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BEPC(II) storage ring and BES(III) detector

Ground breaking: 1984 1989-2005 (BEPC): L,..,,=1.0x103%' /cm?s
CM energy : 2 -5 GeV 2008-now (BEPCII): L,..,=1.0x1033/cm?s (Apr. 5, 2016)
Major upgrade: 2004 g 4 2

Energy upgrade: 2024 Y " —
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BESIII detector

SCmagnet, 1T

Magnet yoke

RPC

CGEM-IT 1s being
BTOF, 70 ps built & placed here
ETOF, 60 ps in 2024

Be beam pipe

MDC, 120 um = S
05% at 1 GeV/c . W Total weight 750 tonnes,
S R ~40,000 readout channels,

Data rate: 5 kHz, 50 MB/s
CsI(TIl) calorimeter, 2.5% @ 1 GeV

oo

Has been in full operation since 2008,

all subdetectors are in very good status! A
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Hadrons: conventional & exotic

Conventional hadrons

T iy | | )

Meson

Molecule Tetraquark

Hybrid

Glueball
Pentaquark SU(4) multiplets of mesons & baryons

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



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

L Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb LHCb
403 2012 2013 2013 2019 2021 2021 2022 2022

Y(4260) v(a660)/ | x(a140) P.(4312) X(6900) | X,(2900) T..(3875) | Y(4500) T.5(2900)| X(6600) | Y(4790) Ky

BaBar JaBar Y(4630) CDF P.(4440) HCb X,(2900) LHCb BESIII i BESI]
Belle 2008 P.(4457) LHCb 2021 2022
2007/08 LHCb. 2020
2015/19

Zq: tetraquark with a Q(_?_Pair New spectrum emerges although more effort is needed to
P: pentaquark with a QQ pair

Y: vectors, JP¢=1--

Toq: tetraquark with QQ This workshop:
X: other states Bingsong Zou, Ying Chen, Feng-Kun Guo, Qiang Zhao, Jiajun Wu, ...

understand the nature of them.
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Z,(10610) Z..(4000)
X(3872) Z,(10650) Z.(3900) Z,(4020) | Y,(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)

P_(4440) Hch | X,(2900) LHCb BESIII CMS BESIII

P (4457) LHCb 2021 2022 2023 2023
LHCb. 2020

2015/19

Y(4250) | Y(4360) | Y(4660)/ | X(4140)
CEEN 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



Discovery of the X(3872) [y.,(3872) in PDG2023 ]

Belle, 20030908,

PRLI1, 262001
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Mass of the X(3872)

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
3871.65 + 0.06 OUR AVERAGE

3871.64 +0.06 +0.01 19.8k 1 AAL 2020S LHCB Bt — J/¢ym T KT
3871.9 +0.7 +0.2 20 ABLIKIM 2014  BES3 et e — J/pmtm Ty
3871.95 +0.48 +0.12 0.6k AAL 2012H LHCB pp— J/Yntn X
3871.85 £0.27 £0.19 170 2 CHOI 2011  BELL B — Kntn= J/4
3873 T ;g 1.3 27 3 DEL-AMO-SANCH.. 20108 BABR B — wJ/yK
3871.61 +0.16 +0.19 6k 4.3 AALTONEN 2009AU CDF2 pp— J/yrtn X
3871.4 +0.6 +0.1 934 AUBERT 2008Y BABR BT — K" J/Jyntn
3868.7 £1.5 +0.4 9.4 AUBERT 2008Y BABR B — K¢ J/ymn~
3871.8 £3.1 +£3.0 522 5.3 ABAZOV 2004F DO pp— J/YrTn X

M,,, + Mp.,= 3871.69 & 0.11 MeV

E,=-0.04 = 0.12 MeV . —1/2
ry = (8ulEp|) ™12 > 5 fm
E (deuteron) =—2.2 MeV
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LHCb, PRD102, 092005 (2020)

Width of the X(3872)

VALUE (MeV) CL% EVTS DOCUMENT ID TECN
1.19 = 0.21 OUR AVERAGE Error includes scale factor of 1.1.
1.39 +0.24 +0.10 BW d h' 15.6k L AAD 2020AD LHCB
0.96 *0-12 +0.21 wiath: 4.2k 2 AAU 2020S LHCB
qug T ' 7 8000 pr—r———1 —r I T
400 T Breit— ngner 3 E Incl. resolution and background 3
— — Flatté ] 1000F .. Breit—Wigner b E 10k
5 350 > 6000F — Flatté LICD - | BESI
W = s5000F E i ! !
— ©w - J C\T" *
L 250 — : i O {
14 200 5 ESS II ;
k| & e - 1 >
2l 2150 £ S000F el ! |
%’g 100 @ 2000f  om=2.4~3.0MeV & 1L | l l
50 _ 1000 1T Of -
0 e sl N Pi— O:' I R TP R ﬂ [
3.868 3.87 3872 3874 384 386 388 3.9 c 151
(R A (GeV] T et [GeV] g [
, . . T i
Flatté parametrization: 101
i [
D(E) = E = E + 5 [g(ki + ka) + T, (E) + T, (E) + ) d
: 0T)*0 ! .
Depends strongly on g, coupling to DD 0 3.0 X

FWHM = 0.2219:36+0-25 MeV

M(DD) (GeV/c?)

COMMENT

pp— J/Yyr T X
Bt — J/yrta K

BESIII may
supply crucial
information on
g & line shape.

Mass resolution
om<1 MeV!

PRL124, 242001
(2020)
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A coupled channel analysis of the X(3872) line shape at BESIII

dB(DOEOT[O) _B 1 9 g * keff(E)
dE " 2n” |D(E)|?

X Br(D*® - Dx9)

dB(T[-I_T[_]/l/J) _ B 1 5 FTL'+TL'_ J/Y
dE 2 |D(E)|?

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

Kegf(E) + ikege(E)

D

1 _ _ i
D(E)=E—Ex + 59 (Kegf(E) + ikegr(E) +Kiee (E) + ikiee(E)) + EFO

kegr(E) = \/M_p\/\/(E —Eg)*+T%/4+E — Eg
Kerf(E) = _\//“l—p\/\/(E —Eg)*+T%/4—E + Eg

+ /,up\/\/(EX—ER)Z‘l'F)?/Al‘—Ex'*'ER

Fo = v pm j T Fenown + Tunknown

Ey = My — (mpo + mpyo + m_o0) : energy from DDz thresh. | *

*superscript c: charged D**D~
*Due to the limited statistics, Dynknown/Tn+n—j/y 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*, I'=I"(E), I'y=I"(Ey)
Including the coupled channel effect

Fit parameters: g, I+, - I/ My
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BESTI X(3872) line shape @ BESIII | PRLI32, 151903(2024)

16:_ == Signal == Signal 240 ‘
o 14 Background Background 220 ;
=12 e o 200~ i
S —~ 180 L X(3872)
= L, 1605 |
=8 g $ 140- E
g 5 1 + = 1200 |
2. Y | L, = 100+ |
SIS ) st 5 80F |
2{‘[1[}* ‘ \‘ H ;‘:" \‘IT Soiaae ﬂ-ir wyvrys i-«. i s s AT AP SRR | ’?’%jﬂ% . % 60; ‘
3.86 3.88 3.9 3.92 3.94 3 96 3.98 . . . . 3.95 4 40 ;—
5 ?Tr%lw kllmlm l 1}11% HHT o l;lLr 5T %T#T % -~ 28-— L \ \-M ----------- A ——
IR LIRS F LA S , | P 3.866 3.868 3.87 3.872 3.874 3.876 3.878 3.8
3.86 3.88 3.9 0 _03.532 3.942 3.96 3.98 . . . . 3.95 4 E (GeV)
M (DD =) (GeV /c*)
Pole positions BESHI LHCD
. _ + +1.12 +0.005
Two sheets with respect to D*°D? branch cut & 0.16 £ 0105071 0.108 1+ 0.0032g,006
Re[E,] [MeV 7.04 + 0.15%3 82 7.10
e Sheetl: E — Ey — gy/—2u(E — Eg +il'/2) e[Er] [MeV] 04 £ 015200
Im[E;] [MeV] —0.19 + 0.08%315 -0.13
» SheetIl: E — Ex + g/ —2u(E — Eg +il'/2) _
: r007) 1 (— ro14) [(wtn~]/y)/T(D°D*®) 0.05+ 0.01+952 0.11 £+ 0.03
E; =(7.04 £ 0.15Z;05) + (—0.19 + 0.082 [ MeV
fé"i °+10960 | FWHM (MeV) 0.44%513+038 0225306 w028
Ey = (0.26 £ 5.74737%,) + (—1.71 £ 0.9019:52)i MeV = - T

Weinberg’s compositeness: Z = 1: pure elementary state; Z = 0: pure bound (composite) state. 13



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

. . , . .
BW parametrization Flatté parametrization
';}% Signal % Broken signal == =1 Generic background = Total :'}% Signal % Broken signal ===+ Generic background == Total
‘:‘-\ sok _ _ 80 ‘:‘-\ 30 F _ _ (12 80k _ _ 80 (l) 0
% 70 B QXK 60 { % B QXK 20 %) 70 B QXK 60 %
- 25k 1) - 3 o25F
o s DO DOy Cf Ty 2 o sof DO DOy Cf LTy o D
o 20 [ o o 20 b o i
S S 20F S S 2
o SOF 0 39 3.95 7! o o OF 0 3.9 3.95 4 o
T 4oF Z 15 I 40F Z 15F
[72] [72]
2 20 + + 2 o s OF _+_ + = < 1of
2 of Taodt—— g > 20F 1T | 4bg———r g
w T o w b = L ey w5t
1M0F fo.===" T 1 TF  E3%ee"" 10 F e
0™587 3875 388 3885 389 3895 39 058 3 388 3835 389 3805 39 05587 2875 388 3885 389 3895 3.9 . T 380 3805 3.9
M(D’D ") (GeV/c2) M(D°D °) (GeV/c?2) M(D°D °) (GeVic?) M(D°D °) (GeV/c?)
N N 12 B o o~ 12 F
L 2fBIDXKO L "I BO>XKO v L 2 BO>XKO « L "I BO>XKO «
8 PP 030y © 8 °F %0 } H } 8 E D00y © S “Fp* H }
O 16fD0>D0y [ | o I DY>Dr - O 1sf DDy O “ID(>D Afih |
S S of g ! S of
o 12 3.9 3.95 4 o 0 3.9 3.95 4 o 12 3.9 3.95 o
= 10 = °F < 10 = °
2 8 = § g2 ° g .
mme = 2F 3 — 8 = - 2
§ o ;—:.-:1.-- T 0 e b T [T 2 flob " L | ~~+ igadsass ]
3885 380 3895 39 388 3885 389 3895 39 07587 3875 386 3865 360 389 3.9 07567 3875 388 3885 380 3895 3.9
M(DD ) (GeV/c?) M(DD ) (GeV/c?) M(D°D °) (GeV/c?) MDD ") (GeVic?)

— 3873'711_8:?8 (stat) + 0.13(syst) MeV/c2, » Fit D”D*” mode only, not a coupled-channel analysis

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

» coupled-channel analysis highly recommended 14



X(3872)
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BESII

PRD106, 072001 (2022)

100§

o(e'e’ = n'wJly) (pb)

Dressed Cross section (pb)

100

80

60

40

20

()
o
[KLAL) LAAL LLAL LU LU L

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

= (a)

—+ XY Z data
—+ R-scan

Vs=3.8713
— Fit

PRL118, 092002 (2017)

[ -= BESIIL: XYZ data sample
| — Fit curve: Total
[ ----Fit curve: Y(4220)

-~ Fit curve: Y(4390)

s

(a)

~,
i

Vs (GeV)

PRD104, 052102 (2021)

100 = _._BESIII (This work) *

C —+BESIII (2017)

80 — -s-BaBar
C -+ Belle
60 — X
h

o(e ey (3686)) (pb)

44 45 46 47
/s (GeV)

PRL122, 102002 (2019)
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PRD99, 091103 (2019)

04 AAl
9;1 00 + —4- BESIII 2019
—~ T —%— BESIII 2015+2016
3 i
x
% 50
|q) :
+Q) 0_ + + + ™
t:D . P Y S A S S S SO A S SR ST SR A S ST ST S |
42 43 44 45 46
s (GeV)
PRD 103, 032006 (2021)
70 : Gnax [PD] 47.5 +13.1
60 E m [MeV/c?] 4236.3 + 8.9
50 o\ I' [MeV] 70.0 + 32.1
40 | '
§_ 30 -
20 ¢
&o 10 |
0F . —
-10}F o D_Zg A
20 F e \Fll(t4260), PDG
I ——- PRL 118, 092001 (2017) .
—-30
4.2 4.4 4.6
Vs [GeV]

Y (4230) appears in wy oo, 1t~ Jy, ntny', ntn~h,, D°D* " nt, nntnn®, KYK~Jhy, DD " mt,

Mass~4220 MeV, width~ 50 MeV!
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BESITT A new decay mode Y (4230)—>K*K-J/y and a new Y(4500) state

cP(e’e” — K'K'J/y) (pb)

cP(ee” - K'K'J/y) (pb)

15.6 fb1, Ecm=4.12-4.60 GeV CPC46, 111002 (2022)
I S B B BBy \/Firstobservationof Y(4230)—)K+K'J/\|I (296)
[ —+ XYZ Data (a)
- = Fit curve: Total ! + — 2/
- == Fit curve: Y(4230) 0.02 < B(Y(4230) KK J/U) < 0.26

B(Y (4230) — wtn=J /1)

v Significance of the Y(4500) > 8c

» A 5S-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))

L -+ XYZ Data .
C  _ Fit curve: Total (b) 1 Parameters Solution I Solution 11
C = Fit curve: Y(4230) E 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
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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
g | “ BaBar: PRD89, 111103 (2014), 520/fb | v(4630) discovered by Belle in 2008
= i gy~ ]

S| ’ ” " <o Belle: PRL101, 172001 (2008), 695/fb
¥ |HH1HH i | o
° i e DN N,
% Oj H, I|J ....... * hhﬁ #*ﬂﬂh'} +++*+HHH+ +_+¢+{{}*}*+ 0‘6: | o ct
4 . I4.I5 1T E|> — I5.5 = 04 B };
Vg (GeV) g +
[ o Mg, i
E R
2 —2 45 a6l 47 48 49 5 sl 52 53 54
5 M(A} AY) GeV/c?
B
’ Belle, A*.A-, 463478 _+5 92+40_ +10_
O] Belle, ny 4652i10i8 68111

46| 48 5 52 54 56

E.. (GeV) BaBar, ny’ 4669+21+3 104+48+10
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Recent measurements

—_ _ b)
ete Inny
100 :— —+ BESIII (This work PRD1 04, 052012 (2021)
= 80 ~ - BESIII (2017) |
o} — = BaBar : i
~ - -+ Belle ml BES]I
8 60 — ’ $¢
S L - 4
> — | "" |
SR \3¢f ﬁgﬁ. 3ﬁﬁ%
o L T
' O‘ - ...; ‘ ‘A ‘ |6£
(0] -
SO 0 i wh o o S L AT
5 Ldael 11T
-20 -
il 1 1 1 ‘ L 1 1 1 | Il 1 1 1 | Il 1 1 1 I - 1 1 I 1 | I 1 1 Il I | I —
4 4.1 42 43 4.4 45 46 4.7
= 100 Solution I11 5 et
RS 80 ---= Single BW
— — Non-resonance
a-\) — Inteference
o —
= =
+I:’ —
l:). I L L I I T L L R T T T LTI
T
()
o
o
P
2F
XO0fF--"-"—-"—----"-=--" o - - - - — = S - -
2 F
_4E

ete >AT A

B T PRL131, 191901 (2023) e'e — AA;
Statistical error only & BESIII 2018
400 [— d + 4% systematic error 5 pejje
S -yt 1 .. Threshold
o n
S’
b | —
200~ JITE e el o N
: '—c]— - | T =T
0 | | | | | , | c 1 I ! | + '
4.7 4.8 4.9
Vs (GeV)

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

BESIII data did not confirm the Y(4630) in etfe > A" A, !
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BESII

PRL131, 211902 (2023)

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

e*e > K'KJ/y

Dressed Cross Section (pb)

¢ BESIII (2022) ¢ This work — Fit result
- Y (4230) =Y (4500) e Y(4710)

v' Significande of the Y(4710) > 50

mass (MeV) | widih (Ve

Y (4230)
Y (4500)
Y(4710)

422642 70+4 Stat. only
4499+8 124420 Stat. only
4708417 421 126"27,430 >56

J/p) (pb)

0
S

KK
S

O-dreSS(

5.85 tb~!, Ecm=4.61-4.95 GeV

PRD107, 092005 (2023)  e*e”— KsKeJ/w

r P y . ] y "‘ r T y . y T w
4 & Data . ", — Fit result

L ---- Y(4230)  r L ---- Y(4500)
I Y@4710) @ %
4.2 4.4 4.6 4.8 5
Vs (GeV)
mass (MeV) | width (MeV)

Y (4230) 422717122 72116133
Y (4500) Fixed Fixed 1.4
Y(4710) 4704+£52+70 183+1144+96 4.0c

5S vector charmonium states? .



BESIL A new vector charmoniumlike state Y(4790) in e*e—D:*D;~ ?

arXiv: 2305.10789, PRL 131, 151903 (2023) » The peak position depends on the parametrization
T T  etror only T of the background amplitudes.
= 600;_ + 4% systematic error 1 | » Data at around 4.8 GeV are needed to understand
Q. 500 - the line shape.
Lk New structure! : . P .
& 400F 610 1 | » Could it be the Y(4710) in KKJ/y?
= 3003—; = Result 1 Result 2 Result 3
1e ] M; (MeV/c%) 4186.5+£9.0 4193.84£7.5 4195.3£7.5
B8 2000 H S E Iy (MeV) 55+17  61.249.0 61.8+9.0
100 *0 “e®®* o o M> (MeV/c?) 4414.5+3.2 4412.843.2 4411.0+3.2
"o | | | | | | ] I's (MeV) 122.6+£7.0 120.3£7.0 120.0+7.0
4505 44' BT BT ETE Ms (MeV/c?) 4793.3+7.5 4789.849.0 478610
Eey, (GeV) s (MeV)  27.147.0  41%39  60£35
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How many vectors in charmonium energy region?

7 B I ‘ A I I I Al ‘ | I I | I H
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Besides vector charmonium (c(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) -




BESIT High precision measurement of e*e—DJ D

arXiv: 2403.14998v1, submitted to PRL

Statistical error + 5.5% common systematic error
A dip at the
A peak at the Y(4230)!
v(4040)!
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BESIT High precision measurement of ete—D*D~ and D°D?

arXiv: 2402.03829v1, submitted to PRL

Estia Eichten et al., Phys. Rev. D21 (1980) 203

DODY: Statistical error + 7.0% common systematic error
D*D~: Statistical error + 6.5% common systematic error

—e— This work (%)
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Phenomenological studies:

S. G. Salnikov & A. I. Milstein, arXiv:2404.06160
B N. Husken, et al., arXiv:2404.03896

Z.Y. Lin, et al., arX1v:2403.01727

S. X. Nakamura, et al., arXiv:2312.17658
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Sophisticated models are necessary!

N. Husken, et al., arX1v:2404.03896

S. G. Salnikov & A. 1. Milstein, arXiv:2404.06160
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Z,(10610) Z.(4000)
X(3872) 2,(4430) § 7'(10650) Z.(3900) Z.(4020) | Y,(10750) Z.(3985) | Z.(4220) P.s(4338) | X(3960)

Belle Belle Belle BESIII/Belle BESIII Belle BESII | LHCE LHCb | LH(
2003 2008 2012 2013 2013 2019 2021

v(4260) | v(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) KW

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 26




Events / 0.01 GeV/c?

Events / 0.02 GeV/c?

Events/(4.0 MeV/c?)

Z.(3900), 2013

o —+4 Data
100 C %S m — Total fit
L ---- Background fit
80 - PHSP MC
- Sideband
60~ + =
s0f HHF
r + ; “1*}-‘.5‘.‘““;&-‘“’&-_@ .
20} T
0 *

3.7 3.8 3.9 4.0

-4 data
— Fit
— Background

1 D
60 L A2
d srure

50

40f
30F
20F T
10k

--=: PHSP MC

Muax(mly) (GeVic?)

39 3.95 4 4.05 4.1

M(DOD % -) (GGV/ C2)

PSS I SR B
37 38 39 4 41 42

The Z_ states with u,d-quark
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Z (4430), 2008

All are observed in

| m+charmonium (J/y, h,
| w(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) (GeVic?)?

ete - KK~ J/w ete - K*(D;D"+D:~D") BT = J/w¢pK+
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No significant signal in Z.(3985)in D'D,+ DD* mode! Z.(4000) and Z_(4220)

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

Z.(3985) 53c 7?7 39825%18421 12.8%53 4 3.0 } Widths very different!

s Not the same state?
ZCS(4OOO) 15¢ 1+ 4003 + 6_14 1311526 Same state but different

Z.(4220) 596 1+ 4216+ 24753 233+ 52727 production dynamics?

(statistics low!)

Do their isospin partners exist? May BESIII see Z_, in e'e 2> KK J/y? 28




BESII

PRL129, 112003 (2022) e*e™ —» K{ (D D*" + Di~D")

Evidence for the neutral Z.(3985) & Z.(4000) = {si&%

—4— Data Total PDF Signal BO —> J/w ¢K(S) PRL 1 3 1 ’ 13 1901 (2023)
Sideband Non-resonant proceiss ----- Dg**D
:z _ (a) Vs =4.628 GeV :g_ (b) Vs =4.641 GeV z—; Zgg é: i?z:l ﬁtl ;I:béb : | r,:+e' - kY (DS'D”‘I++D;‘D+) . :
3 3 2 500F- + Backeround = =
20F % + 20F + + g A400E --Al K = =
: Tt : Fo e 5 300F = Tp4220 E E
10F 10 ‘ + + g 200 E_ WT,,(4000) _E _E
g - : —— - 10 E_ AT AN N A N IR IR Y _;- X R\t\\\\\\;\\\s\t\\l\\ _E
2 40F o 15=4.661Gev Loof @ V5=4682Gev = T T I _
= 30 ’ = 60F
S T 2 s0f 3
S 20 §  40f _
§ 10} - ;
@ 5
40! 0 .
: my, [GeV] m,,, [GeV] my,, [GeV]
30¢
20} Significance >4.0c after including systematic uncertainties
10F |
958 Significance 5.4c with isospin symmetry imposed
RM(K)(GeV/c?)
2 . - - =
State Mass (h;ltelV/c ) Wldtg gMEV) Significance Mass (MeV) Width (MeV) Fit fraction (%) AM (MeV)
Zc5(3985)" | 3985.275,4+ 1.7 | 13.87¢5 +4.9 5.30 7 o IETIET: 0 TR
Z..(3085)° [30022+17+16 | 7.77 3L +43 4.60 3915617 105055295 7T9£2505 120507

> Minimal quark content cCsd? Mass and width consistent with charged Z_, — isospin partner 29



BESIT
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B(Z.(3900) - J/yrt)

No Z_, in BESIIT e'e"2>K"K~J/y data!

No significant structures in K*J/\yy decay mode!
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Tentative conclusions:

D*'D*, DD

Z,(10610) Z.,(4000)
X(3872) 24430) N 7'(10650) Z.(3900) Z.(4020) | Y,(10750) il Z,(4220) P.s(4338) | X(3960)

Belle Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb LHCb
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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 ......
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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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BESIL X(3872) pole search & effective range expansion rriis2 151932024

. Two sheets with respect to D**D° branch cut * Near threshold, scattering amplitude can be
expanded as the power series of the momentum
* Sheetl: E — Exy — g —2u(E — Eg +il'/2) k = J2u(E — Eg)
° -1 ~ l E 2 — 7 4
« Sheet II: E — Ey + g/—2u(E — Eg + il/2) S-Wave f=2(E) ~ o+ S k% — ik + O(k")
* In the limit of Il; = 0 and stable D*
* E; = (7.04 £0.15X503) + (=0.19 £ 0.081315)i MeV « scattering length a = (—16.5179 456 ) fm
° 1 . — (— +0.9 +2.8
o Ey = (0.26 + 5.74%514,) + (—1.71 + 0.90%9£9); MeV effective range: 7, = (—4.175544) fm
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BESIT The effective range expansion PRLI3Z, 151903(2024)

[S. Weinberg, Phys. Rev. 137, B672 (1965)] Z: field renormalization constant
* Z = 0: pure bound (composite) state
L _2(1 _Z)1+O(ﬁ_1) * Z = 1: pure elementary state
(2 } Z)l)/ 1~ mi ~ 1.4 fm, for both deuteron and the X(3872)
___~ - -1 L
xaw

Nearby threshold D*OpDY pn

a —16.57 277% i_z‘;’g fm -5.41 fm Different sign, may suggest an

' ' elementary ccC core

Te —4.173373% fim 1.75 fm [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,
37
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