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BEPC storage ring and BES detector

Ground breaking: 1984 1989-2005 (BEPC): L=1.0x10°" /cm?s

CM energy : 2 -5 GeV 2008-now (BEPCII): L .,=1.0x10%/cm?s (Apr. 5, 2016)
Major upgrade: 2004 , . .. = -
Energy upgrade: 2024 .
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BESIII detector

SCmagnet, 1 T

Magnet yoke

RPC

CGEM-IT is
BTOF, 70 ps being built &
ETOF, 60 ps placed here

Be beam pipe

MDC, 120 pm 2.
0.5% at 1 GeV/c B Total weight 750 tonnes,
= ~40,000 readout channels,

Data rate: 5 kHz, 50 Mb/s
CslI(Tl) calorimeter, 2.5% @ 1 GeV

v Lo

Has been in full operation since 2008,

all subdetectors are in very good status!




BESIII Collaboration
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The Belle experiment
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ER) | Belle detector
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Integrated luminosity of B factories
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>1ab!
On resonance:
Y(5S): 121 fb!
Y(4S): 711 b !
Y(3S): 3!
Y (2S): 25 b *
Y(1S): 6 !
Off reson./scan:

~100 b}

~ 550 fb!
On resonance:
Y (4S): 433 fb !
Y (3S): 30 b
Y (2S): 14 fb !
Off resonance:
~ 54 fh!



Frqm KEKB to SuperKEKB

e* 4 GeV 2.8A }{
— - Belle II

New IR

New superconducting /
permanent final focusing
quads near the IP

"~ New beam pipe
& bellows

Replace short dipoles
with longer ones (LER)

L]
. ::HF‘FH[:‘M%H f=——=f Lowemittance
positrons to inject

Redesign the lattices of

Add | modify RF systems
for higher beam current

Positron source

) ) New positron target /
Damping ring

HER & LER to squeeze capture section
the emittance
TiN-coated beam pipe Low emittance gun

with antechambers Low emittance
ok electrons to inject

(NEG Pump)




Belle Il detector upgrade

RPC u & K| counter:
CsI(Tl) EM calorimeter:i*========-----______ 74 m ~ scintillator + Si-PM

.’I
waveform sampling F M‘ _— fOI‘ end-caps
electronics, . _—

Beryllium beam pipe
2cm diameter,

QCSR and QCSL )

4 layers DSSD — 4
2 layers PXD
(DEPFET) +

4 layers DSSD

-——_I;_:“‘________..___.________________’

-of—Fllght Aeroge
srenkov Counter —!
|me-of-Propagat|o.

Central Drift Chamber: ounter (barrel) :

smaller cell size,
long lever arm, fast electronics



Belle |l Collaboration

Indonesia




Hadrons: conventional & exotic

Conventional hadrons

i Iy | L

Meson

Molecule Tetraquark

Hybrid

Glueball
Pentaquark SU(4) multiplets of mesons & baryons

CZY & S. L. Olsen, Nature Reviews Physics 1, 480 (2019) 10



* Lots of states with heavy quarks (c, b) and exotic properties were observed
since the discovery of the X(3872) in 2003!

* They are candidates of hadronic molecules, hybrids, and multiquark states.

Z,(10610) Z.(4000)

X(3872) 7,(10650) Z(3900) Z,(4020) | Y,(10750) Z.(3985) | z.(4220) P..(4338) | X(3960)

il Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb LHCh
205 2012 2013 2013 2019 2021 2021 2022 2022

P.(4312) X(6900) | X,(2900) Y(4500) @ T.s(2900)| X(6600) | Y(4790) ks

P.(4440) HCb | X4(2900) BESIII H CMS BESIII

P.(4457) LHCh 2022 2023
LHCh 2020

2015/19

Y(4260) Y(4660)/ X(4140)
BaBar aBar Y(4630) CDF
Belle 2008
2007/08

Zo:1=1 &a Q? pair New spectrum emerges although more effort is needed to

Po: 17172 & a QQ parr understand the nature of them.

Y: JPC=1--

Tqq: tetraquark state This workshop: Alexey Nefediev, Gernot Eichmann, Joshua Hoffer, Sinead Ryan,
X: other states Alessandro Pilloni, Adam Szczepaniak, Wyatt Smith, Sasa Prelovsek, ...
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Z,(10610) Z.,(4000)
X(3872) Z,(10650) Z,(3900) Z.(4020) | v,(10750) Z.(3985) | Z.(4220) X(3960)

Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb
2003 2012 2013 2013 2019 2021 2021 2022

P(4312) W X(6900) | X,(2900) T..(3875) | Y(4500) X(6600) | Y(4790) K

P.(4440) HC X,(2900) LHCb BESIII CMS BESIII

Poida57) LHCb 2021 2022 2023 2023
LHCb 2020

2015/19

Y(4250) | Y(4360) | Y(4660)/ | X(4140)
BaBa- BaBar Y(4630) CDF
2005 2007 Belle 2008

2007/08

Lots of information on its quantum numbers, mass, width, production and decay properties,

and many new measurements are available
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Discovery of the X(3872) [y.,(3872) in PDG2023 ]

Belle, 20030908,

PRLI1, 262001
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Mass of the X(3872)

VALUE (MeV)
3871.65 + 0.06 OUR AVERAGE

3871.64 +0.06 +0.01
3871.9 +£0.7 £0.2
3871.95 +£0.48 +0.12
3871.85 +0.27 £0.19
3873 T8 +1.3
3871.61 +0.16 +0.19
3871.4 +0.6 +0.1
3868.7 1.5 0.4
3871.8 +3.1 +3.0

EVTS

19.8k
20
0.6k
170
27

6k
93.4
9.4
522

DOCUMENT ID TECN
1 AAL 2020S LHCB

ABLIKIM 2014  BES3

AAL 2012H LHCB
2 CHOI 2011  BELL

3 DEL-AMO-SANCH.. 2010B BABR

4.3 AALTONEN 2009AU CDF2
AUBERT 2008Y BABR
AUBERT 2008Y BABR

5.3 ABAZOV 2004F DO

M, + Mp.,= 3871.69 £ 0.11 MeV

E,=—0.04 & 0.12 MeV

E, (deuteron) =—2.2 MeV

ry = (8u|Ep[)™Y/%>5 fm

COMMENT

Bt — J/¢ym T KT
et e — J/YpmTny
pp— J/yrTn X
B— Kntn~J/¢

B — wJ/¢YK

pp— Jjprtn X
Bt — K" J/ymtm™
B’ — K% J/ymtn
pp— J/YrTn X
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LHCb, PRD102, 092005 2020)  \\idth of the X(3872)

VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT
1.19 £ 0.21 OUR AVERAGE Error includes scale factor of 1.1.
1.39 +0.24 +0.10 BW width! 15.6k 1 AAD 2020AD LHCB pp— J/Yyr T X
0.96 To18 +0.21 wiath: 4.2k 2 AAU 2020S LHCB Bt — J/prtn KT
10" ———— 8000 p————————— ]
400 T Breit— ngner 3 2000 3 Incl. resolution and background_;
— — Flatté 1 [ Breit—Wigner E |
= 30 1% 6000F — Flatté LI?C{?—: 107 BESII| .. | | BESIII may
<2300 ] = ] A HUDE I .
~ 1< 5000 1 o1l Lo supply crucial
| L2 1 Z 4000f 12 5t ‘ . .
| 200 32,k 1 > | JIE information on
S| 5150 g WO ER- ; I -
S 2200 om=2.4~3.0MeV 15 il ! l l g & line shape.
50 1000 F 1T Of - L
---- A B B S T TP S SRR /) [
3868 3.87 3.872 3874 0 384 386 388 3.9 c 15} Mass resolution
Mgyt (GeV] Mpymtn [GeV] g [ 1 M V'
, . . Ww 1Nk <
Flatté parametrization: 10 om oV
i [
DE)=E—-E;+~|[glky +ky) + T (E)+T,(E)+T St
() rralothrk) . AQREI )* o : PRL124, 242001
Depends strongly on g, coupling to D'D™! 0 39 305 (2020)
_ +0.06+0.25 |
FWHM = 0.22+0:06+025 \jay M(D°D') (GeV/c?) 13



A coupled channel analysis of the X(3872) line shape at BESII|

dBr(D°D°n°%) B 1 L9 kege(E)
dE - 2m" |D(E)|?

X Br(D*® - D)

dBr(n*n™]/Y) _ B 1 y Cetn= 1
dE 2 |D(E)|?

Hanhart, Kalashnikova, Nefediev, PRD 81, 094028 (2010)

Kegf(E) + ikege(E)

D

1 _ _ i
D(E)=E —Ey + 59 (Kegr(E) + ikeg(E) +Kiee (E) + ikSee(E)) + Ero

ket(E) = T |\ E — Ex? + 1778 + E — Ey
et(E) = = JT | E— EnY T2/~ +E;

+ /_upj\/(EX—ER)2+F§/4—EX+ER

o = F7T+7T_]/1/J + Tknown + Tunknown

Exy = My — (mpo + mpo + m0)
*superscript ¢: charged D**D~
*Due to the limited statistics, Fynknown/Tn+n—j/yp 18 fixed
[Chunhua Li, Chang-Zheng Yuan, PRD 100, 094003 (2019) ]

Key features:

* Model independent

* Including the D*D self energy terms
* Including the width of D*

* Including the coupled channel effect

* Fit parameters: g, I‘,T+n—] I My
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BESIT 2309.01502

X(3872) line shape @ BESIII

—
(o]

Pole positions

Two sheets with respect to D*°D? branch cut
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o

|
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|
I
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1
1
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|

20 ? "’n

X(3872)

-
s
L

3.866 3.868 3.87 3.872 3.874 3.876 3.878 3.88

BESIII
0.16 + 0.101112
7.04 + 0.1515:97

—0.19 + 0.08%13

0.05 4+ 0.01*5:22

+0.13 +0.38
0'44—0.35 —0.25

0.18

E (GeV)
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Weinberg’s compositeness: Z = 1: pure elementary state; Z = 0: pure bound (composite) state. 17



PRD107, 112011 (2023) X(3872) line shape (@ Belle

. . , . .
BW parametrization Flatt¢ parametrization
i}% Signal ?’4 Broken signal == =+ Generic background — Total i}ﬁ Signal % Broken signal ===+ Generic background = Total
‘\‘Q sok 80 N_Q 0F ‘_“Q s0k 80 NQ 30F
% 60 % > 20 60 >
o "F of ] o =f N “oF 1 Y o =f
g 60 F 20 |,| h g i S 60F 20 Il h g 20F
= - S S sof 0 <
o OF 0 39 365 % o o 3.0 305 2 o
T 40F T BF T 40F = 15
: byl : IR T
5 ¥ + s 1of s % 5 1f
> 20F Tt gee——mee > > 20F T |41 2
w — W SE L T S o Gk
10F [f..-*"" 10F [ .-*""
b k. L . SR T T 0 el ke L o Ll TR GE e g s oo e oy )
0 387 3875 388 3885 3.89 3.895 3.9 0 387 3875 388 3885 389 3.895 3.9 387 3875 388 3885 389 3895 3.9 387 3875 388 3885 389 3895 3.9
*0 *0 *0 0.
M(D°D ) (GeV/c?) M(D’D ) (GeV/c?) M(DD ") (GeV/c?) M(DD ) (GeV/c2)
% aof % 2f % of % 2f
S 15 S 10 S 15 S 10
[0 18 F 10 (0] 10 F (0] 18 F 10 () 10F
O 46k || i~ 5 O 46k | o 5
S 1k s S sk S E 5 S sk
g ; S . g . | 3 ,
o 12F 3.9 3.95 4 o 3.9 3.95 4 o 12F 3.9 3.95 o 3.9 3.95 4
< 10 = °F = 10f O
£ 8 & £ 8F <
g 1 GC) 4 c c 4 F
¢ 6 > ¢ 6 4
L 4F | — - L oF LU 4F | - — L oF
2F ""‘t_- " I T e e 2F o S + mmalampeq=="" F=q=="" ——
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=0 0 —0) 0
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. 0_*0 o
Mew = 3873_71418:?8 (stat) & 0.13(syst) MeV/c?, » Fit D” D™ mode only, not a coupled-channel analysis

Tew = 5.2F22(stat) + 0.4(syst) MeV. » BW is favored over Flatté parametrization

» coupled-channel analysis highly recommended 18



Z,(10610) Z,.(4000)
z,(10650) | Z(3900)  f 7,(4020) | Y,(10750) Z..(3985) | z.(4220) P..(4338) | X(3960)

Belle BESIII/Belle BESIII Belle BESIII
2012 2013 2013 2019 2021

X(3872) Z.(4430)

Belle Belle
2003 2008

IR N -
p.(4312) M x(6900) | X,(2900) T..(3875) ( Y(4500) X(6600) ‘ v(4790)b

¥(4260) Y(4660)/ | X(4140)

BaBar aBar Y(4630) CDF

2005 Belle 2008
205//08

P.(4440) X,(2900) LHCb BESIII LHCb CMS BESIII
P(4457) LHCb 2021 2022 2022 2023 . 2023
LHCb 2020
D15/19

PRD 89, 111103

— PRL 99,142002 = The Y states initial states
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BESII

Y (4260) is now Y(4230) [y(4230) in PDG2023 |

PRD106, 072001 (2022)

100¢

o(e'e = m'mdiy) (pb)

= (a)

(0))
o
[LLAL) LU LAAL) AL LD LY

—+ XY Z data
—+ R-scan

Vs=3.8713
— Fit

PRL118, 092002 (2017)

100
[ —= BESIII: XYZ data sample ( a)
- 80; — Fit curve: Total
2 [ --Fit curve: Y(4220)
é 60; -.= Fit curve: Y(4390)
= B
g L
A T
g 4op
&)
'Eg -
@ 20_—
E I S S N [T
0_ + [] i ..................... ; ...........
_Il[llllllll‘lll]l]llllllllllIlllll\l
3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6
Vs (GeV)

Y (4230) appears in wyqq, t " Jy, atn ', ntn~h,, D°D*

PRD104, 052102 (2021)

100

o(e ey (3686)) (pb)

[ - BESIII (This work)
C = BESIII (2017)
[ == BaBar

C -+ Belle

1000

Is (GeV)

PRL122, 102002 (2019)

LI | T
800
°
2,600
;
6°400

200

O_J

B

-
-
Pl
Pl

III|III|IIII1'-III|II

4.3 4.
E g (GeV)

Mass~4220 MeV, width~ 50 MeV!

b
o

PRD99, 091103 (2019)

PPN
9;1 00 + —4- BESIII 2019
—~ T —%— BESIII 2015+2016
3 L
x »
2 50}
|q) :
+Q) 0_ + + + ™
t:D _ P I T S S S S SO T S S R S EN S S T S
4.2 4.3 44 45 4.6
's (GeV)
PRD 103, 032006 (2021)
70t : « [Pb] 47.5 +13.1
60 5‘ m [MeV/C 1 4236.3 = 8.9
50 I [MeV] 70.0 +32.1
40 |
:é_ 30 ¢
= 20
o 10 ¢
o}
I —e— Data (. n%)
—10F o Data ULg, (ner 7%
—20 [ s Sl(t4260), PDG
[ ——- PRL 118, 092001 (2017) . | .
—-30
4.2 4.4 4.6
Vs [GeV]

tonannl, KYK~Jhy, D*°D*~rt
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cP(e’e” — K'K'J/y) (pb)

cP(e*e”’ — K'K'J/y) (pb)

A new decay mode Y (4230)->K*K-J/y and a new Y (4500) state

15.6 fb~!, Ecm=4.12-4.60 GeV

12 — T
L - XYZ Data :
10 _ — Fit curve: Total (a) _
gf == Fit curve: Y(4230) -

- XYZ Data
— Fit curve: Total .
- Fit curve: Y(4230) -

CPC46, 111002 (2022)
v" First observation of Y(4230) —» K*K-J/y (290)

B(Y (4230) — KT K~.J/¢)

0.02
S BV (4230) > nrr-J/0)

< 0.26

v Significance of the Y(4500) > 8c
» A 55-4D mixing state (J. Z. Wang et al., PRD 99, 114003 (2019))

» A heavy-antiheavy hadronic molecule
(X. K. Dong et al., Prog. Phys. 41, 65 (2021))
» A (cscs) state on LQCD (T. W. Chiu et al., PRD 73, 094510 (2006))

Parameters Solution I Solution II
M (MeV) 4225.3 + 2.3 £ 21.5
Y (4230) ['to: (MeV) 72.9 + 6.1 &+ 30.8
['ceB(eV) 0.42 £+ 0.04 = 0.15 0.29 £+ 0.02 = 0.10
M (MeV) 4484.7 + 13.3 £+ 24.1
Y (4500)  TI'ior(MeV) 111.14 30.1 £ 15.2
['ceB(eV) 1.35 = 0.14 + 0.06 0.41 £+ 0.08 = 0.13
phase angle  p(rad) 1.72 £ 0.09 £ 0.52 5.49 4+ 0.35% 0.58

21



BESII An even higher mass vector state Y(4710) in KKJ/y

2308.15362 ete > K'KJ/y 5.85 b1, Ecm=4.61-4.95 GeV

PRD107, 092005 (2023) ete > KsKgd/y

:_ ¢ BESIII (2022) ¢ This work — Fit result

o)

\9: 8 E'_l P T r——

S _ -+=Y(4230) --Y(4500) - Y(4710) = 4 & Data " —— Fitresult

= i o L ... Y(4230 ¢ % =e== Y(4500

& - v" Significande of the Y(4710) > 50 g i YE4710; . o0

(?J : D:sw :. ““

o 4r Lo 2 ;

O B %_f :

3 [ 5

N @]

O

A 4.2 4.4 4.6 4.8 5
Vs (GeV)

mass (MeV) | width (MeV)
Y(4230) 422747422 72416433
(MeV) sy | mas Y (4500) Fixed Fixed | 4o

Y(4230 422642 70+4 Stat. onl
(4230) R Y(4710) 4704452470 1834114496  4.0c
Y(4500) 4499+8 124420 Stat. only

Y(4710) 470817 421  126'27,,430 >56 5S vector charmonium states? ’)



BESII

A new vector charmoniumlike state Y(4790) in e*te—>Dgs"D;~ ?

arXiv: 2305.10789, PRL (in press)

» The peak position depends on the parametrization
700 :
" Statistical etror OIllly ' : of the background amplitudes.
= 000E + 4% systematic error 3 | » Data at around 4.8 GeV are needed to understand
2 5001 = the line shape.
Lk New structure! . . P .
& 400F 610 1 | » Could it be the Y(4710) in KKJ/y?
A 3003_; = Result 1  Result 2  Result 3
1e F ] M; (MeV/c?) 4186.5£9.0 4193.81:7.5 4195.3£7.5
£2 2000 H M E T (MeV) 55417  61.249.0  61.8%9.0
100f4 +0 “e®* o o My (MeV/c?) 4414.5+3.2 4412.843.2 4411.0£3.2
"o | | | | | | | ] ' (MeV) 122.6+£7.0 120.3£7.0 120.047.0
4 44' BT IR BT ETE Ms (MeV/c?) 4793.3+7.5 4789.84+9.0 4786+10
Eey, (GeV) s (MeV)  27.147.0  41%39  60£35
*@ o T T = ;fi 10° - T *@ 10°F ,,«/\ """"""""""""""""""""""""""""""""""" -
?,é 102:;,»" ?,E 102:'_,-‘ f f’ EE 102&'! t F .
"a,om — |Bw2|: ¢ da atae - / _ +°bm ; ¢ — 'BWZ': *wﬂm\ - bbm ,' ; ¢ data T —
i —_— IBWS.I — fitted line / \\ : / r”lBWS.I —If:::’dl line R —_ ) E THIBW?I —IfiBt:’t\e,cllzline
g/ ||[][ 7 continue - 1BWE N g /T o [N, TF =17 A 11 1] i S AT /0 T
43 4.4 4.5 4.6 447 4.8 49 43 4.4 4.5 4.6 4.7 4.8 49 4.3 44 4.5 4.6 4.7 4.8 49
Eqy (GeV) Eqy (GeV) Eqv (GeV)
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Y (4630)=Y(4660)7? Are there other decay modes?

100 1 Belle: PRD91, 112007 (2015), 980/fb Y (4660) discovered by Belle in 2007
: | | BaBar: PRD89, 111103 (2014), 520/ | y(4630) discovered by Belle in 2008
= =y |
@5 50; H” ” QB% , Belle: PRL101, 172001 (2008), 695/fb
AN f | eresnra
S, W{J_J ....... * _*il_ﬂﬁ*__ Mty i ++++w++ s | €PN N

s 5 5 5.5 2 0.4 -
Vd (GeV) s | JJ + ][ J{
b

S f.__}_*__ﬂﬁ_ﬁ_f_ﬁ_#_ﬁ_ﬂﬂ_ﬂiﬁ

2 —; 14546 47 48 49 5 51 52 53 54

5 M(AT AD) GeV/c?

®

S

’ Belle, A* A, 46348 5 92+40_ +10

Dbl L Belle, noy! 165241045 68+11+1

46| 48 5 52 54 56

E. (GeV) BaBar, oy’ 4669+21+3 104+48+10
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ere Dy Recent measurements ere DAY A,

100 & BESIII (This work) PRD104, 052102 (2021

Vs (GeV)

—_ - 4+ BESIII (2017 I -
S 80F = pope ) \ ‘, BES B BESIII: : 2307.07316  e'e — A'A:
= - -+ Belle \.TI 5 4 BESIII 2023
o 60 Tee - Statistical error onl
< - | 400 1— oty <-BESIII 2018
S - R + 4% systematic error  _gejje
+S { S ----- Threshold
T o, B
o N
o N
5 Bt © 00| - gy
—20 :‘l i ¢l - .
ML B B ] ' ' | | ]_' ®
4 41 42 43 44 45 46 47 o = = °
100E- Solution 111 — Fitresut -
80 ;_ === Elyr?-lfesgl\'\/ance 0 1 | 1 ] 1 ] | I 1 ] | [ ]
;— Inteference 4 7 4 8 4 9

BESIII data confirmed Belle & BaBar measurements with
much improved precision!

o(e'e =t y(2S)) (pb)

BESIII data did not confirm the Y(4630) in etfe > A" A~ !
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ete 2> y,(3823)

Recent measurements

BES]

Yo(3823) vy 2vydlv 11.3 fo~!, Eem=4.23-4.70 GeV PRL129, 102003 (2022)
~. 50¢ o N
L : —t— Data O —— Data RS, —+- Data
> 400 Xcu Sigpals i > — Fit > —— Fit
s N A Background =100~ || Background =100~ || Background
© 30¢ I Sideband O - I Sideband O I I Sideband
2 20t E : : E I
c L £ 50 Partial recon. £ 501 Full recon.
@ 10 , o | o | JL
f45 35 355 36 %65 37 375 38 385 %565 37 375 3.85
M(YHJ/W) (GeV/C ) MFECOI|(T[+TE-) (GeV/CZ) MrECOI|(TE+TE-) (GeV/C2)
o)
%, 6l +Data Parameters Solution I Solution 11
IS - M][R;] 4406.9 £ 17.2 £ 4.5
& o4l ! [eoc[R1] 128.1 +37.2 + 2.3
% i | AT Bleg 0.36 +0.10 +0.03  0.30 + 0.09 £+ 0.03
& o M[R:)] 4647.9 £ 8.6 £0.8
= 7 [tot [R2] 33.1 £+ 18.6 £ 4.1
o o o B Pt BBy 02440074002 0.06+0.03 +0.01
© 4.2 4.4 4.6 ¢ 267.1 £ 16.2+ 3.2 —324.84+43.0£5.7
E.m (GeV)

New decay mode of the Y(4360) & Y(4660)! y,(3823) is a D-wave charmonium!
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Events/20 MeV/c?

G X Br (nb)

401

w
[a)
1 T

-]
[a)
T

0.1F

Y (4660) decays into open charm final states?

PRD 100, 111103 (2019)
ete”™ - DID,,(2536) +c.c.

—— Data

—— D,(2536) sidebands
& D,'D, (2536 contribution
Total fit

------- Total background

....... Fitto D_(2536) sidebands

....... ,
89717 evts

—_—
[a»)
T [ ——

o
T

.T-ll-ﬁ. T
I 1 I

|
f'lri .I.l-l.l.{.]'_] I;‘}_

5.5
M(D'D

s — sl

(2536)) (GeV/c?)

Events/20 MeV/c*

6 % B (nb)

PRD 101, 091101 (2020)
ete” » D{DZ,(2573) +c.c.

50

D —— Data

C @ — D*,,(2573) sidebands
40— BELLE — Data fit

R B N 1 e Background shape
30 [Nt Le Sideband fit

5 34c
10 L . .

-, 3 l - L:N ;I

o b b
45 46 4748 49 5 515253545556

M(D/D",(2573)) (GeV/c?)

PRL130, 121901 (2023)

ete— D*OD* ™

1200 -
- —Fit
f e Continuum

—~+ XYZ data
~ Scan data

BESII

—
o o
o o

I

sed(e*e™—>D*°D* 1t*) (pb)
D
8
I I

Gdres

mass (MeV) | width (MeV)

BWI1 4210516 82+1819
BW2 446912614 246x3719
BW3 467513014 21817319

BESIII has data from threshold to 4.95 GeV, improved measurements on D

D, are expected!

S
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How many vectors in charmonium energy region?

7 B I I A I I I Al I | | I I | I H
- between 3 and 5 GeV: .
6 :_ T/ & Mark.I ¥(25) W60 6 well known y peaks + E
- e . 8 new structures .
- Mark-T + LGW -
5 | m Mark-II YW i -
- ® PLUTO B
R - # Crystal Ball :
‘ * o T IR R
- o KEDR LI I S —
- | " + 2
| )\

B | | i
B O x QJ @ & IA I I I/\ I | A |
2 I - - = = = = = - . —
- | | | " -
3 3.5 4:5 5

Besides vector charmonium (c¢) states, we also expect cCg hybrids, | | Y(4230), Y(4320), | * Y (4660), Y(4710),

and ccqq tetraquark states. Have they already been observed? Y(4360), Y(4390) | = Y(4790)

=» More theoretical/experimental efforts necessary! Y (4500) -




Z,(10610) Z.,(4000)
X(3872) Z.(4430) Z,(10650) Z,(3900) Z.(4020) \ Y,(10750) Z.(3985) | Z.(4220) P.(4338) | X(3960)

Belle Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb LHCb
2003 2008 2012 2013 2013 2019 2021 2021 2022 2022

L/ =

Y(4260) | Y(4360) | Y(4660)/ | X(4140)
BaBar BaBar Y(4630) CDF

2005 2007 Belle 2008
2007/08

P.(4312) W x(6900) | X,(2900) T..(3875) | Y(4500) X(6600) | Y(4790) K
P.(4440) B LHCb X,(2900) LHCb BESIII CMS BESIII
P.(4457) LHCb 2021 2022 2023 2023

LHCb 2020
2015/19

Charged quarkoniumlike states must have at least 4 quarks!

tetraquark

multi—quark states

hadro— °
quarkonium !
hadronic

molecule 29




Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

Events/(4.0 MeV/c?)

Z (3900), 2013

I -4 Data
100 BGS]]I o
L ««=+ Background fit
80~ -.= PHSP MC
L { Sideband
60 + =
40 - ,’ oS - S
E | %{“_.ﬁ' --11-.-,‘.__.,! %,
20 34 Y 4
0 3.7 3.8 3.9 4.0
7 C
0 E D —+4 data
60 F — Fit
: BELLE — Background
50F
C -=-. PHSP MC

40f
30F
20 ¢
10/

38 89 4 41
Mo liy) (GeV/c?)

3.7

3.9
M(DOD *-) (GeV/CZ)

3.95 4 4.05

The Z_ states with u,d-quark

Events/(0.005 GeV/c?)

Z (4020), 2013

[y
()
>

[y
=
>

M,,, (GeV/c?)

SR ~Teloadl i, I
£95 4.00 405 410 415 420 4.25
M, ., (GeV/e?)
801 —4—data  —-Z.(4025)

R 70F — total fit - comb. BKG
S 50 - PHSP signal
0 ws s
= 50| %
0 3
N 401 ' + BESIT | <
—_ + =
~ 30| =
2 0 5
S 20 z
[0} =
> 2
W 10| S

402 404 406 408
M(D*D*) (GeV/c?)

30

20

Events/0.01 GeV

)
S
=)

500

Z (4430), 2008

|

All are observed in

| m+charmonium J/y, h,,
1 y(29)) final states,
| candidate cc¢ du

\| tetraquark states

4.8

=» Existence of states

with d-2>s?

1 =» Search for states

decay into K*J/y,
D*D, + DD*,!
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M*(K*Jhy) (GeV/ic?)?

ete > K"K J/y ete” - K*(D;D**+D:~D") Bt = J/y¢pK™

22

[9)]
N
o

P T —~ 407 Z 700
VsTidss Gl 1B L [Vs=4.681GeV : F
20 r=d - ~ I . S 600 E
o B et |, 230  BESII SN
sl ] = | § UF
L g = C
- O 1H:  So20f S 400f
16 | e m - = | S 300
[ | 1M12 I -
S O . £10 200 F
: 1B slgk SO 100
12 NP IPEFEPE PP PP PR i m 0 AL i e E L1 B
12 14 16 18 20 22 4 405 41 415 3.6 38 4 42
M2(K Jy) (GeV/c?)? RM(K™) (GeV/c?) M [GeV]
PRD 89, 072015 (2014) PRL 126, 102001 (2021) PRL 127, 082001 (2021)
No significant signal in Z.(3985)in D*D,+ DD* mode! Z.(4000) and Z_(4220)
K*J/y decay mode!

in K*J/y decay mode!
Mass (MeV) | Width (MeV) VR

Z.(3985) 53c ?? 39825738 £2.1 128733 £3.0 | Widths very different,
7.(4000) 15 1+ 4003 + 6173, 131+15+26 not the same state!
7.(4220) 590 1+ 42164+24%33 233452137

(statistics low!)

Do their isospin partners exist? May BESIII see Z_, in e'e 2> KK J/y? 31




BESII

PRL129, 112003 (2022) e*te™ —» K9 (D D** + D D™)

Evidence for the neutral Z,((3985) & Z.((4000) = {s#S%

—4— Data Total PDF Signal BO % J/w ¢K(S) arX1V2301 04899V2
Sideband Non-resonant pmce_ss ----- D**D

40%‘ () \5=4628GeV 40%‘ (b) V5=4641GeV § Zgg: igzm I;fflbcb : | : e SR DD g :

30 _ + 30:_ + % 500 ;— »=11 Background —;; ;— —z

20_ + 20_ % 400;_--A11K'andX . —;; ;— —;

g - L el 'P S 300F = Tym(4220) = E =

10F [T o gt 4111 T 200E W00 = 3 3
i‘: [ - - o : E—— - 100;_ N R Y IR T NN 2 _;; ;_ = \IQ\:\\%\k\}}&\\\\ _;
> AP o G=assiGev | 10T o 54682 Gev S 0E o NS 3
= 30} [ > 60f
S + I t,. 1, < S0F 3
< 20} 4 50p Mt N G 40f
5 10f [ : o ;
S 5

10} !

: m . [GeV] M, [GeV] My« [GeV]

30}

201 Significance >4.0c after including systematic uncertainties

10F |

05" Significance 5.4c with 1sospin symmetry imposed

RM(Kg)(GeV/CZ)
2 . . .
State Mass (I\.;Iei\f/c ) W'dﬂ; gMEV) Significance Mass (MeV) Width (MeV) Fit fraction (%) AM (MeV)
Zcs(3985)" | 3985.275 5+ 1.7 | 13.8725+4.9 530 7 o FEYSr 0 e
Z.5(3985)7 | 390022 +£17+16 | 7.731£423 4.60 3991500 17 105755 55 7942555  —1270 4

> Minimal quark content cCsd? Mass and width consistent with charged Z_, — isospin partner 32



M(K'K) (GeV?/c%)

M2(KYK) (GeV?/c4)

BESIT \ No Z,, in BESIII e*e->KK-J/y data!
arXiv: 2308.15362

. . . + 30 —
No significant structures in K*J/\yy decay mode! : (s =4.63 ~ 4.92 GeV

26¢ 26¢ 26F %y 25 -
2_4;—;E=4.s1 GeV _ 2_4;—-.?=4.53 GeV = 2_4;—'.-E=4.GdGeV . ">‘* C
22F Y, 22F v " Y 220 ; ) o

2F “% 2F 2 ‘% 2F § 20 B
1.8F O 18F O 18F - n
1.6F C 18 C 18F =1 -
14F L 14f ¥ 14F 2 C
1.2 < 12f < 12F % 10 —

1 1 1E > B
08_|||||||||||||||||||\||||I|w|| 08:|||w||||||w|||||||||||||||||| 08_\||||||\|||||||||||||\||||||\ m —

92 13 14 15 16 17 18 92 13 14 15 16 17 18 M2 13 14 15 16 17 18 5 —

MAKEy) (GeVc?) MAKEJ/y) (GeVZe?d) MA(K=Jy) (GeVZc?) C _
26¢ 2.8¢ 2.8¢ 0 eePo——buimpor™ T
2.4 (5 =4.66GeV 26F(s=468GeV | 26515 = 4.70 GeV 38 39 4 4 1 24_2
: - : o 24 A S 24f - *
22 R RN 2w Max(K*J/p) (GeV/c?)
3 1 S 3 o 2p ST
s SR SR R M=4044+6 MeV
18F X 16F e X 18f — T C
14E X 14f X 14f
1.2f S 12f L S 12F ['= 3616 MeV
1= 1B N T 1E R
0827114 15 16 17 18 0893 14 15 16 17 18 0821 15 16 1718 Slgnlﬁcance: 2.30
MAKEJ ) (GeVc?) MAKEJ/y) (GeVZc?) MA(K=Jy) (GeVc?)

B(Z:(3900) > (D'D)") _ ., ., B(Z.,(3985)F — K*.J/1)

B(Z:(3900) - J/pm™*) B(Z.4(3985)F — (D'D:T + D*0D7))
PRL 119, 072001 (2017)

<0.03 @ 90% C.L.
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Z.5(3992)° Z.(3985)*

Z.(3900)°

Z:(3900)~

Z.5(3985)~ Z.5(3992)°

Z.(4020)°

Z.(4020)"

Z  (XXXX)

Z s (XXXX) ™

Z.(3900)*

Z,(4020)*
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Tentative conclusions:

D*'D_*, DOD**

Z,(10610) X(3960
X(3872) 7,(10650) | %(3900) [ 7(4020) | ¥,(10750) Z,,(3985) (3960)

Belle Belle BESIII/Belle BESIII Belle BESIII LHCb
2003 2012 2013 2013 2019 2021 2022

P.(4312) W X(6900) | X,(2900) T.(3875) | Y(4500) X(6600) | Y(4790)

P.(4440) B LHCb X,(2900) LHCb BESIII CMS BESIII

P.(4457) LHCb 2021 2022 2023 2023
2020

Y(4260) | Y(4360) | Y(4660)/ | X(4140)
BaBar BaBar Y(4630) CDF
2005 2007 Belle 2008

2007/08

2015/19

1. We did observe hadronic molecules close to the thresholds

2. There must be dynamics beyond molecule to explain many other states

far from thresholds of narrow hadrons <



Peak Luminosity [x10%> cms]

More data are coming ......

10 I T T 60 T T
— | peak(Target) 1x 1033 .. BEPCII ,‘ %Sm
— I . \
8 Int. L[ab-1) 50 =1 upgrade -~ e
s . \
E Tm 8x 10% (2024) A ® \\
o @ 5 & - BEPCII g - ~\‘\ 3xLggpen
o > 32t 0
Belle I 30 o 2 R '¢\‘Q
4 E E &L 2 \
= = 32| .’ Qe
120 2 = 4xi0 \.
& & | o
i L e
. 110 2% 102 a
0 / / L ‘0.&. : g "
2019 2024 2029 2034 2.0 3.0 4.0 5.0 5.6
AT LAS Ecm (GeV)
EXPERIMENT | | HC: L=2-3x10% cm2.s HL-LHC, Phase Il Upgrade : L = 7.5x103% cm2,s!
' CMS ~80 interactions per bunch crossing ~200 interactions per bunch crossing
%) V o) ™ % © A > ) Q N 1% > ™ \o) © © N
SIS oV » PP PO PP
R U I G A i i i i i

v [N

Run 3

LS3

Run 4

LHCD

LS4

Run>5

Upgradell: L = 1.5x10%* cm2.s!
~50 interactions per bunch crossing
~300 fb* (Run5....)
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Summary

Lots of progress in the experimental study of hadron spectroscopy.
Spectroscopy of hadronic molecules to be further investigated.
States formed by other dynamics may have been discovered.

More results to come (Belle Il, BESIII, LHCD, ...), and lots of

opportunities and challenges ahead.

Theoretical efforts needed to understand the hadron spectroscopy

and the strong interaction.

Thank you very much!
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BESI 250901502 X(3872) pole search & effective range expansion

« Two sheets with respect to D*YD? branch cut

* Sheetl: E — Ex — g/ —2u(E — Eg +il'/2)

 Sheetll: E — Ex + g/ —2u(E — Eg + il'/2)

« Ey=(7.044+0.155392) + (—0.19 + 0.08*575)i MeV

« Ey=(0.26+574%37%,) + (—1.71 £ 0.9019:52)i MeV

Near threshold, scattering amplitude can be
expanded as the power series of the momentum k

= \/Z.U(E — Eg)
S-Wave f1(E) ~ =+ 2k? — ik + 0(k*)

In the limit of I[[; = 0 and stable D*

» scattering length a = (—16.577:2+>5. ) fm

« effective range: 1, = (—4.17337%%) fim

Im E (MeV)
)
N

-0.6

'L'\"\
-1 -1 05 0 05 1 15 2 25
Re E (MeV)

||III|||||I|||I||| Ll_l
6 62 64 66 68 7 72 74 76 78
Re E (MeV)

—20
Rek (MeV)
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BESII 2309.01502 The effective range expansion

[S. Weinberg, Phys. Rev. 137, B672 (1965)] Z: field renormalization constant
* Z = 0: pure bound (composite) state
. _2(1 —Z)l_l_ 081 * Z = 1: pure elementary state
(2 } Z)l)/ 71~ mi ~ 1.4 fm, for both deuteron and the X(3872)
___~ - -1 i
xa872

Nearby threshold D*ODY pn

a — 16.5t277'_% i_zg'_g fm -541 fm Different sign, may suggest an

=) clementary cC core

Te —4.173373% fm 1.75 tm [A. Esposito PRD 105, L031503]

Range correction negligible important for 7, =) Close to 0 but can not be solved

7 ~ 0.18 _ model-independently
' due to the range correction

Effective Range Expansion =» scattering length a and effective range r,
40
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After we have measured all the e"e~ annihilation cross sections, what do we do to get the

resonant parameters of the vector charmonium(-like) states?

100

100
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Inclusive fit: coupled channels it

Poceniickoii agaievmm nays
) W A H

ete"— hadrons

a)SLAC-LBL
e et} )
¢ ]
.01 ’;F H "1‘%.‘!4 o
AN N\ S
{ ﬂ L :
* pow ]
oF Hi .1
RPN 5)DASP '
SR s :
M
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. |'I:‘I” :
ik aDELCO 4
i (no rad. corr)
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w:lsl e S e Y
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FIG. 15. Results of B (including e*e” —7*7") from
four experiments: (a) SLAC-LBL (Ref, 44), (b) DASP
(Hef. 46), ) DELCO (Ref. 45), (d) PLUTO (Ref. 47).
The curves represent a hand-drawn line through the
PLUTO data. The band in Fig. 15(d) indicates
the systematic errors of the PLUTO measurement,
The plots shown were compliled by G, Feldman,

FIG. 8. The propagation of a ¢¢ pair in the presence
of open and closed decay channels as described in the
Green’s function §.

4
- AR
m DO
|
3
q &

......

. b I AL PRI R e b
ar i8 3.9 4.0 4.1 4.2 a3 44 45
W Gev)

FIG. 13. The charm contribution to R in the region 3. 7<W < 4.5 GeV as computed in the eoupled-channel model. Con-
tributions from FyF; channels are included but not indicated separately since they are too small; they are shown in Fig. 42

23.05.2018 CHARM 2018 T. Uglov

Exclusive open-charm near-threshold cross sections in a coupled-channel approach 5/19




g is real, so there
will be no multiple
solutions!

K-matrix fit by T. V. Uglov et al.

S =1+2iA, i runs over D®WD® channels,
A= K(1—iK). a runs over y's

1
AAT = — 57 (4 - AD).

(P_l('q))ct,ﬁ = (J[g . 'q)‘scr,ﬁ’ — 1 Z C;ma(:mﬁ
EnSUTGS unltarlty m

v 2
I\EJ 5 Z Cmag 11-2 Cja( ) recu = ].—"("f;'c[ g (.:.—l—(.f—) - {;;’j";; '
2+ Electron width
tha( ) = Jza . H(" — 8;)
| vs Lia = Dt — [D®DO];) = Jia [y (1, 21
Coupling constant M3

Partial decay width

Mgy o I L A 47 e
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K-matrix fit by N. Hiisken, R. E. Mitchell and E. S. Swanson
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Fit not very good, many model assumptions.
More precise data are necessary, better model for multi-body final states is needed.
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D

I Unique scan data near /s = 10.75GeV

Belle I

® |n November 2021, Belle II collected 19 fb~! of unique data at energies above the
Y(4S): four energy scan points around 10.75 GeV

® Physics goal: understand the nature of the Y (10750).
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Y(10750) in e*fe 2wy, ,(1P)

PRL130, 091902 (2023)
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The Y(10750) in inclusive hadronic cross sections

T~ ~1 111 Coherent sum of a continuum
amplitude (< 1/+/s ) and 3 BW
functions (constant width).

Free parameters:

« Mass M

 width I

-+ leptonic partial width I",
* relative phase ¢

Y(10750) is a dip in
Inclusive Xsection { .
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200
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Belle Il will supply more
Q08 107 108 TI08 I T T T information about this
structure!
E., (GeV)
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(’B No X, observed in ete- - y X, - ywY(1S5)

Belle I
T o Belle Il, 3.5 f! | —s—Data _ Belle II, 1.6 fb" 10 PRL130, 091902 (2023)
10F — ot V5=10653GeV| —— 2™ {5=10.701 GeV ]

—_ ! = Expected X_ mre EXPECteabe i . . e . .

R S Smooth bkg 1. ®No significant Xy, signal is observed.

S 5 1 , _

2 } ~ - ® The peaks are the reflections of ete™ — W Xb]
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The yield is fixed at the upper limit on 90% C.L.
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og(ete” - yXp) - M(Xy) = 10.60 GeV
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M(Xy) = 10.65 GeV 0.54 0.84 0.14 0.36 -
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