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Beijing Electron Positron Collider (BEPCII)

.
beam energy: 1.0 — 2.3(2. 45) GeV \"’ ﬂ*

2020 energy upgrade to 2 45 GeV
& top-up mode

2004: started BEPCIl upgrade,
BESIII construction

N 2008: test run
2009 now: BESIII phy5|cs run
& - 1989-2004 (BEPC):
Lpea=1.0x1031 /cm?s
e 2009-now (BEPCII):
1.0 x1033/cm?(4/5/2016)
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BESTT BESIII data sample

2009: 106M y(2S5) 2015: R-scan2 — 3 GeV +2.175 GeV
225M Jly 2016: ~3fb-!at4.18 GeV (for Dy)
2010: 975 pb-lat w(3770) 2017: 7 x 500 pb-1scan 4.19 — 4.27 GeV
2011: 2.9 fb-!(total) at w(3770) 2018: more J/y (and tuning new RF cavity)
482 pb-1 at 4.01 GeV 2019: 10B (total) J/y
2012: 0.45B (total) w(25) 8 X 500 pb~! scan 4.13,4.16,4.29 — 4.44 GeV
1.3B (total) J/y 2020: 3.8 fb'! scan 4.61-4.7 GeV
2013: 1092 pb-!at 4.23 GeV 2021: 2 fb'! scan 4.74-4.95 GeV; 2.55B y(2S)
826 pb-1 at 4.26 GeV 2022: 5 fb-! at Y(3770)
540 pb-! at 4.36 GeV 2023: 8.2 fb'! at y(3770)
10 X 50 pb-!scan 3.81 — 4.42GeV  2024: ~5 fb-! at 1p(3770); Y (3770) scan data
2014: 1029 pb-lat 4.42 GeV 120
110 pb‘l at 447 GeV mPRL mOther m Nature(Phys.,Com.) = Accepted m Submitted
110 pb—l at 4.53 GeV 100 total: 732 [686 + 8 (accepted) + 38 (submitted)
48 pb-! at 4.575 GeV 80 PRL 127 +Nat. (Phys., Com.) 6
567 pb—l at 4.6 GeV 2025: 56 + 8 (accepted) + 38 (submitted)
0.8 fb-! R-scan 3.85 — 459 GeV =~ PRL8 +Nat. com. 2
40
* alihll |
in total ~55/fb o o 01 |
,\9“9 > 0“' 0’ b‘ 0"' 0"' ,\9 ,»& ,\9"?‘,»6io
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- BES9S PRL S84(2000) 594
- BES , PR L 8s((=2002)1 01 802
V (- GammaZz=
Three Generations of Mat — NMarkl
(@) i == Pluto
o 1
g ar -
= L f
A= /I\ =2 |- %
/,I\ ' i - + +
v 9 = +
+ |
ar Q -
v = i %
P
p 0
I Sresholds
o o b , . . . , .
- 4 = =1

=1
Ecm (GeV)

* Hadron form factors

* Light hadron spectroscopy * XYZ particles
o Y(217_5) resonance * Gluonic and exotic states * D mesons
* Mutltiquark states * Process of LFV and CPV + f andf_
with s quark, Zs e Rare and forbidden decays * D,-D, mixing
* MLLA/LPHD and QCD * Physics with T lepton * Charm baryons
sum rule predictions

s B YIRS EREMCELGH ST, ZBM 7



BESII Unique data sets near thresholds

e'e symmetric collision: 1‘:3‘126— > ASEERa PR
O e BESII 2014 e BESIII 2011
energy scan data sets at open 10° | —— SND (2011 +2012) —<— BES (1999 + 2004)
charm thresholds 10' = | —=— FENICE (1991 + 1993)—e— DM2 (1984)
10° _ - - - + - —
3.773 GeV, ~8 fb™%, DD wp N MREE . B opp T AR
4.008 GeV, 0.48 fb~1, DD, o som®t T oo .
4.18-423 GeV, 632 b1, DD 1. "0 e SN
4.6-4.7GeV, 4.4 b1, ALA, 1075 - ! !
“V‘
2 25 3 35 4 45

; g sGeV/c)
Energy scan in 2014-2015 at BESIII

» Meson and Baryon pair-productions near thresholds:
form-factors in the time-like production, precision branching fractions, relative phase;

» Quantum-entangled pair productions of charmed mesons

» Hyperon and charmed baryon spin polarization in quantum entangled productions;

s B YIRS EREMCELGH ST, ZBM



BESII

Hadron Landscape

AgA A _ - .
Two-body B NOS D0 = o0, Hadron-physics challenges:
Thresholds EgBg EcE; . .
Molestles sl T | « Understanding of established
i i states: precision spectroscopy
Gluonic dag,u:ug,ssg ccg .
Exoitation ' : « Nature of exotic states:
it search and spectroscopy of
. unexpected states
- Light Mesons Charmonium
Eﬂqesons i Iy, % ¥(29)
p,fa h K - &
AR BESII: |
T — T T T T
1 2 3 4 5 6
Mass [GeV/c?] 10° -
'g ; ? e ]
2
B
At BESIII, two golden measures to study -
. 10°F =
hadron spectroscopy, esp., to search for exotics -
* Light hadrons: charmonium radiative decays (act
. | . | - - ] P L
as spin filter) (10 B J/y and 2.7 B Y(2S5) ) 38 40 42 44 46 48 50
Ecm (GeV) EE,

* Heavy hadrons: direct production, radiative and
hadronic transitions (data above 3.8 GeV)

B YIRS EREMCELGH ST, ZBM

XYZ studies: about 23 /fb |
data above 3.8 GeV



BESII

BESIII discoveries of new hadrons

5
" heavy hadrons V(475008 griar10)
Y(4390) Y(4500)9
Y(4320)
4 2.(4020) Z.(4020)° ¥(4230) i
—~ ] o L 82,(3900)° cs
. Z.(3900° @
NQ v (3623)
>
() L
Q) 3k 31 new hadrons at BESIII
1 N(2570) - g2e00)
2370 X(2500)
g all Lo X(2262)0 @ oX(2356)  @X(2300
) (2120) (2250) X(2000)
0X(1870) (1840) &h,(1900)
: a %% ‘.430(1817)"0 X(1880)
- light hadrons
1 1 I 1 1 i
2012 2014 2016 2018 2020 2022 2024

Date of arXiv submission
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Partial wave analysis

* Amplitude analysis / Partial wave analysis (PWA) 1s a powerful method to
study multi-body decay processes, e.g.
* to search for (exotic) resonances and measure their properties
* to understand CP violation over phase space

B:pk

A: pl
C:pt ~P(pg.pe,Pp; V)

D:py

* Most of previous fitters are designed for special processes or are time-
consuming.

* A general PWA framework using modern acceleration technology (such as
GPU, AD, ...) is eagerly needed.

s B YIRS EREMCELGH ST, ZBM 11



Partial wave analysis tools

Closed source / hand coded

—  Tensor formulism: most of charm decays. [D* - K2t n%m°: JHEP09, 077(2023)]

—  Helicity formulism: [eTe™ - wn*m™: JHEP08.159(2023)]

GPUPWA:

—  First PWA tool based on GPU

—  Used in many PWA of light mesons: [/ /i — ynn: PRD87. 092009(2013); J /Y — ynn': PRD106. 072012(2022)]
FDC-PWA:

—  Feynman Diagram Calculation

—  Used in some baryon final states [1)’ — ppn:PRD88. 032010(2013); ete™ — pK~A: PRL131, 151901 (2023)]
TF-PWA:

—  TensorFlow-based, configurable, GPU acceleration, AD

— as an example: [A} > An*T°:JHEP12, 033(2022)]

Other tools:

—  Amptools: [y.; = nFm~: PRD95.032002(2017)]

— PAWIAN: [ete™ -» ¢K+*K~: PRD108. 032004 (2023) ]

—  ComPWA: [D° - KK+ K™: arXiv:2006.02800]

B YIRS EREMCELGH ST, ZBM 19


https://doi.org/10.1007/JHEP09(2023)077
https://sourceforge.net/projects/gpupwa
https://doi.org/10.1103/PhysRevD.87.092009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.072012
http://www1.ihep.ac.cn/wjx/pwa/index.html
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032010
https://doi.org/10.1103/PhysRevLett.131.151901
https://github.com/jiangyi15/tf-pwa
https://arxiv.org/abs/2209.08464
https://github.com/mashephe/AmpTools
https://doi.org/10.1103/PhysRevD.95.032002
https://gitlab.ep1.rub.de/pwa/Pawian
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.032004
https://arxiv.org/pdf/2006.02800.pdf

Properties and requirements of PWA tools

* Complex formula
— Avoid hard coding, automatic formula generation
— Rule-based amplitude evaluation
— Constraints in special process — Configurable

* Multiple dimension.

— Study relation between many variables, e.g., masses and -
angles.

— Proper way to consider resolution
— Large size MC sample for integration to normalize the PDF.
» Large size of data (e.g.,10B J /iy decays)

— Fast calculation to reduce time cost.

_ High performance
calculation

— Distribute the calculation into multi devices. _

s B YIRS EREMCELGH ST, ZBM 12



Configuration

*  Why configurable?

— Global representation for automation and transportability

— General way to support more decays

 Different level

— No configuration: hand coding / code templates GPUPWA

— Decay card like:

TensorFlowAnalysis

* key-value / command-parameters / structured

TF-PWA Automatic,

» specify all possible decays (interactions) PAWIAN Simple
« with addition simplification rules AmpGen

— Auto search:

e provide a large particle database
* use rules to find all possible intermediate states

filter with requirement.

FDC-PWA series
ComPWA series

B YIRS EREMCELGH ST, ZBM

A

balance

A

Controllable
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https://github.com/jiangyi15/tf-pwa
https://github.com/ComPWA
http://www1.ihep.ac.cn/wjx/pwa/index.html
https://github.com/GooFit/AmpGen
https://sourceforge.net/projects/gpupwa
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://gitlab.ep1.rub.de/pwa/Pawian

Symbolic and numerical approaches

* Symbolic approach

require a Computer Algebra System (CAS) to simplify formulae
write/generate code from CAS outputs

procedure: configuration 2 CAS - formula -
generated code = function = amplitude

simplifying the formula is difficult and time-consuming

* Numerical approach

combine function directly
rule based evaluation
procedure:

configuration = function call = amplitude

w/o simplified formula, more computation might be required
allow caching rule to reduce computation

B YIRS EREMCELGH ST, ZBM

FDC-PWA series (REDUCE)
ComPWA serics (SymPy)

AmpGen Self hold
GPUPWA  tensor library

TF-PWA

PAWIAN
TensorFlowAnalysis

185


https://github.com/ComPWA
http://www1.ihep.ac.cn/wjx/pwa/index.html
https://github.com/GooFit/AmpGen
https://sourceforge.net/projects/gpupwa
https://github.com/jiangyi15/tf-pwa
https://gitlab.cern.ch/poluekt/TensorFlowAnalysis
https://gitlab.ep1.rub.de/pwa/Pawian

~PWA: Partial Wave Analysis with <~

Fast

General

Easy to use

Open access

Tensor

* GPU based
< ¢ Vectorized calculation

* Automatic differentiation
Quasi-Newton Method: scipy.optimize

* Model customization support
~ * Simple configuration file (example provided)

* Most processing is automatic
* All necessary functions implemented

_ * Rich function support

https://github.com/jiangyil 5/tf-pwa

B YIRS EREMCELGH ST, ZBM
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https://github.com/jiangyi15/tf-pwa

AR

Aa,ApA0A]

=

D Higag DI 1591, 01, ORODH; 2, DI 5 (92,0,,0)
A

0 0 R(M) = T
d 2 (M) ma — M2 — im,T
TONPIR I —
— - -
dD AaAB.Ac.AD Particle — lor p=1+p-0o
Za AgicAp | R
Automatically calculated from decay structure
—————————————————————————————————————————————— o

* automatic factorization of amplitude, as
combination of summation and production

 automatic differentiation in likelihood
minimization and error propagation

* optional optimization for better performances
» amplitude caching (eg, resonance lineshape, ...)
» mixed likelihood for simultaneous fit

B YIRS EREMCELGH ST, ZBM

Feynman rules user defined

Decay —<

A0-1+2 _ Hll,/'lzD/{S,*Al—Az (¢,6,0)

Wigner-D matrix

1

alignment

probability: |A|?
Decay Group: A = A; + A, + -
Decay Chain: A = A;RA, -
Decay: Wigner D-matrix, A = HD*/ (¢, 8, 0)
Particle: Breit-Wigner: R(m), user defined

17



TH-PWA architecture

Cached data
(angles)

Data (4-momenta)

LA RN NN NNENNNRN EEEEEEEEE NN NN NN NN ENENEEENEEEEEEEEEEEEEEER EEEEERENy
: Inner Amplitude - . .
Config.yml ' plitu Fit results Other
- representation formula (parameters) measurements
TRPW,

Phase Space Uncertainties

Samples

s B YIRS EREMCELGH ST, ZBM
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Example fit of A > Ant

JHEP12, 033(2022)
. . Listing 1: Full view of config.yml for A} — An*n0.
* Simultaneous fit to 7 energy points from 4.6 to 4.7 GeV Fee -~ ————-—== 5
1 :
|
‘/ . L L_c .
in total around 10k events and 854k MC . b_ v o L poresk: el all decay chains
e - [S_p, piO, p_break: True .
v’ 38 free parameters A7 i - Islo. pip. p.break: True] added automatically
v dominated by AL - Ap: 57.2 + 4.2% —_— ooz e pO) !
c p: LT aL/0 *  S_0: [L, pi0]
L sp: [, pipl I
v' clear peak for Af —» nX(1385) i L h - - - - -———n
10 $top: L_c # initial particle 1
. [ —Dan h $finals: [L, pip, piO] # final particles |
S glmo’ggg:;%;’u“d < b # rules for replacement |
2 400 2 — Ap(770)" = 1p rho: [ rho(770), NR ]
g P s 3 g S.0: [ Signal3ssz, Signal670z, Sigma1750z ] .
= g b 8 7 S_p: [ Signa1385p, Sigmal670p, Sigmai750p 1 |
\r\; 200 N 500,%&}2%;2 S 16 # particle proporities I
£ é —a37s0 = ¥ rho (770) : . | 2
& E .| £ ik 31 settings of properties
A== = VN > P: -1 .
f. 04 o6 o8 1 12 “ b mass: 0.77511 of particles and
Mz (GeVie) s width: 0.1491
______________________________________________________________________ M, . (GeV/c?) 1 model: GS_rho HEIDEINED
! with config.params_trans() as pt: \\ i :;Z;ﬂi?igiﬁli:e 1 :
| # gl is fixed to 1 E VA - 3R 10y e e
E g2 r = pt[“L_c->Sigmal385p.pie_g 1s_1r"] ! Amplitude  Magnitude  Phase ¢ (rad) \ E S # particle order in data files !
| g2 phi = pt["L_c->Sigmal385p.pi0_g 1ls 1i"] P st 1.0 (fixed) 00 (fixed) ¥  dat_order: [L, pip, pi0] I datasets
! alpha = 2*g2_r*tf.cos(g2_phi) / (1+g2_r*g2_r) b \ ¥ ¥ path of data files !
| . — — — — | (1385)+ data: ["data.dat"]
i print(alpha, pt.get_error(alpha)) L9y 1.29£0.25 282018 \ I phsp; ["mc.dat!] 1
e ' W ks B 3L 22
£(1385) o (1385) |2 (1385) = ~3(1385) < 3 plot:
e S O R 0.789 = 0.098  0.056 o '
0l53(1385)r = = —Vu. . . 4 S_0: {display: "$M(\\Lambda \\pi~{0})$"} | .
|H02(ll385)|2 + |H§S’85)|2 |gf(31385)|2 + |g22(31385)|2 & S_p: {display: "$M(\\Lambda \\pi~{+})$"} | plot‘[lng
2 72 2 2 E 3 tho: {display: "$M(\\pi~{+} \\pi~{O})$"} |

s N

s B YIRS EREMCELGH ST, ZBM 10



Various outputs of the fitting results

Process Magnitude Phase ¢ (rad) FF (%)  Significance

Ap(770)F 1.0 (fixed) 0.0 (fixed) 572442 3690
$(1385)*7° 0.43+0.06 —0.23+0.18 7.18+0.60  148c
»(1385)%7+ 0.374+0.07 2.8440.23 7.9240.72 16.00
$(1670)*7° 0.31+£0.08 —0.77+0.23 2.90 +£0.63 510
£(1670)°7+ 0.4140.07 2.77+£0.20  2.65+0.58 520
2(1750)*7% 1.754+0.21 -1.734+0.11 16.6+2.2 10.10
2(1750)07r+ 1.83 £0.21 1.34 £0.11 175+ 2.3 10.20
A+ NR;- 4.05+047 2.16+0.13 29.7+£4.5 10.5¢0

. (GeVch)

2
MM

»
8

é é 300 Result
£ £ 200 B(AF —Ap(770) 1)
2 2 o] BT Aty (57.2+4.2+4.9)%
e | e = B(A$ —5(1385)t70)-B(£(1385) T —Ant)
0 % 05 o 05 1 B(AF —Am+70) (7.18 £0.60 £ 0.64)%
) o) B(AF —%(1385)071)-B(X(1385)0—An0)
. T ) T
BAF > Amt 20) (7.92 £0.72 £ 0.80)%

LF. A+NR;-  X(1385)°7nT X(1385)Fn0 X(1670)°7t  £(1670)Tw®  X(1750)°7t  E(1750)* 70 B( A;" — Ap(770)+) (4.06 +0.30+0.35+ 0.23) x 10~2
E(1385)°r" | ~0.5040.8 B(A} — £(1385)*70) (5.86 £ 0.49 £ 0.52 + 0.35) x 103
$(1385)*n° | —0.76£0.36 —0.05+0.04
$(1670)%+ | —0.36£0.17 —0.00%0.00 —0.66+0.09 B(AF — £(1385)07%) (6.47 £0.59 £ 0.66 £ 0.38) x 1073
£(1670)*7° | —0.34+£0.15 —0.58+0.12  0.00 & 0.00 0.04 £ 0.02 C“Ap(770)+ —0.763 + 0.053 + 0.045
2(1750)°r+ | —8.1+31 —0.03+0.00 043+0.07 —0.01+0.00 0.08+0.05
N(1750)*x0 | —7.2+31 0354008 —0.02+0.00 0.23+0.05 —0.00+0.00 —6.23++0.92 O5(1385) 0 —0.917 £ 0.069 £ 0.056

Ap(770)* —2.7+44 —594+056 -6.01+046 0.72+£0.29 1.29+0.26 -21+13 -3.1+13 Q53(1385)0r+ —0.789 4+ 0.098 £ 0.056

F2 B YIRS EREMCELGH ST, ZBM 20



Real analysis performance

*  Optimized method in Factor System page

— Caching method (in Page 14) Environment:

* Large time for caching NVIDIA RTX 3080
* required more memory TensorFlow 2.2
* limited to special cases CUDA 10.1

— All the process is automatic (from config.yml to all basic results)

Total fit time Time in each iterations Fit stability test
53000 T CA M : ' R T -1680f | N E
o b B [oad data ] o7k 3 ' ; ]
E£2500F Fit time scale to = caching ] g : ] —-1690 3 E
g | Niterations = 230 = Eacertainty Jg o 3 . E —-1700 ]
52000 E plot ] S5k ! o E g ]
F mmm fit fractions ] : g ; ] -1710F 3
15004 M | E ~1720 .
F 3 b 3 F ]
1000 F : ] -1730F 3
[ 2k % 1 F E
Z g g -1740F ]
500 | N ] 5 E
; i =T -1750 ;
0 U S — N A S R
- 1000 3 \ Ko Lelino0d gent N
o op“oi\“_med \\ke\\Yf\:\’:ss gepenefycror O no 0Pt ined \\\(e\\\"(;\ s depe" e ppcror © 0 20 40 60
Only half of hours Caching provide 8 times speed up Fit stability looks well
for ALL the process for fit parts in random initial parameters

s B YIRS EREMCELGH ST, ZBM 24



Implement of Covariant tensor formula

Covariant tensor formula arxiv:2301.01575

— Covariant orbital-spin scheme for any spin based on irreducible tensor
— Traditional covariant tensor formula

Include some symbolic method for automation.

Angular distribution consist in simple casgg;: PvsJ- A 16 537-547(2003) Zou, Hugg

- 00 ->R,(1YH0,R,(1") > R,(17)07,R,(17) > 070~

Preliminary implement, working in process.

Fluctuations due to MC sample

| — ¢2 ] —— helicity £
L6 ~NS gce;\l/lg:'tignlzt tensor E 23 7\ covariant tensor E
irreducible tensor E - \ / \ irreducible tensor E
1.75
1.4 1
2.04
121 150
2
2 1.0 o 120 2 151
53 i 2
S a 3
S 5 S
Zos 1 H
S ] g 1.04
@ 2075 @
0.6
0504 / \
0.4 4 \ 0.5
0.25 —— helicity E |
024 /Ny \_ /=== covariant tensor E
"/ irreducible t rE 0.0 L= . . § ; . . §
) 0.00 5 o s T 7 18 1.9 2.0 2.1 2.2 2.3 2.4
0.0 14 . . . . . . . ¢ m(BCDIGEV
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 phi2
cos6;
= B FYNIRESEREMCENGH ST, 3
Py LN ~ ~ | i %BI)\H
R ROMEBRNEF ST,


https://arxiv.org/abs/2301.01575

BESII

Light hadron spectroscopy

BESIII, LHCb, Belle (Il ...

h
J/$. D,B, ... . hs
o -
B hn
Quarkonia @—@ qq >
_|_
Hybrids eA®@ |99 g>
_|_
Glueballs 4% >
+
Mult- @—@ 6— qz 172> hbea(?nluex, Compass, ... h
quarks + e he
5 X h:n_1
hn
htarget hrecoil
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BE S m 3F 26 new hadrons at BESIII
L N(2570) . :)f«(zsom)
X(2370) N(2300) X(2500) A 2480X rise
EX(2120) X(2262)° ®0(2250) X(2356)
2r X(1870)

o X(1840) 1855

' ¢ 1185948 1817y
2012 2014 2016 2018 2020 2022

Date of arXiv submission

. + —_ ! . A e + —_ ry
X(2600) in J /Y » yrTm"n fo(2480)in J /W — yn'n’ X(2356) > AAinete™ - nAA
% 205 (;Ffuzg’ 042001 (2022) 73 PRD105, 072002 (2022) PRD 107, 112001 (2023)
87T ] [esw]l  osmb N mman]  of s -

-— . [0} 1000 ol | S A = — Total fi
5 15| X(1835) X(2370) . $ wf A 3 wf X
= 1 o 7 g' 600 i— :gzgigg —; (‘5“ 5 nsidebands |
T 2 |
- 5' ; ‘\/W\.; " 3 w 202;‘ oo T E g s =
i E ; . - ; = 20} m ]
o. . 38 3;;#*.%%#-*,-*w*-#f*#;*ﬁ**w**-*m**}w: b e PR
- A A 2 25 2224 2628 3 32343638 4 42
15 2 25 3 . (GeV/c?
M. (GeVic) M, (GeV/c’) M, (GeV/c?)
ay(1817) in D} > KKt n® (2250) in ete™ > wnn® X(2262) > AAinete™ —> ¢pAA
PRL129, 182001 (2022) PRD 105, 032005 (2022) o | RD104,052006 2021)
~ - - 400 .
) i (@) K'K (892 o BESN G 80 +E§ta
o, KK (892)° g ool 00 o Reschoce 3 70 —PHSP
2 100 B K'K.(I410)0 o: : Interference S 60 - - background
8/ I - a,(980)'n? cg 200;— § ig
2 S0F Bl i s 100 =
= I ‘o i c
4 f A - g 20
m bt ¥y AT i > ] ', VRSO 5. . w 10 ‘
. 12— 94 16 18 wg % R 3 %2 24 26 28 3 32
M o (GeVic?) s (GeV) M(AR) (GeV/c?)

(2 B YIRS EREMCELGH ST, ZBM 24



BESIT  X(pp)/X(18??) from J/y radiative decays

Ty B RS AR EEAARERET
NQ 500 J/weva KSY\ X2/nbin= 1.40 ‘
= L7op \ i L T
F F projection —~ 250 .
g 400} Seo; mmBackground 3 S UL : ® PAL106,072002
= £ o50F — X(1560) E § B J3p—yK °K On = 0| ¥ PRL108,112003
X 300f 3405 —-Phasespace j 2 700__ Ip—mr - 4 PRL115,091803
2 g g 200— ' - o PRD87,032008
2 200f : B30 E - B - (I:C : PRD88,091502
F : ' ] c o ] - - JPC?| A PRL107,182001
100 " U—a—e | 020 E = o > :
0: e J/Wevn ™n ] u>J1o“ - ] 150 ‘55
14 1.6 18 20 22 24 26 28 e TR LA T E =
Mprn(GeV/c?) M,0.. (GeV/c?) 00k al
E o
P Teewe . _+— 3
L —eme X(1810 — il
& 200p¢ f_(0(202)0) L 50
S C e £2(1950) > : 1Ap—ypp .
G 150F = 3 B ' :
3 C _223?;2523‘9 § PN s T PP SR P TV EOTUR ) IORTRN) [NPRRTITIS) (ones, [P
S C p= 1800 1820 1840 1860 1880 1900 1920 1940 1960
= 100 = M (MeV/c?)
< C 225M <z
50 F m
; PRL117, 042002 (2016) PRD97, 051101(R)(2018)
0 C ! ST
A I/ gy
M(K'K'n'n%)(GeV/c?) e
',""3007\_\\\\\\\\\\\\\\\\\\\\\\\\\_ [T T LT e :,j """""""""""" Lt
1) - + o [ &
3o J/W—13(T) Jyownmm 4B o 3
- “ = S v
=7F f 1 %70 225M e 0]
200 - 2 600 ; o ¥ 8
) - ] E <00 sl = [ o
E 150l q4 &85 g g S
5 e y ' 2
2100 q 5 300 i X(1870) L% : g
- 1 2 200 Y so0 - it
50; 5 N 2o (1405) 12 14 16 ED S
o -\ e e 3 0 . i 0 v M( d)) GeV/C2 ‘
0 N T I S 71 f (lzézs) VS T ’ 20 2 13 14 15 ;».As[n‘r;]n'] 1(2;9\1/.7(:2) 2 21 22 Y
M(3(r*)) (GeVic?) 1 M, o (GeV/c7)

Are they the same state? It is crucial to understand their connections.
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BESTI Anomolous lineshape of X(1840)
inJ/Y > y3(m'nT)

II]IIIIIIIIllllllll]llll]ll

BESTI
{.

300

PRL132, 151901 (2024)
10B J /1y events are analyzed:

n
(o)
o

= (1842.2+4.2"]1 ) MeV/c?
= (83+ 14+ 11) MeV/c?

n
o
o

Illlllllllllll—

S
= ] .
o [|>760 = 50x more than the previous BESIII work
5 150 — + ) —
£ [ PRD8S,091502 (2013 ] —
& 100 ( ) — 15000 | s S oy ::sult
& F . E N Flatts” R (b)
50~ 225M ? 2 R e atte > 10000~ - ﬁﬁligg; coherent 2B
- 4 AR = 10000 |  total background > - interference term
0 e e oy 11.].8|. L4 "i l'gl 10 2| L1l |2| 1| 2 C "' 373:‘:;‘;’(‘:::) zmp S [ total background
' ' ' ' ' Iz 0 = P e s
M(3(*1)) (GeV/c?) 2 5000 - 2 5000
g - S -
]/lIJ_)Y]Q'!OOT[ T[ zmn - 0 e S 3 el ! el . 0 B
|"”'”'\"'j'|'-+"I|J'a("ﬂ”wlwHj 10 1 L L ; 1 L i L L ! !
L ] _s(lfgftlnm ] (5)?', s ,é,‘*”“; LA ,ré - *H’Q“ gﬁ / i H'}h“
U ey sp RO 2f ++’+ *m /T i i 4 M
[ 120d 1 { — Non-Resonant | 10, | | ! L | ) - ‘ .
E’ ok \g”\*.,h o ] B o A N AN X 2 & 2
o [ Thed f ] M(6r) (GeV/c?) M(6n) (GeV/c )
PRL 117, 042002 (2016)
:;j X
“F ] Parameters Solution I Solution II
it i Mx 1810y (MeV/c?) 1832.54+ 3.1+ 2.5
- I x (1840)(MeV) 80.7 5.2+ 7.7 ‘
X (1835) Bx (1840)(x107°) 1.194+0.30 £ 0.15 2.07 £ 0.50 £+ 0.36
Mass (MeV/c?) 1825.3 £2.4777;3 Mx (1880) (MeV/c?) 1882.1 + 1.7+ 0.7
Width (MeV/c?) 245.2 +13.114¢ I'x (1880) (MeV) 30.7+5.5+2.4
X (1870) Bx(lggo)(X1O_5) 0.294+0.20+0.09 1.19+£0.31%0. 18
Mass (MeV/c?) 1870.2 +£2.2123
Width (MeV/c?) 13.0+6.173%
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BESIT The X(2120), X(2370) and X(2600)

J/d-yn'mt T PRL117, 042002 (2016) PRL129, 042001 (2022)

~~ T T [ ? lt 1
2 s00f (b) X(2120), X(2370) e > 20l
5 : : ook 8 |X(2120) | |x2600) ]
S 400F - s I 5 15[ x(1835) |
= : ] r =  X(1835) | | X(2370) |
S 300F 5 S =
% E ’/"’ ] \\u: 000 .g 10
2 200p < 225M J/yH g @
L - e _ S
100} g ' - " sl 5f 5
- g J/y2yn'mm o 10B J/\|1
O Goat a 3 L e 4 L
14 1.6 1.8 20 22 24 2.6 2.8 15TT4 15 16 17 18 192 21 22 Ottt 5 25 3
M, (GeV/c?) s ' (GeV/c?)
ﬂ‘ R
200 e EPJC80,746(2020) )
o [ ey sopeateo oo Candidates of glueball states
> 1501 Fit resu ===:PHSP > ‘——— it resu ===+ PHSP . . —
8 | g wieary OIS 3 400:%;;“';(2370),_  Totalbke e Combined analy81s of ] / 1/) - )/K +K 77’
cg 100~ Y= K* K n'+ cc. g 300 - yryp— K* K mivc.c. 4 i d K K ,
=2 - 1’ sideband &, | - ' sideband 4
3 | 3 200} ] ana yRgRqh
& sof 45 & ]
@ f e mmed @ 100 ]
AT s s B4 S e 27 %2 7 M = 2341.6 & 6.5(stat.) == 5.7 t.) MeV/c?
M. (GoVIC) Mo, (GeV/cz) X(2370) & .0(Stat. . ({SYSt. e c-,
30— " ] 'SBgo . — Fx(2370) = L7 == 10(stat.) T 8(syst.) MeV,
. F Jp—yKIKS ', n—a'am, n—>yy ©1 - 80 J/w*vK‘;KZn'. n‘*w.p“—'n?r' (d)4
“‘2 25?—0—Data — - Chebychev = NQ 70F — Data ~ - Chebychev _
% | — Fit result $'-;S|Pbk % — Fit result " ?Htslpbk E
© 2 | 5 Signal X(2370) i ’ E © gg 2 Signal X(2870) Oa* g E . =
R S wf T Observation of X(2370) —» KKn
2 2 30 . . .
2 g 2 with stat. significance of 8.30
10§,
Oé i2 1 2 2 2 ﬂ‘: 24 2 5 2. 6 2 7 02 EXEET R X
Moy, (GeV/C’) My, (GeV/c’)
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BESIT EM Dalitz decayof J/Yp - ete w1’

JIp - ymtmn
2 ook (a)
8 |x(2120) | X(2600) |
= 15|X(1835) a0 PRL129. 022002(2022)
% 10 ' T % Dan T . T o Dam T
& o :n‘_,yn*n' mode ~==~ i‘::gﬁrxumm ] - -“'—’r:'n'r\ mode ===- z::g::-xuxm)
T < 2mf - 1 =@ T N |
2 C — \(zsoo) ] % - === X(2600)
A N N : a 15 1 R . n-1 ,busz und : | (h) wimie \Dllvl’]'.bl.t‘lfﬂl"lulld A
TAE T E (Gewiz) qwf O Tapeedewm ] 5[ Pisge it ]
S 2 7.30 + .
. Z 100} 2 s = ol
* Observation of X(1835), X(2120), % | g
. . 50
and X(2370) in EM Dalitz decays E M ] .
* First measurement of the TFF 0T ..‘1.8.”20 22T 36 28 O e I8 3022 2 56 128
GeV/c? GeV/c?
between J /3 and X(1835) ey etV . Lt

reconstruct o’ from yn*n~(left) & n(— yy)n*n~ (right)

Branching fractions of J/y — eTe X, X > ntn ™y

X = X(1835) (solution I) (3.58 £0.19 £ 0.16) x 10~° 5,”I,,,I”,_,,I,,,_,,I,
(solution II) (443 +0.23 £0.19) x 10~¢ . F(q?) = ]
_ -6 i 1- tzz//\2
X = X(2120) (0.82 £0.12 £ 0.06) x 10 4: A =175 + 0.29 + 0.05 GeV//c?
X = X(2370) (1.08 +0.14 £ 0.10) x 10~¢ -

dU'(J /)y — X(1835)e™e™)
dq’T'(J/w — X(1835)y)

= |F(q*)|* x [QED(q?)],

R TR

0.2 04 06 08 1.0 1.2
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.022002

BESI x(2370) in J /3 » YK K’

 Partial wave analysis J /Y —» yKsK¢n' in 10B J /Y decays PRL 132.181901 (2024)
« X(2370) » KsK¢n' significance larger than 14 ¢

+ mass 2395 + 11+2¢ MeV/c? ; width 188+187 %"
* spin-parity is determined to be 0~%
 candidate for lightest pseudoscalar glueball predicted by LQCD

MeV

1L LIAL LT Iy

EET 0T T L0t Slet ol Lot bt Gl te 480E" T Tl e L et TR
180F ( a) 72y, = 82.68/69 : (b) ¥x2In,;,, = 86.46/52
o o t Data ] =
8 160 :_ -—M:Z projection _;
% 1401 Bl Background
(O] -~ Non-resonant
. . n 120__ X(2370) _:
J /W radiative decays are 5 100} Ko 3
S 80:_ X(2800) & 5
gluon-rich processes £ eof E
@ 40F =
20/ =
A of : BT Ry ' 0
2 22 24 26 28 3 098 1 1.02 1.04 1.06 1.08 1.1
MK:K.:“. (GeV/c?) MKZKO (GeV/c?)
L Ma L LI BN B B
— L/ 500 ((‘) 12Iny, = 59.30/53
b r
>
= [
1 O]
(; @
7\ S
000000) 1000000 e
8
2
i

16 1.8 2 22 24
MK‘;n' (GeV/c?)
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BCSIT s o
() (2370) X(2500)
E N o N(2300) X(2262)8 @ (2250.))({2355))((200:))((2300)
oX(1870) o X(1840) ¢ (1355) " N ’3)(1;;(;;0‘;)0)
. 20‘1 2 2011 4 20‘1 6 20.1 8 20‘20 20‘22 20‘24
Date of arXiv submission
. _ . + .
Observation of n,(1855)(1™ ") Observation of ay(1817)" in
. . + + 0
with exotic quantum number D5 - KsK™m
PRL129, 192002 (2022) PRL129, 182001 (2022)
PRD106, 072012 (2022)
400 P—p—————— —p—— (o E _ 3
& (a) /dof = 1.57 L 1@ b
S 300 = Do = - KK (892)"
— —2 > K'K (1410)°
< 200 o e S - a,(980)'1
Q «==s PWA fit projection (exclude n‘) : b +
§ 100 — PWA fit projection (baseline fit) S 50-— s a0(1817) Tto
(I =
()
= > 5 H
0455 2 25 3 = Bz 1 T
M(nn')(GeV/c?) 1 12 1 4 1.6 1.8
. M o (GeV/c?)
PWA of ] /1y — ynn' in 10B ] /1 events :
Must be exotic state! A new a isospin triplet!
Hybrid? Molecule? Tetraquark?
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BESIT

PWA of J/Y —» yn'ny’

PRD105, 072002 (2022)
1400 2000 [ . . , : ——— —
—~ 1200 - — - x?/Nbins =129 f""v(,b) . 103; -
E 1000 |- § 1500 ’ ERR T
o~ 800 o ¥ i R S
P - S 1000 |- 4 8 ==
S 600 <) B ] s 10 =
£ 400 £ s00f E .
() - s o B . e 1F E
& 200 - - T - ] m .
91 s . 2 : . 10" 5_ V | I 1 E
2.2 2.4 2.6
S e ***++++*+m+ Hill *h**ﬁm*** *++ﬂ++ é 3 ‘ZZE """"" ﬁ*’”’*mW** s *** *ﬂ**f****h*“f **ﬁﬂé M,y (GeVIc?)
* 2 2.5 3 -40.8 1 1 2 1 4 1 6 1. 8 2 2.2
M, (GeV/c?) M, (GeV/c?)
Resonance M(MeV/c?) I'(MeV) B.E. Significance (o)
£0(2020) 1982 + 3134 436 + 4155 (2.63 +0.067931) x 10~ >25
f0(2330) 2312 + 2710 134 +555° (6.09 4 0.647429) x 1076 16.3
f0(2480) 2470 + 475 75 £ 9+ (8.18 + 1.774373) x 1077 5.2
hy(1415) 1384 + 617 66 + 1072 (4.69 + 0. 80+?gg) x 1077 5.3
f2(2340) 2346 + 812 332 +£141% (8.67 +0.701? 71) x 1076 16.1
0+ PHSP e e (1.17 + 0.23+4 %) x 107 15.7
* new decay modes for £,(2020), {,(2330), and f,(2340)
* new state f,(2480) firstly observed
I'(f,(2020) —»
* £,(2020) a scalar glueball? (f0(2020) "") — 0.0148
0
I'(f0(2020) - n'n")
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BESII

PWA of J/3p - YK K ¢mr°

» To explore the nature of n(1405) and n(1475):
radial ex-citations of the n and n'? non-qq exotic state?
e A clean channel with negligible background

14000 F~ 4 pata ' L R
e N, =160 I
12000 - —+- Data - 3 — ol R X" pins 3
_ ) - (a) ] g )T°'a' F(';) 3
) —4— 07(MI) .- .- ] 2 3
S 10000 . o 1 10000 @ --(0 =
>  F 07*(MD) S (0] -3 --(11) 3
o ol 5 2 8000 3
ro 8000~ 1 1+(MI) - ", 94 3 (@) -(12) .
o - ; 1 S eooop—® 03 3
2 6000 T°0) * e 1 2 - (®) - (19) 3
) ++ : -‘ ] € =
2 ——2*(M1) o . ] & 4000 @) m
© 4000f _ _ 2*(MD) e ’, -1 O -~ (8) -
i S e 2000 =
J 4 vz SaSe -
2000 T ~ e o ,
e, Ifﬁ* " o .
S 25 ] ia e gy A T =2 Z
125 13 135 14 145 15 155 1.6 5
M(Kg K3n%)(GeV/c?) 25 13 135 14 145 15 155 16
M(KgKgnO)(Gech)
In MI-PWA, large flat O+
components between 1.4-1.5 GeV
[
Resonance M (MeV/c?) T'(MeV) Decay Mode B.F. Sig.(o)
14 K (K70)p_wav KOK2m® (5.8440.127293) x 1075
n(1405) 13917 +0.7+1L3  60.8 + 12435 /% = (1405) = yK§ (KT )p-wave = YR Km (58424 0.12755) X 1070 > 35
J/p — y(1405) — y(K2K2)s wavem® — YKIKIm® (2.88 £0.041353) x 1075 184
J 1475 KK pwave = YKOK 20  (6.58 +£0.1273%) x 1075 > 35
n(1475)  1507.6 + 1.67135 115.8 +2.4+148 [ = n(4T5) = YK (KT Jpwave > YK Ksm ( *z'if) x
J/4b = yn(1475) = V(KK D) swaver® —> YKIKIT0  (3.99 +£0.0070:40) x 107 35
f1(1285) 12802 £0.6712 282+ 1.1%55  J/i — vf1(1285) — 7a0(980)°7° — yKIK IO (8.55+0.417382) x 1076 >35 o
J 1420 K*(892)°KY — vKJKn® 7.25 +0.12797%) x 1075 35
£1(1420) 14335 £1.172%° 959 £ 2.37136 /% = 7/(1420) = 7K (892) K — v KK ( “135) X >
J/p — 7 f1(1420) — vao(980)°70 — yKIKIn0 (4.62 £0.36723%) x 1076 17.8
f2(1525) 15154 £2.5732  64.0 £4.3%20 T/ - vf2(1525) — yK*(892)° K% — yK2KIn° (947 £0.43%555) x 1076 238
— f,r/—'_;\ ~ SASE S LY A
SiRE B YIRS EREMCELGH ST, ZBM

JHEPO3, 121 (2023)

Components

(1). J/1 — yPHSP(0™) — vK*(892)° K9 — yK 3K 3n°
(2). J/¥ — yPHSP(1++) — yK*(892)° K3 — yK 3K 370
(3). J/4 = yn(1405) = YEKH(KIm°)p-vave = YK GK ST
(4). I/ — yn(1475) = YKG(KIm")p-wave — YK KT
(5). J/Wb — vf1(1420) — vK*(892)° K9 — yKIKOx°
(6). J/¥ — vf2(1525) — vK*(892)° K — yKIKIn®
(7). J/¥ = yPHSP(0~") — vao(980)°7° — yK2K In®
(8). J/1 — yPHSP(27%) — 7a0(980)°7° — yK 2K IO
(
(
(
(
(
(

9). J/w — y1(1405) = Y(KZKS)s-waver® — YKGK T
10). J /¥ = yn(1475) = y(KJK2)s waver® = YK K In°
11). J/¥ — v£1(1285) — 7a0(980)°7° — yK I K270
12). J/v — v£1(1420) — 7a0(980)°7° — yK I K270

13). J /¥ — yn(1405) — ya2(1320)°7° — K2 K 370
14). )°

0
J/ — yn(1475) — va5(1320)°7° — yKIKIn0

Resonance parameters of
the involved pseudoscalar,
axial vector, and tensor
states

Data can be used for further
investigations of the
properties of the n(1405)

dn(1475
and n( ) mesons a0



BESIT

Strangeonium [SS] spectroscopy

2800 vt 2701 2691 2635 -:
2623 — ]
2600 & .
- 430 2270 2456 45 .
2400 —[x(2500) AN\ . -
- o f,(2410) 2272 2297 2285 2280 f (2220) :
2200 12144 \\\\Q 2198 f2(2150) ESSsIS) -
Z_\\ oop7 2030 X(2062) 2198 PP )
SN\ 2027 ]
~ 20009 $2170)mm—m =
> . 1971 151 ¢,(1850) ]
g 1800 - 1809 ANANNNN/ =
S 7 1699 1840 4822 1825 e
s J1e19. NN .
c 1600 T $(1680) 1402 f,'(1525) -
= : DNON 1513 enem .
N 1373 )

1400 ek . 3
1200 \ -‘
] ,(1370 ) -
1000 p1020) Strangeonium spectrum -
] 1017 ]
157 Chinese Phys. C 45 023116 (2021) ]
800 4— 3
PC - -+ - ++ ++ ++ + - - - -+ ++ ++ ++ +- -
S0 1T, 0" 1 27 1T T 27 3T 2t o 3T 4T 3t ]

25+1 1 3 3 3 3 1 3 3 3 1 3 3 3 1

LJ So S1 I30 P1 Pz I31 D1 Dz Ds Dz Fz Fe |:4 Fs
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B Studies on the ¢(2170)/Y(2175)

* A strangenium(-like) state: Y-particle with strange quark

600 —— BEslie’e = ¢n —¥— PDG 2021 l
—&— BESlll e'e’ — —F— BABAR e'¢” — yér'n
= BESlll ’¢” - ¢’ i BES J/y — 1¢f(980)
3 3 —2— BESlll e*¢’ - K 'K z°° =i BABAR €'¢” — yér1
> T}leo_rlsts explain ¢(2170) as st el i s
1 e df BESIIl 6*6" — K2K? —%— BABAR e'¢’ - yK'K'z'n’
ssg hybrld = 400 == BESlll e’e’ - KK z° == BABAR e'e - :K'K'x°n°
‘/ 23D or 33S S§ g —&— BESlll 6’6 — ¢n°1 —8— BABAR e'e - y4f ,(980)
1 1 ! —&— BESIJ/y — nén’n
v’ tetraquark g l
v Molecular state AA > 200l I s |
v $f£,(980) resonance with FSI - | ~ife |
v Three body system ¢KK " :‘:ﬁi’ —T—
0 1 1 L 1 | Il 1 -1*- 1 | 1 1 1 I
2.1 2.2 2.3
M 42170, [GEV/C]
2 [rD7g, 001103 @006y | ERDR 03tior Gogyy ] [P oo cowy
g - = { /1 1
2 [ S o 31 E
= osf 1 2 | BEsH HWLH' ++ H’ :
0 P I - e +1 + L +{ ) %+ ol

2 E C‘.M‘j (G6V5 26 28 996 2.06 2.16 2.26 2.3; 2.46
M(¢ f,(980)) (GeV/c?)
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BESII More results on the ¢(2170)/Y(2175)

e~ > K*K 7%

Q
+

PRD99, 032001(2019)

250, PRD100,032009 (2019) 008 1y SRS 1 & odg
5 [ —4— BES-Ill Data . —3$— BESIII 0.07 [} - s 5 0.08 F
Q F —— BestFit Foo I . £
Q 200; xtzz‘aznmnmmum 0.3 i ::’:BAR g o-08 R g 0.06 ;
% 5ok v continuum contribution = | e ?” 0.05 - Background § 0.04f
1 F < o2t I'=139.8 + 123 MeV = S E = o0.02F
o 100} [ @ 003t PRD104,092014 (2021) &  f
+® + 5 + == @ = Z X
& sof o1 ete” > K"K~ &oa| . N or
5 % sl E © -0.02F PRL124, 112001 (2020)
© E F L . o s Y ) 4 L E () E /
’ —2j2' 24 26 25 3 2 e 2.4\/§ (Gzé?/) 28 3 o2 b I Tr\/ E © SR é 2;1 2I2 2I3 2I4 2l 2l6 2|
AA threshﬁl‘GeV) e 22 2.?3 (GZes/) 28 3 - R . . . “ .5 B .7
s (GeV)
: 250 arXiv:2112.13219
L | =—— Nominal fit T 0.8 ‘ -
L Il | Without ¢(2170) fit F —+— BESIII Data 5 07 F /N| —y— ocom
3000 |V ; $(2170) contribution 200 - = s / J \‘ BABAR
i | ===~ Interference o) r — Fit : 0.6F A\ . —4— Belle
) i } T ok < 150 F ‘B F 'I/ \\ (1680)+(2170)+X(2400) Fit
=" r | =+ 8ABARp—=yr (I =100 *e 0.5F A Tl — — siesoacerro F
2000 ‘ BABAR 5 — x*x°x° [43) g F F | \\ /-ii 4(1680)49(2170)
Py — | n— x*x'n L - £ i 1 1
O g ® G PRD102, 012008 (2020) = ol LN /’f
E. i | PRD104,032007 (2021) o E .03 g {
[ L 2 r [ F f \
. 1000 = = 3 '\\‘\z\l—‘—rﬁ—‘ +CD 02F &{{\ a
© o g E £ T
0 - 3 © 01 :_/‘{‘ ; ‘A;"\W-.“_‘,‘_‘;‘ >
r M T %ee
0 fems == = - 1 TV T T Y O T VO W q 16 18 2 22 24 26 28 3
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(s [GeV] (s (GeV)
T/ - o’ JHEP 01, 180(2024)
- S __ —4— BESIII ]
100 g & 2000 (a) — Totalfi
LTy —_ r ~ 0 === Resonance
2 80 -g - k R N0 | I Continuum
% é - f I === Interference
= - NP
o 60 3 u g 1000 -
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?E, 40 K - % I
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Ii 20 © - +: O [ m T e e et mem e e e e
&t ) F et T |
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|O)/Y (2175) is still a mystery
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3SI New axial-Vector strangeonia

Based on 10B J /i events,

a PWA fitto J /Y —
PRD110, 112014 (2024)

pnm

Based on 2.7B ¥ (3686) events, a
PWA fit to 1 (3686) — ¢nn’

PRL134, 191901 (2025)

i o 501 . F ]
“g 300X “bm'l,,l'u (a) ] % 4of_i2§ta x2mbin = 0.64] G 40F ¥2/mbin = 1.573
° | ] > F —-X(2300)-¢n @13 F (b) ]
= 200-_ L f N = 30:_—-(1)(2170)—)(])11 3 = 30 -
Q 0 ff b VR S  F — #1705 18 F ]
~ L ) ] = 2oF — X(2300)¢ 31 5 2oF .
€ 100-_ :' ',| L-L‘ ..-“; ., = b -'qc-)' E h,(1900)—¢n’ E ‘q&)’ N E
R - + & 10 13 of 3
r iy M- !' R e
) I P e == Lk q 2 E— 25 0
" ﬁ/lm (GeV/ce) ’ 5 M, @eV/c)
Process M (MeV/c?) I' (MeV) h+(2300 PC _ q+- observations!
$(1680) 7Y 1668 £ 74+ 25 1147 + 14 4 35 1( ) J
]PC =1 X(QOOO)'rr0 1996 + 11 + 30| 148 + 16 + 66 M=2316+9 + 30MeV/c2
5 TrJ T
]PC — 1+- h1(1900)7 1911 £ 6+ 14 (149 + 12 + 23 _
=L 3 . =89+ 15 + 26 MeV
observatigfsl 950) i, - -

-+ h1(1900): candidate for h; (2P) strangeonium state
-* X(2000): candidate for ¢(3S) or for ¢(3D) strangeonium state

-* h1(2300): mass lower than the predicted mass of h;(3P). Full
. strange [sSsS] tetraquark candidate?
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BESII

The X(2356) > AAin ete™ > nAA
PRD 107, 112001 (2023)

! L T

100} -+ Data ]
i — Total fit
e X
PHSP

1 sidebands

sof- 1t
6o f i

a0l

Events/0.02 GeV/c?

20}

CTETET: 2% ;“"3?‘21.14 3.
M, (GeV/c?)

Clear enhancement is seen near the AA

mass threshold combining 31 datasets

Simultaneous 1D fit to the AA mass

spectra assuming a 17~ state:

mass: 2536 + 7 + 15 MeV/c?

width: 304 + 28 + 54 MeV

L

4 42

hexaquark? baryonium?

The X(2085) in ete™ -» pK— A

(b) Vs = 4.178 GeV. :
>200

2001 .
arXiv:2303.01989

100

2.0 2.5 3;0 71;.5
m ~ (GeV/c?)
pA resonance parameters and spin-parity:
> pole mass: (2086+4+6) MeV/c?
» pole width: (56+5+16) MeV
> favor 17F
no corresponding excited kaon candidates in
experiment or in quark model prediction
could be an exotic state

B YIRS EREMCELGH ST, ZBM 27



BESII

ete™ - wn”

PLB 813, 136059 (2021)

30¢ F % % Thiswork + SND(2000)
F 25F . i SND(2016) — Total fit
—_ 25 m 2 “‘ «=+ Y(2040) Y
.g I s p(1450) - - p(1700)
< 20F [ .‘A 1.5+ - -lnteﬂerence
& g )
B 15f / E
3 f Rl e [ ey
T 10F R~ -
-m I s
L S = (9 P e S el T
) Pt e A e e s A a s s s e
T _f
-5F o
E 1 I <l L 1
1 1.5 2 2.5 3

* a structure Y (2040) with stat.

significance >100
M = 2034 + 14 + 9 MeV/c?
=234+ 30+ 25 MeV

* close to the isovector state

p(2000) or p(2150)

s YIRS ERIT

The isovector states

ete” - n'ntn”
PRD 103, 072007 (2021)

1 1 I 1 I 1

300} i (a) = BESIII ]
- --+- BABAR 1
C — Total fit
[ --- Resonance
200+ ‘ r
-=-= Interference

—
o
o

o
T TN

o(e*e” = 1’ n'x) (pb)

-100 ;I : ]

| | | L
2 22 24 26 28 3 32 34
s (GeV)

* a structure around 2.1 GeV:
stat. significance >6.30
M = 2111+ 43 + 25 MeV/c?
=135+ 34 + 30 MeV
» consistent with the
Y(2040)inete” - wn®

WCBIEHSIE , ZBMN
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BESII Overpopulated charmonium spectrum

from F-K. Guo

Charmonium-like [cc] spectrum

arXiv:1511.01589, arXiv:1812.10947

Sharmonium spactoum
VRO (1685)
BEPCII
; — energy Y(4660)
48 Jh_fmum 2F 2008 AcAe
5617 Sagg 360 e g X(4500)
2007 p = 2010 MOBY ... T AN -
2015 42605008 =,2011 X £2014 2021 DD*(2S) Z(4430)
W(4230) Yo (4274 D 2D 2008 Re0(4240)  Z4(4220) oA
2D G@160) Yl (4140) X(4160) —/l-élilzl' - D D1 el alsinoll ol g e e et el s e el s it e s st el
N 2009 _iF 2015808 5 )\ C Y¥(4390)
—— gaoi) 2008 xosoy S Vd0s5 P B X(4350)_v(4360)
4000 7~ T T TR T ST U 7402015014 me e
2P 2P 2P 2007 X(3940) “ 2014 D-D*. Do~ D0 D) M issrsinssannssnnisn i R R S A AR
2p A2 . il 1
% LoD D L Xa(3872) x23930) ) X li‘)_]j]__/ﬂ) _______ 2020 X(4274) 22(4250)
< D va0860) 2003 20067 —— "= 72005 2013 Y(4220)
% ‘ w(3770) 2017 W1(3823) 2019 2(4200)
s 2 2013 T L
W(2S) =§{ﬂ] 58)
7.(2S)
ver(11 | Vi JrC Dst ..................................................................
_hQP) Yei(Ip) === X(3915) 0F 0FF or 2% Z‘ 4050
3500 X(3940,4160) 77 D*D* seessseezsrszzzzzzziziiiziiiiiiissssssssnnnsns e (4020
— X (4350) 0t 7+
Yeo(1P) Ve 1+ 1
Reo 1 0 D.D X
X(4020,4055)* 1+ o X{gg?g}
X(4050,4250)* 1 DD' ST e ——— x(3872y:::::::::::::::::::::::::Z¢(3.9.00)
/[ Godfrey-Isgur quark model
discovered before 2003
3000 _zg(1S) discovered after 2003
0°(0™*) 07(17) 07(1*) 0*(0*) 0°(1**) 0%(2*) 07(27) 07°(37) 27 1=1 1=1/2

Overpopulated observed new charmonium-like states, i.e. “XYZ":

* Most of them are close to the mass thresholds of charmed meson pairs

e Some are not accommodated as conventional meson
==> candidate of exotic hadron states

« More efforts are needed to pin down their nature
s B YIRS EREMCELGH ST, ZBM a0



BESII

The X states
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BESII The X(3872) state

* Discovered in B - Kntrt] /Y at Belle AP RI 112, 092001 (2014)

o

e The first XYZ states ol E— T |

0t | Ecm=4.01 GeV | " |Ecm=4.23 GeV |
Belle, 2003 of i : 1
» | IR

mo% 14()/ft> 1éAMlﬁlulj&L“iUﬂﬂ 6 3.7 3.8 3.9 4

3.6 4
M(m*rdly) (GeV/c?)

a3

—_
o
T

—_

w

—+ data ‘
Ecm=4.36 GeV |

i E —+—data ’
: 0t~ | Ecm=4.26 GeV |

a

-
’
100 |~ t

t

3.7 3.8 39
E - M(rtJd/y) (GeV
aoo: / '_ |035 (K § W) ( ° BGS

—_
o
T

b Sl Y WL

— 3; 3.7 3.8 3.9 4 3.6 3.7 3.8 3.9 4
M(rnd /y) -M(J/v) [GeV] M(r* /) (GeV/c?) M(rr ) (GeV/c?)

—_
T

Events /0.004 GeV/i ==} Events /0.004 Gev.
o

BE | me e*e” - yX(3872) [BESII]
% f —Towlft ] € T xwasann + data
E 10:_ ==+ Background | }Jg 0.5? i:fq‘taiioépace
i N 1 ‘B 04 --- Linear
g | : %L
kall 7 f oosf v
Wt o W o 4
o AT R UVIV RGN ‘2’ oAb
3.8 3.85 3.9 3.95 - r
Mz J/y) (GeV/c) il 1 e
4 41 42 43 44 45
. . . GeV
oClear ISR y(3686) signal for data validation Ecn (GeV)
*X(3872) signal at around 4.23-4.26 GeV

s B YIRS EREMCELGH ST, ZBM A9



BESII What have we learnt about X(3872)

* X(3872) nature is still uncertain, although Mode Fracton (/)
many studies are performed since 2003

JPC — 1++

— Mass =3871.69 £ 0.17 MeV

222" I(19) Nl seen

—  Width < 1.2 MeV @90% CL x o @
0E = (mp.o+mpo) — Mx3g72) = 0.01 £ 0.20 MeV D‘“ :
* Production x DD 8
Y (4260) resonance decays im 19
[BESIII, PRL 112. 092001 (2014); 122, 202001 (2019)] o

— In b-hadron decays: B, Bs, A,, ...
— Prompt production in pp/pp and heavy ion
collision
 Whatis 1t?
— Loosely D°D%* bound state?
— Mixture of .4 (2P) and D°D%*?

e Important to fully explore its production and

decay properties
s B YIRS EREMCELGH ST, ZBM A
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— Ine*e™ collision, see strong connection of | DD
[
[
[
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Radiative decays
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BESII More X(3872) decay information

» Observation of X(3872) 2m%

" 0 2 —
e‘e —>y,w xwwnhch yzdhp

» Transition of X(3872) — yJ/, yP(2S)

N§ of (a) 4.15<E_, <4.30 GeV '°:{ l"’”w"’""’_“, Y W(ZS) :— gl 1 4 :Y J./\I{’
3 s g of " il Lt bl R st T T gt 1
; ’ "o “
21 2 l i ' T e Gevi) :
‘\z;’ [ (b) 4.00<E_ <4.15,430 <E_, <4.60 GeV R_BF(X(3872)—>V\V(25)) 0.59 at 90% C.L. . asrees
2 ! | BF(x(3872)-yl/y) 0%-L., a8
< BESIII, PRL122, 202001 (2019) with Belle(<2.1), while challenges Babar(3.4+1.1)
£ 2h and LHCD results (2.46+ 0.70)
‘“ I 1 10; DOD*0 D™ = yD° § 5.70 .y
_ 1 :
P75 580 k5 580 B85 400 N I % % P
M(x%_) [GeV/c?] % 5 :
= | i AR
. ™ -l[ ; s bl o 2 - TRl Do
* Observation of X(3872) —> wJ/y = R e
BESIII, PRL 122, 232002 (2019) §'° -
wio Ezo iFfsms)
* Observation of X(3872) >D°D*° >4\l i 210
BESIII, PRL 124, 242001 (2020) O%e 250 3.95 :
M(D °D) (GeV/c?) et e
e A . = ) GV
s B YIRS EREMCELGH ST, ZBM Mol G

a4



BESIT A new X(3872) production
process e’ e” - wX(3872)

PRL130, 151904 (2023)

Radiative production in etfe—y X(3872)

BESIII, PRL122, 202001 (2019) Ny 095F /s =4.661-4.951 GeV 3 14F
_e_- e S 095_._ & % 125_ —+— Data
o (@) 415<E_ <430 GeV | o o S t0f ogens | 120
col g 0'855_ . T} 8:— [ sideband
. ¢ 9.0fb! ! o~ 08F" i o f 24.0 £ 5.3
g 50f ° % c E g 6F
2 0.75F -t r
= 400 y c : : 2] 4F
g %o e P o 2p
& S 065- g w o = -
0 TR TR 3.8 3.82 3.84 3.86 3.88 3.9 3.92 3.94
AU, 0. WU SV P S 88 382 3.84 3.86 3.88 3.9 392 3.94 Mt Jhp) (GeV/c?)
- 2
+,
(b) 4.00 <E_ <4.15,4.30 <E, <4.60 GeV M(rtdhyp) (GeV/c?)
b 5C
3,0 V35 (GeV) Lins(pb™!)  Nug  €(1+6) (%) o®(pb) o2 (pb) Significance
© 4.661 529.63 0.337335  28.25 0.52312:128 +0.051 £ 0.165  5.64 -
2 4682  1669.31 8.00733%%  24.62 456711995 +£0.393 + 1.442  11.49 3.40
i 4.699 536.45 0.007095  26.96 0.0007 1541 +0.000 + 0.000  3.32 -
4.740 164.27 1671777 21.83  10.90673%55" £1.025 +3.444  40.58 1.00
4.750 367.21  5.007255 2243  14.23977320 4+ 1,424 +4.497 38.17 3.10

380 385 380 395  4.00 1o Coes
M(endiy) [GeVic?] 4.781 512.78  1.00%535  31.60 1.4481 1087 £0.216 £ 0.457  6.51 0.70

4.843 527.29  4.677355  26.73 7.768154295 +0.668 +2.453  21.14 2.60
4.918 208.11  1.00753%  22.64 498015790 +0.433 £1.573  21.69 0.70
4.951 160.37  0.0013:%5  20.42 0.000*5-592 +0.000 + 0.000  14.67 -

a new X(3872) production process e*e”™ - wX(3872) is observed for the first time

s B YIRS EREMCELGH ST, ZBM AR



BECSII e"e >N X(3823) > YN

w
o
T

345 35 3%
My, Ji) (GeVic)

36

345 35 355 36345 35 35 36

My ) (GeVic?)

My i) (GeVic)

%S'Q:I N§" 402_ —Data N(S) 402_ —+Data

> 38 10 ¢ — Fit 0 [ — Fit

ﬁ i b= 30: -~ Background = 30: ----- - Background

¥ 87 ¥ TR I B I Sideband © I Sideband

3 2 2

§3s 15 20F 200

4 Al Ve > VA2

2 ToF ' " ok

39 ' .

N i [ I

> e o (b b bbbt AT AL b« o3
538 . g6 3738 39 4§ 37 58] 39
=4 o ‘ - 7 r—

797 3 | AR ORI M) §8eV/cY) Mo ) (GeV/c?)
& e e

5a6f R & — 1

s, AMGV | 4606V |

Phys. Rev. Lett. 91, 112015 (2015)

—+— data
—Y(4360)
y(4415)

22

a4
E.n (GeV)

45

Whether from Y (4360) or )(4415) decay

Favor the Y(4360) ? [M. B. Voloshin, PRD
91, 114029 (2015)]

Y (4360)>n*n-X(3823)? New decay model
of Y(4360)?

46
B YIRS EREMCELGH ST, ZBM 46



BESIL  Cross sections of e* e~ — wm—1(3823)

first observation of vector Y states PRL.129, 102003 (2022)
decaying to D-wave charmonium state

o
= o
2 Viase0) © 505 —+ Data — 6 [+ Data
& 46 % 40F — Fit < - — Two-BW fit
2 s Y (R Background E’ W e e
S45 v 30F I Sideband & 4l e
g v(a's) P T 7
5 4.4 Seem— b 20 [é2) B
2 Y(a390) oy i N I
. Y(a360) > 10k gg [
4.3 w i 4 2r s
Y(4260) ' L
4.2 S a5 35 M(3.575 \ (G3'$// 2 +§ ol .
v J) (GeVic — ! < SR SN S .
4 " . © Y42 4.4 4.6
UBLE O [ —+ Data
4 > | — Fit Ecm (GeV)
s100F [} - Background
3.9 mg +m, | © o W Sideband Parameters Solution I Solution IT
L] R RN MIR:] 4406.9 +17.2 £ 4.5
3.8 & c 50
VXl s Lot [R1] 128.1 +37.2 £ 2.3
st L T2 el B bt S T BBy 0.36+0.10+£0.03 0.30 & 0.09 & 0.03
5o 365 37 375 38 385 M|Rs] 4647.9 £ 8.6 £ 0.8
s : ; M) (GeV/c?) ot [R2] 33.1+18.6 +4.1
ost precise measuremen T... B™B, 0.24+0.07+0.02 0.06+0.03+0.01
mass and width of y,(3823): ¢ 267.1 +£16.2+3.2 —324.8+43.0+5.7
m = 3823.12 + 0.43 + 0.13 MeV/c?
< 29MeV (at90% CL) * R, and R, consistent with Y(4360) and Y (4660)
« BESIII also observes ete™ — %% (3823)
Bl12(3823) 2yxe2] _ 033 +0.12(< 0.51)) [JHEPO2, 171 (2023)], consistent with isospin symmetry
Blv2(3823)—vXc1)

s B YIRS EREMCELGH ST, ZBM A7



BESII

The Z states
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BESII e'e” »>n'wJ/Y at 4.26GeV

5 8 1595 evts in .
N o - .
NRE:: 45 5 b J/\ys.lgnal 5
o 1.2 4 ® b 3 region, 8
OJ: 35 O F purity~90% &7
B o0s8f ok
S E 29 o 14 5
T 06f 2 § 13F 4
: 1.5 - 3
0.4F -
: 1 12§ )
02 0.5 1 1
°1 . 9079112713 14 15 16 17 18 °

M?(n+d/y) (GeV/c?)?

+oun 120 .
Y Yk e ]
> > > 100f-
; : S 2
N Y o 80 [Msidevand *
S S S ﬁ
o o o N
: - : o hh iJTH -+---~.l}m
z 3 a 2f Vi w i i i
8233343536373830 4 4142 8233343536373839 4 4142 82704 06 08 1 12 14
M(x*dlv) (GeV/c) Mz Jy) (GeV/c) M(z*r’) (GeV/cd)

s B YIRS EREMCELGH ST, ZBM A0



S5 Zc*(3900) discovered
PRLT10, 252001 (2013)

Mass = (3899.013.6£4.9) MeV
idth = (46110+£20) MeV

100l Significance +oaa
I >86 — Total fit

---- Background fit

== PHSP MC

o
o
T ] —

c) Z (3900)

Events / 0.01 GeV/c?
NaN (o))
o o

N
o
T T T

o

3.7 3.8 3.9 4.0
Mpax (TEJ/Y) (GeV/c?)

* Couples to cc
» Has electric charge 1 B
=» consists of at least four quarks of ccud

from APS/Alan Stonebraker

s B YIRS EREMCELGH ST, ZBM B0



BESIT Confirmations from other experiments

70 s - ¢ Data M(Z;(3900))=3884.6+4.6 MeV
ata 35 --- Phase Space
60 — Fit E — Fit 8 1+20events

— Background

-=-- PHSP MC

Counts/10 MeV

Events / 0.02 GeV/c?
3

30

20

10

0 - i < Q.’-;OO 3700 — ‘38001 = ISBOO. = 4000

3.7 38 39 4 4.1 4.2 M, (TE/Y) (MeV)
Myax(m/y) (GeV/c?)

Mass = (3894.516.614.5) MeV Mass = (3885+51+1) MeV
idth = (63£24+26) MeV idth = (34212+4) MeV

Consistent results from other electron-positron annihilation experiments!

 E—

s B YIRS EREMCELGH ST, ZBM 51



ol Nature of the exotic Zc"(3900)

> |ts mass lies close to the threshold of
m(D)+m(D%)

pD* molecule? tetraquark? and other scenarios:

e Cusp?
e Threshold effect?

> Other decay mode of the Zc(3900)7?

> Partner(s) of the Zc?
Evidence for neutral isospin partner! [T Xiao et al, PLB 727,366 (2013)]

s B YIRS EREMCELGH ST, ZBM [~p,



BESIT e'e >nZ'(3885)>n(DD*)" at 4.26GeV

similar for the iso-spin partner mod

P T =TT i
1
I *0 | N
i D i Lo M=3883.9+1.5+4.2 MeV;
l G ] D 70b [\ T=24.8+33+11.0 MeV
1 1
! ] = 605 1.
: i < S0E (1|
'""""'. """""""""""""" | = 2 3 bbb
If Z(3885) is Z(3900): G 20 SRR R
— 10 |-
_ I(Z(3885) > D*D*) W ok
= TG =5l L) 3.85 3.90 3.95 4.00 4.05 410 4.15
M(D°D*) (GeV/c?)
0.5¢ N
g v+ |+ distribution favors 2 80
01 1+ and disfavors 1° <« 60 | +;. 4
=  0.1F ~ Wt
Sl TR 100 orO D 40 b bl
0.1 02 03 04 05 06 0.7 08 09 c . e 1T * +
ICOS enl q>) 20 .: ! T I +
= Ok |
o(e'e— m Z(3885)*, Z(3885)* — (DD*)* +c.c.) 3.8 3':/?(3%*04)'0(%:(\)}5/ cf‘z;o 415
= (83.5+6.6%22.0) pb

s B YIRS EREMCELGH ST, ZBM [ e



BESHT Structures in ere >m*wh(1P)

Reflection and possible Z (3900) signal

-
o

[u—y
[}
(=]

1

- Z./(4020)

[y
S
(=]

Events/(0.005 GeV/c?)
(¢ -]
T |° LI 1

(=)
(=]
T

=
=]
T

..
.
‘.

- N W s o O N o 0

[\
(=]
T

0

130701 02 03 04 05 06 0.7 038 9
2_(GeV/c?) 9

5 400 405 410 415 420 425
M.., (GeV/c?)

Simultaneous fit to 4.23/4.26/4.36 GeV data and 16 m_ decay modes: 8.9c
M(Z,(4020)) = 4022.9+0.8+2.7 MeV; T(Z.(4020)) = 7.94+2.7+2.6 MeV

s B YIRS EREMCELGH ST, ZBM BEA



Partial reconstruction of the process
ee> = (D'DY)

& tag a D™ meson in an event
- & find an additional charged m~

o -' 3::’ . ﬁ';(é?,zs) ~ reject backgrounds from e"e >
é 400 — Argus fit to sidebands DD
0 300l + & use signature in the recoil mass
~ spectrum of D™ 1" to identify
the process of e"e> D" D™
& to improve the significance, at

least one of the m,%/m,° is

detected

205 21 215 22 % study the mass spectrum of
RM(D')+M(D")-m(D") (GeV/c?) -
recoil 7

s B YIRS EREMCELGH ST, ZBM BB



BESIT

Measurement of the Z7;(4025)

assume it as a particle,

—

(0 0)
o

=(137+9+15)pb

o(ete™—2zF (4025)nF —(D*D*)EnTF)
o(ete——=(D*D*)Tn¥)

= 0.65 = 0.09 £+ 0.06

: —4—data = —-Z.(4025) Zc(4025), and fit to the z~ recaoill

o~ 70F — total fit -~ comb. BKG mass distribution

:‘ m(D*) + m(D*%) ----PHSP signal

© W ws resonance parameter:

= 50¢ H (Z.(4025)) = 4026.3 +2.6 & 3.7MeV/c?
To) - mi Z. 9 = . . . ev/co,
Al 40F I'(Z.(4025)) = 24.845.6+7.7MeV.

& 3o; H 401447 Z (4025) events

o 20f o(ete” —(D*D*)*7T)

> s

L 10}

402 404 406 4.08
RM(m) (GeV/c?)

7.(4020)=Z(4025)?

Coupling to D*D* is much larger than to mh,. if they are the same state

s B YIRS EREMCELGH ST, ZBM REG



BESIT Search for Z.(3900)°in Search for Z,(4020)°in

aj S 39 395 4 405 41 41
M5 (GeV/c?)
max

ete” > 1 nOJ/w,b ete~ - mOOhc
PRL 115, 112003 (2015) PRL113, 212002 (2014)
h, reconstructed through E1 transition h, — yn_, reconstructed

M = 3894.8+2 3+3.2 MeV/c2 from 16 exclusive hadronic modes.

I =29.6+8.2+8.2 MeV
) (2) 4.230 GeV, 10917 pb' M = (4023.612.2 + 3.9) MeV/c?
2 Width fixed to the Zc(4020)*
% 45
g . 40F
g (g Z.(4020)
% = 25F
2 S 2 +
& £ 155 +
&\J 5 10;—
g

38 20 4.2
M.y, (GeV/c?)

Isospin triplet is established: Z.(3900)*" & Z.(4020)*"
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BESTH |search for z.(3885)°in Search for Z.(4025)%in
e"e” » n’(DD")” ete™ - n0(D*D*)°

PRL 115, 222002 (2015) PRL115, 182002 (2015)

" ~
,’ q- ) Dr—Kmmw, Kmwmno, Kstr, -
\ o5 KsmmO, Ksmmrm-
D°—>K w, Kmnd, Kennee F sy T -

»”

(\\1::'."'0 /.}: /,: D+—> K'TT+1T+ ‘:\,:- /0 /— t"d
DO K-, Km0, K-t 1t
! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | !

© 30f- -
e- >t 42300442600V S
\ g / 5 L (a) . §, )
- h = <1 &
— T 20 I SR —
e+e_ i D+D*_n0 - D+D0n—n0 :>_|) L ' 1sf -l- i::s.zssev-
— g “‘ 10_ . J —
pole = (3885.7153+8.4) MeV/c? I i T
<80 pole (35+11=|=15) MeV 10 B ST ) © RAME)Gevie) |
(&) .
3 : e :
= 60 - weL I
o 0 =& SN0 SURUUT URUUT TOUUUR OUURD! UURUUTTRUU00 HUUOTY PO O Yot Koo -
T 4.02 4.04 4.06 4.08 4.1
> 40 RM(n%)(GeV/c?)
5 +2 0 5
£ 2 pole = (4025.5729+3.1) MeV/c
[0 = (23.0£6. 0+1. 0) MeV

0 3.5 3.9 3.95 4 4.05
M(DD*) (GeV/c?)

Isospin triplet is established: Z.(3885)*" & Z.(4025)*"
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BESII e'e 2> (DD*)'n +c.c. ( DT method )

PRL 112, 022001 (2014)

©
o

Single n7D° tag
@ 4.26 GeV

D N
o O O

30 305 4 s I Y I S Y
M(D'D") (GeV/d) M(DD™) (GeV/?)

W b
o O

Events / 4 MeV/c?
(&)}

[\®)
o

B
O"
e
.

10 ’ ]
95 2
: . z L |
100: Slngle D" tag Y 39 4 40 Tal TR hes s 405 i
N§ 80: @ 426 GeV M(D’D") (GeV/c?) M(DD") (GeV/c?)
> 80F
= o { Single tag Double tag
> | ﬂm l M=3883.9+15+42 MeV | M=3881.7+1.6+2.1 MeV
S 40p T [=24.8+3.3+£11.0 MeV =26.6+2.0+2.3 MeV
L Ty | geere =1
- t
Lo o] Good agreement between ST & DT method
é).8 . . 4 4.05 4.1 4.15

+_+0
Shes M(D'D™) BFYIESEXIHICEISHSITE | LB £Q



BESTT Search for light hadron decays of Zc in
e'e” - nZ,(3900) - n(on)

PRD 92, 032009(2015)

~ 14 4.23GeV| (a) ~ 12r 4.26 GeV  (p)

&) n 8 -

> 12: = 10}

2 10—:‘F | ‘ ' (D 8__ ° o °

5 sl 5 Gl

S gl \ AR s CH ..

> i I T _f::’_. ‘ & 4 it 1ol 4

E 4 :_m | T" “}I | }0 0}0 | | 1 : —” | I i |

() [ G>) _

o 2F m o 2f l {

ST e W o l o Ll I
8.4 3.6 3.8 8.4 3.6 3.8
M(wrt) (GeV/c?) M(wn*) (GeV/c?)

® Searching for new decays of Z¢(3900) to light hadrons:
distinguish a resonance from threshold effects

® No significant Zc—wm is observed:
o(e+e-—Zcm, Zc —wmw) < 0.26 pb @ 4.23 GeV
o(e+e-—Zcm, Zc —wn) < 0.18 pb @ 4.26 GeV
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State ‘ Mass (MeV/c?) Width (MeV) ‘ Decay ‘ Process

Z.(3900)*  3899.0+3.6+49 46+10+20 nt] /Y ete” > ntn ]/

Z.(3900)°  3894.8+23+27 29.61+8.2+8.2 ]/ ete” - 7% /y
3883.9+1.5+4.2 24.8+3.31+11.0 (DD"*  e*te” » (DDH)*rn*
Single D tag Single D tag

Z(3885)F 3881 7+16+21 26.6+2.042.3 (DDt e*e~ —» (DD*)in*
Double D tag Double D tag

Z(3885)°  3885.77%3+84  35712+15 (DD*)®  e*e” —» (DD*)°n°

Z.(4020)*  4022.9+0.8+2.7 7.94+27+%26 nth, ete” > mntn~h,

Z.(4020)°  4023.9+2.24+3.8 fixed nh, ete” - nonCh,

Z.(4025)*  4026.3+2.6+3.7 24.8+56+7.7 D*D* ete” - (D*'D")*n™

Z(4025)°  4025.5720+3.1 23.0+6.0+1.0 D*D* ete™ - (D*D*)°n?

BEiRE B FYIESETCERSHINE , EBN 61



BESIT Charged Zc's found at BESII|

100 —_PRL 110, 252001 (2013) —4- Data 90
© — Toulfi 80 M=38839 + 1.5+4.2 MeV
> o Z.(3900) -+ Background it '=248+33+110MeV
8 801 --=. PHSP MC % 70
C = 60
S eofF = + PRL 112, 022001 (2014)
2 I P
w 40+ T 11k c 40
= 8 o
& 3%
o 20f 20
0 i b 10
3.7 3.8 3.9 4.0 P39 Em 405 41 415
Mmax(Jhp) (GeV/c?) M(D°D¥)
© 120F 80F —4-data  —-2Z.(4025)
= 050 L. JOE — total fit ~ comb. BKG
O 100 340 A F .- PHSP signal
8 f > 60
< o 230 o :
S T g = 50}
= - 2 P
g ¥ g G o 40 u
...... = 39 40 41 — 30k
- Mﬂ.hc(GeV/cz) 1) i
S 20}
> i
SO5 % = . | LIJ 10 =
410 415 420 42.25 A
M,., (GeV/c%) 402 404 406 4.08

RM(r) (GeV/c?)
s B YIRS EREMCELGH ST, ZBM [P,



BESII The Zc Family

Zc(3900)* Zc(3900)° Zc(4020)* Zc(4020)°
PRL 110, 252001 (2013) PRL 115, 112003 (2015) - PRL 111, 242001(2013) PRL113,212002 (2014)
%’ ; E‘:: Preliminary 3 .:-: <
e 5 3 z 3 {
S 60 ; ) H E :
3 @ o 5 N H
5 » g
a 2 (<
0==37 M.::Nv )?éo w::’)w MEI1y) GeVie) e as e s ST ¥ e ey
ete™ 5~ atJ/y ete~ — 90U/ ete™ 5 7w~ nthe ete~ — n%71Ch,
Zc(3885)* Zc(3885)° Zc(4025)* Zc(4025)°
ST: PRL 112, 022001(2014) PRL 115, 222002 (2015)  PRL 112, 132001 (2014) PRL115, 182002 (2015)
DT: PRD92, 092006 (20]5) _®F = -comn.6kG st G \ : \ |
| - o T -7y 2
[ ) 4'OBF{M(;:O)((;;Vcz)
RM() (GeVic?) _
ete™ — = (D*D*)™ erer - mi(DDy’
Which i1s the nature of these states? %
If exists, there should be SU(3) @
counter-part Zcs state with strangeness C 4
L@
s B YIRS EREMCELGH ST, ZBM

G



BESII

Observation of the Z,.(3985)*

PRL126, 102001 (2021)

e 3.7fb! data accumulated at 4.628-4.698 GeV P
. . — ()
* Partial reconstruction of K* and Dj I
* Signature in the recoil mass spectrum of K* D7 to —— ™o
identify the process of e*e™ - K+ (D;D*® + D~ D?) K
220 T e*e” > K*D;"D°
(\b F = 4. T g™ 's*o =4,
S 2000f (a) ‘ (s = 4.681 GeV Y %(8)8 _____ z e gDD Is +4 ;?31 GeV
< 1500 F ,+ Data 2 160E oot Fitresu
p - , —Signal MC S M0E_ | wopep? 99 WS Data D0
p= - . o 120 . P
~ 100
£ g @\
& ol b/ D;

1.9 1.95 2 2.05
M(K'KT) (GeV/cd)

195 2 205 2.1
RM(K*D)+M(D))-m(D)) (GeV/c?) K*

ete” > K*D;D*°

40 T 275 T T - . 275 . . : : -
%, Fis=4.681Gev -+Data .- is=4681GeV{ _ Vs = 4.681 GeV]
8 r . *h g N 2.7._ R ht-“(‘ = N 2.7'__ -] =
=30F Zp.p" 1) - 1ght-s1gn 3} : Wrong-sign
o I 7 DsDs > 2 ::3"‘.'.- ~ ] > F 3
SooF ©02.65F J3anvatt e, 02.65F

20F H I I R BNR | O f
>1°F { l 92 55k B s sy s 92 55k o 4
Q0 - = 25F w4 3 2sF B .
= E 245E L 1 I L5 B E C

B K S IR T I - 4 405 41 415 b 4 405 41 415

RM(K") (GeV/c?) RM(K") (GeV/c) RM(K*) (GeV/c?)

s B YIRS EREMCELGH ST, ZBM RA



BESIT
Observation of the Z_(3985)~

PRL126, 102001 (2021)

40
‘“ggg (s =4.681 GeV e Assume the structure as a D; D*° /D~ D°
%25 (@) 1{ * resonance, denoting it as the Z.,(3985)".
520 l hlJ [ ]] * Afitof JP=1" S-wave Breit-Wigner with
%18 \\ i T mass dependent width returns:
Qs m = 3985.2%53 £ 1.7 MeV/c?
0 r =138%%1+49Mev
* 4'05RM(41'<'1) (G:\',}fz) * Global significance: >5.3 o
°Hs = 4.628 GeV s =4.641 GeV

s = 4.661 GeV (s = 4.698 GeV

15 (d) 4 1 * (e) ‘ *

10 ! - ‘
o gt | gL
0 4 41 4 4.05 41 4.15

RM(K"*) (GeV/c?)

First candidate of the hidden-charm tetraquark with strangeness
s B YIRS EREMCELGH ST, ZBM Q5



BESIT  The Zes (3985)* and Zc(3885)

16136/813);) (C;lsxt/a 525 /pb data @4.26 GeV from Marek Karliner in Nov. 2020
Mass (MeV/c?) 39852723 +1.7 3899.0+3.6+4.9 3883.9+1.5+4.2 charm-tau factory program
Width (MeV) 13.8781 + 4.9 46+10426 24.843.3+11.0 « JJ K* resonances:
GBO . B (pb) 44793 + 1.4 13.542.1448  83.546.6+22.0 Z(3900) analogue? )

Z.(3900)* = (c¢ud); d — s: (cEus) ~ DsD*
~10 MeV above D,.D*/D.D thresholds no natural molecular binding,

similar to Z (3900) & Z,(10,610) so if discovered, would indicate
C(DD*) b(BB:") Tq or a novel mechanism

Zcs: 3985.2MeV

§ﬂ

@
=3

(7
SU(3) partner of Zc(3900)? 9.2MeV 10MeV

Events /0.01 GeV/c?
3

40 "
©35F s =4.681 GeV 30 o o e o o o -
Sof @ D;~D° 3977.0MeV
] s e ——— e D; D*° 3975.2MeV
G20 | ILL LL} hﬂ“ { o _ *
215F 4\ Hit || .- @ :
Sof [T o . - 5
W sf sat (% 3 o | Vol diquark-antidiquark? D*D, + cc molecule?
04 405 41 415 im| ¥ bl A Ty
RM(K") (GeV/c?) 9B IW IR IR AE a0 TS 38 XX
M(D'D") (GeV/c?) M(D'D") (GeVic?)
Z.(3985) Z(3900) m ;
gluo‘nvs + 5"‘".:"’ 0
K-zF ROz KeZ Kz rZF ) wZ ol C
1/4 1/4 1/4  1/a 13 1/3  1/3 & %

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

s B YIRS EREMCELGH ST, ZBM



BESIL Evidence for the neutral Z_ (3985)°

3.7fb! data accumulated at 4.628-4.698 GeV arXiv 2204.13703, accepted by PRL
Partial reconstruction

| -
o P! &
%
oY o . Y
Tae: KO Dt a — -y
ag- LR n.+ . l @‘ I
(A ez
Missing: D~ VA P e et > < e
or D and ° o o
+ .
‘g_é\n_ g_é\f_
ete” - KID**D; ete” - KID™D;~
- e o s s s s . _- —1 --------------- I?—- —————— 2500 15000
+
‘I_ R K‘ 2000 F - -,
. 10000}
1500F .
":} ‘q — e 1000 -, © 5000} = T, O
> v e
mw
1 L . i o= . ; . : : : : .
Tag: K¢, Dy et 3 . e~ et S e S 0794 196 198 2 0784 18 188 19
Missing: D** Y ol S M(D) (GeVi/c?) M(D*) (GeV/c2)
+ ' 0 Ji - m* é n -$-Data D; sideband —$-Data D* sideband
= D and Y(n ) \ﬂ' - \zt— : 100 DNon-msonam signal MC 300 DNon-resonamsigna.lMC
g 200
g sof {}; © i O
. g s,
* The D,* and D* are reconstructed through t‘hﬁﬁjﬁ.@g! i 109 e
e N -DK+K-1- K+K-m7-10 K OK- K OK+m—mr— ' : : e »
D, 2KK -, KK, KK, KK nn™, n'n 9195 2 205 21 21¢ 205 21 215 22
« D*2>Kntrnt, KOnt, K Ontmhm- RQ(KD)) (GeV/c?) RO(KD*) (GeV/c?)
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BESII

Evidence for the neutral Z_ (3985)°

arXiv 2204.13703 accepted by PRL

—4— Data —— Total PDF Signal

-~ Sideband -~ Non-resonant process ~ — =~ D**Dg
40;_ (a) Vs=4.628GeV 40;_ (b) Vs=4.641GeV ?gg © +Data  — Total PDF . Z.,(3985)

30_ 30 ~ 160 E_ - Sideband ----- Non-resonant process --- D#*Dy
20F 20} 5 140 - -

i tﬂ/{ R i = 120 F W ¥ #JH\‘%
1op |17 E 10F 2w =X

s E ‘;‘4‘ R PTG A E TS STt % ;_ s )KN

> O o G=dssiGev | 100F [ (@) f5=4682Gev D I \

> 30} + : £ X

s 201 A S0 MH ++ 1 %95 4 405 4.1 415 42
5 1of B L & RM(K‘S’)(GeV/CZ)

2| L .

: ' ‘ T o”" x B (pb) 2 2
40¢ Vs (MeV) K0Z,4(3985)0 K~ Z.5(3985)T Xiota1/ndf
30F 4628  4.4755+2.0 0.87;%£0.6 1.2
20} 4641  0.07354+0.2 1.6717+1.3 05
tof 4661 2.87184+06 1.671°+0803 5.1/5

4682 22112408 44705 +1.4 1.0
995 4 405 41 415 42 4699 7.0732+1.8 24715 £1.2 21
RM(K’)(GeV/c?)
[ ]

Mass (MeV/c?)

Width (MeV)

Z.s(3985)"
Z.s(3985)" 3985.2720

39922+ 1.7+ 1.6 77+41:t43 .

+1.7 138+

+4.9

Mass and width consistent with the charged
Zcs: m(Zcs™)<m(ZcsY)

Cross sections are consistent under isospin
symmetry

=» they are isospin partners

B YIRS EREMCELGH ST, ZBM
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BESII

Discussions on the nature of Z_.,(3985)

PRL126, 102001 (2021)

: . . : 40 ¢
* Various interpretations are possible for the structure W35] |5 =4.681 GeV
>30F I
— Tetraquark state 25| (@)
— Molecule gfg
— D, (2573)* D!~ threshold kinematic effects g, pme-TNy
(Re-scattering , Reflection, Triangle singularity) O 405 41 415
. ! RM(K") (GeV/c?
— Mixture of molecular and tetraquark ZOOE J (R9iGe C)O)
180 +?i§2|mnd i’ll\ﬂl‘:)ts-lrle)g)ﬁam process —%‘\\*E"S‘IQ)%S
- PRL 129, 112003 (2022) | RSNy
2 120 : /;(7##% +#+**M
S 100 N2 ‘~f‘\;+
= 80 ( < N,
— . . . é +
Z..(3985) from e*e~ annihilations and LI i
Z.,(4000) from B decays B
o i : ‘ L RMEK)GeVie) '
’;hf?clr ma}[sses are close, but widths are PRI127,082001(2021)
ifferen 2 0E B & J/wdKt ' prren -
. . = = ' LHCb 3
« If they are same, why width so different? = coo . E
- If they are not same, is there the Z S
. . £ 400EF
corresponding wide Zc(3900)7 S ook
 Looking for more channels will be useful S 200f
100 E
0:
BRE YIRS EREMCEL G > T GO




BESIT  Search for the charged Z.,

: e ptp— + p*0 p*—
signal channel: e*e™ - K*D*°D; CPC47, 033001 (2023)
15 [ Di-tag at Vs =4.661 GeV [ D”-tag at Vs =4.661 GeV
(a) D Tag at s = 4.682 GeV L [
—+— Data L [
200 I D; sideband 10~ i
> WS r :
2 - K'DD" sF -
S - K'D;D’ : i l 4
3100 ¢ - NR signal MC s , .
3100 s : I S | ' B LlLli | | I 1 1 | |
§ 6’5 | D.-tag at Vs=4.682 GeV | D"-tag at {5=4.682 GeV
= N S af .
o= ) - -
1.9 2 2.1 2.2 = L I +
RM(K'D)) (GeV/c?) S [ #
< 20 -
400 (b) D™ Tag ‘E -
& [ D’ sideband e e 3 4 : ‘
§300 = ST DTORR | | AN R | |
§ [ D-tag at Vs =4.699 GeV D"-tag at |s =4.699 GeV
& 200 15F
© B
%100 of *
= B
4 r
= 5 7 5 :
2 2.05 21 215 s L N 411 el
P PPN [ RO s PO DR B 220 o] P B ] e | b ] S o
RM(K'D™) (GeVie?) 4.12 4.14 4.16 4.18 4.12 4.14 4.16 4.18
g g AT A A RM(K") (GeV/c?) RM(K") (GeV/c?)
E F 5 s d 7] lo
T E / N 1 2
¥ E RS 320 (4123.5 + O.Zstat. + 4.7syst)MeV/c
— ol S 3
g0k 4124./1/Mef otal 4.10 1, .
s F Tt~ 330 S 100 - Dy(2536)" D, — Comb. BKG
— 1073 ; . RN 3 § --- NR —-¢- Total data
Rl Ay ad ; e — Total fit — 1z,
10_4 E "-".* 1-4(-7 E
F = o
£ ] Z 50
w05 [,=20MeV == T,=40 MeV -
E 3 N
F —T,=10MeV ==+ [,=30MeV — T,=50MeV 7 5
10—6 " " ' L 1 " " " L 1 L L s L L‘E
4.12 4.13 4.14 4.15 0 RS
my(Z'.s) (GeV/c?) 4.12 4.14 4.16 4.18

RM(K") (GeV/c?)
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BESII

et H o YISR
ECM Mh(l(lr
E Hadrons
e

e*e~(yisg) —> mwra-Jip at BaBar

Events / (0.020 GeV/c?)
S5

The Y states

Y states: charmonium-like states with JP¢=1--;
Observed in direct e+e- annihilation or initial
state radiation (ISR).

arXiv:1211.6271 and CHARM 2012

ete~(yisg) = my(2S) at BaBar and Belle

80 pr—— T

o 7 . 20T T T T x = ° °
0 1% Wyvasen vassn V9 IvEr *  While not seen yet in B decays
oF PRD 86, 051102(R) (2012) i 16 * BaBar .

E_ Y(4260) E ,,,’ ”5- 112 events (52066) :t(] ,-ZI:U + _ ‘I.
s0f z b Belle E B*Y — K= nTa=J /¢

£ ] E 110 events (673 fb") l

= 10

ol

PP L IR PP Bl il O o AP 1
42 44 46 48 5 52 54

mThm* T\ GeVied)
* Improved knowledges from BESIII
100

- +-XYZ

& eof gy

2 wof --Fitll

%t: :

g b

£ aof

o 3

5 2F

s : 3.l8 ‘; 4j2 4?4 4?6
\s (GeV)

BESIII, PRL118, 092001 (2017)

42 AL A AR 5 52 SAY
m(y(2S)x T )(GeV/ch)

100 _,_BESIII (This work)
- - BESIIl (2017)
3 801 -+ BaBar .
< - -+ Belle ‘]
Z 60 zc%o -
< N = 14 | 6 < 1.7x 107
‘B B s Ts
Foor L 4 vazz0)
;0 i L ¢ PL g’:[ ': : _*J"A_‘—f‘l)—(&»— 2 e
() H * e * n L » g | |
] °§" I g T R SRR === 43 447745 46
’ M GeV/c
20171/ BESIII, PRD 104, 052012 (2021) sy (GEVIE)
1 P I PRI EPRPTETT B EPETEr B RPN R R R
4 41 42 43 44 45 46 47

/s (GeV)
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BESII Cross sections of ete-—mtm ][

ete- — mrr-J/A at BESIII (direct) Inconsistent with a single BW of Y(4260)
PRL118, 092001 (2017)

100_ 150

g wf g

= ; > 100f

S 60 o [

| E I

1 40:" VI’ 50

2 2f OB

) 0: A | R PR | A 2 1 2 " 1 2 1 ) 0 -_

38 4 4.2 4.4 4.6
\s (GeV)
Parameters Fit result

M(R:) 3819 6“3;;2 ) Structure at 4260 is not a
" +78. S|mple BW, but rather two:
M(Ry)  4222.0 + 3.1 (4220.9 + 2.9) significance > 7.6a
R ‘ ' ‘ ' R.: consistent with the
Lot (R2) 44.1+4.3(44.1x3.8) Y(4260), however narrower
M(R3) 4320.0 + 10.4 (4326.8 + 10.0) - Ry comparable to the
[iot(Rs)  101.4%757 (9827756 Y(4360)

Y(4260) = Y(4230) and Y(4320)

s B YIRS EREMCELGH ST, ZBM 79



BESI Cross sections of e*fe"—m*n~h,

PRL118, 092002 (2017)

ete- — gt he at BESIII (direct)

: —e— Belle: T )/ PRL110, 252002 (2013) 250~ o BESIII: R-scan data sample o(e*e~—mtmh,)
80 o PRL111, 242001 (2013) R ————
2 [ o Besliwh PRL107, 041803 (2011)| & 200k } X4 data sample
) ~ —+— CLEO-c:w*mh, B ~ —Fit curve: Total
= 60_— lH g - Fit curve: Y(4220) )
-g L g { B 150:_ -- Fit curve: Y(4390) [ :
g 40 ]‘{}{ 2100:— " l
2 : } { 5 ¢
C 50[- LT ul!!
“2"{{ it 1 1e [ A
= & - |
= { { { H}H{ {{ i | g o . .At ’hﬁ
é o i { } }ﬁ } $ -
-50F
\ Clearly different from mrl /.. N s v Gy S U
39 40 41 42 43 44 45 46 4.7 ) ' ' &‘GV' ' | )
E .y (GeV) s (GeV)
0.25¢ . - 1 025 : ] T T
: =i | 020 o o cnto
@ h. reconstructed in he — yne. . 7 - ~ Y4300,
nc — 16 exclusive hadronic final states g0 i 15" '
@ Coherent sum of two BWs "o &v(nm)”’“‘; 0 v _
@ M, = (4218. 4+55:t09) MeV, I = (66.0734° & 0.4) MeV A R B 1

My = (4391.5+63 1 1.0)MeV, T, = (139. 5+;gg +0.6)MeV  MEEE s e i
@ First one has consistent mass with i~ J/4 state at 4222 MeV
@ Significance of double BW vs. single BWis 10 ¢

s B YIRS EREMCELGH ST, ZBM 72



BESII

Cross sections of efe-—w/¢py, ., (J=0,1,2)

ete > Yo

Fit with a single BW

Mass = 4226+ 8+ 6 MeV
Width = 39+12+2 MeV

Ca: ] Significance > 9o

o e*e> 0x!

o OF l | + Agree with from y(4415) with
BR=(1.4+0.5)Xx 102 (sol. I), or
BR=(6+1)x 1073 (sol. Il)

While BESIII measures ete™ - ¢y, at

4.6GeV PRD97, 032008 (2018)
The triangle black data points are from « og(efe” > Py ) <5.4pb
Phys. Rev. Lett. 114,092003(2015) .« g(ete” > Prog) < (42717 +0.3) pb
Other data points are from « o(ete” = Py < (6.7537 £ 0.5) pb

Phys. Rev. D 93, 011102 (2016)

Need data beyond 4.6 GeV to check structure in my.1 and ¢y
Shes SR FYIESERIFCETIHIVE | M Z4



BESIT Cross sections of ete~—smmh(2S)
F -I-EESHI [‘ N\

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

‘§ ; ‘§ + Data 5 120
N 80 Fit Q "
§2m § -»~-Back§rmnd ? 100__ T[+7T_lp(25) l l + Belle
8 8 A [ J1y sideband o i = BaB ]
S e = 80| + aBar
g g” % 60f
. } 0 i
o 3.3&( :r's::ﬂulw) (:;va 7 L e Mgﬂ (:ggw 74 8 40;
O 20f
Of
Parameters Solution 1 Solution 11 5 R AT T T T T
M) (Ve 12095 = 74 0 41 42 43 42 45 46
I'(Y(4220)) (MeV) 80.1 + 24.6 -
Bre' e (v(4220)) (eV) 0.8+ 0.7 0.4+0.3 1s(GeV)
M(Y4390) (MeV/c?) 4383.8 = 4.2 (
D(Y (4390))  (MeV) 8124 125 L —
Bre'e (Y (4390)) (eV) 3.6=1.5 2.7+ 1.0 S _E e 0ymeee) | 3
¢1 (rad) 3.3+ 1.0 2.8 +0.4 g N l
¢p (rad) 0.8=0.9 4.7+0.1 7 B0F v www(3ees) | E
% 50F =+ 2xa%:%)(3686) -
a 40 ] t 3
. . (@] ' o
« Confirm the lineshape of the Y(4360) & % " = E
, 20 § E
« Y(4220) and Y(4390) are confirmed 0 RIAH o ‘ 3
O3 42 43 42 45 45
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.052001

BESIL o+o— - 7*DOD* cross section

« Detect D® > K~n* and bachelor 7, and PRL 122, 102002 (2019)
reconstruct D*~ in the missing mass spectrum

« Two enhancements are
ARG F A R evident
: « Many ¥ and Y states are
adopted to fit the bumps
» The lower bump consistently
corresponds to the Y(4220)
M = (4228.6 + 4.1 + 5.9) MeV
A — 2 ; '-~-.-£‘0.54,...,....,."..’;‘.2.1 ['=(77.1+ 6.8+ 6.9) MeV
RM,(D"*) (GeVicd) * The higher bump around
ases(m) = |6+ V/P(m) + 1% By (m)/ PGm) (VL) + € By () P [P(O)| 4.4GeV can not be described
TS Tt Tt Tt oot o 'll Tl adii by either single resonance of

l§llll

Events/(1.0 MeV/c?)
o
=

lé‘lllllll

Fit with two constant the Y(4260), Y(4320), Y(4360)
Wldth relativistic BW or ¥ (4415). Further more data
functions set is required to better
understand this.

lllllllll‘lllllll

First observation of the Y(4260)
decays to open charm states

L1l

'c_l-llllllllllllllllll

A Y A l l A LX XN l e d ol ol l | N T - J
43 44 :
E.(GeV)
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BESIT

e+ew_ - KTK~ ] /Y

Y o Z _F§ = PRD 97, 071101 (2018)
) o ww v ~ -
= 2500f X = b
g 2000 I i ?1 ; -
'5 1500 F . +: 0F
= 1000 ® 20F *1 . ~~ 0.6F
. s | C e I z = - ) S d
sonl N B - e b.g 0.5F 0.08f I ] i [ (d)
Lo | (b) s sk T s oospT O]
% w0 K'K-JfY <~ 4E J 5% 02E 42 43 44 = H
- - | E 5 L E
+ g0l X 3F k . [ 0.1}[ i I
Y- o2k l‘ [ E T g ] S
- + S il 3 lt| g
= 40:_ + e E § i1 . ;\}' 2.5 E (e)
C J— e o -
:g- 9 N (C) &.Ix 2.0
— 4k cn+ 1.5 F
: S: ki
2 0K27/ @ 35 3F Se L0F I
5 208 KOKLJ/ X of 5
- :xv: 2:_ I T [ D_ . i ; I . .
=z < 9 i I 42 43 44 45 46
é 10F I © - f L - ! : I - Ecw [GeV]
2 = { 42 43 44 45 4.6

EC M [GeV]

o s.lﬁm i sw e g (KKJ /1) lineshape is quite different from

M(I717) [GeV/e?) o (7T+7T_]/1/J) around Y(4220)/Y(4260)
« Higher bump around 4.5GeV is clear and need
further investigation
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.071101

BESIT  v(4260) & Y(4230) and new Y’s

100 —— PRIL118, 092001 (2017)—

[ 4xvz % PRL11S, 092002 2017) TC TN ©FT PRD102, OSTOIR) 2020) )
ﬁ 80 :_ — Fit | g 200; —Fit curve: Total
— L g C Fit curve: Y(4220)
£ ok --Fitl & 100 bt curve: Y(a390)
S _ g F
o 2 100F-
B - Srah
r aor g £ I8 -
L 7 o u 7 g
T 2 E oo “ i s
035 4 22 44 46 50‘,,,,[ -
Is (GeV) 39 40 41 42 43 44 45 46
Vs (GeV)
- Evidence for Y(4220)>n.ntnn® ., confirmed Y(4220), Y(4390) and Y(4660)
60 m [MeV/c?] 4236.3 + 8.9 = 1002_ Solution III — Fresun
50 ¢ : I [MeV] 70.0 + 32.1 S 80F - SingleBW
40 i e+e- . n n+n_n0 § ‘618 ;— Inteference
g 30 \ : £ 20F
e 20 \\ { tf:' 0fF
o 5 -
bm 10 a \ - ;q, :ig E_
—— () =
]| - ¥ sof PRD 104, 052012 (2021)
—@— Data (n.xn'nn% = N ; : : .
-10 (@) Data ULy, (e n) 4F
Fit 2 ;_ =
~20F ;----_"-_- Y(426< PRD 103 032006 (2021) x_g AL . Sl R e
-30 & . -4 E : . : - . . ;
4. 2 4. 4 4. 6 4 41 42 43 44 45 46 47 438
/s [GeV] s (GeV)
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I (GeV)

> i Y(4790),
! Y@710)’
I Y(4390) Y(4500)9
i Y(4320)
i Z(#020), Z.,(4020)° Y(4230) 5
. ¥ ;. 3000y @ ®Z:(3900) e
2012 2014 2016 2018 2020 2022 2024
PRD106, 072001 (2022) Date of arXiv submission
100 ——
90 Y(4230) —+- XYZ data
5 o ~+ R-scan Y (4260) = Y(4230) & Y(4320)
= 70 Vs=3.8713
S 60 —
£ 50 Y(4320) MY(4230) = 42214 +1.5+ 2.0 MeV/c?
40
;;E 30 $(323§); ry(4230) = 418129+ 2.7MeV
& 20 B
. i
- 2
i — Myusoy = 4298 + 124 26 MeV/c
= SR RO Mvaszo) = 127 17+ 10 MeV
4384 _42 44 46
/s (GeV)
0.25————— 7 P —— T —
- = \v(4160)_PDG2022 . Y(4260)_F:£GZ°16 ] [ = (4415)PDG2022 e Y(4360) PDG2016 | [ o Y(4660) PDG2022 & Y(4660)-wp(3686) |
0 20'_ 2 ¥f3§§8§-%'(‘:”;sas) ? 5?33330,{: ] s : zé:%;:;wn;(‘ges " A :zggg;zﬁ ® Y,tX(3823) * Y, KK 4
F s z(“‘:’ig/)\pwlw : ai‘gzzf)m° A 0,3- @ Y mnX(3823) 2 Y, KK - 0_3;_ ¢ YynD'D* v YD D" n
¥ ¥(f‘[§2.‘3':‘°°' 4 YDD* . - 3 z'%*-o- 4 YD'D i ]
0‘15_-_ v U YUy _. % - 27Ys Ys : % : :
: —+ ] ¢ ox 1 ¢ °F —t— ;
0.10 4 ~ § , {1 K~ - H—— E
: 4ol : o ’f—+v : i ;
005: ] 0.1 + + o 0.1 + -
0o I & o E i [ ]
.:. ++ : :....l._.+_..ln...l....l..: -...._+I_....l....l....;
00— 750755 713 0f30 435 440 445 450 Of60 465 470 475 480
M (GeV/c?) M (GeV/c?) M (GeV/c?)
Y (42XX) Y (43XX), 1P (4415), Y(4500) Y (46XX), Y(47XX)
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BGS]]I Observations of three heavy Y(4500),
Y (4710) and Y(4790) states

CPC 46, 111002 (2022) ete” > KK J/y PRL131, 151903 (2023) e*e- ot v
e'e -D."D
PRL‘_1’31,§1_19'02(2023‘) 22) $ This work — Fit resul ’ _____ o) €€ T Us Us,
& [ Y4230 ~--Y(4500) - Y(4710) 2 ol R e i)
© - o g -~ 3
S ®hy230) YHES0D) s
g)) 4 L 1: .T £ 107 'l
e - Y (4710) fbn‘% ' — BWF ¢ Tt
o i g & — IBWF  —fttedline g
B 2F 108 5 . [][]| A contnue e . B e
w [ I‘ 43 44 4.5 4.6 4.7 48 49
2 O:l " ME SO R 3L 4 4 EuGev) 4
o) G TN T N T T R I 4415
42 44 46 48 Y(4230) Y(4415) Y(4790)
/s (GeV) 6.10
PEOI;BO’ P21 @029 ete” DD m*  PRL132,161901 2024) e*e” — wy,
5. F —Fi Y (4500) ~+ XYZ data — VY[
% 1000? ng{m.mm Y(4666-)Scan data @ [
i O — 20f o
&T] 600 g [ Y(4500).
K 4oo; T [
g’ - A ‘0 10:
-ab 0 S 1 1 l: .:‘:': >l; L ; rrrrr ; L e G o % i
............ 0
4.2 4.3 4.4 45{5(6466\/) 4.7 4.8 4.9 5 44 \1_4((63 V) 48
- — S e
Are they [cCsS] states?
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BESIT The Y (4630)/Y(4660)

31005 PRL I9,I 1I42IOI02I (|20IOI7)I | _ o(e*e-—open charm) v
i | T Belle ] @Eﬁ ROt 33 PRL110, 252002( I§)2013)
(;505 } \ } ] ol |_j,| ; | DD | g gg w Belle
v} . ) Wlmw: z o + Y
S (ISNRASCTENAN [P I 11 B 5 O =% hy
’ Y Gev)” Y S §*+*++i>' ' . 10 H}HH} by ..+tﬂ+++ it
R 2_ I 38 4 42 4.4:56:.&:\.;3) 5 52 54

@ |PRD89, 111103 (2014) -

B(YB — AC/_\C)

B(Yg — ¢(2S)ntn—)
Phys.Rev.Lett. 104 (2010) 132005
B(Yz » D°D* ')

o(y(2S)m'm) (pb)

= 2547,

3700_04 v G 0 _j"i’”“” & +}+ B(Yp » Y(2S)m*n~) <P%>(()a
i PRL101, 172001 (2008) } & ¢+ W'Wh
S mof- 0738 4 42 44 46 48 3

wol- Belle \s, GeV/c?

sof * Y(4660) baryonic coupling > 10 mesonic

;" coupling (unexpected!)

. * Another missing large mesonic decay?

o Or Y (4660) is a charmed baryonium?

s Q1



BESIT Cross sections of charmed hadron pairs

= PRL133, 261902 (2024) I / \ PRL131, 191901 (2023)
(=3 = T
.:‘: 600 |- (b) BESIII 5 l R / ete” = AlA;
& soof | CLEO-¢ _ I s \ 4 BESIII 2023
E N e ' | <-BESIII 2018
I 400} Belle . «0r n + <+ Belle
‘s 300F ! BaBar . é - AcAe L Threshold
o E e : = E
200 - il | ete” - D;-D; - I 5 i
100F " T v doki , - 200 (— O% 44 o
of ;- TN SAT s 2 2 | i / + % ‘%» ‘%’
4 4.2 44 4.6 a8 | i <}> +
E., (GeV) I ol
l_)jL PRL 133, 081901 (2024) | " GGy
siz:z: | T REe) I - @ BESIIPRL 133, 171903 (2024)
1;; ™ | ’ TEee | ;~Belle PRD 100,111103(R) (2019) .\Be”e PRO101, 09110180 2020)
[=) 6003 +,— D E N . o o D+D 9 73 ui
I 400:\ .",:‘I ete > DD —E : / e é - D+D51(2536)_ 200 / T-ﬁ SZ( 5 )
% 2001 " _E 35 ‘ " % 100 ‘ ‘ !
- ] %100 .. ; L ‘. | [ ] |
0_4 —: I gs" +N .'ll vl TH- i+ E ("QJ..-'I‘ ‘-‘T\--‘" * ‘ | .+.'+L .L ‘+
] E 2 ameeel o ‘o -'... .' s '...M Ty! \. [} e e
: [ O\L ” P Bl L \1_[ : SR
S e\ 4 \ /
4 I A~ e e
‘ Cn TP | o Mind: Tension of cross sections near threshold
38 4 4.2 5 ?é V) 4.6 4.8 5
| between direct (BESIII) and ISR(Belle) methods

Rich ¥ /Y resonances in the final |
states of the charmed hadron pairs.
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BESII

Open charm cross sections

« essential to fully understand the XYZ states
» Important input for coupled-channel analysis JHEP2022, 55 (2022)

4¢
; SE 35— f (a) 35F % (b)
? ) 5_ _' - 22: * *;* +e'e DD 22: H‘H% 4 Belle
‘I': 4;_ i f . % 2 o ! +ete> DD 3 % % +ee DD
A [ : = ° 1sE ¢ ° 1sF
| RS oy
3 3 ; e i : © 05F Rl e 05F i Yo, aetint, o
£ F pel, et e S : g ] e ‘e : o S 0y 00000000
¥ b % AT A X 0%4i 42 43 44 45 46 0% 42 44 46 48 5
s OFE L ' " Ecm (GeV) Ecm (GeV)
s 2F ¢
] E g\u(3770) ;u(4040) ;41(4160) E\u(4415) 4 B . r
B T T S S ¥ ST 1+ (a) 5f (b)
Energy (GeV) R 0.8; +e+e'—>D"D' 45_ # +Belle
PRD 106, 052012 (2022) Eosp 1, foemoo | 2o | Ll
[ ] 0.4fF “k b oF # b
= L it 1 Frosdiet g b % {jé
% : 0.25— Hi 15_ %\ :ﬁﬁ%%%é%%o%&o%
ID . 4I.1 4.l2 413 4.‘4 4!5 4f6 %.8 21 4{2 4.‘4 4l6 4f8 5}
H o0 Ecn (GeV) E.n (GeV)
;t_::’ L
B B . . .
Do « Good agreement with existing
O , measurements, with best precisions
s o Structure at 4.39 GeV in D*D*?
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BESII Improved measurement of
+ 5 +
0'(6 A [ hC) PRL135, 071901 (2025)

Initially observed by CLEO-c at Vs=4.17 GeV [PRL107, 041803 (2011)]

Cross sections of ete™ —» mw¥mw~h, obtained by BESIII at 3.9-4.6 GeV, found
two structures [PRL118, 092002 (2017)]

New data collected by BESIII between 4.18-4.95 GeV (27 data samples)

R S E i R R e R SR EELE R r 2140:— I
[ 250 . BESIII: R-scan data sample ~ E Y(4230) Y (4360) ¢ XYZData
80 _F =BESII: XYZ data sample .-C°120; pl ® Rscan Data
'g. 200:_ —Fit curve: Total +E 100 ;_ \ ‘ \ d Total fit
= C - Fit curve: Y(4220) == i 74 I BWs, Solution |
;8" 60 [ % 150:_ - Fit curve: Y(4390) '2) :g;_ BWs, Solution I
= 2 100F o UF i L all]T
~: 40 5 E O 401 4 e
© T 50: 20;—
20 é 05 waat A 05“ 2
E 20—
0 | ! T2 oA i Lo -50:. i R
Eey/GeV Vs (GeV) 3
4 4.2 4.4 4.6 4.‘187
PRL107, 041803 (2011) — CLEO-c s (GeV)
PRL111, 242001 (2013) — BESIII PRL118, 092002 (2017) - BESIII
CPC 38, 043001 (2014) PRL135, 071901 (2025)
>50
Y(4230) Y(4360) Y(4500)
Parameter Ry R R3
M (MeV/<?) B3 st ABZTAT LT 446747 (2732
T (MeV) 5851105787 24410577103 6281134770

a bit larger width
IMy(a3s0= 120£21 MeV
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BESIT Inclusive and exclusive J /Y and
P (3686) production

PRD111, 052007 (2025)
200 ;_ + Sinclusive prompt Jhy 140 + Onctusve rompt (686
150 f_ + OTotal exclusive Jhy 120 ;_ (a) 4]* + Orotal exclusive y(3686)
8 i _ 100 +**,
o5 - m> 60F ]t'l"
o} C © C
50 b é@ * a0 ’ P
n 20
of 3 Pt s 4 o1t B 4t e
n J 1 T
N MR U BT ST I onC Uy
44 4'6 48 5 —_ éb B + Cross section difference
s (GeV) f-’. 60 :— (b) —— Fit
no evidence of hidden decays 58 40
involving the J/p meson 5> 20f J
" ST ! | S
g2 TR R
¢ Meson Decays into J/y Decays into y(3686) %8 20 *‘
£3 C
x(3872) ' wd )yl w,vd y yw(3686) © 40
7/ (3¢ J/ T B BRI BT BT SR B
;_'“(( 3::):;,) :,j‘,v':’, o 41 42 43 44 45 46 47
w(4040) nt |y o s (GeV)
X(4160) /v cos
(423 fw, KKJ/w.nJ/w ' v(3686 . . .
A R U LA 4 - Missing exclusive processes around
s -5\ dig £EEY00) the Y(4360) region
G4! ',"‘, Ve
w(4660) x'x yw(3686) ® EXCGSS =~ 23% Of the Y(4360)prompt
Y(4710) K°K°J )y AF

inclusive cross section
aiRsE R FYIESEIEHCELTHSITE , KB or



BESII

Y statesin ete™ » wrtt ™

arXiv:2303.09718

— 1 — T 1 T T T T

i f(s) v )
= 8- { - = Y(4160) + £ (1) —
o, L \Q\ — Y (4220) +f(\"S) |
—' i ., Q\ - Y(4360) + £ (\s) |
@ [ S x, y(4415) + £ (Vs) |
B 6 -
t T h '
W |
0
e AT + ~
Cﬂb ] %

2_1 I 1 1 1 I 1 ! 1 I w"l‘& ]
4.0 4.2 44 4. 6
Vs (GeV)

Parameter ¥(4160) Y (4220)

Solution I Solution II Solution I Solution II
127TeeBr (V) 0.03£0.02 24.57+0.47 18.294+0.32 0.0240.02

Ciot (GeV) 0.070 0.055
M (GeV/c?) 4.191 4.23
¢ (rad) 461+034 4.68+£0.01 470+0.01 5.38+£0.31
Significance (o) 3.6 3.1
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BESIT

Highlight: Production and decay properties of h,

- - e P-wave singlet charmonium state, first observed by CLEO
h
= o e First measurement of B[y’ - 7%h.] by BESIII
=] s . . .
I e 2M h, particle in 2.7B 1’ events, possible to explore h. decay
% i mode with Br~10~%; 0.7M h, particle from XYZ scan
- — ¥(4160)
s )\ i sample

4000F " jooy 0 T
- o olnnh]~50pb @ Decay of h.:
T olnhc]~10 pb .
5|, Wi « pQCD prediction: h, = ygg~5.5%
= L e

2.78illioRr—m> << « pQCD and NRQCD predictions of h, —light hadrons: 48% and 8%
N\ p p c g
s
3500! S 1PP —— 2712M (3686) data _;(,Tﬂ:f:"w —enan [—— 448M y(3686) data |
Br:7.4x107* o) e . 3 PP —e— 2712M y(3686) data
YK’K-TI - - .;:’:]K 4.2(7[‘“-)”
11,1270} >y K '1" . PP
-t 2 ::n'i
Y/ ias - R PR KKz
w00l M .w:vn 3 n’n::‘:‘n'n‘n = 2(K'K)x® .
007 077 01 B S N T T R N
Br(h — X) (10°) Br(h > X) (10 Br(h — X) (10°)
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BESIT

[o2]
o

N
o

[o]
o

Events / 1 MeV/c2
oS
o

[N =)

200F

—_
(4}
o

Events / 1 MeV/c2
()]
o

Highlight: Production and decay properties of h,

Observation of h.radiative decays and h. —» yf,(1270)

—

—+- Data

+ 5.40 — Fitting results
— h;—=ya*n’
=== he—=>nln*n
{ - - - Background
! '/"\'
[ 4—/‘".\\ NS
5 3.52 3.54

M(yrm'r) (GeV/c?)

—_
o
o

el el e n B S

—4 Data

— Fitting results
— h,—=y2(n'%)
- == hy—>n2(n*n)
- he=ym,

- - - Background

._[?~
{'/ \.
/:’u\

I, N

11.80

1

{ RN

[ =)

5

3.52 3.54
M(y2(x'r)) (GeV/c?)

Events / 1 MeV/c?

Events / 1 MeV/c2

80
I —+ Data
7.50‘ — Fitting results
60 .
— he—yn*nm
L === he=nlntam
40 _' } % { - hceync
/ \ - - Background
20 Tjeenl
| bt
AN
8.5 3.52 3.54
M(ymtnm) (GeV/c?)
60~ —+ Data
6 '40_ — Fitting results
A — h;—>ypp
4o * ---he—yn
} .} - - - Background
20F i /\
R, Wl
8.5 3.52 3.54

M(ypp) (GeVi/c?)

Events / 25 MeV/c?2

Events / 25 MeV/c?

25

20

15

10

0
25

20

15

10

5

5

0

arXiv: 2501.15447

= .- y£,(1270)

—+— Data
—— Fit results
s tk—><{f2(1 270)—=yn'n
h,—ym*n PHSP
— — Smooth background
- he—n*#n®

...... (3686)—wi (1270)
.

A

L —+— Datain h, sideband region

—— Fitresults
— — Smooth background
....... (3686)—wf (1270)

h} sidebangd regiTn {

l
| ;'-’]-Tl il
i

]
M(r*w) (GeV/c?)
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BESII

nhc (he=yne)

Highlight: measurements of n, - yy

PRL 134, 181901 (2025)

D
Dudek et al. 2006—+—

|
* As the simplest decay of n. , n. = yy serves as a benchmark for QCD calculation. CLQCD 2016+ I
« Most measurements come from the time reversal process yy™® — 7, Fomg ot ol 2017 ) - |
+ BESIII has the unique opportunity to directly measure n. — yy via J /i — yn. (first Li et al. 2020 - |
observation) Zhang et al 2022 ——— |

» The absolute branching fraction of B(n. — yy) can be obtained through the {(2S)-> '::;%eot:gzion : I
|

|

* Measured B(J/Y = yn:.)XB(n. = yy) is consistent with theoretical predict

individual I'(y. —

I'(me = yy) = (11.30 £ 0.565¢at. + 0.665yst. + 1.141¢¢) keV

S, while the | E835 2003 etal. (pp—>yy) —o—
BESII 2013 (n YY)

PDG FIT 2024 o 36 26 1o
This work (n .—vy) ]

Il . ol e PR ]

yy) deviates from the most recent LQCD prediction by mora.than 3o.

0 5 10 15
&~ F I'(n—Yy) (keV)
315 - Data
Y 80 =4~ Data — = JIy—yn’n® E : \ ]S;glll(al 4
o > —— Fit result e Iy [ — Backgroun
% E 60 —— Signal Ot“l:ery;{::,ckground glo ; mOSt — Total Fit
2 % ..... J[W*)yﬂ;“lnln' E I preCISe
~ H = [
% : 40 observatio 2 he = yne(p vy)
g 5 20 it 1l . CHL il Sj L H‘F
0 ! BEEA S S s % (999 [00/0/9 1]
o = 5 5. 351 352 3. 543,
2 2.5 3 Zo WWWMWMW S 35 3.5 3.53 M(hs)%GeV/c%)Ss
M(W)Ig (GeV/c?) S e The fi f |c hi f .
Phys. Rev. D 87 (2013) 3, 032003 arXiv: 241212998  Ma(GVeE) he first measurement of absolute branching fraction
\ y ' ' via h, — yn. will provide a brand new reference
in preparation
I = ync(=vy) Precise test of LQCD: hyperfine mass splitting
= o SRS Y = N N
s B YIRS EREMCELGH ST, ZBM Q0
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SR T I
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BESII Charm is charming

* Over-constrain the SM, probe for new physics

v" Precision CKM physics in B sector needs input from charm L3 6w
* CPV and mixing =€
v" The only up-type quark to form weakly decaying hadrons, s260
complementary to K and B systems | =P

* Unique to test QCD in low energy

) 1270 4200 ;

171200

Charm is challenging

* Intermediate mass, compared to Aqcp -- not heavy, not light ] 5 Th
Theor
* Do methods like Heavy Quark Expansion and Factorization work? Y

* CKM and GIM suppression can be strong — low rates - Large data sample

s B YIRS EREMCELGH ST, ZBM o1



BESIT

Charm hadron decays

_ K*
" \ 7
7 7T+ Signal side Tag
T s
s T f
Tag side _ L
d D5 [signal
- i \ igna
2.93/fb at ¥(3770) X ‘(JD: Y @®

Take V,, from fits to CKM
assuming unitarity and measure f | q (= four-momentum of W) Isospin
dependent SU(3) flavour
Precise test of lattice QCD in Different amplitudes T, P, A, E
charm and extrapolate to beauty | Test QCD models of the form Long and short distance effects
factor
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BESII Why Ac" is interesting

* An important intermediate particle:

— corner stone of the charmed baryon spectra .@’ () Charmed baryons

? =5§J+80) —0.8
— many b-baryon decays to Ac ,9
A K
* Its decays reveal information of strong- Ry P -
. . . . pD 2 _
and weak-interactions in charm region, > /_AT“ 5y, Ak o
complementary to D/Ds R T = s i
4 o A mr / 12-1] 3/2}5(?;(0)_
d u n [
Y L
v e
c - E
> Charmed meson (D*[cd]) - Strange baryons (A[uds]) 2.5
my << m, > quark + heavy quark m,, my = m, > (qqq) uniform
(® Q
‘ A b = Q
C

- Charmed baryon (A [udc])
m,, my <<m, 2> diquark + quark

@
BRE R FYIESERIIMCENHSINT , *BM oA



BESIT  Knowledge of charmed baryon decays
betfore 2014

0 50 1?0%

1 1 1 | — + . . p—y— +
| : ko =7 relative to the decay of 272w
A+ 50 50
¢ Mode Fraction (T'; /T’)
;110 “;'“m’“ m°i"'ed anknown No ab branching f have been measured.The following are branchin
as been measl = gt i ot =— —_ i E— +
- . AK*, 2K, K to= & .Cabnb;z favored (S = —2) decays — relative to £~ &
iy p2K? 0.087 + 0.021
unknown other ZKT $
Kt 2 A?)” -
other NKK 40 40 =4 =0k+ _ =0
PK*K- other KK I3 3(1385)"K 1.0+05
other N4n KK
ﬂqh;}r B _|other2Bm T4 AK 27t 0.323 + 0.033
other Ntim —E
T other NK3n 4— ntntn Ts AK (892)°x+ <0.16
PO — L Tt r a—
sl SRS e 6 1385y K <023
g I; K at . X
| ey F S " 0.94 +0.10
not mea§ured, nKO+n0, g Iy ZtK (892)° 0.81 +£0.15
total assigned nk-ntmt - w 1 P
3/2 x sum of g Ty Kk 2n* 0.27 +£0.12
RO and g
pK 0 frac- 2 o = o Ot 0.55 +0.16
tions pkmtn® - 20 20 s .
= E Iy E2n DEFINEDAS1
Kot e - A
< 0.10
PRI —F L 4 avn  Decay Modes 0
| [§) e 2307
. Kot —
:;’:;;f‘iﬁ;dx AT Mode Fraction (T; /T) L
/- - 10 04 +0.7
:ﬁ‘:g:g e PpKOn0 | A™M ), No absolute branching fractions have been measured.The following are branching r 23%0%
fractions A0 .Cabibbo-favored (S = —3) decays - relative to 2 z* 0.07 + 0.04
. . pkmt [ _77*— Ts =K 1642029 0.21 +0.04
€ normaliza- v, =0 s g =+ U
tion mode: - Aif I; EKn 1.20+0.18
S0£13% P o o LA 80 B0 0.68+0.16 0.116 + 0.030
N modes A%, Emod Ty Bt 2124028 0.48 +0.20
T —— L =KD o+ 0.63
10 £ n .63 +0.09 0.18 + 0.09
oY E(1530) k7t , 50 52t 0.21 +0.06 0.15 + 0.06
Iz =K%t 034+0.11
I3 KK nt <032
T W 1724035
— f, I/_I_;\ /A( SASE S LY = | A
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B3I Near threshold production at BESIII ¥

In 2014, BESIII took (only!) 35 days to run at 4.6GeV

and collected ~500/pb data.

Energy(GeV) | lum.(1/pb)
4.575 47.67
4.580 8.54
4.590 8.16
4.600 566.93

Corresponds to 0.1M A, pairs

by Giuilo

L v v v iy |

_|:|||||||1| 1 1 v b by I
458 4.6 4.62 4.64 4.66 4.68 4.7 4.72 4.74 4.76)

Measurement using the threshold pair-productions via e*e” annihilations is unique: the most simple and straightforward

First time to systematically study charmed baryon at threshold!

B YIRS EREMCELGH ST, ZBM




BESIT Single Tag (ST) and Double Tag (DT)

method at Threshold

The absolute BF can be obtained by the ratio of DT yields to
ST yieldr

-8 5
Kf
« High efficiency and clean background
» Absolute measurement with many systematics NDT £,
cancel out B; = ?g J
« Missing-mass technique: K, /neutron, neutrino, ... Nj 1 Eij

Good photon resolution: £, 2, ©?, ...

s B YIRS EREMCELGH ST, ZBM
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BESIT Physics publications on the A}

: Hadronic decay 2014 : 0.567 fb"! at 4.6 GeV
Published 17 papers At > pK-m* +11 CFmodes  PRL 116, 052001 (2016)
(7 PRLS) A —>pK'K, prtm PRL 117, 232002 (2016)

A —>nKsm* PRL 118, 12001 (2017)

* A series of precise absolute BF pa— PRD 95, 111102(R) (2017)
measurements: hadronic, semi- At B PLB 772, 388 (2017)
leptonic and inclusive decays AF o PO PLB 783, 200 (2018)

* gfsf‘;?lt(loélffzd_e?‘ﬁ}’; :?Ttg’ neutron AF - Agmt | PRD 99, 032010 (2019)

c sit A > Xty Ity CPC 43, 083002 (2019)

* Observation of Cabbibo-suppressed A? - BP decay asymmetries PRD 100, 072004 (2019)
decay A — pm'm” Af > pK, PLB 817, 136327 (2021)

* First evidence of Cabbibo- A} spin determination PRD 103, L091101(2021)

suppressed decay A — pn

* First measurements of many decay
asymmetries

 Determination of A spin

* Threshold cross section and form

Semi-leptonic decay
AF—Aety, PRL 115, 221805(2015)
Af Ay, PLB 767, 42 (2017)

Inclusive decay

fact £ A% oa A —AX PRL121, 062003 (2018)
actors of Zc palrs A —etX PRL 121 251801(2018)
. A —KOX EPJC 80, 935 (2020
Very productive for the ¢ » 935 (2020)
. Production
data set taken in 35 days!
A} A7 cross section PRL 120,132001(2018)

s YR SERCe BRI , FSM OR



BESIT Absolute BFs of Ac" hadronic decays

« Absolute BF of Ac™ decays are still not well determined since its discovery 30 years
ago. PDG2014: 6B/B~26%; BELLE2014: 6B/B~5.3%

Double tag technique is applied to control systematics

100f  PK] - pKw ,k

|

2)0‘ Art F AT D N 1 ¢4 hh
A

. i, L foaad iy !
20¢ p KOST':O AT ){ 3 Eorc*

: L L VR B * 1
15 :
1of PR !

10F
.....

pKmr®

50

Events/1.0 MeV/c?

%f%

3
E. . 4

.....

|
226 228 2.3 226 2. 28 2.3 226 228 2.3

M (GeVic)
a global least square fit to 12 hadronic
modes [Chin. Phys. C37(2013)106201]
v First direct measurement on Ac
BFs at threshold
v' B(pK~m*): BESIII precision
comparable with Belle’s

v' Improved precisions of the other
11 modes significantly

PRL 116, 052001 (2016)

Mode This work (%) PDG (%)  BELLEB
oKe — 15210084003 1154030 _ — — —
PPkt 58440274023 50413 68402475 |

pK2w° 18740134005 1.65+050

pK57r7r 15340114009 1304035

pK-rtr® 45340234030 34410

At 12440074003 1.07+0.28

A 70140374019 3.6+13

At 38140244018 26407

yort 12740084003 1.05+0.28

Y0 1.184+0.1040.03 1.0040.34

Yir 425+0244+020 36410

Yw 15640204007 27410

So far, the mostly cited
BESIIl charm paper

B YIRS EREMCELGH ST, ZBM
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SOOI BF for A,f2>Ae™v,

@ Al — Netweis ac — sIty, dominated process.

‘p
@ Urgently needed for LQCD calculations. o V. T .
. X A

@ No direct absolute measurement for B(A} — Aetve) available. \ %)

\
Semi-L\hp%ic mode

B(AT — AeTv,) = (2.1 + 0.6)% PDG 2014 S
)( C ’/e) ( ) 0 ‘ A;I ‘e+‘

11 hadronic single tag modes are used

Swf PRL1IS, 221805 (2015) W

QO

= sl @.‘//6 ST mode

S o\

= ©

2 10 ©

S

I~

= e T L B(AT = Ae™v,) =(3.63£0.38+0.20)%

Umiss (GEV)

> First absolute measurement of the semi-leptonic decay
> Statistics limited
> Best precision to date: twofold improvement

s B YIRS EREMCELGH ST, ZBM 100



BES]I[ First Lattice calculation on charmed
baryon SL decays

PRL 118, 082001 (2017) PHYSICAL REVIEW LETTERS 24 FEBRUARY 2017

A, — Al"v; Form Factors and Decay Rates from Lattice QCD with Physical Quark Masses

Stefan Meinel

Department of Physics, University of Arizona, Tucson, Arizona 85721, USA and RIKEN BNL Research Center,
Brookhaven National Laboratory, Upton, New York 11973, USA

(Received 1 December 2016; published 21 February 2017)

O Input the measured BFs from BESII| Triggeved by BESII

0.0363(38)(20), £ —e,
0.0349(46)(27), ¢ = p.

O The first LQCD calculations on BFs and form factors

0.0380(19), oep(11),. , £=e,

B(A. > ALty,) =
( ve) {0.0369( 19),0en(11)

f‘\l_ ’

0.20 r - T T T

Lacp | ¥ The first determination of |V | based on
1 BFs of A" Al vymeasured by BESIII

0.951(24), ocp(14),, (56)5, € =e,
|Ves| = 0'947(24)LQCD(14)r\‘ (712)g. €=,
0.949(24), ocp(14),, (49) 5.

! —.’\,. - A l“+l/,
-=-Ae= Apty,

I
AL‘ : |
—|"= 005p
P |
< I

=e,pu,

TA,

0.00 L L ! L 1 L

v e ,',"“((' \','.’,“) Y012 v More data on A_* will be collected at BESIII
q° V"

s B YIRS EREMCELGH ST, ZBM 101




PDG2015 PDG2020

Hadronic modes with a p or n: S = —1 final states

+
AZ DECAY MODES o pKY ( 150+ 0.08) % |, 44% S=1.1
) S¢ r, pK_wt (6.28+ 0.32) % S=1.4
Mode Fraction (I';/T) Confi s pK*(892)0 [a ( 1.96+ 0.27) %
++ k-
- Hadronic modes with a p: § = —1 final states Ms A(1232) " K (11.08+ 0.25) %
r, pK° (3214 0.30) % s A(lSZO_?_'/r A (22+05)%
- I p K~ m" nonresonant (35+04)%
r K=at 6.84F 932) 6
r2 G RC(SQZ)O (6842 g230) % rz  pKx® (1974 0.13)% ,50% s=1.1
3 p a] (2134 030)% r KOzt 1.82+ 0.25)% Fi
T4 A(1232)Tt K~ ( 118+ 0.27) % r8 "7(?” LL ’ )o" First
rs A(1520) 7+ o] (24 +06)% 9 P (1.6 + 04 )o/" "
e _pK~ m nonresonant (38 +04)% Mo pK§7T+7TO ( 160+ 0.12)% |, 28% s=1.1
r; pK°x® (45 + 06)% M1 pK-7txw ( 4.46+ 030)% |,61% S=15
rg pK% (17 £ 04)% Mo pK*(892)~ nt la] (14 +05)%
roe pKOnta— (35 + 04)% M3 p(K_ 7r+lnonresonant7ro (46 £08)%
Mo pK-ntnl (46 + 08)% Ma  A(1232)K*(892) seen
i pK*(892)x+ A (154 05)% Ms pK 2rtn- (14 + 09 )x1073
M2 P(K~ 7 )nonresonant ™0 (5.0 £ 0.9 )% e pK-mt2n0 (1.0 £ 05)%
M3 A(1232) K*(892) seen
M4 pK ntata— (15 + 1.0 )x10~3 Hadronic modes with a p: S = 0 final states
s pK:r:wogro (11 +05)% rz pn° < 27 x104  CL=00%
Me pK~mt3r Fs pn (1.24+ 0.30)x10-3  First
Hadronic modes with a p: S = 0 final states Mo puw(782)° (9 +4 )xw074
7 prta— (47 + 25)x103 Mg prta~ (a61+ 0.28)x10-3 First
Mg p(980) [3) (38 + 25)x1073 %Y pfo(980) [a] (35 +23)x103
Mo prtata= 7~ (25 + 1.6 )x1073 My p2nt2n™ (23 + 1.4)x10-3
Mo pKTK™ (11 4 04)x 10*2 M pKYK~ ( 1.06+ 0.06) x 10~3
P31 po [a] ( 1.12+ 0.23) x 10— r -3 \1/361y
iy s =z 24 po [a] ( 1.06+ 0.14) x 10 (]
M2 P (A48 195 %0 M  pKtK non-¢ (53 + 1.2 )x10~%
PEP——— e et o] Mg pon° (10 +4 )x1075
- adronic modes with a hyperon: , 1‘46_:0':) ;tam M7 pKT K~ 7%nonresonant < 63 x 1075  C5=90%
23 " . o
Mg Anta® (50 +13)% ) i
Fs  Ap* <6 % CL=95% Hadronic modes with a hyperon: S = —1 final states
er /\ﬂ;q;;; . (ashs o8] Mg Ant (1.30+ 0.07) % s=1.1
2z (mﬁ) TR &75 = (L0 % 0:ai)% Mg Anta® (71 +04)% |, 78% s=11
Mg X(1385)~xtat, £* — (7.5 + 1.4 )x 103 3 Apt < 6 % CL=95%
Fo Mf;o’ R, M3y Ar— 27t v _ ( 3.64%+ 0.29) % S=1.4
M3  X(1385)*p0, =*+ — Ant (5 +4 )x10-3
3 Ant 7t 7~ nonresonant < 11 % CL=90%
g Artrta Ototal (25 +09)% s 07t ( 129+ 0.07) % 45% s-11
fs3  Antg ] (24 +05)% Mg Xta0 (1.25+ 0.10)% \,33%
F34 A {(1385) n [a] (1164 0.35):4 l46 X+W (44 + 2.0 )x 10-3
35 TTw [a] (1.6 £06)% r Z+ / 5
36 Artrtr=al nonorw <9 x1073  CL=90% 47 n (15 +06)% X
r37 AKTKO (64 +13)x10-3  s=16 Fgg Etata— ( 450+ 0.25)% L 46% s=1.3
F3g  =(1690)°K+, =*0 — AKO (18 + 06)x1073 l49 st 0 < 17 % CL=95%
M3 07t ( 143+ 0.14) % r s—ont 874+ 0.18) %
T4 Xta0 (1.37+ 0.30) % 50 0 _7'_r 0 (1.87+ 0.18) %
g =tp (75 + 25)x1073 l5y X'7n'm (35+£04)%
T4 ).‘hr*g‘ (49 +05)% 5o Tt a070 ( 1.55+ 0.15) %
Mg Z'p < 18 % CL=95% 53 XO0x2rt 111+ 0.30) %
Fgg X wtat (23 +04)% 53 > ( )%
M5 X07ta0 (25 +09)%
Semileptonic modes
F64 MX ve [b] (28 +04)% Semileptonic modes
65 € Ve (29 +05)% M7 Aety, 36 + 0.4 )%
+ 72 e (3 4)% 0
Tee  AuTvy (27 +06)% M3 Auty, (35 + 05)% V35%

st RSB BEICB w1 —as , Avs i 109



BESIT Experimental precision reaches of the
charmed hadrons

Golden hadronic mode oB/B Golden SL mode oB/B
DO B(Km)=(3.88+0.05)% 1.3% B(Kev)=(3.55+0.05)% 1.4%
D+ B(Kmm)=(9.13+0.19)% 21% B(K%V)=(8.83+0.22)% 2.5%
D, B(KKpi)=(5.39+0.21)% 3.9% B(pev)=(2.49+0.14)% 5.6%
Ae | B(pKm)=(5.0£1.3)%(PDG2014) 26% | B(Aev)=(2.1+0.6)%(PDG2014)  29%
=(6.8+0.36)% (BELLE) ' 5.3% =(3.63+0.43)% (BESIII) 12%
=(5.84+0.35)% (BESIII) | 6.0% =(3.18+0.32)% (HFLAV) 10%
=(6.46+0.24)% (HFLAV)  3.7%

* The precisions of Ac decay rates reaches to the level
of charmed mesons!

* However, search for more unknown modes, especially
Cabbibo-suppressed mode, are important

s B YIRS EREMCELGH ST, ZBM 1N



BESII

New A data in 2020-2021

3847/pb [2019.12-2020.06]

1800
1600
1400
1200

1000

1847/pb [2020.11-2021.02]
800 567/pb [2014]

- 0-00000.000s5

.
. .
.....
----
.,y .

4.6 4.612 4.626 4.64 4.66 4.68 4.7 4.74 4:75....4.78 4.84 _ 4.92-"°4.95

"
---------------------

in total, 6.4 fb"! data above A{ threshold (~8x times more A{ statistics)

* First measurement of absolute form factors of AL — Ae*v,

* Observation of second SL decay Af —» pK~e*v,

* Many observations and improved precisions of Cabbibo-Suppressed modes
* First partial wave analysis of AL decays

* More studies of neutron-involved decay modes

* Search for rare decay Af —» yX+

s B YIRS EREMCELGH ST, ZBM 104



B'Gsm-zepwmc decay Based on Phase 11 data

Form factors of Af—Ae™v, and Aut vy PRL129, 231803 (2022); PRD108, L031105 (2023)
v Af > pK~etv, PRDI106, 112010 (2022)
v' Search for Af » Antn~e*v, and pK;t~"e* v, PLB843, 137993 (2023)
v Af - nety, Nature Commun. 16, 681 (2025)
Neutron-involved decay
v Af - nmt PRL 128, 142001 (2022)
vV A s antn notntnT, nKntnt CPC 47, 023001 (2023) (Cover Story)
v AY > nK K PRD 109, 072010 (2024)
v A>3 Ktrt PRD 109, LO71103 (2024)
v AY 5> nKntn® PRD 109, 053005 (2024)
Hadronic CS decays
v AY 5 pn®, pn, pw JHEPI11, 137 (2023); PRD09, L091101 (2024); PRDI111, L051101 (2025)
v Af - py' PRD106, 072002 (2022)
v AY - AKT,AK 0 AK .t PRDI106, L111101 (2022)4PRD109, 032003 (2024); PRDI111, 012014 (2025)
v AF S ITKL 20Kt (), 2Kt PRDI06, 0520%@ 2); JHEP0Y9, 125 (2023);arXiv:2502.11047
v’ Hadronic CF decays b ‘
v' PWA of Af - An*n® and An™p e p“ JHEP 12, 033(2022); PRL134, 021901 (2025)
v" W-exchange-only process Z°K* M PRL132, 031801 (2024)
v At - 20Kk 0 e S PRDI109, 052001 (2024)
v Af - pK;, pK;n® pK; gzs pﬂp JHEP09, 007 (2024)
Inclusive decay
v Improved BF of A —e*X PRDI107, 052005 (2023)
v' First BF of A; —»nX PRDI08, L031101 (2023)
v' First BF of A; »K2X arXiv:2502.20821
Rare decay
v AT s yzt PRD107, 052002 (2023)
Production and excited A}
v’ At A7 lineshape and form factor PRL107, 052002 (2023)
v A (2595)t and A, (2625)7 PRD109, L071104 (2024); PRD109, 112007 (2024), arXiv:2503.21413

B FYIESEIEMCELGH ST, ZBM 1058



A} Mode BF(x1073) Experiment A} Mode BF(x10~3) Experiment
23.7+£5.1(37%)7  ARGUS(1991)[24] | Al —pK~etve 0.88+0.18(20%)  BESIII(2022)[29]
A S Actve 26.8+5.1(19%)7  CELO(1994)[25] | A — A(1405)etve, 0.4240.19(45%)  BESITI(2022)[29]
36.3+4.3(12%)  BESIII(2015)[30] | A(1405)—pK~
35.6+1.3(3.6%)  BESIIN(2022)[31] | A$ — A(1520)et v 1.0+£0.5(50%)  BESIII(2022)[29]
T 34.9+5.3(15%)  BESII(2017)[32] | AT —pK%r—etv, <0.33 BESIII(2023)[33]
34.8+1.7(4.9%)  BESIII(2023)[34] | AT = Antr—etve <0.39 BESIII(2023)[33]
AF etX 39.5+3.5(8.9%)  BESIII(2018)[35] | AY —netw. 3.57+0.37 (10%) BESIII(2025)[36]
40.6+1.3(3.2%)  BESIII(2023)[37]
Z; Mode BF(x10~3) Experiment Z¢: Mode BF(x10~%) Experiment
13.7+7.7(56%)"  ARGUS(1993)[26] | 0 = putu, 10.1+2.1(21%)* Belle(2021)[38]
20,2ty 44.3715%(40%)t  CLEO(1995)[27] | EF - =%t we 67+39(58%)1 CLEO(1995)[27]
19.7+5.3(27%)t  ALICE(2021)[39]
10.4+2.1(20%) 1 Belle(2021)[38]
Q0 Mode Ratio Experiment Q2 Mode Ratio Experiment
00— Q0etu, 2.4+1.1(47%) CLEO(2002)[28] | Q02— Q% tw, 1.9440.21(11%)  Belle(2022)[40]
1.98+£0.15(7.7%)  Belle(2022)[40]

Table 3. The determined BFs for the CS decays of the A} (in units of 10™*). Upper limits are set at 90%

confidence level.

Mode BF Experiment | Mode BF Experiment
Nucleon-involved
Af snxt 0.66£0.13 BESIIN(2022)(126] | AY 5 nK*+a® <0.71 BESIII(2024)[107]
<027 BESIII(2017)[117) | A} —nxta® 0.64+0.09  BESIII{2023)(129]
AF S px <008 Belle(2021)[108] | A 5 nKIK* 0397017 BESII(2024)[91)
0167508 BESII(2024)(118) [ A} —nxtn—=t 0.45+0.08  BESIII{2023)(129]
0.18+0.04 BESII2025)(119) [ I 3.91+0.40 BESII{2016)[127)
1.24+0.30 BESII(2017)[117) | ~° 4.72+0.28  LHCH(2018)[138]
1.42£0.12 Belle(2021)[108] | A —pK* K~ 1.08+0.07  LHCb(2018)[138]
A s 1.57£0.12 BESII(2023)[120) | AT —+p(K* K )pons  0.55+0.14  BESII{2016)[127)
1.63+0.33 BESIIN(2024)(118) | AT - pKIKY 0.24+0.02  Belle(2023)(146]
1.67+0.80 LHCb(2024)[121) | AT — pe" <0.15 Belle(2017)(147]
A g 0.56153 BESII(2022)[123]) | A} — (pK+ K- =")xp <0.06 Belle(2017)[147)
: 0.47+0.10 Belle(2022)[122) R e 0.16+0.02  Belle(2016)[137]
A —pp 1525044 LHCb(2020)121) | ¢ *PKT 0.1040.01  LHCb{2018)[138]
0.94+0.39 LHCb(2018)[124)
N 0.83+0.11 Belle(2021)[125)]
AT = pw
111021 BESIII(2023)[120)
0.98+0.31 LHCb(2024)[121)
A = po 1.06=0.22 BESIII(2016)[127)
A-involved
AF > AKH 0.62+0.06 BESIII(2022)(131) | + AR <20 BESIII{2024)(107)
0.66=0.04 Belle(2023)[132] 1.49+0.20  BESII(2024)[135]
2.40+0.59(80=0°)  BESII(2025)(134) | AY - AKSx+ 1.73+0.20  BESIII(2025)[134]
AF S AK*T 52140.75(60=109°) BESII(2025)[134) | AY 5 AK =¥ 7 0.41+0.15  BESIII{2024)(135]
1.2930.44(60 = 221°)  BESIII(2025)(134)
E-involved
AF > EVK* 0.47£0.10 BESIII(2022)[133) | A7 5Bt K+ =~ 2.00+0.28 BESIII(2023)[150]
0.36+0.03 Belle(2023)[132) | A7 5 EtKTx— 2" <001  BESII(2023)[150]
Af 52t RS 0.48+0.14 BESII(2022)(133) | 4  capi o <18 BESIII{2024)(107]
- <0.50 BESIII{2024)[151]
A 3K atn <0.65 BESIII(2024)[151]
Al 2B Ktxt 0.38+0.12  BESIII{(2024)[136]

YIRS ERIT

Table 2. Measurements of the BFs for the CF decays of the A} (in units of %).
Mode BF Experiment | Mode BF Experiment
Nucleon-involved
AL = pKY 1.5240.09  BESIII(2016)(80] A KOt 1.824+0.25  BESIII(2017)[90]
AT > pKY 1.67+£0.07  BESII(2024)(89] | ¢ ST 1.86+0.09  BESIII(2024)[91]
AL = pKg(700)° —» pK - nt 0.194+0.06  LHCb(2023)[86] | A 5> nKintn® 0.85+0.13  BESIII(2024)[92]
AF 2 pKy(892)° - pK -7t 1.38+0.08  LHCb(2023)[86] | Al »nK-ntxt 1.904+0.12  BESIII(2023)[129]
AF - pRy(1430)° - pK 7t 0.92+0.18  LHCb(2023)[86] A o3 pKOR0 1.874+0.14  BESIII(2016)[80]
Al -5 A(1232)* YK~ s prt K- 1.78+0.05  LHCb(2023)[86] < BB 2.12+0.11  Belle(11)(2025)[144]
Af 5 AQ1600)* K- 5 prt K~ 0.28+0.10  LHCb(2023)[86] | A —»pK2n® 2.02+0.14  BESIII(2024)[89)
Af 2 AQ700)* K- —»prt K~ 0.24+0.06  LHCb(2023)[86] AF o pKO 0.4140.09  BESIII(2021)[145]
< EEST 0.44+0.03  Belle(2023)[146]
A 5 pKontm— 1.53+0.14  BESIII(2016)[80]
A} 5 pKdntn— 1.69+0.11  BESIII(2024)[89]
AT o pK-nt 6.8410-32 Belle(2014)(81]
5.84+0.35  BESIII(2016)[80]
AF o> pK-mtad 4.53+0.38  BESIII(2016)[80]
4424021  Belle(2017)(147]
A-i lved
Ab 1.24+0.08  BESIII(2016)(80] | Al - Axtn® 7.01+0.42  BESIII(2016)[80]
1.31+0.09 BESIII(2023)[126] 1.84+0.26  BESIII(2019)[94]
AL — Ap(T70)* 4.06+0.52  BESII(2022)[93] | A - Axty 1.8440.13 Belle(2021)(95]
Ad — Aap(980)* 1.23+0.21  BESIII(2025)[94] 1.944+0.13  BESIII(2025)[148]
A} = A(1405)7t - pK -7t 0.48+0.19  LHCb(2023)(86] | A} - Anrtr—nt 3.8140.30  BESIII(2016)[80]
AF 2 AQ520)7t 5 pK -t 0.124£002  LHCb(2023)[86] | \4 \popes 0.3040.03  BESIII(2025)[134]
A} = A(1600)7+ — pK—nt 0.32+£0.12  LHCb(2023)(86) < d 0.314£0.05  BESIII(2025)[108]
AY = A(1670)7t -5 pK 7t 0.07£0.02  LHCb(2023)[86]
AF > A(16T0)F — A 0.27+£0.06  Belle(2021)(95]
0.27+0.06 BESIII(2025)(148]
Al - A(1690)7t = pK 7t 0.07+£0.02  LHCb(2023)(86]
AF = A(2000)7 5 pK 7 0.60+0.07  LHCb(2023)(86]
Y-involved
AY 5 S+a0 1184010  BESII(2016)(80] | , P — 4.25+0.31  BESIII(2016)[80]
0.41+0.20  BESIII(2018)[96] 4.57+0.28  Belle(2018)(149]
AY T4y 0.31+0.05  Belle(2023)[98] A 5 S+a0qn0 1.57+0.15  Belle(2018)[149]
0.38+0.06  BESIII(2025)(97] | Al —X0xtn0 3.65+0.30 Belle(2018)[149]
1.34+0.56  BESIII(2018)[96] | A —» %%ty 0.76+0.08 Belle(2021)[95]
A o5ty 0.42+0.09  Belle(2023)[98] | A} > E-atrt 1.814+0.19  BESIII(2017)[105]
0.57+0.18  BESIIN(2025)(97) | A} »E-ntnta® 2.114+0.36  BESIII(2017)[105]
A 5 Ttw 1.56+0.21  BESII(2016)[80] | A 5> S+K+K- 0.3840.05  BESIII(2023)[150]
At o5+e 0.41:0.09  BESIII(2023)[150) | Al 5 S+K+K_ . 0204004  BESIII(2023)[150]
AF 50 1.27+£0.09  BESIII(2016)[80] | Al - XOKOK+ 0.0840.03  BESIII(2025)[108]
1.22+0.11  BESIII(2023)[126]
A} —(1385)+ 70 0.59+0.08  BESIII(2022)(93]
0.91+0.20  BESIII(2019)(94]
A - 2(1385) 1.21£0.12  Belle(2021)[95]
0.68+0.08 BESIII(2025)(148]
A} —%(1385)0n+ 0.65+0.10  BESIII(2022)[93]
Z-involved
Al 5 EOK+ 0.59+0.09 BESIII(2018)(106] | AY - Z0K+70 0.7840.17  BESIII(2024)[107]
AF 5 Z(1530)0K+ 0.50+0.10 BESIII(2018)[106] | A} - Z°K%n+ 0.3740.06  BESIII(2025)[108]
0.60+0.11  BESIII(2024)(107)
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BESII

Recent results on Al leptonic decays

Determination of form factors of Observation of A7 -» pK~e*v
+ + PRD106, 112010 (2022
- )
Ac = Ae™ Ve  pp 129 231803 (2022) (022
20 ¢ daa o N A: i(ﬁzg):: iam .
300F -} data _“""’”"_’ 8.26 N 3.86 e Z':I::(-Mewe
114 > — total fit > sl l:;::y > N PR
‘\s o) G AH+V,, g o pK-,(‘,,: % - other bkgs
s : S 200F > AR S 1ol --otherbkgs 3
@‘i 1.12 . .-“ : e g ---:tcher[:)kgs ::, 0 %
T I .. ALK B~ & g
= o e S 100 S * * .
:r E L4 il imasbinna I
// /// W % | 02 01 00 0.1 02 e 15 18 LI 18
02 01 0 01 02 02 01 0 01 02 U, (GeV) My (GeVic?)

U, (GeV) U, (GeV) -
B(Af - pK~e™v)=(0.88 & 0.17 &+ 0.07) x 1073

B(AY > Ae*v,) = (3.56 + 0.11 + 0.07)% < -
(e = AeTve) = (3.56 £ 0.11 £ 0.07)% B(A} - A(1405)e*v)= (1.6940.76 £0.16) x 102

g A | B(Af = A(1520)e*v)= (0.99 £ 0.51 £0.10) x 103
e LQCD: A{— Ace'v, P ~ 08 or? N N o
T o | & - ) )
=) P O N  Second leptonic decay of A{ is observed!
I 0.6 guesess= """ C
10‘::"'/ - i ) E— , * Good channel to study A excited states, such as
= 5
¢ (GeV?/ct) 1 42 (GeV?/c) A(1405) and A(1520) PLB 843, 137993 (2023)
15F . g .F 1 ]
CH! | SO
S o o gL .
052> g | 11 ]
0 05 1 0.40 05 : §0.5 B < 3.9x10* @ 90%C.L. " B < 3.3x10* @ 90%C.L. ]
& (GeV?/ct) & (GeV/ct) I
First direct comparisons on the differential decay ? I ]
. . 0— L L I )
rates and form factors with LQCD calculations 0 0001 0002 0003 0 00005 0001 0.0015 0.002

B(A!—An*metv,) B(A;—pK (me*v,)
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BESIT
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=l Cabibbo-suppressed SL decays

* There is still room of 0.5% for un-seen SL e*
decay of the AL Ve
* The Cabibbo-Suppressed SL decays have not w
been studied in experiment c > d

1 Q1 Tu > U
« A} - ne*v, is the most promising channel for A n
1 . d > d
the experimental observation
600 PRD107’ Ls2ilils (2023) 03 0.2 0.1 0 0.1 0.2 0.3 04 0.5 0.6
'a ,\RQ,\ll Phy \.'RrL D «ll(l-m-n :-)sls ' l '
% ROM Phys. Rev. D 56 (1997) 348 .
O o vs. Rev. € 72 (2005) 03520 .
w 200 HQ“ Phys. Rev. € 72 (2005) |
=) cOM Phys. Rev. D 90 (2014) 114033 .
g“ ROM Fur, Phys. J. C 76 (2016) 628 .
‘E SuU@3) Phys, Rev. D 93 (2016) 056008 ——
5 200 QCDSR  J. Phys. G 44 (2017) 075006 rot
SU3) JUEP 11 (2017) 147 ——
LFOQM Chin. Phys. C 42 (2015) 093101 -
1 1 1 1 1 1 1 1 SU@3) Phys. Lell. B 792 (2019) 214 p——
0 01 02 03 04 05 06 0.7 08 09 1 MBM Phys, Rev. D, 101 (2020) 094017 .
p (GeVlc) LFCQM  Phys, Rev. D 103 (2021) 054018
SU3) Phys. Lett. B 823 (2021) 136765 L —
!%(A: - Xe+Ve) = (4.06 i O.IOStat i O'OQSYSt)%’ HBM Phys. Rev. D 107 (2023) 033008 E—
QCDSR  Phys, Rev. D 108 (2023) 074017 ——
B(Af - Aetv,) = (3.56 + 0.11 + 0.07)% _
c e 4 LQCD Phys. Rev, D 97 (2018) 034511 ——.——
B(At > pK~e*v,) = (8.8 + 1.1+ 0.7)x10"
B(Af - A(1520)etv,) = (10.2+ 52+ 1.1)x107* 03 02 S04 0 00 02 03 04 05 06
B(A.— ne'v,) (%)
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BESIT

Charmed baryon decay BESII

% AL may reveal more information of strong- and weak-interactions in charm region,
complementary to D /D
- Most charmed baryons eventually decay to AL

Topological Diagrams for A} decays:

. s r----r -----
q ¢ " "

C

H.-Y. Cheng et al., Chinese Journal of
Physics, 78(2022) 324-362

>

/

q q 1
T C '
W-emission 77 internal W-emission C 1 inner W-emission C
il

Non-factorization amplitude

g

iC iC

— Calculation 1s not reliable,

need exp. input

c q

q i q q
Es

W-exchange E{, E,, and E3

!

L2 8 R _ B _ B B B B B |

N

2¢
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BGS]]I Recent results on A, hadronic decays

Observation of AL - nm™

PRL128, 142001 (2022) #/dain
oo 14 e AlonTw
% 100 —Eio h M SeR et
> 3 s
o - €
2 80 TE 6 ==2s background
= ot
3 W .
g r
LE 40 :—
20 -
0
0.9 1 1.1 12 13
M, (GeV/c?) -
AT — AK™ PRD106, 111101 (2022)
& F
8 1 60 - + Data
= C
) 1 40 - = Fit result
e C
o 120 Sinal
O 3 igna
1 00
- =« = Background
~ 80
L u L
c 60F
°>-’ "
= 4°W -
208 +
C " 1 1 1 I L

0]

N
[
a1

Many CS modes are explored.

235
Mgc (GeV/c?)

YIRS EREMCELGHT

Events / 10.0 MeV/c2

Events / (2 MeV/c?)

PULL

S| o
PULL

Determination of the BF for AY —» X*Ks and ZOK +
PRD106, 052003 (2022)

V_ = 4 600 4 \1// UL v —_ ﬁ = 4.600 ~ 4-699 GeV
< A-=K*
S 30f
%]
=
Q201
52 ~ .
bl 2T S
lr'{'r |"511|1-L1|||||, L TR %._
2.26 2.28 23 2.32 2.34 2.26 2.28 23 2.32
sc (GeV/c?) sc (GeV/c?)
+ ’
A¢ > pn° PRD106, 072002 (2022)
o ® ot ®
S [ --- Background l L --- Backgroun
% 8 Azxfbackground :,>) L Bl\:f%backdground
E 6 :_El qq background E 6 [ &3 qq background ‘E —
Q F Q F ;
= - o -
" af 5 af
ok ok
Mrec(x;: P) (GeVic?) 7‘ Ty (GeVic?)

A > nK ntnt

Events / 5.0 MeV/c2

F©

L 200F >

=
T

=
T[T

100

i KT
— Chehyshey
I comb. BKG

0.95 1

M, (m7°) (GeVic?) T (GeV/e2)

~~~~~~

CPC47, 023001 (2023)

0.9 0.95 1
M, (K1) (GeVic?)



BESIL gcs decays of At - pr® and pn

. ° + O : +
First evidence of A} - pm Most precise measurement of A, — pn
— — 1
PRD109, L091101 (2024) % JHEP11, 137 (2023)
&l 3B % =+ data
s 10 __ (a) — - Signal 2 500 — fit result
o | Inclusive hadronic - - signal
= i iy e ---- background
o - A!A, background i
~ o =z
~ S5+ ~—
~ L =
g | ! 9
< | s
o | =
Mo LN RENAY! T R T T
22 225 23 235 24 ; : N (Oa A
7 (GeV/ -
nc (GeVic ;
—— = =Model _ _ _ | B 2pm) X1 _BAN o pn X100 _ B o) x 108
15 e | Constiwentquark model (7, | _ (0.2 _ o o o B o e = 8.9 _
i Heavy quark effective theory [8] 1.1-3.6 - 1.0-2.1
. Dynamic calculation [9, 10] (0.75, 1.3) 12.8 2.66
= Topological diagram [11] g8t 11.4+35 7.7+2.0
& 101 | 2 Topological diagram [12] (03%19, 0417y (142+23, 147+28) (1617, 83+26)
§ M — SUGfavorsymmetry (31 | . 20 o o
*I" | vimn ¥ X BESII Belle's Limit | SUE3) flavor symmetry [14] 4.3 - 95l I
~ SUG3) I sSU@B3) I
n  sf TSom  m suzom | _SUG) flavor symmetry [15] _| _ 5715 _ _ _ _ _ e - 113z29 |
i + . %é&ék‘j{‘;““ 0 %‘é?{;?’“'“‘ SU(3) flavor symmetry [16] 1.3+0.7 13.0+ 1.0 6.1+2.0
- ¢ o ‘l o SU(3) flavor symmetry [17] 1.1fH 11.2+2.8 7:6x1:1
0 2 @ 4 b (10 6 8 SU(3) flavor symmetry [18] 21+1.0 14.1 £ 1.1 6.5+23
B (Al— pm°) (x10° 27009
. ; 1 124 +3.0[19]
BESIII experiment : 1-57f8'z,3 (23] ! 158 + 1.2 [20] 6.6 +1.3[22]
Belle experiment I <0821 142+ 1.2[21] -
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BQS]]I Singly Cabibbo-suppressed decays
of A - pr®

+ 0. N ——
A; - pr™: 00 ' ' ' R =
» conflicts with BELLE (BF <8.0x107°) _ n == B

.. C . G 400 Ao :
 need better precision to discriminate S F T ~ - AZK. non-signal
. . . b 22 ----- Hadron BKG ]

different theoretical calculations o S0 Ny pr
. =L ¢ ]
Experimental challenge 2 200F 3
. : § | ST -
* neither ST nor DT can achieve G oof 2.66 4
sufficient signal sensitivity! :

0336328 23 232 234
M, /(GeV/c?)

 Use Deep Neural Network (DNN) to identify A (—> pno)l_\; (—» anything)
after ST selections

v Form point clouds with all recorded tracks & showers B
v" Train Transformer model with MC samples covering all A7 final states

v Randomly shuffle signal & background MC samples with equal statistics
« Take At - pn,n - yy as reference channel
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BCSTI
ML-boosted observation of A} — pm’

PRD111, L051101 (2025)

Model architecture — Transformer
Foundation of Large Language Models like GPT

* Core concept: self-attention mechanism
* Particle Transformer: arXiv:2202.03772

L lio\cks Class token
@ ari,c e article article Olass Cla5§ %
J A trans fomler mO del Particles —)E T»[:tte;lilon I Ait;nilon} ----- i Arltgnilon A]t;:(t:ilzm Ag?:?;
] X Block X Block ) 'olll Block 3
tailored for particle physics .. (@ i i ‘
. .p . . p y 1 Intemctions—;‘g v_J ) ...
v" Inject physics-inspired Rt || (a) Particle Transformer
. . . x! Xllass
pairwise features as “bias” R N X
. [ P-MHA hY J ¢
to the self-attention block = |
“‘ ", SoftMax Y
| U —‘:—> O
A= —Y0)2 + (Pa — Pp)2.
kr = min(pr,q, prp)A,
. 0] K
Z= mln(pT'a' pT'b)/(pT'a + pT’b)’ (Linear) (Linear) (Linear)
2
m? = (Eq + Eb)z - ||pa + pbll . t_tr 7
X
-1 Xefass XL

(b) Particle Attention Block (c) Class Attention Block
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https://arxiv.org/abs/2202.03772

BES

17
>
=

— T
—+—Datﬂ

4 B Aot ]
5{: 400 __ ++ I Other AR, decays ]
> C g Hadron BKG 0 ]
= r .
- 3001 - pTl' 1
Q r *\ﬁ‘} ]
2 200F . J
. ot ]
> L + .
= L ++ 4
100: (a) +
C X
— 1 | nn L n e
—— i R e e
3001 —— Data =
C B A-pn
_ 250F — -~
9 r - Other A A, decays ]
> F Hadron BKG ]
< 200 + -
="kt Ac — P1n
Q 150f 3
2z F ]
= = .
5 1005— —:
50 (b) e
0 E PO (S T SRR SR [N TR SR TR N ST SR T S S l++."' o
2.26 2.28 2.30 2.32 2.34
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°
°

DNN training

B FYIESEIEMCELGH ST, ZBM

Events / (2.5 MeV/c?)

Events / (2.5 MeV/c?)

50

40

30

20

10

ML-boosted observation of A} — pm’

PRD111, L051101 (2025)

on "

=T T L B T

[ 2/nbins = 45.2/31 —+ Data ]

C — Fit: total ]
(a) Fit: A, —>pn” 1

5.40

---- Fit: other AIA,
""" Fit: hadron BKG ]

- pr;

N1 T Tt ]
80E- A2 /nbins = 32.9/24 —+ Data 3
E —— Fit: total E
L 5_ (b) 7 Fit: A{-pn —E
60 ;_ """ Fit: other AJA, ‘;
50 E— """ Fit: hadron BKG —f
- _I_ 3
— H 3
O Ac — PIE
30 ;— _;
20E- £
10F s
o EE R T
2.26 2.28 2.30 2.32 2.34
My (GeVic?)

20 times of background suppression with 50% of signal efficiency
validation samples of A} — pK¢m® and pK¢n
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BES

* The ratio 1s directly measured to be

SCS decays of Af — prr®

PRD111, L051101 (2025)

+ 0
B(AZ-pr°) = 0.120 £ 0.026 + 0.007

B(Ag'epn)
* The branching fraction is obtained to be
B(Af - prr®) = (1.79+£0.39+0.11 £+ 0.08)x107%,
by adopting the average value of B(A} — pn) from BESIII and BELLE.
* Agree with previous BESIII measurements and exceeds the upper limit set by

BELLE -6 -4 -2 0 2 4 6 8
Phys. Rev.D49,3417(1994) | o o
Phys. Rev. D 55,7067 (1997) ! .

Commun. Theor. Phys. 40, 563 (2003) ®e oo o

Phys. Rev. D 93, 056008 (2016) .

Phys. Rev. D 97, 073006 (2018) [

Phys. Rev. D 97, 074028 (2018) | o

Phys. Lett. B 790,225 2019) | +—e—i

Phys. Lett. B794,19 (2019)  ——e——

Phys. Rev. D 101, 014011 (2020) | o

JHEP 02, 165 (2020) s—.—u

JHEP 09, 035 (2022) |-o—|

JHEP 09, 035 (2022) .-.—u

Phys. Rev. D 108, 053004 (2023) —_—

BESIII 2017 (upper limit) —q

Belle 2021 (upper limit) R—

BESIII 2023 (evidence) —c—

This work —e—i
e S N

BA} - pr®), (x107%)
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BESIT

Amplitude analysis of A} - Antr®

JHEP12, 033 (2022)

First Amplitude analysis of charmed baryon multi-hadronic decays

. Based on TF-PWA package: https:/gitlab.com/jiangyil 5/tf-pwa
£1000 E‘ E:S‘g‘f““d S N
> | T heanoy > 400 B 400
S [k & S
e g :
= 500j_§1§§}§§3§3 S 200} f % 2001
% F— w1750 % 8 i
0= 'Ty 9% 14 16 18 2 22
M, . (GeV/c?) M, . (GeVic?) M 0 (GeV/c?)
Theoretical calculation This work PDG
102 x B(A} — Ap(770)F) 4.81 +0.58 [13] 4.0 [14, 15] 4.06 £ 0.52 <6
10% x B(AS — (1385)"7Y%) 2.8 £0.4 [16] 2.2+04 [17] 5.86 +0.80 —
10% x B(Af — £(1385)%7%) |  2.84+0.4 [16] 2.2 4 0.4 [17] 6.47 £ 0.96 —
QA p(770)+ —0.27 £0.04 [13] —0.32 [14, 15] | —0.763 £ 0.066 | —
0t52(1385)+ 70 —0.9170:3> [17] —0.917+0.083 | —
Ots3(1385)0m+ —0.911915 [17] —0.794+0.11 | —

Many first measurements of intermediate states!

B YIRS EREMCELGH ST, ZBM
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https://gitlab.com/jiangyi15/tf-pwa

Observation ay,(980) in AF - An™n

BESIIL

% Observation of A} — /Aa,(980)"

200F

100}

Events / (0.025 GeV/c?)

M . (GeV/c?)

B(Af » An™n) =
(1.94 £ 0.07ar + 0.11y5:) %

X(

Events / (0.020 GeV

6.1 fb~1@E,, = 4.600 — 4.843GeV, PRL 134, 021901(2025)

1312 + 45 signal events with 80% purity

! — Sweighted data
183 5) + — Total fit & i
S — Aa,(980)* = 100
—ANRO.(TE+ ) 5] r
—):(1385)*1? 9 i
100: A(1670m g/ 50:
I 2 I
; 2 0
== = = K [ B ,
314 15 16 17 s 2
M. (GeV/c?) M, (GeVic?)
Process FF (%) significance decay asymmetry
Aay(980)t 54.0+84+26 13.1c _0,91J_r8_~598 +0.08
X(1385)"y  304+26+0.7 2256 -0.61+£0.15+0.04
A(1670)z" 141+£28+12 11.76 0.21+0.27+0.33
ANR+ 154 +5.3 6.7¢ e

B(A} — Aag(980)%,a0(980)* = w¥1) = (1.05 + 0.164a¢ + 0.055y6¢ £ 0.07¢y¢ )%
- B(A} - Na,(980)7) = (1.23 £ 0.21)% Larger than theoretical calculations by 1-2 orders.

B YIRS EREMCELGH ST, ZBM
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A(1670) decay rates

Comparing the fraction of the A(1670) in A — Am*n and that
in Af - pK~n™:

B(At - A(1670)tt, A(1670) > An) = (2.74 + 0.62)><1O‘3 |[BESIII2025]
B(Af-A(1670)t, A(1670)-pK~)
BAF opK-m") = (1.18 + 0.33)% [LHCDb 2023]

B(AJCr — pK‘7T+) = (6.24 + 0.28)% [PDG2024]

B(A(1670)-pK~) )
B(A(1670)-An) (26.9 + 9.7)%

We have

A(1670) DECAY MODES

Mode Fraction (1'; /1)
r, NK 20-30% B
The rate of NK from the previous
[’z 2 25-55% measurement seems too large!
l ) 3 4 11’)’ ] O 2:“ I.
s B FYIESEIEMCELGH ST, ZBM 1410



BESII

Cross sections of ete™ - ATAL

PRL131, 191901 (2023)

ete” = AXA;
4-BESIII 2023 — Combined fit
<-BESIII 2018 ---Monopole decrease
---- Threshold  ---Damped oscillation

: e+e' _>A:/-\; 15
_ -+ BESIII 2023
: <-BESIII 2018

400 — :
- Belle

" # ﬂﬂ»ﬁH ﬁﬂﬁ EOS T

Y Gev) 5 (GeV)

T T T T I

l

o (pb)

T T I T T T T

. Negate the Y (4630) in decaying into A¥ A7 reported by BELLE

. Energy-dependence of |G /Gy, | reveals an oscillation feature,
which may imply a non-trivial structure of the lightest charmed
baryon.
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BGSI[[ Observation of transverse polarization §
+ DRt
of the A arXiv:2508.11400

Joint angular analyses of the cascade decays of A, = pK,, Anr™, 2 r°
and X% and amplitude analysis of A, = pK~m*

[ /
CM frame A7 rest frame A} rest frame A rest frame
2.5
¢  This work
2.0 { BESII previous results
— === Prediction (2021)
g 1.54 — Prediction (2024)
~ 1.01 Fit
K
LD 10 7 —~
N S 4 Data
g 05
0.5- @
D
g no transverse polarization
LB e e e s B B e e
Y
0.5 Q
=
a) —0.5
e 0.0 Lz At ot
g == .~ transverse polarization
@ ~1.0
-0.5
~1.00 —075 —050 —025 000 025 050 075 1.00
_10J cos By

4600 4650 4700 4750 4800 4850 4900 4950
/5 (MeV)
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B'ESI[[ Decay asymmetry in W-exchange-only process
Af —» 29Kt

* Previous theoretical calculation on the BF lower

than exp. measurement, which all predicted zero ‘ ” %”/: > i
decay asymmetry A @ > > ure
* BESIII confirmed the exp. result of BF in 2018 C:i} K+
LU > U
[PLB 783, 200 (2018)] N l
. . u > u
e In theory, BF is enhanced by enhancing the decay g
c - > S (=
asymmetry close to 1 A %U'* :
_ * 2 2 7t CoA s
kaEOK"" o ZRG(S p)/(|S| + |p| ) Ld —»> > 151}K
Theory or experiment B(Af - BOK*) (x1073) oo+ |A| (x1072Gr GeV?) |B| (x1072Gy GeV?) 6, — &, (rad)
Korner (1992), CCQM [7] 2.6 0 . e
Xu (1992), Pole [8] 1.0 0 0 7.94
Zencaykowski (1994), Pole [9] 3.6 0
Ivanov (1998), CCQM [10] 3.1 0
Sharma (1999), CA [11] 1.3 0
Geng (2019), SUQ3) [12] 57409 0.94201% 27406 16.1£2.6
Zou (2020), CA [6] 7.1 0.90 4.48 12.10
Zhong (2022), SU(3)“ [13] 3.8104 091109 32+£02 87108
Zhong (2022), SU(3)? [13] 5.0+08 0.99 + 0.01 3.3193 12.3%%
BESIIT (2018) [14] 5.90 + 0.86 + 0.39 » .
PDG fit (2022) [2] 5.540.7
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Af —» 29Kt

three-level cascade decay At —» Z°K*, 20 - A%, A - pr~ PRL132, 031801(2024)

cosf, —+ pata

~378 signals reconstructed

— Fit
40r o F }
P — Data@4.60GeV LT 7-dim. fit
Q B
; 30 - Fit o e v e s,
L [ N
= [ N\IBKG
c- 20 — .
o 201 7/ Misreconstructed 3
P N P
= i =
= B 5}
g 10— e
=T
0 ¢ AL SRR AR Ay awLANS ; =11 —¢- et B e o ;
2.26 228 23 3
My (GeV/ ) g

=0 rest frame A rest frame

B Physical Boundary e A
1 _— 777777 . SSRGS __.:_. -—é——_li—- 7777777777777 77777777 ) Polar angle Azimuth angle
B 4‘ (xEnK‘(BESIII) & BF(PDG)
[ e Korner(1992), CCQM
0.5 | = )Z(u(1‘992), Pol'e . . .
Lo iy * First determination of decay asymmetry
3" o o ¢ via { ¥ azop+ = 0.01 £ 0.16 + 0.03, consistent with
E Sharma(1999), CA ZCro
0.5 Geng(2019), SU(3) . .
i g * No theoretical model explains the current results
_]0; | meemnsiel * First determination on phase difference &, — 4,
2 4 6 8 . .
Branching Fraction(<10~) with two solutions of /2 and —m /2
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BESIT

A7 decay asymmetries

0 -

Predictions and measurements ii a + ii wt ii ! i(_:_K *
CLEO(1990) [1] . ~1.070] - - -
ARGUS(1992) [2] _ —0.96 + 0.42 - - -
Korner(1992), CCQM [3] Parameter A} — pK§ Af = Ant A} — 20xt AF - Btq0 0
Xu(1992), Pole [4] o133 0
Chong, Tsong(1992), Polo [5 (app) —0.918%023% +0.031 —0.790 & 0.032 £ 0.009 —0.502 %+ 0.080 + 0.009 —0.590 £ 0.049 £ 0.022 —
Cheng, Tseng(1993), Pole [6 (App) 0.637 +£0.444 £0.014  2.190 £ 0.730 £ 0.029  1.901 + 0.603 = 0.040 -
Zencaykowski(1994), Pole [7] (BeP) 0.36520:54 + 0.010 0.704*5: 355 £ 0.015 0.764*0537 +0.018 0
Zencaykowski(1994), Pole [§ (vBP) 0.63710305 £0.011  —0.50270502 £0.021  —0.2627]37% +0.031 0
CLEO(1995) [9] bp — ds 2.71703% +£0.02 2.1910-13 £ 0.02 2.2310-02 +0.03 -
N Datta(lQQo J, CATI0] A"B“’ 0.079%0:15; £0.019  0.002 4 0.047 +0.017  0.206*0155 +£0.028 ~ —0.086 +0.081 +0.085 —
Tvanov(1998) CCQM ] tangcp 0.232£0.242+0.025 0.393 £0.651 +0.042 —0.007 +£0.474£0.034 —;

’ tanA, —0.475 + 0.242 £ 0.029 —1.411 + 0.672 £ 0.062 —1.297 +0.478 £ 0.068 —5——

Sharma(1999), CA [12]

FOCUS(2006) [13]

BESIII(2018) [14] 0.18 4 0.43 +0.14 ~0.80+0.11 £ 0.02 —0.7340.17 £ 0.07 —0.5740.10 £ 0.07
Geng(2019), SU(3) [15] ~0.89707 ~0.87+0.10 -0.3540.27 ~0.35+0.27 0. 94+g o
Zou(2020), CA [16] —0.75 ~0.93 —0.76 —0.76 0.90
BELLE(2022) [17, 18] - —0.755 £ 0.005 £ 0.003  —0.463 £0.016 £ 0.008  —0.48 £ 0.02 £ 0.02
Zhong(2022), SU(3)* [19] —0.57 4+ 0.21 ~0.75 4 0.01 ~0.47 4 0.03 ~0.47 4 0.03 0. 91+g o
Zhong(2022), SU(3)" [19] ~0.2940.24 —0.75 4+ 0.01 —0.47 4+ 0.03 —0.4740.03 0.99 4 0.01
Liu(2023), Pole [20] —0.81£0.05 —0.75 £ 0.01 —0.47 £ 0.01 —0.45 £ 0.04 0.95 £ 0.02
it LD —0.68 £ 0.01 —0.75 £ 0.01 —0.47 £ 0.01 —0.45 £ 0.04 2
BESIII(2023) [21] - - - - 0.01 £0.16
Geng(2023), SU(3) [22 —0.40 £ 0.49 —0.75 £ 0.01 —0.47 £0.02 —0.47 £0.02 —0.15£0.14
Zhong(2024), TDA [23 0.01£0.24 —0.76 £ 0.01 —0.48£0.02 —0.48£0.02 —0.16 £ 0.13
Zhong(2024), TRA 23] 0.03£0.24 —0.76 £ 0.01 —0.48£0.02 —0.48£0.02 —0.19£0.12
PDG(for now) [24] | 0.20 +0.50 (only BESIII) —0.84 £ 0.09 —0.73 £ 0.18 (only BESIII) —-0.55£0.11 -
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BESII

Strong phase convention in
baryon decays

ScienceBulletin 02.030(2025)
B x sign

\/oc2+[32+oc><sign’
\

2Re(S'P)
T R 7L
SI” + IP|

~ 2Im(S'P)

_ _ ISP - IPP
P+ PP

ISP + |P)?

op — 05 = 2arctan

r

_ 2|S||P|cos(dp — s) g, — 2|S||P| sin(dp — ds) " .
1= 2 2 e 2 2 : — ‘ | log — | | lop
S + 1P| S+ IP| 5, = IS|e"s, Py = |P|e"r,
2SP cos(dp — Js) 8 2SPsin(dp — ds) = s ~
_ — —~ _ — — —_ S J— P
|S|2+|P|2 » F2 |S|2+|P|2 SZ—Se 7P2_Pe )
s . : 1 iés _ ’ | C i5p
| 03 = SIN(2{) cos(dp — ds), B3 = sin(2{) sin(dp — Js). S3 = |A|sin{e', P3 = | A|cos {e"". |
Table 1
Summary of experimental data on the parameters o, 8, and ¢ and the phase shift, 5 — Js, in various two-body nonleptonic decays of the A and = hyperons and singly charmed
baryon A_.
Experiment Process o or (o) Bor () ¢ or (¢) Sp — s Value dp — s (rad)
(rad) (rad) of sign Eq. (10) with Eq. (10) with
sign=1 sign=-1
A from 7 p (1963) [14] A —pm 0.62 +0.07 -0.18 +0.24 - -0.26 +0.35% Unknown -0.28 £+ 0.36 2.86 +0.36
A from 7 p (1967) [15] 0.645+0.017 -0.103+0.065 -0.14+0.10 -0.16 +£0.10° Unknown -0.16 £ 0.10 298 +0.10
E756 (2003) [18] E —An -0458+0.012 -0.03+0.04 -0.03 +£0.05 0.06 +0.09 +1 —3.08 +0.09 0.06 +0.09
HyperCP (2004) [19] -0.458 +0.012 -0.037 +0.015 -0.041 +0.016 0.080 +0.032 Unknown  -3.062 +0.031 0.079 +0.031
BESIII (2022) [20] —0.373 +0.006 Positive 0.016 +0.016 —0.040+0.037  Unknown 3.102 +0.036 —0.040 + 0.036
BESIII (2022) [21] -0.350+0.018 Positive 0.073 +£0.052 -0.20+0.13 Unknown 295+0.13 -0.19+0.13
BESIII (2024) [22] -0.371 + 0.004 Negative —0.013 +0.008 0.033 +£0.023 Unknown -3.109 £+ 0.025 0.033 + 0.025
BESIII (2023) [23] =0, A0 —0.377 +£0.003 Positive 0.005 +0.007 -0.013+£0.017 Unknown 3.129+0.017 -0.012 £ 0.017
LHCb (2024) [24] Al — Ant -0.785+0.007 0378+0.015 0.656 +0.027 2.693 +0.017 Unknown 2.693 +0.015 —0.449 +0.015
LHCb (2024) [24] Al — AK" -0.516 +0.046 0.33+0.08 2754011 257+0.19 Unknown 298 £012 —0.56 £0.12
BESIII (2024) [13] Al — =0kt 0.01 £0.16 -0.64 +£0.70 3.84+0.90 ~1.55(1.59) +0.25" +1 -1.55(1.59) £0.25 1.59(-1.55) +£0.25
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BESII

Determination on the phase differences

 Based on the angular fit, the phase angle Azo,+ = (3.84 + 0.90 + 0.17) rad

:BE‘.OK+ = 1-— (anK+)2 SinAEOK+, ’8,:0 + = —0.64 i 0.69 i 0.13
= K
Y=o+ = —0.77 £ 0.58 £ 0.11

Y=o+ = \/1 - (a50K+)ZCOS AEOK+‘

* First determination on phase difference §,, — 5, with two solutions of /2 and —m /2

B(AF — Z0K*)  |p.| r(mp+ +mzo)? —mi, A2 (my+ —mzo)? —mi, B2
- 2 | | + 2 | | 3
Mas A}

Pzog+ =
TA+ 8
C

_ 2k|A||B|cos(d, — 6s)

O T AR 2B S
2| A||Blsin(6, — &)
| .

Azo g+ = arctan |A|2 — k2| B2 T n?r 0 il ™ 3M2 21 aw
5p — 0, = Mcmn(msin AEOK+/anK+) 20l

Istsol.: (—1.55+ 0.25 %+ 0.05) rad 40}

2nd sol.: (1.59 £+ 0.25 + 0.05) rad - .
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BESIT

A} decay asymmetries

Table 4. The determined polarization parameters of various A decay modes.
Mode a Experiment Mode o Experiment
Nucleon-involved AL = A(1600)x* 0.2+0.5 LHCb(2023)[86)
A¥ - pK? 0.18+0.45  BESIII{2019)[153] A% - A(1670)r+ 0.82+0.08 LHCb(2023)[86)
: —-0.75+0.10  LHCb(2024)[154] 0.21+0.43  BESIII{2025)[148]
Al = pKj(700)° -0.1+0.7 LHCb(2023)(86] | AS — A(1690)x* 0.958+0.034  LHCb(2023)(86]
Al = pKj(892)0 0.87+0.03 LHCb(2023)(86] | A7 — A(2000)x* -0.57+0.19 LHCb(2023)[86)
Al - pK;(1430)° 0.34+0.14 LHCb(2023)[86] | L-involved
AP 5 A(1232)Y T K- 0.55+0.04 LHCb(2023)(86] | o . o -0.57+0.12  BESIII(2019)[153]
AT - A(1600)TF K~ —0.50+0.18 LHCb(2023)[86] : -0.48+0.03 Belle(2023)(98)
AY - AQ1T00) K- 0.22+0.08 LHCb(2023)[86] | AZ - Xy —0.99+0.06 Belle(2023)(98)
A-involved AT 5Tty —-0.46£0.07 Belle(2023)(98)
—-0.80+0.11  BESII(2019)[153] [ . o . -0.73+0.18  BESIII(2019)[153]
Af = Axt —0.755+0.006  Belle(2023)[132] Ao xw —0.46 £0.02 Belle(2023)[132]
—-0.785+0.007  LHCb(2024)[154] | AZ -5 £(1385)* ="  —0.917£0.089  BESIII(2022)(93)
AF - AKH -0.59+0.05 Belle(2023)(132] | A7 — £(1385) 1y -0.61+0.16  BESIII(2025)[148)
: —-0.52+0.05  LHCb(2024)[154] [ A7 - £(1385)%+ —0.789+0.113  BESIII(2022)[93]
AL = Ap(T70)* —-0.763+0.070  BESII(2022)[93) | AZ - 2K+ —0.54+0.20 Belle(2023)(132)
Al — Aa(980)* —0.01%07%  BESII(2025)(148] | Z-involved
Al — A(1405)7* 0.58 +0.28 LHCb(2023)(86] | AZ - =K+ 0.01+0.16  BESIII{2024)[155]
Al = A(1520)n* 0.93+0.09 LHCb(2023)[86]
Mode B8 Experiment Mode ¥ Experiment
AF > Axt 0.06%5-53 BESIII{2019)[153] A% o3 At —-0.60*507  BESII(2019)[153)
0.3784+0.015  LHCb(2024)[154) 0.491+0.012  LHCH(2024)[154)
Al - £0n* 0.4877 1% BESII2019)(153] | AT — X% 0.49%0 32 BESIII{2019)(153]
A 5 u+g0 -066%0 5  BESII(2019)[153] [ AT 5 E£+x0 —-0.4815%0  BESIII{2019)[153]
A =Kt —-0.64+0.70  BESII{2024)(155] | AZ - ="K+ -0.77+0.59  BESIII{2024)[155]
AY s AKt 0.33+0.08 LHCb(2024)[154] | AT -5 AK* —-0.799£0.041  LHCb{2024)[154)
R FYIESERIIMCENHSINT , *BM
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BESIT  New Af decay asymmetry  §&)
measurement arXiv:2508.1140

Pred. and Exp.
Koérner (1992), CCQM o ® o] ®
Xu(1992), Pole ° () ® ®
Cheng, Tseng(1992), Pole s} [ ) o o
Cheng, Tseng(1993), Pole o o O °®
Zencaykowski (1994), Pole ] ° ] ]
Zencaykowski (1994), Pole ® ® ® ®
Alakabha Datta(1995), CA ® o O L]
Ivanov(1998), CCQM (] o] o] [}
Sharma(1999), CA ) Q fe] [}
Geng(2019), SU(3) to— (o —eo— —eo—
Zou(2020), CA ® o) () [
Zhong(2022), SU(3)¢ —eo— o] =] (]
Zhong(2022), SU(3)” o & 8 L
Liu(2023), Pole ] 8} ] [
Liu(2023), LP ¢ © [} [ ]
Geng(2023), SU(3) —_——] O [} ®
Zhong(2024), TDA —o— () O O
Zhong(2024), IRA —o— [ ) O [s)
Zhong(2024), TDA () () O ¢
Zhong(2024), IRA (") () O ¢
CLEO(1990)
ARGUS(1992) f—e—
CLEO(1995) o— —e—
FOCUS(2006) —0—]
BESIII(2019) f—e—— o e o
Belle(2022) O ')
Belle(2022) o
LHCb(2024) (] s}
PDG Fit ¢ () () [}
This work O ] o o
-1 0 1 -1.5 -10 -05-1 0 1 -1 0 1
®pk0 Opz+ Oy0 7+ Oy + 70
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BESIT Observation of e*e~ — AtA, (2595)" and
AR, (2625)"

Datasets of 208/pb at 4.92 GeV and 159/pb at 4.95 GeV

arXiv:2312.08414

4 —— 77— P T
5o | /8=4918.0 MeV & {s=4950.9 MeV
0 19)
S [ +Data [fSideband S“F +Data [ Sideband
6 100 = — Fit curve 6 120 = == Fit curve
= e §,., [ALR(2595)] ( a =100 F ~ See [AT(25950
o0 80 s [AR.(2595)] > =S, [A:K(2595))
S -, [A:K,(2625)] S 80f —s,, [\E(2625))
S 0 s [AF.(2625) S —,, [A/X(2625)]
3 - Ac}:c:: 3 S A‘:‘ﬁ
i 3 ; ' g
g | g 40
= 20F _ A = 20
s M&ﬁﬁ&m‘::’;&“ﬁm&ﬁﬁmn
2.56 2.58 2.60 2.62 :
M [GeV/ c? MY [GeV/ foad|
ey e T " T T ]
L - = - 1 — i — .
100 [ ;eD;:aAdlAc(ZSQS) +C.C. i w150 [ e*e” — AYA,(2625)+c.C. h
— Fit curve ! s [ ® \s=4918.0 MeV 1
i ! e I
| --Threshold ! P i 4 (s= 4950.9 MeV
= ! ! 5100 .
|2 T i i > r
5 S0fe‘e - AlR(2625)+c.c. | ﬁ [
| @ Data | [ % B
| — Fit curve i o 0 ]
-~ Threshold i 5t
i ! ! o [
| 1 : ) 0 L —
0|...!|...|..'.|...1.. e e ]
4860 4880 4900 4920 4940 -1.0 -0.5 0.0 0.5 1.0
s [MeV] cosf
99 (1400820) (|G 2 +3Car2)+ 2 |G |2 sin20
== _\< S,
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Charmed mesons hadronic decays

% Measurements of the BFs
— Are important component of heavy-flavor physics program.
— Probe and calibrate non-perturbative QCD
— Understand SU(3) flavor symmetry and its breaking effect
—> Test theoretical calculations of BFs and improve theoretical predictions of C'P violation

&% Amplitude analysis of multi-body decays 1; P:tuoio-sca'ar

- Information of D - VP,PP,SP,SV,VV,AP,AV,TP ... |s scalar

A: axial-vector

— Light hadron spectroscopy

T: tensor
Topological Diagrammatic for D /D decays: H.-Y. Cheng, et a/. PRD 85,034036
Color-allowed tree 77 Color-suppressed tree W—exchange E W—anmhllatlon A

Calculation 1s not rehable need exp. input
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my, (GeV/c?)

BF of D hadronic decays

7.33 b1 @4.178 — 4.226 GeV, JHEP05(2024)335 BGS ]]I

& Global fit to ST and DT yields and obtain:

42965 events in

signal region

2 2.05
myy (GeV/c?)

14728 events in
combined sideband

Mode

Acp (%)

Df - KOK+n0

Df - K3Kn+

Dy - KYK—mtn™
Df - ntatn~
Df =7ty

D} — 77l

Df - atata—n
Df — oty

D} — ntaly

D - Kontr0

Df - Ktata~

1.502 £0.012 &+ 0.009; 0.29+0.50+0.21

5.40 £0.04 £0.07 i
-
—0.85+ 1.97 4 0.46

1.47+0.02 £0.02
0.73£0.01£0.01

550£0.05£0.11

0.93 £0.02+£0.01
1.56 +£0.02 £0.02
1.09 & 0:01 +=0.01
1.69 £+ 0.02 £0.02
9.10£0.09£0.15
3.08 £0.06 £0.05
3.954+0.04 £0.07
6.17+0.12+£0.14
0.51 £0.02+0.01

0.620 = 0.009 £ 0.006

0.48+£0.26£0.24

1.14+1.58+0.44
—0.66 £0.914+0.33
2.00£2.37£0.70
—0.24£1.05+1.07
—0.88£1.17£0.38
—0.44£0.89+0.19
1.05£1.45+0.62
2424+2.85+0.78
—0.59£0.76 £0.20
—1.60£2.571+0.64
—2.17+£4.65+£1.10
1.81+£2.01+£0.45

Agree with PDG with much improved precision

-~ - r
amplituc
|

B YIRS EREMCELGH ST, ZBM

Df > K*K-n* _ Phys. Rev. D 104 (2021) 012016
B SR " Phys. Rev. Lett. 129 (2022) 182001
Phys. Rev. D 106 (2022) 112006
Phys. Rev. D 104 (2021) L071101
JHEP 04 (2022) 058

JHEP 01 (2022) 052

JHEP 08 (2022) 196

JHEP 09 (2022) 242

Phys. Rev. D 105 (2022) L051103
D - KOK-m*m* Phys. Rev. D 103 (2021) 092006

D+ - K*K-n*n® Phys. Rev. D 104 (2021) 032011

DF - K*K-m*m*n— JHEP 07 (2022) 051

Df - Ko+ n JHEP 06 (2021) 181

D¥ - mHnp Phys. Rev. Lett. 123 (2019) 112001
Df > ntr*n~n®  Phys. Rev. Lett. 134 (2025) 011904
D} » ntn*n~n%n® Phys. Rev. Lett. 134 (2025) 201902
D - KOKOm+ arXiv:2503.11383

D} -» n*tnnOn to be submitted soon 22

DE n'mtn
Df - ntntnn
D;- —>7T+T[077’
D} -» n*tn'n®
D} - K*n*n~
D} > K*n*nn®

D - KIKdm™*
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Amplitude analysis of D} - ntn*n~n° BESII
7.33tb™1 @ 4.178 — 4.226GeV , PRL 134, 011904 (2025) = 1552 candidates with >75% purity

& Observation of D — £,(980)p(770)* —

80 — Fit T I
. . . . . [l Background | -
(Mainly involves W-external-emission diagram) by S : }MWW“i

g
B(DI — 7771 7% won—n) = (2.04 & 0.08star. + 0.055y5.)% - mﬁ:"_‘*“‘ﬁﬁj}g

. \ 0.5 1.5 5 15
B(DI = nut) = (1.56 £0.09stat. £0.04syst.) % W) (GeVied) W) Gevied)

—_
o
o

[+ Data

cadaa e b v a b

Events / (15 MeV/c?)
3

{ T B(6(1020) —s Yoo g0y : - f0(980)
L BOU020) > 1) 90 40,0140, 4 0.010uer, | o 1 o> 1 ]
LLBO1020) 3 KPR ) j : » i !
=il }'lfh iy, w‘
Taking from Df - K*K-nt = H‘} h\l § :
BESIIL PRD 104, 012016 (2021) Deviates from PDG é 50 V L #ﬁ] ,'il :::El}: }
Component Phase (rad) BF (107%) Value (0.3 1 3 +0 .0 10) L% 0 f‘l. Jillllm.llmllllllm-m .‘“I(I)II!_)'II G
R L R 1. B2 & S A T n (m) (GeV/cZ) M (1) (GeV/c )
£'75(980)p " 3.99 40134 0,07 2.57 & 0.44 + 0. 20 by >40
'f'ET'z:f('f)"'"'"""""'"""'"""'"1"l'f"i"(i'ff)'i'r'l'iii ..... H i e 100 | | - | ¢) |
(0 p°)s L104£0.1840.10 0.71 £ 0.25 4 0.12 S + 2 1
(p(1450)* %) 5 043 £ 0.18£0.17 0.94 + 0.27 +0.16 2 & al\ ' é 200 7'[(1300);
(ot p(1450)°) p 458 £0.16 4 0.09 1.75 4 0.27 % 0.08 W-annihilation decay w 60 | o 150 :
o((pm) = nTr~ 7)™t 290 £0.1540.18  5.08 & 0.32 & 0.10 =(1.92+0.30) x 1073 < 40 L 100
Fo((om) St oy 3BT L 000 T EOTTE 006 (PDG) 2 ¥ 2
....1,.(./) ey et e § _ o
a}((pm)s = ata~7%)at 4.82+0.15+0.12 1.29 +0.39 +0.24 w0 0.5 1 15 “ 00.5
7(1300)° ((,n)p Soatama)rt 22240144008 2.30 + 0.48 + 0.45 Mt ) (GeV/e?) M(min “0) (GeV/c2) 1¢
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Amplitude analysis of Df » n n n™n

Pure W-annihilation

d

OT[O

7.33fb™1 @ 4.178 — 4.226GeV , PRL 134, 201902 (2025)

& First observation of D — wp(770)"

Y

Pure W-external ¢maitto:1@4.178-4.226Gev

& Polarization puzzle

Amplitude

BF (%)

D — p(1450)*z°, p

wrt

(1450)* —

0.39 & 0.04 109

DF[S] = a,(1260)%*, a,(1260)°[S] — p*r~
. a1 (1260)°(S] = pta~

D [P] = a,(1260)%"

+0.0!
0.23 £ 0.02 _Um'

0.50 +0.04 002

Amplitude
D}[S] = wp™
D} [P] = wp™

BF (%)

0.30 £ 0.07 002
0.25 £ 0.04 H04

D — a,(1260)%%, a,(1260)° — p* 7~ 050+004 2@ | DY [D] > wp*  052+0.07 3%

DF[S] = a,(1260)%%, a,(1260)°[S] = p~z* 0.16+0.02 2% D — wp™ 099 +008 To
DA [P| — a,(1260)%° AEMOTS] — e +0.01

it oieer | ETT R P T R Do

D{[S] = a(1260)*p°, ay(1260)*[S] = p*20 0.41 £ 0.05 100 DY[P] - ¢p™  0.63+0.12 1%

Df[P] - a,(1260)*p°, a,(1260)*[S] — p*z° 031+0.04 1082 D — ¢p* 3981633 %

D — a,(1260)*p",

ar(1260)* = p*a®

+0.07
0.73 £ 0.07 700

D — by(1235)*2°,

b (1235)*(S] = wn™

+0.03
0.53 £ 0.05 90

D — b,(1235)°

7+, by (1235)0[8] > wn®

0.05
0.72 4+ 0.06 109

Events / (10 MeV/c?)

S>P>D  B(#(1020) —» 7t~ 7°)
B(4(1020) — KK )

Naive prediction: PRL 128,011803
transverse dominates than longitudinal in charm decays

R FYNIESE M

\/\4_1_\

v BlUIO

40!

.05.‘

» (GeV/cd)

n“n

3 (GeV/c )

100!

40

D>S>P*|

1[“1: (GGV/C ) 7! O (GCV/L )
j T .+ ]
N
. / P | {
Mﬂ: n'n'n (GGV/C ) ME 00 (GBV/C )

ST, KB

(GeV/c )

n"n“n

+ Data
— Fit result

— Background

= 0.222 £ 0.019tat £ 0.016syst

Deviates from PDG value
(0.3134£0.010) by >30

2|
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Amplitude analysis of DF —= K{K m

7.33fb~1 @ 4.178 — 4.226GeV, arXiv:2503.11383

® Measurement of ¢ - KJK,
B (1.86 £ 0.065¢at 1= 0.003syst ) %0

DY +KYKOn+ =
Amplitude Phase (rad) BF (%)
Df — ¢n™ 0.0(fixed) 1.32 +0.05 4 0.04

Df - KYK*(892)t 0.68+0.17+0.21 0.42 +0.03 & 0.03
D} — K2K*(892)* —2.40 +£0.18 & 0.31 0.31 £ 0.02 & 0.02

B(¢(1020) = K2K?)

B(¢$(1020) - K+ K )
~~

Taking from PDG

=i0.597 = 0023t £+ 0018t = 0.016ppc

\ Deviates from PDG value

(0.740+0.031) by >30

& First observation of K — K asymmetry

B(Df->KZIK*(892)1)-B(DF oK K*(892)1) _
B(Dj—>K§K*(892)+)+B(Dj—>K§K*(892)+)_( 13.4 £ 5-Ostat o 3-4syst)%

Model DAT (F4) DAT(F1')
/,Dj — KYK** —0.164 £0.032 —0.159 + 0.028

Predictions by H.-Y. Cheng et al., PRD109, 073008 (2024)

+

Events / (0.002 GeV/c*)

g

¢

P |
0.2 0.25

M. (GeVict)

o,

N IK'(892)*

ol ,,,K'

21000 ey

C I —kKIK (892

S

S 500 &(1020)r*

5 &

=

L

- e Pww veuy

M 1 2 3
2 4

My (GeVZe?)

o

)

>

(5] 2

Q 200~

o 200

S

3 100 Mmt

s 0

5 [ 4y

= 5 1 15 2

M. (GeVic*)

B YIRS EREMCELGH ST, ZBM

Events / (0.0025 GeV¥¢*

Events / (0.05 GeV/c*)

N
=)
T

S

g

E

BESII

2310 candidates with >78% purity

wn
P

1 P L ‘e { A%
.02 104 106
M2, ., (GeV3/c*

Kie )

=}

oy i,lo,

ottt L

0.5 l 1.5 2
2 it
M3, GeViich)
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U-spin and Ks-KL asymmetry

l. Bigi and H. Yamamoto, Physics Letters 349 (1995) 363-366
o T (D°—Ksr°) = [(D°—Ki)

o AD—Ksim®) =AD—-Kr’) +  AD—-Kr)
d
S —

CF ¢ w//au %S: DCS

C
V)

|+

c
d

)

U-spin* prediction

*U-spin: swap d<s quarks, important e.g. for extracting y from Bs—KK, Bg—

T (D% = Ks7®) =T (D% — Ky7°%) 2ADCS

= 2tan®fc = 0.1
' (DY — Ks7®) + I (D° — K. 70) Ay 2tantfo=0.109

CLEO result: 0.108 4= 0.025 4= 0.024  281/pb at CLEO: PRL 100, 091801 (2008)

[ (Dt — Ksnt) — T (D+ — K_7+)
['(Dt - Ksnt)+T'(Dt — Kynt)

D.-N. Gao, Phys. Lett. B 645, 59 (2007)

~ 0.04 CLEO result: 0.022 £0.016 £ 0.018
281/pb at CLEO: PRL 100, 091801 (2008)
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Puzzle of ¢ decays in charm

> InD} >t n®, D} -t n°n® and K2KYntdecays, relative
Branching Fraction of ¢ meson deviate from PDG;
> More results are coming. New mechanism?

. B(¢ — KsKL)

B¢ — ntana0) - oo
- —

— Ry
B(¢p - KTK~)

Ry

I [
| T T
HBC 1972 0.28+0.09 BRAMON (8] 0.62
OSPK 1976 0.283+0.015 FISCHBACH [10] 0:68
BENAYOUN [11] 0.71
ND 1991 0.291+0.015 DUBNICKA [12] 0.6440.017
CMD2 1995 0.328+0.017 HBC 1972 [15] 0.89+0.10 —_—
CMD2 1998 0.295+0.019 HBC 1977 [16] 0.71+0.05 —_—
032420.0 HBC 1978 [17] 0.82+0.08 —_—
1 +0.017
SND 200 * OLYA 1978 [14] 0.70+0.06 =————
CMD2 2011 0.316+0.011 CMD2 1995 [18] 0.68+0.03 i
e S CMD3 2008 [19] 0.638+0.022
3 .740=0. ——
BESHI(x* ' nx®) 0.222+0.025 FUGidenge 1] 0.740-0.031
PDG fit [13] 0.690+0.014 == 3 2 0
BESII(t*n*n ) 0.230:0.017 This paper 0.597+0.033 .
|
| 1 L 1 1 | 1 1 L
0 ] . 05
R, (/K *K) 0 R ¢05 1
Phys. Rev. Lett. 134, 011904 (2025) iy KsKLIK+K-
ysS. . . ) arXiv:2503.11383

arXiv:2501.04451
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BESIT

Amplitude analysis of D} - n* %y PRL123, 112001 (2019)

- Observation of D} — a,(980)m

0 Sub-sample with
' Full sample M +50 > 1.0 GeV/c?

T Ll I T L) T ' I l_
(a)

T T T T T T

(e)

2

2 -4 o e
3 D
o~ L s -~ P 10 — —
e o) -~ " C
0 L g - & L R .
—— . St .. o = )
2 = S 0%Y, O - — 2 - aui e
- ) g T i e » - - L 4
U S 8 A - = <
S [ Wy © oL {1 S s0 > 10f ]
- ™~ - L
= B - i RT3 W ¥ A = Z 10 7]
" . -« '3 " | — i = - B
— - . o v ., -1 o | 3]
= 1} oW e m 2 3 i
- R ) 24 = I - -
= - e " -,\:‘-. -
PO S N T N N1 R ek AN A 0 =

| )
I 2 3 v I 15
2 N\ 2/~4 T\ /2
ML (GeV7/c™) M. (GeV/c)
80 — ] T T ] T T T T l T T l_-: 8() i T T l T T T T l

(c)

10

20 20f

-y -y L L
=l =
_— - } - [ 2 ()
-~ 60 -~ 60 =
3 = 2 L L
-~ I~ - L
& 40 & 40
=2 N > i
=z R}
= B
o =
- -
43} [§3)

Events/40 MeV/&

0

1 L5
M., (GeV/c?) M., (GeV/c?)

Dots with error bar: data; solid: total fit; dotted: D — p*n; dashed: DJ
— a¢(980)m (with a stat. significance of 16.20).
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BESII

Branching Fraction Results of b} - n*n'n
PRL123, 112001 (2019)

Fit to the invariant mass M +0, to
[ BESI yield: 2631+77

get the yield. 0.2r

B(DS - n* ') = (950 £ 0.2850r + 041505 )% |

PDG value= (9.2+1.2)% 0.1 [
BF(sub-mode n) = B(DF — 7+ 7)) FF(n) -.

Branching fraction (%)  BESII

B(DF — p*n) = 7.44 £ 0.525¢at. + 0.385ys. PDG value = (8.9£0.9)%

B(DF — ap(980)T7°)* = 1.46 £ 0.1544s. £ 0.234,5. : :

B(DF — ao(980)°7+)* = 1.46 + 0.15stat. + 0.23sys. } First observation !
*here, ao(980) — )

e B(D& - ay(980)*n is larger than other measured pure W-annihilation decays

(D - pn, DF » wn™) by one order.

s B YIRS EREMCELGH ST, ZBM 120



BESII

Amplitude analysis of D} - ™ ™n

2139 events with purity > 85% PRD 104, L071101(2021)
T A | e T
B Background
L
+ +o - >
B(Dy »m mTmn) = 0.5 0.5 1 1.5
=(3.12£0.13£0.09)% w M@'n?) (GeV/cz) M(ﬂ*n)(GeV/cZ) M(ﬂ*ﬂ) (GeV/cZ)
100 e ()] )
3 -Background |'
=
B(DS - af(980)p°, af(980) 5 *
+
- ) ¢’ 1 15 05 1 1
=(0.21£0.08%0.05)% M) (GeV/ic?) M(n*nn) (GeV/e) M(n*nm) (GeV/cZ)
Amplitude Phase FF (%)
a1(1260) " (p(770)°7 " )n 0.0(fixed) 55.443.9+2.0
Larger than other w-annihilation a1(1260)" (fo(500)*)p 50+£0.14+0.1 81+19+2.1
decays lao (980)* p(770)° 2.54+0.1+01 6.7+25+15 |

n(1405)(a0(980) 7 ")7t 0.2+0.2+0.1 0.7+0.2+0.1
7(1405)(ao(980) 7 )™ 0.24+0.2+0.1 0.7+0.2+0.1

( )
How about Ds* = a%(980) rho+ ? Does f1(1420)(ao(980) 7" )" 43+£02+£04 1.9£0.5£0.3
f1(1420) (a0(980)+7r—)7r+ 434+02+04 1.7+05+0.3

it have the same branching fraction?  [4,(980)~7*]sn* 01402402 51+1.2+0.9
[a0(980) 7~ |smt 0.1£02+02 3.4+08+0.6
[fo (980)n]s7r+ 14402403 62+1.7+0.9
[£o(500)n]s7 2.5+0.2+0312.7+2.6+2.0
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BESIT D} - ntn'n'n

® The D — a,(980)*f,(500) decay is expected to proceed through the pure WA under

the assumption of a;(980) as a conventional gqg mesons. Thus, this study will uniquely
determine the non-perturbative WA amplitudes.

® The study of DF — a,(980)*f,(500) can provide crucial information on the tetraquark
structure of the ay(980) or significant contribution from FSI effect.

® Moreover, similar to DF - a(980)*p° in D} - ntw*n~n, we can search for DF -

a,(980)°%p.
980)+ . }fo(500)
w < v Df - 7T+7T07T077
fo(500) p }GO(%O) Amplitude
(b) ] DT — a1(1260) ", a1 (1260)™ — p(770) T x°
7 d ¥
Cj f500) 2 (500 b= ao(gg(?)o f0(500)
a d Dy — 7 (7T ™ )S waveT]
wH, C@ wH, Cd
d U
¢ % Lag(980) ¢ % Lag(980)
Df DY . .
P s s BESIII internal review
© (@ PIERLESR

s B FYIESERIHICHRHITE , M 141



BESII

Scalars from Ds hadronic decays

» a9(1817) and f((1710)

Phys. Rev. D 104, 012016 Phys. Rev. D 105, L051103 (2022)
r f < 6oF S100k
flsoo - 4005— { ¢ wf % | +¥atalf \ %100:
“Emo 3 [ =R S = It One order of magnitude
2 S ok g * S B S(“mo)m S soF ff::] larger than the expectation!
E ] L 2 20F z |
E 5(](] E g E 50? 5 : = :
oL et b Nt e s (N T R VR ¥ S L . 2 14
e (K K* ) (GeV2/cY) MK ) GVt P (K* ) (Gev/c?) M KK’ (GeVlc?) M, . (GeVic?)
B(Df - f,(1710)n*, fy » K*K™) = (0.10 £+ 0.04)% B(DF - fo(1710)w*, fo » K{K) = (0.31 £ 0.03)%
Phys. Rev. Lett. 129, 182001 (2022)
i‘: K+I_(*(892)0 2150: i‘: 80?
2 100} KoK ooy z | P Isospin-one partner of
=t —- KK (1410)’ = Lok = 60f
R o 2 S v f0(1710) or X(1812)?
S sob sy 2 sof 2 |t
g [ 5 I 5 20}
1 12 14 16 18 0.6 06 08 1 12 14
M g (GeVie?) M g,y (GeVie?) M, (GeVied)
B(Df - aq(1817)*n% ay » KQK*) = (3.44 + 0.61) x 1073
Mass: (1.817 + 0.()2)GeV/C2 Width: (0.097 + 0.027)GeV/C2
= = o SASE S LY = A N
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PRL 132, 131903 (2024) BGS]I[

Amplitude analysis of D* - Kdm*n

2.93fb~! @3.773GeV
% Observation of W-annihilation-free decay D™ — Koa,(980)"

1113 candidates with 98% purity

| - Data I r
- SO _ Fotal it @ 1 _ o} = « Qo (980)*
L Ka, 080 Lot L |
> i K, (1430)" % | 100 Ti: /
z Z 40 z B e
=4 S | s : 5
£ oL 4o RN £ =
Q i 2 201 g 3 «t 1f
008 r T a6 008 2 O,
M Kb (GeV/ce?) M K (GeV/c?) M., (GeV/e?) = Mig“ (‘GL_WC:)“ E
0 +
B(D* - K%ay(980)*,ay(980)" = z7n) = (1.3340.05,,, +0.044,)% m g}%(gw)+
w S '
- - 5 S -
B(D* — K;(1430)°z", K;5(1430)° — K$7) = (0.14 £0.02, £0.024) % ) :
D~ 1 5(1430)° J}KO

B(D* — Ktn) = (1.27 + 0.044, + 0.034)%

‘ > w g S_ Ko
Provide sensitive constraints in the extraction of - Eﬁﬁ< d
contributions from internal W-emission diagrams =——» | Ti}a»o(QSO)JF
d < < d
e R FYIESERIIMCENHSINT , *BM 142



Amplitude analysis of D® - t*tn™n, Dt - ntny

$ Observation of D — a, (980)11' 79 b 1@E,, = 3. 773GeV PRD 110, L111102 (2024)
Amplitude Phase (in unit rad) BE [ x107") % \‘ = 1; o
"""""""" L N = TR TIN = &
0 +—0n) — D0 a0 (980) 0.06 - 0.16 - 0.12  0.07 £ 0.02 -0.01f & 2
' B(D® — ') ! .!?.‘3.:2.9.3.@223.9)1.......... SLOBE012£010 05750055007 :
I 0 DY = a2(1320) " —1.16 £0.25 £ 0.23  0.03 +0.01 +0.01 N sy S
I (1'24 +0.04 % 0'03) A) : By a2(1700)+7r* 0.08 4+ 0.17+£0.23 0.07 = 0.02 + 0.03 ,ﬁﬁlm’”‘) (Exala ) GV
I D° = (7777 ) s—waven | =0.92£0.29 £ 0.14 0.054+0.02+0.03  Tioof © 1678 candidates with 74% purity
I )+ + 2 )
4 _ 1 DY S o™y Z4.03+0.19+0.13 0.20 £ 0.07 £ 0.05
| B(D* »mhn'y) = | Do T SO0 £010 OB ERILEO, 5 of Mﬂrm o 5 of %
o/l _D — ao(980) "7 0 (fixed) 0.95+0.124+0.05: £ s Z M
!. ..(g .].' ? .-.I_ ..(.).. 1% .-.I_ _0_(.).3_) _/0_' H 2 a0(9802 2442020010 037+010£004F = [ s b= + 2 N
DT aa (1700) 0T 0,92 £ 0,20 % 0.1470.09 £ 0.05 + 0.02 o ' is ns
D = ao(1450)*7° | 0.63£0.41£0.30 0.15 + 0.06 % 0.02 ; M("“)(G"V" B - ,Mf”“’”‘GeW‘ -
R S e e (R T - D* - mrny A....Z:{fm)no’
: sz°-+aqwsm+n*p%xD°-+amg&n*w+) 7.5 0 3star. £ 1.7ayst. 13 2 5L 4 ™ (9807
I B(DT = ao(980)17°)/B(DT — a0(980)°7") 2.6 & 0.64tar. £ 0.36yst. E] g
! 2 5 g S 2 . i
| = Disagrees with theoretical predictions by orders of magnitude |
I ———————————————————————————————————————— -l&: 80—‘ i
% Observation of D — ay(980)rr >!2° @fm=t17ecev £«
s 0 PRL123, 112001(2019) £ #{ 4
s -
B(DF — a0(980)T7°) = B(DF — a0(980)°7T) = (1.46 £ 0.15 £ 0.23)% ol =
M(n°n) (GeV/c?) M) (GeV/e2)
— Larger than pure W-annihilation decays D} —» wn®, D} —» prr* by one order of magnitude 24
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BESIT Amplitude analysis of D™ — 7"

20.3fb~! @3.773GeV
1624 candidates with 85% purity

% First observation of an T
altered ay(980) line-shape
due to triangle loop rescattering
a,(980)*

Fitl: Py (0g0) three-channel coupled Flatte formulae,
the fitted pole position 1s inconsistent with previous measurement.

Events / 10 (MeV/c?)

To consider the rescattering process Dt — K;(1430)°K* — a,(980)*n
we perform Fit2 and Fit3

Fit2: (1 + [C1eMi00p)Pagosoy
Fit3: (1 4 [C|Ai00p)Pa,(980) With ¢¢ fixed to zero.

|C| — 0113 :l: 0-015stat. III 0-048syst.
Fit2 and Fit3 give good descriptions of the altered ay(980) line-shape.

&% BF measurement  B(D*+ — rtin)
B(D* — ao(980)7n) B(ao(980)" — nn) }

Events/ 10 (MeV/c?)

B YIRS EREMCELGH ST, ZBM

ol " \ =
0.6 08 1 1.2
M3, ) (GeVct)

100

(3.67 4+ 0.12¢¢at.

L [
14 1.6

A T
2 13 1

4136 1T
Mmm) (GeV/c?)

s0F

T T
—— Data

=== Fix parameters

=== Fitl
== Fit2/Fit3
=== Background

1.2

M(mm) (GeV/c?)

4+ 0.065yst. ) X 1077

1458



BESIT

> ay(980) and f,(980): two-quark qq or tetraquark q*q*?

a,(980) from charmed hadron decays

Phys. Rev. Lett. 123, 112001 (2019) Phys. Iliev. D 110, L111102 (2024)
T T T T T T 1] LI B B —

T T T T
o . L p'n 1 100 M s
Q Q =~ - 4 & — +.0
S 20+ S >0k L a8ty > [ e a,(980)'n” |
Q I ] + +- g L 0+ |
e 2 s a(®Oymw ] = e a,(980) m*
= | =] ) ] ™ H 1
g I I Q | - g s0 T
£ 10 2 2 50~ RN s 1
5] | o 5 [ g [ + + i + + 1
LT>J [5 > [ (4 F S 4 T 1 1
0 I 1.5 0 1 1.5 O 15 T
M,., (GeV/c?) My, (GeV/c?) W-Emission & W-ExchangeM(wm) (GeV/c?) M(rwm) (GeV/c?)

W-Annihilation

B(D° = a0(980) 7 )/B(D° — ao(980) 7")  7.5T25 4 1.7..0
B(D; - agm,ag - 7'”7) _ (1.46 n 0.27)% ( ao( )t )/ ( aO( ) 7" ) 0.8 stat. yst

B(D* — ao(980)*7%)/B(Dt — a0(980)°7F) 2.6 £ 0.64tar. & 0.3yst,
Phys. Rev. Lett. 134, 021901 (2025)

—+ sWeighted data
— Total fit
— Aa,(980)*

ANR (")
— 2(1385
A(1670)m*

Phys. Rev. Lett. 132, 131903 (2024)

T

| < Data
— Total fit

--- Ka,(980)* *
o 1K (1430)°

3

200F

8
T
[
=1
=)
T

—_
=3
=]

Events/(18 MeV/c?)

[N)
(=]
T T
e
[
=]
T

20(- 5 + “

Events/(18 MeV/c?)
8
i —_——
ST
Events/(18 MeV/c?)
Events / (0.025 GeV/c?)

4t
P

g R
1 12
M., (GeV/c?)

Events / (0.020 GeV/c?)

Events / (0.021 GeV/c?)

=)
o
=)
=)

1 12 14 16 0.8
My, (GeVIc?)

07 08 09 1 11 13 14 15 16 17 18 2
M., (GeVic) M, . (GeV/c) M, (GeV/c?)
W-Emission W-Emission & W-Exchange

B(D* - afK?,ay - ) = (1.33 + 0.06)% B(A{ - afA ay —» ) = (1.05+ 0.18)%

0.8 1 12
My, (GeVie)

All of the measured branching fractions deviate from the
predictions made by q@ model = q*q* and Final State Interaction?
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ol The quantum-correlated state

For a physical process producing D° D° such as

5‘ e'e- >y - DD’
¢ o —>’<— ®° The DO D pair will be a quantum-correlated state
’ For a correlated state with C=— ¢ D°> — ‘50>
0 1 — — Al —
D v B[}
_ £, A
CP tag at t