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Outline

* Introduction

 Selected highlights of BESIII results
The pseudoscalar glueball study will be covered by S. Jin.
XYZ’s will be covered by C. Z. Yuan

* Summary



BESII| @ Beijing Electron Positron Collider (BEPCII) - A t-Charm Facility

. _ : L T
1989-2004 (BEPC): : beam energy: 1.0 — 2.3 GeV(2.45GeV)—>2. 8GeV
L .=1.0x1031 /cm?Zs — — ‘ e =S

peak™

 2009-now (BEPCII):
Loeat= 1.0 x10%3/cm?*(2016)
Loeat= 1.1 x10%3/cm?*(2023)

W 5004: started BEPCII upgrade
BESIII constructlon

MDC: spatial reso. 115um
dE/dx reso: 5%
EMC: energy reso.: 2.4%
BTOF: time reso.: 70 ps
ETOF: time reso.: 60 ps




Discovery of charm quark — BESIII rich physics program
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* Light hadron spectroscopy
* Gluonic and exotic states
e Physics with 1 lepton

* XYZ particles
e Charm mesons
e Charm baryons

BEPCII Energy Region

Rich of resonances:
charmonia, charm mesons,
charm baryons

Transition between smooth
and resonances,
perturbative and non-
perturbative QCD

Energy location of the
gluonic matters and XYZ's

Threshold characteristics
(pairs of t, D, D, A....)

Fixed initial and final states,
low background
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BESIIl achievements

See also talks from and S. Jin and C. Z. Yuan
Data sets collected so far include: (50 fb!)

> 10 x 107 J/yevents, 2.7 x 10° y (2S) events , 20 fb' y(3770)
> 4.0-4.6 GeV: 22.5 fb! for XYZ and charm physics, 4.6-4.95 GeV: 6.3 fb'! for XYZ and charmed baryons
> Scan data between 1.84-1.97 GeV, 2.0 and 3.08 GeV, and above 3.74 GeV

Publications as of Oct. 8, 2024 New Hadrons Observed
140
W PRL H Other ° Y4790)g
120 Nature/Nature Physics = Accepted Yi4390) vasaoyg "4
100 B Submitted . Z.(4020)" 7 (4020)° ‘;ﬁgggj 2,.(3088)"
o I Oz o000y @ 8Zl3900) (058
(3823)
20 Total: 649 [601+10 (accepted) + 38 (submitted) 10 § '
[}
60 PRL+Nature(physics): 119 + 2 (accepted) (O | 30 new hadrons at BESIII
0
N N(2570) ° .X{?GOO)
I\ X(2370) X(2500) ©f ,(2480)
40 = ) EX{ZTZG) e X228 .w(2250’x{2356) X(2000)
o = H £l m = I
NI I TN TN T S TR T S VI VS : : : : : ' :
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Date of arXiv submission

BESIII is playing an important role in charmed flavor and hadron physics



New forms of hadrons

See also talks from S. Jin and C. Z. Yuan

B Conventional hadrons consist of 2 or 3 quarks:

Naive Quark Model: q F

meson

baryon

B QCD predicts the new forms of hadrons:
e Multi-quark states : Number of quarks >= 4

%% © 3

g
| crrrr)
 Hybrids: qqg, qqqg..
e Glueballs: gg, ggg.. g % g

None of the new forms of hadrons is settled !




Glueball spectrum — Lattice QCD

Quenched LQCD Unquenched LQCD LQCD predicts:
Morningstar CJ and Peardon MJ.
PRD, 1999;60:, PRD 60, 034509
Y. Chen etal, ichards CM. Irving AC. « The lowest glueball state is 0**
PRD 73 (2006) 014516 Richards CM, Irving AC, Gregory EB elo g
etal. PRD 82, 034501. The mass around 1.5 GeV - 1.7 GeV.
2] — [ .+ The next lightest glueball is 2**. The
10| = |, 4 % - mass is around 2.4 GeV.
3t 3+ 1 — ;.gn\(ES) (1P
| > L w2 T ° [
L o 358 ] ; ’} * The lightest 0* glueball mass is
> . C g *" ! ~
S 6 O s S . 2.3 GeV
12 I ®
4 | O e— #£(2220) . .
T o 1+ Unquenched calculations obtain
A | ' 50 n(1475 f(1525 ] e . .
2 BRI similar results for light glueballs.
@ ° L o Y wm " 0 7

The mix of glueballs with ordinary qq mesons makes the situation more difficuit.



Events /003 Gy

Events
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Current status for scalar glueball candidate ( 0**)

J/Y - yX > ynn BES, PLB(2006)441

Br(J/¥ = yf,(1710) - ynrm)=(4.01+ 1.0) x 104

Br(J/¥ — yf,(1500) - yrrm)=(1.01 + 0.34) x 107>

J/¥ —» yX - ynn | BESIlI, PRD87(2013)092009

Br(J /Y - vfo(1710) - ynn)=(2.35327) x 10~*
Br(J/Y - vf(1500) - ynn)=(1.651937) x 10~5

J/W > yX > yK,K, BESH, PRD 98, 072003 (2018)

Br(J/Y - yfo(1710) - yK,K,) = (2.0073937035) x 107*
Br(J /Y - yfo(1500) > yK.K,) = (1.5970187025) x 1075

J/Y - yX - ynn’ BESIIl, PRL 129 192002(2022) , PRD 106 072012(2022

7(fo(1500)—>NN")
Br(f((1500)—>TTT)

= (8.96 *2% , ;o) X 102

Br(fo(1710)—>nN")
1710)—>TIT)

Br(fo(1710)—>1N")
Br(fo(1710)—>TT)

<1.61X103% @ 90%

< 0.04

Theoretical calculation:

= Br(J/Y - yf((1500)) = 2.9 x 104

= Br(J/y - yf,(1710)) > 1.9 x 1073

f,(1710): mass consistent with LQCD

Br(J/w — v f,(1710)) ~
10 X Br(J/y — v f,(1500))

f,(1710)—>nn’ suppressed

f,(1710): Coupled-channel analyses based
on BESIII data reveal large scalar
glueball component.

PLB 816, 136227 (2021),
EPJC 82, 80 (2022),
PLB 826, 136906 (2022)
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Current status for tensor glueball candidate ( 2% )

4
Lattice QCD:  TU/b = ¥622) = 5o = BL[[E4 (O + M (0)2 + |Es (0)1?
I
Y.B. Yang ,et al .(CLQCD Collaboration) rJ/y¥ - yG,+) = 1.01(22)keV
PRL 111, 091601 (2013)) TF(J/¥ > YGy+)/Tyor = 1.1(2) x 1072

J/¥ - yX - ynn BESIII, PRD87(2013)092009

Br(J/ - y[2(2340) — yn)=(5.60182*237) x 1075

J/W¥ > ¥X —> y@@ | BESII, PRD93(2016)112011

Br(J/y - ¥f2(2340) > y¢pp)=(1.91 £ 0.147373) x 1074

J/Y - yX - yK K BESIII, PRD 98, 072003 (2018)

Br(J/ - vf2(2340) - YK K) = (5.547035*355) x 1075

f,(2340): consistent with LQCD’s calculation for the mass of a tensor glueball.



States with exotic quantum numbers

* J7¢= 0", even”, odd* are forbidden for q7 EREEENEEE

* Light hadrons with exotic quantum numbers o= GAMS
T p->mnn KEK
. . . T p-o>T NP E852
are unambiguously signatures of exotic states B nm b nom i
(1-+) - n — 1~ CBAR
* Three 1(1*) isovector candidates: o - 1m0 CBAR
v m;(1400) : seen in N, pTr pIT pp — 2wt 2m™ Obelix
v' m1(1600) : seen in pt, n'm, bym, fm pw T Bes n'n~m°Be VES
v 1;(2015) (needs confirmation): seen in b,, and f,m Ll E852
n~Be - wn~n°Be VES
7,(1400) and =,(1600) could be from one pole. b,m pp = wntn~n° CBAR
“p - wn E852
PRL 122, 042002 (2019), EPJ C 81, 1056 (2021]) m;(1600) Tpoen P
n Pb->ntn n™X COMPASS
. . . . pT nTpontnTnTp E852
* Observation of I=0 1, exotic state is crucial p np o powtnone E852
n, ISJPO= 1- (1) 1 n"A->nntnTn"A VES

“~ _ £ np - wn
AN Ky 1907)=3 (17) m,(2015) E852
b,m  mTp-opymtnTaT

N 16JP9 = 0+ (1)
N I6gP9= 0+(1~*) 12



BEST Observation of 0* (1) 1,(1855) in J/y—ynn’ at BESIII

PRL 129 192002(2022) , PRD 106 072012(2022)

* J/¥ - ynn': 1~ n,(1855), stat. sig. >> 100

« M = (1855 +9*%) MeV/c?, T = (188 + 1873)MeV G 40| ]
> -
* B(J/y - yn;(1855) - ynn') = (2.70 + 0.41i8;§§) X 107° 2 ! <Y1>
o B .
* The mass is consistent with LQCD expectation ;E 20| without 71 (1855)
» Stimulated theoretical discussions — g :
Hybrid/KK ;Molecule/Tetraquark § of

e Statistical significance for an additional n, ¥4.6c at ~ 5 5 25 3
2.15 GeV M) (GeV/c?)

13



CP violation in flavored hadrons

980
* |n 1964, the first CPV was discovered in Kaon F

*In 2001, CPV in B was established by two B-factories

*In 2019, CPV was discovered in D meson: 104, with 108
reconstructed D mesons (LHCb)

* All are consistent with CKM theory in the Standard model

CPV phase & . B
|
\ Y d strong phase ¢, weak phase
€12€13 S12€13 S13€ . . B
Vekm = | —S12€23 — 2523513316 C12€23 — 51252351331(S 523C13
\ S12823 — C12€23513€" | —C12823 — S12C23813€™° 3013 . B .
CP

. 1 . 1 . 2 . 2 —_ . 1 3 1 . 2 3 2
For decay A = A e'%e'Pw 4 A,e0seiPw | > A= Ajeld%5e 0w 4 A,e!05 o i0w

Maker = A, /Ay, 6 =65 =85, ¢ =y — i :
PR (a1 re SO 4 P14 re 6D Baryon asymmetry of the universe means that

Thus A » = — = there must be non-SM CPV source.
CP T ARHAR T |4, 12[147i@+ )| 1[4y 2|14 7eiE-9)|

_ 2rcos(5+¢)—2rcos(6—¢) _ 2rsindsing .
T 2(1472+1rcos(8+¢p)+rcos(6—¢))  1+r2+2rcosScosd #0, (if6#0and ¢ =0) 14




What we learn on hyperon physics from J/y decays ?

Hyperon is any baryon containing one or more s quarks, but no ¢, b or t quark.

| )

Replace one or more light quark(s) in the proton
with one or more s quark(s)

proton

[0 Hyperon decays

» Non-leptonic weak decay

CP test
> Beta decay — semi-leptonic decays

form factor or V , CP test, lepton flavor universality (LFU) test
» The weak radiative decays

15



CP test in Hyperon non-leptonic weak decays

L ', ,
Lee and Yang’s prediction for parity violation in hyperon decays (Lee-Yang parameters) ".f o

(Phys. Rev. 108, 1645(1957)) Y — B+Tt P ‘ ‘

+ +
]P=% —>% &® 0~ proceeds to S wave (parity violating) and P wave (parity conserving) final states.

Lee-Yang parameters a, 3 and y (decay parameters, govern the decay angular distribution and the

polarization of the final baryon. Only two are independent). P, p{
 2Re(S'P) - 2Im(S'P) CISP=IPE T
ISE+|PE’ " |SE+PE ' |SF+|PF L

o +p*+y° =1

If Y has a non-zero polarization ﬁy, the flight direction of B in the Y rest flame relative to the polarization
direction O is:

dN/dcosf < 1+ ay | 7_5Y|c059
The polarization of B, 7_53, depends on Py, 0 and a,[3,y parameters

If CP is conserved, the decay parameters for Y (a and 3) and Y (@ and E) are equal in magnitude, but
opposite in sign.

|

a+ +

R
1)

If CP is asymmetry: Acp=——, Bcp= (SM: Acp~10"> —5x 1074, Bp~1073 — 5 x 107?)

Q.\

1)
|

16
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Production of entangled hyperon-antihyperon pairs at BESIII

® ete” - y* > AA XL EE QO ALAL, ...

@ /s =2.0 ~4.95GeV

® J/P, Y —> AA I EE QQ 10 billion J/3p 4 billion Y’
6
19x107 AR~ LSx100 AA
- 12x107 xogo Oox100 %
- ' . .2 09x10° X*E-
1.5x 10" X7X 0.9 x 106 =0%F0
1.1x 107 E°E% 313105 =E
1.0x 107 E"ET  02x105 0O

® Parity conservation in charmonium decay guarantees that the cosG dependent for
hyperon and anti-hyperon polarizations ( J /3, Y’ — AA, XX, EE, QQ) are equal and
perpendicular to the production plane. (P, along k_+ X p, ) ).
(IL NUOVO CIMENTO, 109A, 241 (1996))

B, (cos ) = \/1 — ad, cos B sin Oz

in(A® —
1 4 cos20 sin( ) Z




B-ES]]I Weak decay parameters and CP test in J /Y — AA

oof 10 billion J /1
0

OF

u(cosel\)

-0.1F

-0.2F

T | T T T |
BES3 1.3 billion J/\|I(_./ ) @
BES3 10 billion J/y(A/A) @

CLAS19

BES3 1.3 billion J/y(A/R) @

_._

PDG 2018 PDG 2022
1 | 1 1 | | | 1 1 | | | 1 | 1 1 1 | | | 1 I | 1 | | 1 | 1 | 1 |
0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76

o (A — pm)
Aavg = 0.7542 + 0.0010 + 0.0020

First measurement of hyperon polarization at J/y
Non-zero A® allows for individual determinations

of A and A decay parameters a_ and a ., and thus
allow for CP test.

a_: 7o shift from PDG2018 average

Most sensitive test of CP violation for A hyperon.

SM prediction: ~ 10 (PRD 34, 833 (1986)),

SM extension may have a large A, (CPC 42, 013101(2018))

CNTR85
DM2
CNTR96

BES

|
I
- PRL 129, 131801 (2022)

BESIII 1.3 billion J/y

BESIII 10 billion J/y

o:_—-t—-*—-—

—025 —02 —015 —01 —005

Acp = —0.0025 + 0.0046 + 0.0011

0.05 0.1 0.15

Ace

18



Precision measurement of CKM elements
-- Test EW theory

CKM matrix elements are fundamental SM parameters that describe
the mixing of quark fields due to weak interaction.

V = c
Charm decays + LQCD / _—

Precision ~5-10% L Charm decays +
before BESIII B decays + LQCD

19



Landscape of Charm Physics

B physics experiments are well suited for charm physics

hadron collider [

CDF at TEVATRON
[L=096f5
2.3-10'% ce

_+_

Belle at KEKB
[L~1ab™}
1.3-10° cc
Belle I {5

L~65fb" ~
J 4 8.5-10% cc

e’ e collider

BABAR at PEPI
[L£~550fb"
7-10° cc

= CLEOc exp. contributed much in early days.
= B factories: clean environment, good to detect neutral particles; lower boost, poorer

lifetime resolution

CLEO-c Solenold Coll g

Calorimeter

Ring Imaging Cherenkov
Detector

Inner Drift Chambe!
~ Beampipe

; " Endcap
SC Calorimeter
Quadrupoles |

Rare Earth A (
Quadrupole N N
'/,4 \ Polepiece

\
Barrel Muon
Iron Chambers

= LHCb/hadron machine: huge production X-section, excellent lifetime resolution due
to the boost; large combinatorial BG, difficult with neutral and missing particles



Unique advantage at BESIII: BG free and Double tag method (DT)

Tag side | g+ _ Signal side: u*is reconstructed, v is reconstructed by MM?
\ — . — _ — —
Dg Emiss — Ebeam —E uts Pmiss = ~PDp~ — pu+
2 _ 2 2 _ —
% 417{' < Mmlss Emlss |pmlss| mlss Emiss o |pmiss|
e
g+ Tag side: K*K'nt™ +...., very clean decay modes
DI T @)
\ Signal Non-D;" Dy events can be suppressed 2
: Ecu L2
by beam-constrained mass cut Mpg, = (T) — |PD;
[ [ [ V
STyield: Ng =2xN_-xBg xég
DT yield: N! :2><N_><Bi ><B.><gi . N
T T eTTesm Absolute Br. By = —— 2L
Average eff.: . _ Z(NSTxesT WESY) Ngor X Esig

Advantages: almost background free, absolute Brs.

21



Charm Leptonic Decays [,y — LV

+
D(S) "‘. .I“:

* Charm leptonic decays involve both weak and strong interactions.

* The weak part is easy to be described as the annihilation of the quark-antiquark pair
via the standard model W* boson.

* The strong interactions arise due to gluon exchanges between the charm quark and

the light quark. These are parameterized in terms of the ‘decay constant’.
Decay constant (LQCD)

Decay rate Exp)
Q, X SFWD““ mi/mi,
CKM matrix element

*  Exp. decay rate + |V | MM’ > calibrate LQCD @charm & extrapolate to Beauty
* Exp. decay rate + LQCD - CKM matrix elements .




Charm semi-leptonic decays D g m(K) v

* The effects of the strong and weak interactions can be separated in semi-leptonic decays
* Good place to measure CKM matrix elements and study the weak decay mechanism of
charm mesons; calibrate LQCD

At zero positron mass limit: CKM matrix element

Differential Form factor
rate (Exp.) dr D _> K jI “S l / (LQCD)
2471'

 Analyze exp. partial decay rates = g2 dependence of f X(7)(qg?), extract f X(7)(0) with
| V(g | “MMTer as input — calibrate LQCD
. Exp + LQCD calculation of f,%(0) and f,"(0) = V,,, — constrain CKM

23




BESIT

Di - utv,

PRL122, 071802 (evts. 1136+ 33)

PRD104, 052009

PRD108(2023)112001
7.33 fbl@4.18-4.23GeV

: —4— Data
0k

I [_| Matched y(x') D= u'v,

m [] Unmatched y(r") D= p'v,

300

200

Events / (8 MeV?/c%)

100f

0.1 0
M2, (GeV?ict)

0.1

s [Ves| = (241.8 £ 2.5 + 2.2) MeV
SfD;I- |VCS| ~1.4%

The most precise to date.

Number of events/0.02 (GeV/c?)?

n
(&3]

o
o

—_
o

a

o

Precision measurement of D) — [*v,

D+ — l+ V)
PRD89(2014)051104 (evts. 409+21)

PRL123(2019)211802
2.93 fb'l@3.773 GeV

—_
u
T

:First observation

1 D" > zr'v \

0.1 I 0 0.1
Mz, (GeV/c):

02

fy+|Veq| = 50.4 + 5.0 + 2.5 MeV

Precision~11%

Events / (0.01 GeV?/c?)

arXiv:2410.07626,

20.3 fb1@3.773 GeV

| #Data B
| —All PDF —
6001 Signal PDF D* > ptv ]
—All background
- -TE+TCG
[T (=TVV, [ i
400 _——Other background \ 2890157 __
200 —
0_-. - i — = b
0.2 -0.1 0.0 0.1 0.2
M. (GeV?*/c?)

fp+|Voql = 47.53 +0.48 + 0.27 MeV

Precision~1.2%

The most precise to date.
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Comparisons of f,+ and fD;r

[ I
FLAG21(2+1+1EPJC82(2022)869

FMILC(2+1+1) LATTICE2013(2014)405

FMILC(2+1+1) LAT2012(2012)159

212.1+0.7 i
FMILC(2+1+1) PRD98(2018)074512 212.71+0.6 "
FMILC(2+1+1) PRD90(2014)074509 212.6+0.4 "
ETM(2+1+1) PRD91(2015)054507 207.41+3.8 b
ETM(2+1+1) LATTICE2013(2014)314  202.018 ——

212.310.3+1.0 .

209.2+3.0+3.6 v+

HFLAV21  PRDI107(2023)052008 205.1+4.4 e

CLEO,uv PRD78(2008)052003 207.248.742.5 et

BESIILUV  PRD89(2014)051104,2.9fb" 204.2+5.3+1.7 +=

BESIIL,tv PRL123(2019)211802,2.9fb™ 224,7422.5+11. 34—+
<BESlll,uV arXiv:2410.07|626,20.3fh" 211.5+2.3+1.4 | = 0=1.2%

T I ! ! ' T |

0 100 200

f. (MeV)

LQCD

>

-

L

ETM(2+1+1)

PRD9] (2015)054507'

24|7.2-_|'JL1

e

FMILC(2+1+1) PRD98(2018)074512 249.9+0.4 .
FLAG2T(2+1+1) EPJC82(2022)869 249.9+0.5 '
HFLAV21 PRD107(2023)052008 2522425 ol
CLEO PRD79(2009)052002, t_v 251.8+11.245.3 +—=—i
CLEO PRD80(2009)112004, t,v 257.0+13.3+5.0 +—+—
BaBar PRD82(2010)091103, 7.,V 244.648.6+12.0~——+
Belle JHEPO9(2013)139, 7, v 261.14.8+7.2 et
BESIII 6.32 fo! PRD104(2021)052009, 1,v  249.746.0+4.2  #—+
BESIII 6.32 fo! PRD104(2021)032001, t,v  251.6+5.9+4.9  we+
BESII 6.32 fp! PRL127(2021)171801, t,v  251.12.4+3.0 ot
BESIII 7.33 fp! PRD108(2023)092014, t,v  255.0+4.0+3.1 e
BESIII 7.33 fo! JHEP09(2023)124, 7,v - 253444.0+:37 e
BESIII 10.6 fo' PRD110,052002, wv, D'Ds  259.6+3.744.6 et
BESIII 0.482 fip'PRD94(2016)072004, pv  245.5+17.8+5 F—1—1
CLEO PRD79(2009)052001, uv  256.7+10.2+4.0 +——
BaBar PRD82(2010)091103, v 264.9+8.4+7.6 H——H
Belle JHEP09(2013)139, pv 248.816.6+4.8  H——t
BESIII 3.19 fo! PRL122(2019)071802, uv  253.0+3.7+3.6 ot
BESII 6.32 fp! PRD104(2021)052009, uv  249.8+3.0£3.9
BESIII 7.33 fo! PRD108(2023)112001, uv_ 248.4+2.542.2
BESIII 10.6 fo' PRD110,052002, pv, DD 253.246.143.7  tp+
| BESIH-Gombimed v 253.03E T 54T T 82— —0_ |
EEEI Combined TV + WV 252.084*(1.341:1.82 ® 6=0.9%

| | | | | | | | | | | I
0 100 200

fp: (MeV)

The errors from the exps. are still larger than those from LQCD calculations.
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Events / (0.05 GeV?/¢4)

BESIL First indication of vector Dt — etv,

PRL131 (2023) 141802

7.33 fb''@4.13-4.23 GeV

Taking the total width of the D;*[(0.070+£0.028) keV]
predicted with the radiative D;* decay from the LQCD

calculation as input, the decay constant of the D;*can be

1+ g
X ?
2m§)1+

- * roin extracted.
- 29 | | | e Signal
B Diotv, with T e'v,
__ [ Other backgrounds HPQCD 7426 -
B LPTHE 272 + 167, ——
i LPTHE 31149 -
__ UKQCD 254 +17 —n—t
: ETM 268.8 + 6.6 r
i . . xQCD 274 +7 -
0.2 0 0.4 This Letter 2147 +44 e
Mo (GEV/ ) ....|....T. N T R R B
B(D:+ = etu,) = (2-11L(1>.'§m +0.2,5) X 1075 0 50 100 1sf{:) :' (Meﬁm 250 300 350
R/ '2_*+m3_,(+(1 ) m;+)z > Proviple Input to constrain LQCD
1272 PEEPEC mi calculation of D}*decay constant
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Comparisons of f27K(0) and f2°7(0)

2011->2023

4.4%->0.8%

U L N B 1 T [ 1 — T 1 T T 7 ] L L L
LCSR LIMPA21(2006)6125 0.66 140,067 LCSR  1JMPA21.6125 0'635?:3 ety
LFQM  JPG39(2012)025005 0.79+0.01 - LCSR  PRD67.014024 0.67:0.19

. I LCSR PRD62,114002 0.65+0.11

1 JPGIN2012 025005 0.76
& 2 LQCD PRDY6,054514 0.612+0.035 i
CCOM  FP14( 20194401 T8+ _—

Q I $.18:0.12 LQCD PRDS84.114505 0.666:0.020+0.021 e
RQM  FRD101(2020)013004 0.716 . 20102023 |1LQCD  PRLY4011601 0.64020.030:0.060 a4
LQCD PRDY6(2017)054514 0.76540.031 —— QM ZPC34,103 0.692
LOQCD PRDIO 2021003505 0.7380+0.0044 . 2.4%90.4% RQM PRD101,013004 0.64 1
LQCD PRDI107(2023)014510 0.7441+0.0040 . CQM  PRD62,014006 0.69

L
LQCD PRDI07(2023)094516 0.7452+0,0031 . CCQM - PRDYS.114031 0.63:0.09 D
— bbb LFQM JPG39,025005 0.662:0.01 ]
Belle PRL97( 2006061804 . D—he'v, 069540007 20,022 —— -
. LQCD PRD107(2023)094516 0.6300+0.0051 L

BaBar PRD76(2007 52005, —Ke'v, 0. 72710007 0,009 A o
CLEO PRDS0{2009)032005,D—Ke'v, 0.739+0.007+0.005 - CLEO-¢ PRD77,112005 0.666:0.019:0.004 bt
BESIII ]:RI szl 2”1_{ ',l ] :‘"'N.[J. ‘l\.litﬂ \.‘ u‘?.‘siﬂ‘w?iﬂ-nlz par— CLEO'C ]’Rl)Sl).llJE'lHL:' 0.629i0.022i0,007 -

. PRL97,061804 .624:0.020-0. b
BESIIT PRDYG2Z0I7TW012002.D" =K e'v,  0.724610.004 100115 - ?EI:“ PLB597.30 z :;: {l'ig:z zﬁ

.B597.2 .73040.140+0. H—————+H
BESIIT PRLI2ZZ(Z019011804.D" K u'v . 0.7327+0.0038+0.0030 =
) BESHT PRDY6.012002D" »n'e'v,  0.622+0.012+0.003 ol
BESIII PRDO2(Z01S5Y07201 2D =K e'v, 0.7368:0.0026:-0.00 36 r < 30/ BESIII PRD92.07201 2_[)"__h-t-{.—\.r 0.637+:0.008+:0.004 -
BESIIT  arXiv:2408.09087, D—KI '\'. 0.7357+0.001 10,0012 * ° 0 ) 1 1o
BESIII  Expected 20 b, D"—>me*v, 0.637£0.003£0.004 4
R T T | I | | I T B SR T PR | | |
0 0 2 0 4 0 6 0 8 | | | 1 | | | | | | |
- ‘K * - -005 0 0.5
Don
2-K(0) £2-7(0)

Experimental precision of f27K(0) is

comparable to the latest LQCD precision

Experimental precision of f2~7(0) is still
dominated by statistical uncertainties

1.6%(2.93fb?)
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BESTT Observation of Al — ne™ v, with Deep Learning
arXiv:2410.13515 (submitted to NatComm)

A novel Deep Learning is utilized to separate signals from
dominant background.

First observation of AY — ne*v,
* B(A} > netv,) = (0.357 £ 0.0345¢ac £ 0.0144y5:)% (> 100)
* Veal = 0.208 + 0.011 ¢y, % 0.005;qcp + 0.001, ,

c

This measurement demonstrates a level of precision
comparable to the LQCD prediction.

The absence of HCAL restricted us to extract the form
factors.

Still, the BF provides significant insights, shedding light on
the di-quark structure within the AT core andthem — N
clouds in the low Q2.

Events/(0.02)

Pull

-0.3 -0.2 -0.1 0 0.1 0.2 03 04 0.5 0.6
NRQ]\I/[ Physl. Rev. D 40I (1989) 295|5 I ; I |
RQM Phys. Rev. D 56 (1997) 348 .
HQET Phys. Rev. C 72 (2005) 035201 .
CQM Phys. Rev. D 90 (2014) 114033 .
RQM Eur. Phys. J. C 76 (2016) 628 °
SU@®3) Phys. Rev. D 93 (2016) 056008 —e—
QCDSR  J. Phys. G 44 (2017) 075006 o
SU@3) JHEP 11 (2017) 147 —e—
LFQM Chin. Phys. C 42 (2018) 093101 °
SU@3) Phys. Lett. B 792 (2019) 214 —e—
MBM Phys. Rev. D. 101 (2020) 094017 .
LFCQM  Phys. Rev. D 103 (2021) 054018
SU@B3) Phys. Lett. B 823 (2021) 136765 ——
HBM Phys. Rev. D 107 (2023) 033008 —e—
QCDSR  Phys. Rev. D 108 (2023) 074017 ——
LQCD Phys. Rev. D 97 (2018) 034511 ——
BESIIII P -—o—ul ‘
03 02 01 0 01 02 03 04 05 06
3(A:r — ne*v,)(%)
....... 140 _———
St o
l:l Al = Ae'v, :100 E |: 5: - A
Il Other A? decays ] % s0 L I Other A~ decay:
% 60 | ]
5 40 M ]
23___ shibas i b bt B ggﬁi}
;*%,‘%ii%;%‘;“',:,H%‘H*‘ﬁ%%;”“Jﬁ;&m;*,*ﬁz z §?%ﬁ;éi‘;ﬁ%,;ﬁ,*;%;ﬂ,ﬂ;‘; Febto it it

0 01 02 03 04 05 06 07 08 09 1
GNN output for n/A classification

E i
0 01 02 03 04 05 06 07 08 09 1
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Baryon Form Factors

* Fundamental properties
» Connected to charge, magnetization distribution
» Crucial testing ground for models of the baryon internal structure
» Necessary input for experiments probing nuclear structure, or trying to
understand modification of nucleon structure in nuclear medium
* Nucleon FF Can be measured from space-like processes (eN) (precision 1%)
or time-like process (e*e” annihilation) (precision 10%-30%)

eN = eN ete™ « NN ,/\X

Time-like:

Space-like: FF complex

FF real
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B-ES]]I First complete measurement of A E & M form factors

(E.=2.396 GeV, L=66.9 pb1) PRL 123 (2019) 122003
First measurement of the relative phase
| |—O96i014i002

(Relative phase between

Ap=37"£12° £ 6 Ge and G, FF)
olete” — AA) =118.74+ 5.3 £ 5.1pb

- (@) - (b)

%l T%;f%“’ gu\ 1

iy
4]
|

—

do/dcose (a.u.)
o
[&)]
|
S
[ 4]
|
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B-ES]]I First complete measurement of X+ E & M form-factors

PRL 132 (2024) 081904
First measurement of the relative phase A®

Polarization measurements at different
between G; and G,, form factors

center of mass energies

. . i {a) —8— This work 200F (b) —a— This work
- (a) 23960 GeV - (b) + 26454 GeV of —=— Provious wark C B v potential model
s —y— ‘;ﬂp&_%.mmv —= f B Y potentiai model| | 0OF b ¢
: — _.=l=—* G [ =~ of
o . — Tmy — —— ﬂ—
0F 0 w | n
o’ : qj—h l & e % G qF % & : (L
it F X \/" B
:u PR T T I T T TR T N T'Y PRI R R SR N 1 T T S T | PRI T T N T T T T N R SR SR A | ﬂ: 1 1 1 _Em:_ 1 | |
-1 -0.5 0 0.5 1 0.5 0 0.5 1 24 28 28 3 24 26 28
s )
« € /s GeV /s GeV
V' E {GEVJI 2.3960 2.6454 2.9000
5} -0.47 £ 0.18 = 0.09 0.41 = 0.12 £+ 0.06 0.35 = 0.17 = 0.15
Ad {:'} -42 + 22 + 14 {—138 + 22 + 14} 5% + 19 + 14 8+ 22490
sin Ad -0.67 = 0.20 + 0.18
|GE‘.’GM| 1.69 + 0.358 £+ 0.20 0.72 =+ 0.11 £+ 0.06 0.85 £+ 0.16 £+ 0.15

Such an evolution will be an important input for understanding its asymptotic behavior and the dynamics of baryons.
Moreover, the fact that the relative phase is still increasing at 2.9 GeV indicates that the asymptotic threshold has not

yet been reached. A. Mangoni, S. Pacetti, and E. Tomasi-Gustafsson, Phys. Rev. D 104, 116016 (2021). -



BESIII achieved much

* Confinement -- far from being understood due to its non-perturbative nature.
A detailed study of the hadrons and their properties will shed light on this
part of QCD.
* New sources of CP violation
BESIII: 4 million hyperon pairs
Billion of hyperon pairs reconstructed = CPV: 10™% — 107>

challenge SM



EVENTS/(20MeV/c?)

Summary

BEPCIl upgrade ( 2024 — 2028 )
Highest beam energy: 2.8 GeV
Peak Lum.: 3.77 ~ 4.7 GeV : 1.2 x10%3 cm?s?

5.0~ 5.6 GeV: (0.5-0.7) x1033 cmst

BESIII: CGEM succcessfully installed.

BESII: 58 M J/y events  BESIIl: 225 M J/y events BESII: 1.1B J/\v events 0

120
80 ]
40
0 » 1
1.4 20 2.6 0141618202224262'
M(r*Tm") (GeWc ) M, .. (GeV/c?)
PRL 95,262001(2005) PRL 106, 072002 (2011)

Events / (20 MeV/c?)

4000
3500
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1000

500 E

><1 08 PRL129, 042001 (2022)
T T rerTrrrrrrT | TTTT T T — 1 " T
H f (o]

= — Data O —+— Data
g — PHSP MC = 20F (a) ) Background -
E Il Background ' ] 3
3 o pp threshold 1) O 15F 1)
— H = «
E X(1835)? | . X(1835)?
3 s X2120)2 X0 0 8 10F . X@120)7 X0, =
3 d ?'"..--‘ O e ' ~ 2 ."W
E 3 AN S — ; v\.-
E £(1510) S S5FAGSIO -
g - @
= -~ > :

o Ll

0 s 0

Peak luminosity (cm™s™")

2x10%

6x10%}

4x10%}

BESII

BEPCII 2

upgrade / \‘\\

(2024) -

BEPCII ° \- 3xLggpcn
\.‘
s..
o T
2.0 3.0 4.0 5.0 5.6
Ecm (GeV)

ESIII: 10 B J/\y events

14 16 18 2 22 24 26 28 3
Minm'm] (GeV/ic?)

PRL 117, 042002 (2016)

Mn'n*rn

] (GeVS/cz)
PRL 129, 042001 (2022)

High statistics data bring us more opportunities (surprises) and challenges.
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Thanks for your attention
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BESII First measurement of AL — Ae*v, form factors
PRL129(2023)231803 Decay rates Iirojections on kinematic variables

Y‘..i
d'T GF|Ves|” _Pq’ T
B e 200
300} —+ data dg?dcosb.dcosO,dy  2(2m)*  2aMZ_ g 150 S
= 1253i39 — total fit 9 © pOX ( ) e 2 100 :g 10
= R . 3 . ” = t, $ 100
- === A Aptv, =(1 —cosf)"|H1,|"(1 + aacosb,) 3 50 50
E 200} Az Am*a® ; ; 5 e \
- -- other bk - & 201 — -
% er ags + 8 (1 + COSGC) |H_ % _1| (1 OZACOSGp) qz (GeV2/C4)
2 100 3. 9 2 2
[ - 2 Sin 96[|H%0| (14 aacosbty) + |H_%0| (1 — aacosby)] _
I~ & 150
3 = S
dazza + ——=acosxsinf.sind, x Z =
02 -0.1 ©0 0.1 02 2v/2 ’ 5 g 199
m 50F
U i (GeV) [(1 —COSOe)H_%OH%I +(1+COS96)H%0H_%_1]}, 2) . @
B[A} > Ae*v,] = (3.56 + 0.11 + 0.07)% 035 005 R
ol remomm = ' B . Projections on form factors Compared to LQCD decay rates
LFA CPC42,093101  1.63 . 1
CQMR  PRD93,034008 278 . SEEDATAS A, AEY, 7 <
RQM  EPJCT6628 325 . ™ sSEERAS AR Ve 57 < 08 .‘-“ff,': - 1 DATA: A{— Ae'v,
NRQM  PRD95,053005 3.84 . % T:;—] -' s 0-2 . LQCD: A:—) A e"ve
LCSR  PRDS0074011  3.0+0.3 et %
LQCD  PRLI118,082001 3.80:0.22 - e 0.15
SU(3)  PLBT92214  3.6:0.4 . B
LFCQM PRD101,094017 3.36+0.87 — . “~ 0.1
MITBM PRD101,094017 3.48 o E
LFQM  PRD104013005 4.04+0.75 \ - ' = 005
BESII  PRLIIS221805 3.63+0.38+0.20 . l - PRL118 (20']) )082001 | | | | :
BESIIF PRL129,231803 IS.SﬁiU.lliU."T | - I v ‘ ) bia ‘ ‘ 0 0_2 0_4 0_6 0_8 l 1_2
1 - 1 1 1 1 1 1 1 1 | 1 0 0.5 ] l o 0 0.5 l 5 Gevl}; 4 35
2 v 2 4 q* (GeV¥c#) ¢ (GeV¥c*) 7 )

B(A;—>A e'v,)%



Formalismforete™ > YY,Y 5> BM  .:7 160017

The differential cross-section for events of the reaction e*e™ = A(= pm)A(= pn) is:

do « W(&)dcosO dQq dQ,,

91 1
& = (0,14, 11y) is kinematic variables, 7i;(71,): unit vector of p(p) momentum /p 1)
A®D: complex phase difference between two different amplitudes et BA O
o, and o, decay parameters of A and A n+/\‘//—\ e
0,(6, 9;) and Q, (85, @,) are decay angles in the rest flame of A and A ;\( Fet)

W(E) = Fo(&) + aFs5(&) > Unpolarized part
oo (F1®) + V1 — a2 cos(AD) (&) + a Fo (£)

Fo(§) =1

Fi1(&) = sin%@ sin 01 Sin By COS (b1 COS Py + c0s6 cos 61 coS 6o

+ \/ — oy Sirl(A'EI)) (Ch F3 (‘g') 4 062}_4(8)) | F2(&) =sin6 coso (sinfy cosbr CoS 1 + COS Oy Sin b, COS p7)
F3(§) =sin® cosd sin by sin ¢y

F4(&) =sinb cosb sin by sin¢;
Spin correlated part F5(&) = cos?6

Fs(E) =cosbqcosby — siné sin#; sin & sin ¢4 singy. (



P — —
2 > A E
Nature 606 (2022) 64-69

BESTI »w - =5

Parameter This work Previous result
Oy 0.586+0.012+0.010 0.58+0.04+0.08 x%
AD 1.213+0.046+0.016 rad -
oz —0.376 £0.007 4+ 0.003 —0.401+=0.010 * %k
0= 0.01140.019 £ 0.009 rad —0.037£0.014 rad 4 4
Oz 0.3714+0.007 +0.002 \ -
ﬁ —0.021 £0.0194+0.007 rad -
OlA 0.7574+0.011+0.008 0.7504+£0.009 +£0.004 ***
(LN —0.763 +£0.011 4+ 0.007 —0.758 =0.00 £ 0.007 ***

(1.24+3.44+0.8) x 102 rad

(10.2i3.9)kad * % %k

3, — & (—4.0+3.3+1.7) x 10~2? rad

AZ, (6.0+£13.4+5.6)x 1073 -

AdEp (—4.8413.7+2.9) x 10~ rad —

AN (=374+11.74+9.0) 1077 (64124701075 xxx
(0z) 0.016 +0.014 4 0.007 rad \

- Antt,A > pn,A - pn’

I * First measurement of the polarization I
‘ * Direct measurement of all decay parameters
(previous exps. determined product aza, )

* Independent measurement of A decay
parameters, good agreement with previous
BESIII results. Similar precision with 6 times
smaller data

* Measurement of weak phase difference

(¢,—¢5) =(1.2+3.4 +£0.8) x 10 % rad
One of the most precise tests of CP symmetr
for strange baryons.

Consistent with SM calculation

(¢p—&s)sy = (1.8 +1.5) x 10~* rad

|  Three independent CP tests in single channel.

*  BESIIl: PRD 93, 072003 (2018) |¢E,HyperCP = — l

0.042 +£ 0/011 £+ 0.011

* %k

PDG 2020
k**  BESIII: Nature Physics 15, 631 (2019)
**** HyperCP, PRL 93, 011802 (2004)

e Strong phase result is in tension with HyperCP.
Compatible with SM.
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Decays of light mesons

@ Many exps. have been involved in the study of light mesons

KLOE-2 Q,;Tg A2 ‘D ))) WASA-at-COSY

@ BESIIl is also a light meson factory with low BG

@ 10%)/y — 5%107 n' and 1x107 n
@ The decays of the light mesons:

b,
class®

v precision measurement of decay Brs. — test chiral symmetry

v" measurement of light meson mixing — understand quark internal structure
v precision measurement of form factors - muon g-2

v’ rare decays — new physics beyond SM.
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B'ES]]I First observation of the box-anomaly in n'éyTt*n'

Theory predicted box-anomaly 40 years ago

J. Wess and B. Zumino, Phys. Lett. B 37, 95 (1971); E.Witten, Nucl. Phys. B223, 422(1983)

30000 T T ‘ T T T°1 ‘ T T T T T T T T
T BESII
Tootal Fit -

25000 — p
------- o (x 20)

T [ = box (x 20)

§ 20000 — ~ ::0‘;-2)0;:1:.'“' (x 20) _|
2 | yoo| = sideban Phys. Rev. Lett., 120, 242003 (2018)
= B

: L

£ 10000

()

>

w 5000

~1 M n—ymt*nt evets

o

ey
——
— —

box-anomaly observed

s Phys. Report. 887,1(2020)

M(m*r) (GeV/c?)

from sing:;ly—virtual input only. The dispersive formalism for the singly-virtual n/n” TFF has been established [658]:
while the isoscalar part at low energies can be described in a VMD-type approximation due to the narrowness of
the w(782) and ¢(1020) resonances, the isovector contribution relies, next to the pion vector form factor, heavily

on data for the decays n) — #x*n~y [659-661], which show strong deviations from a simple-minded p-dominance




