Highlights of hadron physics@ BESII

Beijiang Liu
(on behalf of BESIII)

Institute of High Energy Physics, Chinese Academy of Sciences




Hadrons

« Dominant part of visible matter in the universe

* To fully understand the strong interaction

« Understanding the rich and complex features of its

bound states, hadrons ST ;é(goasappnc;%t — fm
»How are hadrons formed from quarks and gluons? [ T / o
»What is the origin of confinement? et
»How is the mass of hadron generated in QCD? "R courtesyto's. Olsen

»What is the dynamics of effective DoF in hadrons? 1/Q Gev-
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BESII@BECPII

Beulng Electron P05|tron Colllder(BEPCII)

o BESIII
B detector

Double-ring, symmetry, multi-bunch e* e collider
E.,= 1.84 t0 4.95 GeV
Energy spread: AE ~ 5 x 1074

Peak luminosity in continuously operation @E_ =
3.77GeV: 1.1 x 1033 cm™2s™!

Beijing Spectrometer(BESIII)
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Small cell, 43 layer CsI(TD): 1=28
- op(barrel): 65 ps || CSI(TD: L=28 em |} Barrel: 9 Jayers
gy 0 6’[: or(endcap): 110 ps|| Barrel 05=2.5% Endcap: 8
E/dx~6% dute fa60 Endcap 05=5.0% layers
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BESIII collaboration: ~600members from 17countries, 89 institutions




World" s largest T — charm data sets in e*e™ annihilation
Totally about 50 fb-! from 2.0-4.95 GeV

Data sets collected so far include

> 10 x 10° J/¢ events
> 2.7 x 10° Y(2S) events
> 20 fb1 ¢ (3770)

> Scan data [1.84, 3.08] GeV; [3.735, 4.600]GeV, 143

energy points, ~2.0 fb~!

» Large data sets for XYZ study ~22 fb~*

» Entangled hadron pair-productions near

thresholds

Rich physics program:
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p . o 2.175: 108 pb
1
data below open-charm threshold
10 & 2.23~3.67 GeV: 14 points ~110 pb~*
Low energies can be accessed via ISR technique | 2.00~3.08 GeV: 21 points ~550 pb~*
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3.85~4.59 GeV: 104 points, ~800 pb~1

Spectroscopy & decays of light hadrons and charmonium, charm physics, precision measurements of QCD

parameters, tests of fundamental symmetry,




Electromagnetic Form Factors (EMFFs)
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ete™ - ATA,

BESIII PRL 131, 191901 (2023)

Energy scans from 4.61 to 4.95 GeV i T e oA
» Sharp rise in cross section near threshold wol & BEem 2013
LT <+ Belle
« Disagreement with Belle datanear46GevV = | || | = Threshold
b | % | F%} <:‘|:><%
200 — + ¢ v - %» %

* In contrast to the case for the proton and - ﬂ“ﬂ% ‘ H» + + ﬁ’
neutron, No discernible oscillations of the oLt YEUNUTES N VSV UL VLT b
effective form factors G | 5(GeV) |

1.5_— e'e’ > AA;

With the polar-angle distribution of A} - L BESII 2018 - Moo decrease

. L/ .. ---Damped oscillation
* |G| and |Gy are extracted Sl Ty '
G RS
* Energy dependence of R = |G—E : S L e ey T
Y [
>Damped oscillations with frequency e I S o=
~3.5 times larger than for the proton L | . ,



Complete decomposition of X EMFFs

* Using a fully differential angular description of the final state particles
ete” » 3t (> pn®)x~ (- pn?), the relative magnitude and phase of =%
EMFFs can be extracted:

W) «<Folé) + aFs5(E) Unpolarized part
+ @ @(F1(6) + V1 — @® cos(AD)F> (&) + afe(&)) Correlated part
+ VI — a@? sin(AD)(—a F3(€) + a2 F4(§)),

E+

Fo(&) =1

F1(é) = sin” §sin @, sin #, cos ¢, COS P, — cos® 6cos 6 cos 6,

F>(&) = sin @ cos B(sin 6, cos B, cos ¢ — cos 6 sin &, cos ¢,)

F3(&) = sinfcos fsin b, sin g, « A nonzero relative phase leads to

Fu(¢) = sinfcossin6y sin g, polarization P, of the out going baryons:
F5(6) = cos

a2 . . . . _ .
Fo(&) = sin” Osin O, sin 6, sin @; sin ¢, — cos H; cos b,. b 1,"1 — a2sinBcosh . (ﬂ{p)
= sin
y 1+ acos?6




Complete decomposition of X7 EMFFs

BESIII PRL 132, 081904 (2024)

« Polarization is observed at Vs=2.3986,  (b) 2 23960 GeV
2.644 and 2.90 GeV with a significance of FLLL | - Somce
2.20,3.60and 4.10 o> | JT— o oFF-{——Foree i

» Relative phase is determined for the first 4
time in a wide g range S S

. . -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
* |G/Gy| and A® line-shape is cost cost
compared with YY model [prD 103,
014028 (2021)], different tendency in A® @ - 1005 ()
.. : : - (a oo ]
 A® evolution is an important input i3 o -
for understanding its asymptotic s 1< %
. . gm 1 " g i
behavior and the dynamics of 0 ool k
baryons o - T T —
Y AT R 24 26 28

* AD /180° - A® ambiguity
9
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By =4/1—aZsindy, Yy =4/1— 03 cosdy

Precision test of CP symmetry in hyperon decays

* Polarized and entangled hyperon pairS}

« Sequential hyperon decays

separation of strong and weak phases
— More sensitive CP tests

10



Strong and weak CP tests in sequential decays of polarized *° hyperons
BESIII PRL 133,101902 (2024)

J/W, (3686) —» 2°(= AY)Z°(= Ay),A - pn~,A - pr* -
~1.15 million quantum-entangled £°Z° pairs reconstructed N W :ZHSP
EDM of 2° — Ay is related to the neutron EDM via SU(3)r symmetry LL o M E

-- a probe to the strong-CPV
S. S. Nair, E. Perotti, and S. Leupold, PLB 788, 535 (2019)

With a 7-dimensional likelihood fit

Parameter This Letter Previous Eu—h%/

s —0.4133 + 0.0035 £ 0.0077
A®,, (rad)  —0.0828 £ 0.0068 £ 0.0033
&, (3686) 0.814 £+ 0.028 £ 0.028
A®D,, 3656 (rad)  0.512 £ 0.085 = 0.034
—0.0017 = 0.0021 £ 0.0018

1/0.2

cosé,

the moment for £° polarizations

Nk:

=~ E (sin @} sin @y cos 6, + sin 07 sin p} cos 0})
total =

1" (cos Ox)

Opposite directions of the £° polarization

(50 0.0021 £+ 0.0020 £+ 0.0022 .
o 0-730 £ 0.051 = 0.011 0.748 = 0.007 |2 The first attempt to measure the P-violating
ay ~0.776 £0.054 £0.010  —0.757+0.004 [44]  decay parameter of 3 — Ay

[Acp (04+29+1.3)x 107 ]\qr
Acp (-3.0£69+15)x107  (-2.5+4.8) x 107 The first strong-CP test in hyperon decays




Image from Chin. Phys. C 48 (2024) 7, 073003 i BESIII PRL 130, 251902 (2023)
BESIII PRC 109, L052201 (2024)
iilr NZ BESIII PRL 132, 231902 (2024)
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Hadron (YN) interactions with BESII|

 Crucial component to predict hypernuclei properties
» Key to understand the hyperon puzzle of neutron stars
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Events / 3 MeV/c?

Events / 3 MeV/c?

First study of antihyperon-nucleon scattering

BESIII PRL 132, 231902 (2024)

Beam: A/A from J/y - AA, using 10B J/y
pa = 1.074 + 0.017 GeV/c?, |cos, | < 0.9
Target: proton, the hydrogen nuclei in the cooling oil of the beam pipe

30 4r
T B —~ [ Ap—>Ap
- — Fitresult E, 3_
20:_ ---- Background g 2_
s 0T 4,
: s T ++
0— ---- L e d Ol—+—|4—|||
2.15 2.2 2.25 2.3 -1 -0.5 0 0.5 1
M(Ap) (GeV/c?) cosH,
30 .
; —+— Data — 10__ Ap—Ap
- — Fitresult g I +
20 ... Background e
: G 5__
§ O
10 B I
: g &
ol o o L OT.glé‘lz.ér‘—ﬂ_h....l
2.15 2.2 225 2.3 -1 05 0 05 1

M(Ap) (GeV/cd) COSty

o(Ap —» Ap) = (12.2 + 1.6(stat.) + 1. 1(syst.)) mb
o(Ap —» Ap) = (17.5 + 2. 1(stat.) + 1.6(syst.)) mb

 Slight tendency of forward
scattering for Ap - Ap

* Strong forward peak for Ap - Ap

13



Atomic Spectrum:
Bohr model > QED

Hadron spectrum:
Quark model =2 QCD

O =0

I(Jly - yG) ~ O(aa;) [(Jhy - yH) ~ O(aay)

14



Hadron spectroscopy

« How does QCD give rise to hadrons?

« Quark model seems to work really well. Why?

« Key to access the effective degree of freedom of QCD

QCD exotics

compact tetraquark

(@)
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@Q ball
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gluonic
excitations
Q hybrid
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- Strong evidences for multi-quark in heavy quark sector moleul

§ATLAS c'B BGS]]I .% https.//qwg.ph.nat.tum.de/exoticshub/

 Evidence for gluonic excitations remains sparse

<«
Quarkonia .:.
Hybrids .J\r.
Glueballs 5
Multi- .—.+H
quarks +

qq)
qq8)
88)
9°q°)

Physical meson

A linear superposition of all allowed
color-singlet configurations

Identification of exotics
is challenging

Phys.Rept. 873 (2020) 1

Manifestly exotic: with forbidden Qﬁ
Flavor exotic: Z¢, Tee, Ty - -
Spin exotic: JP¢ = 07—, even®~,0dd™*
Crypto exotic: with QN as qq
Supernumerary states - -> glueball
Abnormal properties

+ Kinematic effects

\_ s/




Mass (MeV)

Charmonium-like states

Charmonia and charmonium-like states
Y (4710) — Xl700) ¥ (4685)
U(4660) X (4630) [1-+]
» — * Conventional cc meson fit well with
4500 ¥ (1500 = YeB300) 7,430 )
15 s o - potential model
p360) . o o s
— 3p . . .
Y} o e o, . * Abundance of new states with various
2D 4140 X(4160) T Z.(4200) [ | b
3:(4]()0)—33 Xgl1(4140) . T . — pro es
. " roANE 5 E DD
40007~ _“__:__@]_ ____________________________________ ‘\’_(Juu.l..“.(jgﬁ_u_) /_%_\_{'E]ff}_ - Z.,(3985)~
DD 2 2 _. 2p a0 /:){}:H' 50 B * b-hadron decayS
DD o, XB8TD) ¥02B930)  X(G91S) e ______
lD . — b ™9 . . .
e ¥ 2 G aes) * hadron/heavy-ion collisions
DYD
T~
1:(28) PS
) . e yy processes
5500 5 (P) Xei(1P) = X(3915) 0F  0FF or 2FF n
3040, 416 7 - e 2
TR e eTe™ collisions
I Xeo(1P) zt 1 1 ]
R, 1+ 0~ .
Mam awoye 1 7 * BESIIl: dominant for vectors and
Ji Godfrey-Isgur quark model StateS pr0dUCEd from VECtOF decays
discovered before 2003
3000 - _7c(18) discovered after 2003
0Y(0Y) 0T(17) 0-(1%) 0%(0*) 0'(1*Y) 0*(2*) 0°(27) 0 (3) 27 1=1 =1/2

16
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New insight on X(3872): line shape @BESIII

ete™ - yX(3872),X(3872) —» D’D'n® and m*w~J/y BESIIPRL 132, 151903 (2024)

16= : : 240
- == Signal 70— == Signal E ‘
e 14:— - - = Background o 602 - = - Background 220; J
Q C ==== Lineshape Q E ==== Lineshape 200
o 12 — Total Ny e — Total E :'i
2 b B3 1808 | X(3872)
= 2 ot L 160 i
L 8= i B v = :
= o | Hl E o0 2 j00- i
ca) 2:_ L ﬁ.lj- A==" _l- i = 10; E 80; :: ‘l".
OZE ) ,“ .. J%]’-.’;::f 4 L i L g by e s ol bt e 0 FTm o . L T }i » = 60; :: ‘ -_“
3.86 3.9 392 394 396 398 3.75 3.8 3.85 3.9 3.95 4 405 | :
L 2 20 . "y
2 I l l ;L I H {]J H | 1 {l TTTT{TII{I lllwlr[ } lllllwlvhr }I ;T.Tlx HH —— I \ L
0 e Litaef il v 11 oo o1 e 14 0 w13 tY§T] [ITTIT9Lly Te]g L, T9t°4] 11 0
AR L AT LA oM , e Py 3.866 3.868 3.87 3.872 3.874 3.876 3.878 3.88
3.86 3.88 39 392 3.94‘ 3.96 3.98 3.75 3.8 3.85 3.9 3.95 4 E (GeV)
M (D"D°=") (GeV /c?) M(ztn=J/) (GeV /c?)
o, LHCb Belle BESIII
Pole positions
_ g 0.108 + 0.003+3:993 0.2913:%3 0.16 + 0.1015:4%
Two sheets with respect to D*°D° branch cut Re[E,] [MeV] 7.10 7.12 7.04 + 0.15+0:97
: Re[k™] [MeV] —13.9 —15.3 —12.6 + 5.5%%%
« SheetIl: E — Ex + g/ —2u(E — Eg + il'/2) Fmfic*] [Mev] s 5 e ———
E; = (7.04 + 0.15%937) + (—0.19 + 0.08%013)i MeV a (fm) —27.1 —31.2 ~16.5732¢%5,,
1, (fm) -5.3 —3.0*13 —4.1%95128
Eyp = (0.26+5.747314. ) + (—=1.71 + 0.90+28%)i MeV . ' o
II ( - 38-32) ( - 1.96) Z, 0.15 (0.33) 0.08+9:9% 0.18+9:06 +0.19

Weinberg’s compositeness: Z=1: pure elementary state; Z=0:

pure bound (composite) state .




Observations of new vectors: Y(4500), Y(4710) and Y(4790)

CPC 46, 111002 (2022)
PRL131, 211902 (2023)

-_ o BESIII (2022) + This work — Fit result

8
[ - - Y(4230) ~--Y(4500) -Y(4710)
it Y(4300) .

61 yu230) i KtK=Jly
L Y(4710)

Dressed Cross Section (pb)
E=N

22 44 46 48
s (GeV)
PRL 132, 161901 (2024)
— 30r
o) [
o
~-20 Y (4500)?
53 I
3
1
o I
N
o} i
0
4.4 4 6 4.8
's (GeV)

o
o

odressed(e'e’»D*D* 1) (pb)

C o)
600 D.*D.~ e
L ©
3 400F |
5 [
% : > 60 91'% 20
” B -I-Dcn [
200 + o |
i fﬂ\o T o
[ ¢ 47901 o
42 _4 E 3
F (GeV)
PRL130, 121901 (2023)
1200 -
1000 - — Fit Y (4500) —+ XYZ data
- Continuum Y(4660)—|— Scan data
800 [
: m .
600 |-
400 |
2000 AT
0 : 1 | ---"-‘; ------ | 1 | | 1
42 43 44 45 46 47 48 49 b5
Y (4230) 's (GeV)

PRL131, 151903 (2023)

|csCS] states?

arXiv:2407.07651

D,D,,(2536) D,D(2573)

(b)

o(e*e—D!D,,(2573)) (pb)

I
4.6 4.8 4.6 4.8
/s (GeV) s (GeV)
= %k T

Tension between direct (BESIII)
and ISR(Belle) measurements
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How many vectors in charmonium energy region?
= 7 E | x | ' | | N
T e | T/ o Ml v (25) P Between 3 and 5 GeV:
= - Mark-1 + LGW * 6 well known  peaks +
— = Mark-11
= 5 | ® PLUTO 8 new structures
% = v Crystal Ball f .
T a4 | * BES o o ]
= - o KEDR gt 1 —
'S - ey t =
L3 S | - - = = = -
= E ; J B | 4 A4 4 _
S S S v I ! ‘ I
2 = = = = - — = = o]
- | | ]
3 3.5 4|5 5
Y(4230), Y(4320),Y(4500) Y(4660), Y(4710),
, _ _ , Y(4360), Y(4390 Y(4790
Besides cC states, we also expect gcc hybrids, and 025 .( . ) (_ o , ( )0_4_

T T T T T T

)(4160) PDG2022 Y(4260) PDG2016 4 1 3

= y(4160) : V(4220)-1.1h ] = (4415)PDG2022 e Y(4360) PDG2016 ] ® Y(4660) PDG2022 # Y(4660)-wny(3686) ]
S Ihy

o Vizz0 iy 0 Y(4320)-muly A Y(4390)-xh, 4 L ® Y,-mX(3823) * Y, KKy

ccqq tetraquark states. Have they already been observed? oaof- ¢ VT § i 1 efiimmmeiimey ] g cvew vew

—> More theoretical/experimental efforts necessary 3 ST § SV S = $d — _:
~ 0.10F = = ‘

: | - 4 ] f ——— ]
o.osi— ‘;t -}_T : 0‘1:+— + +t+: + ‘ ot .

E F 4 ]
: 4 ] [ + ]
0.0p75 750 755 a3 OP30""455 440 445 450 P60 465 470 475 ﬁo
M (GeV/c?) M (GeV/c?) M (GeV/c?)
Y(42XX) Y(43XX), (4415), Y(4500) Y(46XX), Y(47XX)

Measurements at BESIII 19



Glueball hunting for over 40 years

* Glueballs: the most direct prediction of QCD T arXivi2305.04868
 Gluon self-interactions ; qj)
- Can massless gluons form massive, exotic matter? S A e <}> $
. . e e | ++ —+
» Theoretical predictions from LQCD and QCD- i g b 2 0
inspired models mostly consistent  pa
D Ref. [70] Ny =2+ 1,m = 140 MeV)
- Supernumerary states that do not fit into qg 0 ol e
multiplets
Light Yang-Mills glueballs on lattice
 Production: Strongly produced in gluon-rich (quenched and unquenched
It
orocesses results)
* Decay: gluon is flavor-blind Jg‘“ T
- No rigorous predictions o T O\
g P T nc\:mfc_:ﬁadmns Jly
« Could be analogy to OZI suppressed decays of - :’WE
charmonium, as they all decay via gluons [PLB 380 = i °"

()
||||||||||||||||

189(1996), Commu. Theor. Phys. 24.373(1995)]

20



1 Reproduced from X(2500)
1 PRD 96 034013 (2017)

Where is the 0-* glueball

Pseudoscalar sector, a promising window

n(2225)
X(2370)

X(1835) 123209
* Only n, ' (& radial excitations) from quark model L n(1405) X (2100)
8 n(1475) n(2010)
Mass g n(1760)

=
« LQCD: 0-* glueball (2.3~2.6 GeV)

 The first glueball candidate: 1(1440) (Split
into n(1405) and n(1475)) T 2 3 a4 5

« Mass incompatible with LQCD
« Little experimental information above 2 GeV

o =~ N W P+ 00 O N
[P R S T B S

Production Ne = 3 PinPDG
« LQCD: T(J/¥ = YGy_)/Tioral = 2.31(80) x 1074, at the — Pleckys invoivng hiacenic (’is‘g’;‘i':)c;w
same level as 0-* mesons [PRD.100.054511(2019)] r, o (958) KK ( 161£025) %
Decays into stable hadrons
Decays . M3y KKn (7.0 £0.4 )%
 Possible guidance: OZI suppressed decays of 1. 5 KKy (132£0.15) %
- 3 pseudoscalar final state is a good place to look 3 n77r | (L7205 )%
for (0-* — 2P is forbidden) * Nodominant decay

* Flavor symmetric



A glueball-like state X(2370)

Discovered by BESIIl in J/¥ - yn'ntin 2011
Confirmed by BESIII in J/¢ = yn'ntm, yn'KK

* Not seen in J/¥ — yn'nm [BESIIl PRD 103 012009 (2021)], J/¥ — yyd

[BESIII arXiv: 2401.00918]. Upper limits of BF are well consistent with
predictions of 0~ Tglueball

Mass consistent with LQCD prediction for 0~ glueball

Spin-parity determined to be 0~ BEsII PRL 132, 181901(2024)

+ Data

----- X(2370)
X(1835)
X(2800)

Meoca,: (GeV/c?)

—— MC projection 7

- Background ]

----- Non-resonant

J/¥ - yn'K2KY

pc = 0-+ with significance >9.8c
M = 2395 +11+26.94 MeV

r = 188+18_17+124_33 MeV
(Jy—yX(2370))B(X(2370)—£o(980)’) B(£x(980)—KOsKO%)
=1.31 £ 0.22+2:85 5 g4 x10-5

J/¢ - yn'nr

__ 500
L :
> 400 ¢
] L
Q C
S 300F
=~ :
Z 200
5
o 100F .-
0 LN f .’-'--'J ) , . , , -
1.4 1.6 1.8 20 22 24 26 28
Mttt )(GeV/c?)
BESIII PRL 106, 072002(2011),
PRL 117, 042002 (2016)
J/¥ - yn'KK
R0 L0 e e B B B ]
Ik s, noyy (c) ]
‘\_‘9 25 - —— Data g:esbgchev E
= - — Fit result -
D . TRTERER ]
o 20; B Signal X(2370) Total bl :
o - - 1 sideband
g 15E 1’ sideban H
<A ST L it :
Q SRR VI P e B g ]
L 5-7 L& .T 1 I.HI 3'&. L E
055122 23 24 25 26 27

2
My, (GeV/C)

BESIII EPJC 80 746(2020)



Events/0.02 GeV/¢?
AT

e e L B L I I L L
8000 04700 E
% 7000L. J/U - yKsKgm™ | 31
> E
L 6000 = Y
(5 - _—
© 5000 3 Ew
gaoouf 7 60
£ 3000F 3 %m
3 [
,_ﬁzoou_ 1\ 7 S’j
1000F- 3 x
= Sl BN U ENEPIT EFUTE EETEPI EPEPIT DO I o
1214 16 18 2 22 24 7.3 28 3
L oyceno GV/C?

S1000E 4 pu
O 800F — Fit result
2 600 ----- Signal
O TEEE L Background
o] X(2370) » 50
200 . T
OEup L

Myoe,o (GEV/C?)

= /4 - ynm°n’

[FEEI PR FET FETS P Fre

2 2.2 214 2:5 2 3
M., (GeVic?)
.i
i&ﬁgﬁ
1 1.5 2 2.5 3
Moo, (GeV/c?)
T v T

¢+ Data

Fit result
---- Signal
---- Background

X(2370) > 50

a3 Requiring |
o 29(980)
guoooo;— | i
$ oot 3 0 0
£ et 11/¥ - yap(980)m
0 4000 =
a00f- 3
-0.6 OlB ‘Il 1:2 1:4 1:6 18 2 2:2-
GeVicd) w
2 a00 U
w
200E
2 2% . 26
Mege, (GEV/C?)
00— T - T
4+ Data
o 500 A — Fit result

----- Signal
----- Background

=
(=1
o

Events/5£0 MeV/c
o
[=]

GZ- .......... 212 R B

2.4
M 0, (GeVic?)

X(2370) observed in the gluon-rich J /{ radiative decays

o ]PC

determinedtobe 0~

* Mass and production rate consistent with LQCD

* Decay modes X(2370) — n/nm, n'KK, KK, KIK I, nn®n?,
ap(980)1’ observed, in analog to 1),

New
decay modes

Consistent with
0~ glueball

*1(2320) - nnn, nrer [PL B496 145(2000)] could be the current X(2370) at BESIII >



: : . <
Light hadrons with exotic quantum numbers ez

_+_
Hybrids @A@ |qc_[g>
+

- Unambiguous signature: exotic quantum numbers 4 4 * Glucballs O 38)
forbidden for qg: J*“* = 0"",even*~,odd™* ¢ o Mult- @~@ 0@ |4%7°)

J=L+§ P=(-)W = (-1 quarks F
« Only 3 candidates over 30 yrs: ‘

Allowed JPC:0~+,0t+, 177,11, 2+ .

Lattice QCD Predictions:

All 1-* isovectors m,;(1400),1,(1600), 1, (2015) L R
* 1,(1400) and 7, (1600) can be explained as one 25w | gt T <
resonance with recent coupled channel analyses | emd ud@

2.0GeV | : :
t ;- 1l

« Lightest spin-exotic state in LQCD: 1~ hybrid

« Isoscalar 1~ * is critical to establish the nonet
« Can be produced in the gluon-rich charmonium m [9079)=1"(17%)

decays \

« Can decay to nn’ in P-wave

[0+ 1+ 2+

| PRD 83 111502 (2011)

PRD 83,014021 (2011)

PRD 83,014006 (2011) GAPCN — A4 fq4—t
Eur.Phys.J.Plus 135, 945(2020) N I°J)=07(177)

ny 19076)= 0% (17)



Observation of An Exotic 1~ * Isoscalar State n;(1855)
PRL 129 192002(2022), PRD 106 072012(2022)

« Anisoscalar 1-*, n,(1855), has been

observed in J/Yy - ynm' (>190) L 40} ,
M = (1855 + 91%) MeV/c?, T' = (188 + 1813) MeV/c? é “‘ |. <Y1>
B(J/W - yn1(1855) - yn') = (2.70 £ 0.4133¢) x 107° ° | ' | without 17, (1855)
« Mass consistent with hybrid on LQCD "‘g‘ : | 4
* Inspired many interpretations: - * wllRE ,
: 174 D Of=A"H ‘w."’ 'y
Hybrid/KK; Molecule/Tetraquark? 2 i ++++

- Opens a new direction to completing the 5 2 25 3
picture of spin-exotics

“Here, the result by the BESIII experiment of a possible observation of
an 11 (1855) state could be a breakthrough.”

—— 50 years of QCD: Exotic mesons [EPJ.C 83 (2023) 1125] *



Observation of m; (1600) in x., = n'm*n"

2.7 x 10? Y(3686) @BESIII [preliminary] . Amplitude analysis of x., » n'n*n”is
EA R RN RN Ra RS AR LAY AR RRAS RARY RARN AR performed

900 y?d.of. = 1.45 =
g : - m1(1600) observed>100

- with a significant BW phase motion

800 [— =
700 F

- . JP€= 177, better than other assignments
well over 100

« Evidence of m; » n'm at CLEO-c is
confirmed [ PR D84 112009 (2011)]

500 F
400

300 |

Events / (20 MeV/c?)

200 |

E s
100 [+ S
T r.--:r-"'

o = ; u::: S5adnats oS des bk Sy s e gl b S A SEodey Lol g bl e | ]
12 14 16 18 2 22 24 26 28 3 3.2 34

M(r 1) (GeV/c?)
Observations of m; and n; in charmonium decays provide a new path to study 1~

Moam X b1
, I
P,R|Lt
Y GLUE -

['(Jly = yH)~ O(aa

Target Recoil N



Summary

« BESIII has a rich and fruitful program of

hadron physics

» Great potential to be fully explored
* 50 fb~! data on disk, including 10 x 10° J/¢ and

2.7 x 10° '
* Running until ~2030
« Upgrade in this summer

e L X3 @Vs=4.7 GeV

* /s = 5.6 GeV, starting from 2028

« CGEM inner tracker

Thank you for your attention

Mass (GeV/c?)

Structure - Spectroscopy ~Interactions

Hadron physics

Precision tests
~ & rare phenomena

» >640 publications

30
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- ahitinil
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Scalar glueball candidate

fo(1370)  fo(1500)  fo(1710)

)D\D

m i +dd qg

e Supernumerary scalars suggest additional degrees of freedom

* However' mIXIng Scenarlos are ControverSIaI Cheng et al, Phys. Rev. D74 (2006) 094005

* Measured B(J/y — yf;(1710)) is x10 larger than f;,(1500) AR JullERy bl 171'())
BESIII [PRD 87 092009, PRD 92 052003, PRD 98 072003] “ “

. _ 3
LQCD: T(J/W = ¥Go+) /Troral = 3.8(9) X 1075 )

»BESIII: f;(1710) largely overlays with the scalar glueball

J/ = vfo(1500) J/Y = vfo(1710)

» ldentification of scalar glueball with coupled-channel VKK e N
B(J/v — v£6(1500)) ~ 0.29 x 10~°
analyses based on BESIII data ym BU/Y = 1fo(1710)) ~ 2.2 % 1077,
[PLB 816, 136227 (2021), EPIC 82, 80 (2022), PLB 826, 136906 (2022) ]
* Further more, suppression of f3(1710) — nn’ supports ynm et e

Natl. Sci. Rev. 8,n0.11, nwab198 (2021)

fo(1710) has a large overlap with glueball Y HE Y oY

1 10 10°

. . s
BESIII [PRD 106 072012(2022)] Branching fractions (107°) 29



Indications of tensor glueball

T(J/p — vGa+) = 1.01(22)keV

F(J/",L’ — PYGLH‘)/Ftot = 1.1 X 10_2
CLQCD, Phys. Rev. Lett. 111, 091601 (2013)

Experimental results

Br(J/W — yf,(2340) — ynn) = (3.873:62+237) » 105
BESIII PRD 87,092009 (2013)

BESIII J/¢ — ydbd [PRD 93, 112011

Br(J/¢ — yf;(2340) - ydd) = (1.91 £ 0.141372) x 10* —
BESIII PRD 93, 112011 (2016)

Br(J/¥ - yf,(2340) - yKK,) = (5.5413357335) x 1075
BESIII PRD 98,072003 (2018)

Br(J/¥ - yf,(2340) > yn'n’) = (8.67 £ 0.701915) x 1076

BESIII PRD 105,072002 (2022)

still desired to study more decay modes

R i e

%2000 - b mooe !

E !'. ;l'-:. 27" model independant

'C{':“JJ1 500 * !s;*:-- 2" model dependent

E :.‘; -il:"':

21000 . Mo,

E ) .ti-.: :.I-t""-

L 500 ——"T‘__—' _ "
0 ...:..-: '."F".'—"“!"Ii“.ﬂ"i.ll_‘_- .!-l.-tl-l :;;.".‘.'.' &
2 2.2 2.4 2.6
(f) M(o0) (GeV/c?)

f,(2010), f,(2300) and f,(2340) in p reactions
are all observed in J/y — ydo with a strong

production of f,(2340)

Consistent with double-Pomeron exchange
from WA102@CERN

More complicated due to the large number of tensor states *



Spin-parity Determination of X(2370) in J/{ - yn'KJK2

* 1’ reconstructed with nm™n~ and yn™n~
» K2 reconstructed with trm~

« Almost background free
- Negligible mis-combination for K2 ( <0.1%)
« No background from ]/ - n%n'K2K2 or n'K2K2
» Forbidden by exchange symmetry and CP conservation
* No peaking background

« Little Non- n' backgrounds estimated from n’
sidebands

« 1.8% forn’ »> nutn~, 6.8% forn’ - yn'n~

BESIII PRL 132 181901(2024)

957093 0.94 0.95 0.96 0.97 0.98 0.99 1
M(*n)/GeV/c?

3200

Events/ (0.001
S
(=]

an
(=]

0 St A \ VG 2. o0t v~ b -
092 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

M@ymn) GeV/c?



Mo (GeV/c?)

Spin-parity Determination of X(2370) in J/{ - yn'KJK2

BESIII PRL 132 181901(2024)

A clear connection between the f,(980)
and X(2370).
* £,(980) selection with M(K2K?) < 1.1GeV/c?
 Clear signals of the X(2370) and .

« Amplitude analysis

Events / 0.015 GeV/c?

2 22 24 26 28 3
MKOKO . GleV/C2
sAsTl

ngxgn' GeV/c?

) ‘ oy ] '('d') """"" . '; » Quasi two-body decay amplitudes in the
a HH | “”W o 1 % ] Hm - sequential decay processes |/ - yX, X —
|l I’HH( {l‘l I I P | ‘ ” ’”” - -; Yn',Y - KK and J/ - yX, X - ZK2, Z — K2’
3 l|| ||| ,l“ll I ’w ‘ hu ’ H ’ ] are constructed using the covariant tensor
| {IH{{ m *Hﬂ” ; ‘g ‘ H{ {I{ ’ formalism[Eur. Phys. J. A 16, 537]
* 1z :
+ _ 2 22 24 26 28 3 -

32



180°F

% 160

Events / 0.01
(7]
o

Spin-parity Determination of X(2370) in J/{ - yn'KJK2

x*n,;, = 82.68/69
t+ Data ]
— MC projection _:
[ Background

----- Non-resonant 7
..... X(2370) E
X(1835) .

X(2800) mﬁ ]

2 22 24 26 28 3
Mogs,: (GEV/C?)

1 06 -02 02 06 1

coso

~ in A

BESIII PRL 132 181901(2024)
Nominal fit solution

state Jre Decay mode Mass (MeV/c?) | Width (MeV/c?) Significance
X(2370) | 077 fo(980)7’ 239511 188+15 14.90
X(1835) | 0°* fo(980)’ 1844 192 22.00
X(2800) | 07+ fo(980)’ 2799+32 6607190 16.40
Me 0~* fo(980)7’ 2983.9 32.0 > 20.00
PHSP 0+ n’(KgKg)S—wave -— = - == 9.00
ﬂ’(KgKg)D-wave -— = - == 16.30

« X(2370)'sJP¢ =0""with9.8 ¢
* Product branching fraction:
B(J/¥ — yX(2370)B(X(2370) — n'K2K2)B(f,(980) — K2K2)
= (1.31+£0.227383) x 1075

33



X(2370) seenin J/{ - YKIKdn

Observation and Spin-Parity Determination of the X (1835) in J/y — yK2K%n

BESIII PRL 115 091803(2015)

7

- (a) ~+ Dat =
ri‘_-’_ 500 i [ | Bgcﬁ‘(ground ]
% - — Phase space MC
I 400 - -
N ]
S 300F t 3
o {3
~ r ]
"UE, 200F Lo ’#***Hh* o
) : L TPLL L ]
> 100F 4 TwH o
w - ! Mot

L)

1.6 1.8 2.0 2.2 24 2.6 2.8 3.0
2
Moo, (GEV/c?)

Similar decay patterns of the X(2370) and 1

clear X(2370) AND 1. signals

] '

] no X(2370) OR 1, signal

1.6 1.8 2.0 2.2 2.4 2.6 2

CE
3.0
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Scalar glueball candidate: decay properties

Flavor-blindness of glueball decays

%f(G—)mr:K]?:m]:7]7;’:7}'?]'):3:4:1:021

*with chiral suppression
PRL 95 172001, PRL 98 149103

(G - nn)/T(G - KK) = ]{i ~ 0.48

K

Expectation:

Measured:
) 4

1
PSF(G—>1mKKnn)~13 3.16:1

New inputs from J/{ - ynn'

[BESIII PRL 129 192002(2022) , PRD 106 072012(2022]

* Significant f,(1500)
B(f(1500) - nn’)

B(f,(1500) — 1)
 Absence of f3(1710)
B(f,(1710) — nn’)
B(fy(1710) — mm)

= (1.66%935) x 1071

consistent with PDG

< 2.87 X 1073 @90% C.L.

» Supports to the hypothesis that f,(1710) overlaps
with the ground state scalar glueball

« Scalar glueball expected to be suppressed
B(G -» n’)/B(G - mm) < 0.04

[PR D 92,121902; PR D 92, 114035]

Bottom line: Predictions on mixing scheme and decay property of glueball are model-dependent 35



More scalars

f0(1710)/£,(1790) ?

1500 _a W' -~

1000 :
500 g
ZOOEWI\II\I\I\I\IIIII‘I\I\IIIII\I\\\\\\l
150
100
50
500; =ttt HH'HH'.‘..
400 :
300 £
200 ¢
100 F
500 E
400
300 :
200
100 =
4000 H-H—-

Evts/30MeV Evts/30MeV Ewvts/25MeV Evts/25MeV

Peak around 1700 MeV/c?
(OZl rule: nn structure)

€
=

+
8
¢

orTm~ - Enhancement at 1790 MeV/c?

pKTK~ < No peak around 1700 MeV/c?

f0(1800)

J/v  selective for ss

Bs - ]/quo
PLB 797 (2019) 134789

‘fu(!)xm

— £1500) A
£(1790)

— 2700 3

— fass) ]

e NR

== Data
| —— Projection (a)
wonie X(1810)
200 - 4l — f_Dl[202JC|]
_ : f_2(1950)
—— nf2225)
— - - Phase-space
........ Background

150

J /vy — yop (DOZI) 1002

Event/(0.04GeV/c?)

50 F

it

of
PRD 87, 032008(2013)

2 2.5 3
MK'K %) (GeV/c?)

a,(1817)
Isovector partner of f,(1800)?

[Shulei ’s talk]
PRD105, L051103 (2022)

BESII

+ 0770, +
D — KK

g 60'_ Data
e \
2 (@) — Total fit
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2
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PRL129, 182001 (2022)
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PRL 129, 131801(2022) PRL 125,052004(2020)  Nature 606,64(2022) Phys.Rev.D 108 (2023) 3, L031106
Parameters AA TtE- Oichs z0Z0
aE_/EO - - —0.376 + 0.007 + 0.003 —0.3750+ 0.0034 + 0.0016
az+ 0 - - 0.371 + 0.007 £+ 0.002 0.3790 + 0.0034 + 0.0021
¢E_/'~TD - - 0.011 4+ 0.019 £+ 0.009 0.0051 + 0.0096 + 0.0018
¢§+/:.[) - - —0.021 4+ 0.019 + 0.007 —0.0053 + 0.0097 + 0.0019
ACP (E_/EO) - - 0.006 + 0.013 + 0.006 —0.0054 + 0.0065 + 0.0031
Adpep(E7/E0) - - ~0.005 + 0.014 + 0.003 ~0.0001 + 0.0069 + 0.0009
aA/E"’ 0.7519 £ 0.0036 £+ 0.0024 —0.998 + 0.037 + 0.009 0.757 +£ 0.011 + 0.008 0.7551 + 0.0052 + 0.0023
ap /5~ —0.7559 + 0.0036 £+ 0.0030 0.990 £ 0.037 £ 0.011 —-0.763+ 0.011 £ 0.007 —0.7448 + 0.0052 + 0.0023
ACP (A/E"‘) —0.0025 + 0.0046 + 0.0012 | —0.004 + 0.037 £ 0.010 —0.004 + 0.012 + 0.009 0.0069 + 0.0058 + 0.0018

BESIII best measurements: A2, = —0.0025 + 0.0046 + 0.0012
Systematic uncertainties are well controlled!
» Excellent performance of BESIII detectors.

* Data-driven method to study data-MC inconsistency.
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