 06 08 w2 m § 201 ) I
m,.. (GeV/cd) o ) : (a)
. - o
4.26GeV g
e S v iy S 00 02 04 0.6 08 1.0
1,(1270) Iy d (c) cCI:.;
e LHGC. 0 Icos(ezg) |
— total 5 . ]
S JPis measured to be 1* with
= - -
L I significance larger than 7.6o
04 06 08 02 o

<4% at4.23 GeV

<13% at4.26 GeV




3.3 Z¢(3900) [ Jit

PRD 102, 012009 (2020)

r Fit@Ys=4.226 GeV | _ i
1.5 $ndf=176.32/ 144 - {

@

=]
T
I

. Simultaneous PWA fit of

= %100; H — ;f 60;
S ] 8a ete >mm% /1 to the four
e .f..' energy points
T e * The spin-parity of Z (3900)°
v | K o is determined to be 17
£t * The nominal fit includes the
' 2 K 30l intermediate process a/ /1,
i Fit@{5=4.244 GeV 60 i
1.5 A2/ndf=69.76/ 76 :r . 40' f(980)]/lp ) f(1370)]/lp and
it i P 1° Z.(3900)°.
ﬁl-i I gi N * Mass and width of Z_.(3900)°
G I r.hFT@jlr 4258 GeV a_gi_ a;%é_ iS measured:
%1.57 xndf=109.98/ 102 :N; GU; 3 402 ° M(ZC(3900)0) —
B 8 (3893.0+2.3+19.9) MeV/c?,
I S B * T'(Z,(3900)°) =
o SRS EAT Y BT s ] R (44.2+5.4+9.1) MeV.
10 12 14 16 18 3.2 34 36 3.8 4 4.2 02 04 06 0.8 1 12
My, (GeV/c?)? oy (GRVIC?) M (GeV/c?)
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3.3 Zc(3900) = A #.

o(e*e »n0Z0—n0n0J/y) (pb)

L L B B L B I
—+-data
— Fit _
----- Y(4220)
--------- NonRes
----interference |
_57L..|L...11...x....x...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) 00+113

1 (1.8 £1.9) x 1072

M(R) (MeV/c?) 42319 +53

Iy (R)) (MeV) 41.2 £16.0
FeeBR_mozt_BgOO)o (eV) 0.53 £0.15 0.22 +£0.25

#(R) (-103.9 +£33.9)°  (112.7 +43.0)°

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

energy-point fit

The Born cross section of ete™>1%Z_(3900)° -»7° 7%] /1 is extracted.

Clear structure around 4.2 GeV is observed

— M = (4231.945.3+4.9) 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).

53



33Z BF A

ete” - K*(D;D*° + D" DY) 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. N Paay
Partial reconstruction of K* and Dy — ]
Signature in the recoil mass spectrum of K* Dy to | s
identify the process of ete™ - K*(D:D*° + D~ D?) K

Lol @) (s=4681GeV|  Lq000 - (s = 4.681 GeV o K=y

30 SN 0 I Y - el

T
A

*ﬂt '

f Head a,
~ L) *
[} LTI TITIR,
£200 M

--------------- o i
> i D*O
L i ‘
0

205 1.9 1.95 02 ) 22_05 /
M(K'K'T) (GeV/c?) M(KK) (GeVic?) \
220 N Ds

200 F—2Z,>D0"  |g=4.681 GeV

; 180 F----- Z,,— D*.D° —— Data

é) 160 £ K'D,D*° + — Fit result

S }gg — KD’ . ws K*
w3 100 l

= 80

§ o ete” - K*D;D*°
> 40

Q20

1.95 2 205 21
RM(K'D,+M(D)-m(D)) (GeV/c?)
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347 BT

PRL 126, 102001 (2021)—

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

———ry 275

] ,_\27: Vs =4.681 GeVH
¥ x a1 <, 2.0F Right-sign 7
o) 2 e EYEn
~--non-Res.] $§~ SEAgAN s M ]
i ) r . Bl e T ]
1 ~ 26 N '._l-}.;._ .
1 Cossf TR N

SIRTRTE B L
A it 1///1);1 2 2-5;_ -" .

245: ................... -

RM(K") (GeV/c?)

- s = 4.681 GeV

(a)

o§ "':“ COF-00 "'"--gﬂ':—";‘:'.’:’;",’.‘.'g-::,
e Ko 3

4 405 41 415
RM(K*) (GeV/c?)

4.05 4.1 4.15
RM(K") (GeV/c?)

275¢
G 27
Z265F -
© F
= 26}
a -
L25s)
= 2.5}
245t

............

...........

Vs =4.681 GeV]
Wrong-sign

4.1 4.15
RM(K*) (GeV/c?)

Assume the structure as a Dy D*° /D~ D°
resonance, denoting it as the Z.;(3985)".
Afit of JP=1% S-wave Breit-Wigner with
mass dependent width returns:

m = 3985.2%3% + 1.7 MeV/c?

r =138%%; +49MeV
Global significance: >5.3 o

First candidate of the hidden-charm tetraquark with strangeness,



347 FiF A

1 64'2'/{\]1 data
525/pb data @4.26 GeV

iﬁ4.681 GeV

Mass (MeV/c?) 3985.2%21 +1.7 3899.0+3.6+4.9 3883.94+1.5+4.2
Width (MeV) 13.8787 + 49 46+10426 24.843.3+11.0
aB°™ . B (ph) 447024+ 1.4 13.5+2.1+4.8 83.5+6.6+22.0

close width
cross section: one-order-of-magnitude less

~10 MeV above D.D*/D.D thresholds
similar to Z(3900) & Z,(10,610)

two general comments about

charm-tau factory program

« Jhp K* resonances:
Z-(3900) analogue?
Z.(3900)" = (ccud); d — s: (cCus) ~
no natural molecular binding,

so if discovered, would indicate
Tq or a novel mechanism

from Marek Karliner
in Nov. 2020

D.D*

Zcs: 3985.2MeV

(DD*)  (BB¥) 1 ]
v 9.2MeV  10MeV
SU(3) partner of Zc(3900)? 3 ;
g S, S R ———— _
gg 2 s a 2 a0 J_ Ds* DO 3977.0MeV
N\ F Vs =4.681 GeV 3 20 —_ *0
S0 @) AT I Dy D*° 3975.2MeV
225F ot ) ooy
gzof ILLLL{ ﬁ}“ o - —

2ol T\HFT e ? diquark-antidiquark? D*D, + cc molecule?
5} g % D u-ol ,_L,,\T\---B..;":m
0 4 405 41 415 & 2 J g T

RM(K") GEV/CZ) $65 590 355 400 405 410 415 355 380 565 400 405 410415 4
(K M(DD") (GeVic?) M(D'D”) (GeVc?) l ?ﬁ] ___‘:f'/
ch(3985) zc(3900) gluons + slunns m _"‘.i?‘
c c :
Kzr  RZL KT Kz wz n°7) w'Z; %57
1/4 1/4 1/4 1/4 1/3 1/3 1/3 D (1=%)

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




Several Z states were observed fromin 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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3.37Z #i-F&57Zc(4430)

m3,. [GeV?]

e originally found by Belle in B — (Z(4430)— J/y == K and B — (Z(4430)— w(2S) n°) K
[PRL 100(2008) 142001, PR D80(2009) 031104, PR D88(2013) 074026]
— not confirmed by BaBar [PR D79 (2009) 112001]
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Z,(10610) Decays

I
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(Events/10 MeV/c’)

o

o

o

120 —
~ ol Y (3S) ;
5 “o . ]
= = o[ ]
= = f :
< v o0 ]
m ] [ ]
L B B ]
] 8 4o E
3 > ]
=] ) N ]
- = 2 .
l‘:IIII.!'.1 ‘ 10.8 IEIIIIMl " 10.75 ‘FIJ.SB 10.61 10.64 10.67 10.7 10.73
M(r(1s)n),__, (Gev/c’) M(Y(28)n) ., (Gev/c’) M(Y(38)n),, ., (Gev/c’)
ete'—> w'n'Y(ns), ttwh
PRD91,072003(2015), PRL108,122001(2012) ’ b
120000 retm-hy(1P) 175008 rptm—hy(2P)
10000 15000
"o “o 1
S 8000} S 12500
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E 0_]II ll. le{_ [l E 2500}
-2000 1TTT" L +T il L L 0 ] L L 1
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Both Z,(10610) and Z,(10650) were observed in different processes
JP favors 1*

close to BB*, B*B* mass thresholds
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4. &£ %5 5%, 5X(6900)

s Existence of To,0,0,q, 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 (Q;Q,) and
an anti-diquark (Q3Q,)
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..zc states predicted to have M € [5.8,7.4] GeV/c, away from known
quarkonia and quarkonium-like exotic states



2 £ g % 55, 5X(6900)

» Using J /1 pair final states to reconstruct Tz
J/Y - utu~ has good trigger efficiency

[arXiv: 1803.02522]

Jre S-wave P-wave

[ (18 )m(18 )IJ/;bJ/;b | Ne(18 e (1P), J/yh(1P)

07" n(18)xco(1P), J/wh(1P) JIud |

0=~ J/ix 1 (1P) J/ym(1S)

| - J/yhe(1P), n(18 )x1(1P),
(18 )xco(1P)

17 Jlum(18) | J/uxo(1P), J /iy 1 (1P))

170 J/h(1P), (1S )x 1 (1P)

1= [J/xeo(1P), J/dxer (1P)]
7:(13)h1P)

1.(15)h(1P)

J/ym(1S)

Decays in 2/ /1 directly or with feed-down

» T..zc State production via SPS is dominant

over DPS

» DPS: dominates high J /1y pair mass region

Single parton scattering (SPS)

Q w/ or W/o T,cee

h
%47@

|I [,

O

Double parton scatterings (DPS)
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https://arxiv.org/abs/1509.00771

4. &£ %5 5%, 5X(6900)

> Full Run1+Run2 LHCb data corresponding to 9 fb~?!
> ]/ candidates reconstructed using the J /¢ — u*u~ decay

—+ Data

. . ”§ 30002— LH;:b _
» SPS enhanced sample with J/i-pair pr > 5.2 GeV/c S b A By,
é 2000 73‘/()9};?;332
% 1500 - E by, *bkg,
P — " N(J /¢ pair) = Ul:zz
ata E
LHCb (33.57 £ 0.23) x 103

ﬁ F7] DPs

B R e e ,m I
f‘? gzzé‘f;ﬁggg%’ 3‘35::3@%3@%’@. A%gfg"i:;g%’b =
e a:».éﬁ*%&d@%&;@%@@oﬁ%;@;ﬁﬁ i
o e Ty S

cBE3BSEERES

Weighted Candidates / (28 MeV/c¢?

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

s e
S e

H* -II
3009 :

000 3050 3100 3150 3200
(/N3 T) / SerepIpued M9 [Mevic)

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

DPS only hypothesis by more than 5¢ in the [6.2,7.4] GeV/c? mass region
v’ A broad 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

63

Candidates/(5 MeV/c?)?



2 £ % 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 II: 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, sz states
» The lower broader structure is objected to many uncertainties:
v’ feed-down from heavier quarkonia, e.g. Toc.c6c = xc(—= J/Yy) + ] /¢
v’ near- threshold klnematlc rescatterlng effects

T T T T T T T r . . 7 T r T -

200 * . — pa
o —— Total fit

180 w——— Resonance

= = Threshold BW1

= HResonance

160 \ = Thresho 3 = = [nterference
140 o] DPS fi] Interference BW

B3 oes

100
80 k
60 §/
40F ~: . ' e 0#_'.9- S
=1, - oo 6°“‘°5 o R,
20 £ ? 459 e
0 £ A S 00:#: A % ° 3°3°¢ e
7000 8000 90( 7000 8000 9000

My, MeV/c?] My, MeV/c?] 64



Pc(4380), Pc(4450) g
A} — Jb pK ™ decay / %}K_ ;:C":soo

W -
Ay B_:_Q B

C
b \y—ﬁ
d —- »—d

An qmexp}ected naraop
peakinJ ‘i;{ p mass spectrum.

P.(4380):
M = 4380 + 8 + 29 MeV,
[ = 205 + 18 & 86 MeV
P.(4450):
M = 4449.8 + 1.7 4+ 2.5 MeV
[ =39+5+ 19 MeV

ImAf
=] =]

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

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



5. A5 LA

0 —
Pc(4380), Pc(4450) Ap = J/ppr
d — S40F oy 1 i aen
1—1} T 2 ol LHCb
W e
u & 255_ —=— Data .
J 0 4 S S - Tt
C 15F HT e P,
Ay 3 > \’—3 ¢ sof 1Tt y 1T asso)
— > sp it 7y zae00
PRL117,082003 (2016) T s
Cabibbo suppression A9 — p(28)pm—
Total significance of Pc(4380) and Pc(4450)§ 40— B
is around 3o = ¥ . data LHCb -

Contribution from Zc(4220) — simulation

Belle, PRD 90, 112009 (2014)

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




5. Pc?

Test the nature of Pc states ?
Structures close to yp threshold

Kinematic effect? Absent in

Ag — XcPK™
F.K. Guo et al, PRD92,071502 (2015) J
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I —-Data

LHCb
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Candidates / (5 MeV/c?)

Ag — Xc2PK ™
[PRL 119 (2017) 062001]

LHCDb

Fataly

Ay—=x IpK_
.

S
k

R GG,
e
R

|||||||||||||||||||||||||||||||||||||1

oo

20F 55
0:. C 1 . s Lo
5450 5500 5550 5600 5650 5700
m(v nK ) [MeV/c?]
L il 8
el
U
I iy }A{p)
s > > s
(u) (u)

Any strange hidden-charm pentaquark?
Observation of & — J/YAK™
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