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I Physics

Expt. branching ratio

Standard Model Tests:
« Chiral symmetry and anomalies

« Extract n — n' mixing angle and quark mass ratio

« Theory inputs to HLbL for (g — 2),
* QCD scalar dynamics

Channel Discussion

n— 2y 39.41(20)% Chiral anomaly, n-n" mixing

n — 3n° 32.68(23)% my — my

n— nlyy 2.56(22) x 1074 xPT at ©(p®), leptophobic B boson,

n— JTOJTO]/’V

Fundamental Symmetry Tests:
* C, CPviolations

+ P, CP violations

» Lepton flavor violations
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BSM Physics in Dark Sector:

* Vector bosons (B boson, dark photon and X
boson)

« Dark scalars

* Pseudoscalars (ALPs)

« BSM weak decays

n—>nmw ep|

+

n—m

o wily

n—ete ete”

n—ete utp”
n—ptpptu

n—ntan aly

B
n— mrety,

n—>nimwo
n— 2n°
n — 4n"

<1.2x 1073
<28 x 1074
22.92(28)%

4.22(8)%

<2.1x 1073
6.9(4) x 103

3.1(4) x 104
<7 x 1077
5.8(8) x 106

2.68(11) x 10~*
<36 x 107

2.40(22) x 10
<16 x 1074
<36 x 1074
<5x 1074

<17 x 1074
<4.4 % 105 [56]
<35x%x 1074
<6.9x 1077

light Higgs scalars

x PT, axion-like particles (ALPs)

<10~ 11[55]

m, — my, C/CP violation,
light Higgs scalars

Chiral anomaly, theory input for singly-virtual TFF
and (g — 2),, P/CP violation

x PT, ALPs

Theory input for (g — 2),,,
dark photon, protophobic X boson

Theory input for (g — 2),, dark photon

Theory input for (g — 2),, BSM weak decays

Theory input for (g — 2),, BSM weak decays,
P/CP violation

C/CP violation, ALPs

Theory input for doubly-virtual TFF and (g — 2),,,
P /CP violation, ALPs

Theory input for doubly-virtual TFF and (g — 2),,
P/CP violation, ALPs

Theory input for (g — 2),

Theory input for (g — 2),

Theory input for (g — 2),

Direct emission only

Second-class current

P/CP violation

P/CP violation

P/CP violation
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I’ Physics

Expt. branching ratio

Standard Model Tests:

« Chiral symmetry and anomalies

« Extract n — n' mixing angle and quark mass ratio
« Theory inputs to HLbL for (g — 2),

* QCD scalar dynamics

Channel Discussion

n —nrta” 42.6(7)% Large-N. xPT, light Higgs scalars

N > Ty 28.9(5)% Chiral anomaly, theory input for singly-virtual TFF
and (g — 2),, P/CP violation

n — na’n° 22.8(8)% Large-N, xPT

n — wy 2.489(76)% [58] Theory input for singly-virtual TFF and (g — 2),

n — wete” 2.0(4) x 1074 Theory input for doubly-virtual TFF and (g — 2),

n — 2y 2.331(37)% [58] Chiral anomaly, n-n" mixing

n — 370 2.54(18)% ™) my — mg

N — utuTy 1.09(27) x 1074 Theory input for (g — 2),, dark photon

Fundamental Symmetry Tests:
* C, CPviolations

« P, CP violations

» Lepton flavor violations

n —>ntn ete”

n — n%70%te-
n — ntn 0

n — 2(nTw)
n — wtn 2x°

T = 2w )T

BSM Physics in Dark Sector:

* Vector bosons (B boson, dark photon and X
boson)

« Dark scalars

* Pseudoscalars (ALPs)

« BSM weak decays

n.r — KiJT:F
n — mteTu,
n — 7y

n —nyy

n — 4r°

nN —ee
n = putu”

) — 0t gte-

i —> T wy

7 x -
—>J 7

n — 270

4.73(30) x 1074
<2.9x 1073

2.4(713) x 1072

3.61(17) x 1073

8.4(9) x 107
1.8(4) x 1074
<1.8x 1073
<4 x 107>
<2.1x 1074
3.20(24) x 1073

8.3(3.5) x 1072 [59]

<4.94 x 107 [60]
<5.6 x 107

<1.8 x 1073
<4 x 1074

Theory input for (g — 2),, dark photon

Theory input for doubly-virtual TFF and (g — 2),,
P/CP violation, dark photon, ALPs

Theory input for doubly-virtual TFF and (g — 2),,
P/CP violation, dark photon, ALPs

C/CP violation, ALPs

m, — mg, C/CP violation,
light Higgs scalars

Theory input for doubly-virtual TFF and (g — 2),

ALPs
Weak interactions
Second-class current
Vector and scalar dynamics, B boson,
light Higgs scalars
Vector and scalar dynamics, B boson,
light Higgs scalars
(S-wave) P/CP violation
Theory input for (g — 2),, BSM weak decays
Theory input for (g — 2),, BSM weak decays
Theory input for (g — 2),
B boson
P/CP violation
P/CP violation
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Source of n/n’ events

ete- Collider

BESIII at BEPCII

JEF at JLab
(;L[Hi)(&ﬁﬂﬁ, m;ﬂﬂmmm

forward calorimeter
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Collaboration

Crystal Ball

Fixed-target

R
Class

CLAS(12)

WASA at COSY

Fele

New Proposals
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n/n’ sample from J/ ¥ decays at BESIII

o J/y 0 Jiy—on’
-—-— oon
5 &0 J/HJ—WH
= w0 l 1 J/y—on
Now? 0 J/yg—wn
Y i 0 20 40 0
: CBAL Markll Marklll DM2  BESI  BESHI  BESIHI Br X 10
) J
* High production rate of n/n’' in J/ ¥ decays
e radiative decays:[5.2><107 n'J 11x10'n n' > ntnTn — 2.2x1077

* hadronic decays: 6.5x10%n", 2.5x10" n
* Unique opportunity to investigate the decays of n/n’



BESIII: an important
role in /1’ decays

n—rt e, n/m'— el
n'—owe’e”

n'—Kmn

n'—pm

n—yym’

n' =y

n'—mtnn, n'—nnn
o—T1rrrmd

P=yy

n'—ym

Absolute BF of n' decays
N =710
n—mn'ne‘e”
n—mtnutu”

Absolute BF of n decays
n'—e‘e e‘e”

n—nmn°n®

n—rr e, oo
n'—2(rt) OO, 2(mlnd)

n—mn'ne‘e’, MM uUTU”

n/n'—ye‘e”
n/m'—/*1

Matrix elements, m,-mg, C-inv
First observation, BR

Weak decay, UL

First observation, BR

BR, B boson

BR, decay dynamic (box anomaly)

Matrix elements, cusp effect
Dalitz plot analysis

BRs, chiral anomaly

UL

BRs

CP-Vio, UL

BR, CP-viol assymm

BR, decay dynamic

BRs

BR, TFF

Cusp effect

Matrix elements, cusp effect
VMD, CP-Vio

BR, decay dynamic, CP-Vio

TFF
BR, TFF

PRD92, 012014(2015)
PRD92, 051101(2015)
PRD93, 072008 (2016)
PRL118, 012001(2017)
PRD96, 012005(2017)
PRL120, 242003(2018)
PRD97, 012003(2018)
PRD98, 112007(2018)
PRD97, 072014(2018)
PRD100, 052015(2019)
PRL122, 142002(2019)
PRD101, 032001(2020)
PRD103, 092005(2021)
PRD103, 072006(2021)
PRD104, 092004(2021)
PRD105, 112010(2022)
PRL130, 081901(2023)
PRD107,092007(2023)
PRD 109, 032006 (2024)

JHEPQ7, 135 (2024),
arXivi2501.10130v1

PRD109, 072001 (2024)
PRD111,052002 (2025)



Recent highlights of eta/eta’ at BESIII

* Decay dynamics
* Transition Form Factors

e Dark force



0.0 -
' BESIII: PRL130,081901(2023)

Evidence of cusp effectinn’ -«

* Investigation on tmt and mn final interactions i 0

« The cusp effect (m*n~ - n%7° - n¥w™) is sizable in this decay

-
N

¢ Data (b) B. Kubis, S. P. Schrzeider, EID]C 62,511 (2009)
= ¢/ » One and two-loop level contributions

—Fit ll
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» Cusp effect with ~3.5 g!
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Cusp structureinn - m

ratio

0.98

0.96

0.94

0.92

0.0
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C. 0. Gullstst
 weotovat RUSELSKY, PRCY,

. \J
K \ \
\ |
| \
v
s
s
s

----one loop

two loops
two loops assuming m_=m_,

A. Kupsc, A.

128201 (2009)

0.28 0.30 032 034 036 038 0.0
Mnr [GeV/c?]

102~

(b)

-~

A2: PRC97 (2018) 065203

This Work: A2
— — — Dn(a), A2
Dn(a,B), A2
Dn(a,B,8), A2
- - - - - NREFT(n-3n), KLOE+A2
NREFT(n-31°), A2

0.98

0.96

0.:135
m(r°z°) [GeV/c?]

/[A

0

3
AX,Y)P oc1+20Z +25 ) R\/1— s;/4m2,
1=1

6 — _0018 i O.OZZStat_

& 105 | BESII: PRD 107, 092007 (2023)
: | o
()]
S i It
S qf bt~ * i .
o i * k9
o | ¢+ This work L
g 095+ {11 —Fit 1(a)
a _I - Fit 2(c,8)
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Matrix elements for  —» n°

JA(X,Y)? oc 14202 +28(3X%Y — Y?) 42722 + -

3

2 3T‘
A X2 ]/’2 E : ?

=1

a = —0.0406 + 0.0035 + 0.0008

B = 0.0038 4 0.0033,44;
y = —0.018 + 0.014 .4,

T

O

0

BESIII: PRD 107, 092007 (2023)
https:.//www.hepdata.net/record/141642

—1)? - of |

a is consistent with A2 (—0.0302 + 0.00084;4¢ ) in 2.80

B(A,) = —0.0070 + 0.0010,,,;
y(4,) = —0.0023 + 0.0040,,,,

I300
e e e b, 6000 - a2
T I--'-E__-'-_l e l_.'_:-'- e % o_
R e fel =200 ©
ek et L Ty T 4000
S e 5 Hf!'p} S | 2 + D.ata
e T L L R =100 w2000 - PHSP
oy — 4 -
S =" =in s
b e oS - j
'\-h._‘_ - -
........ T'...'.........IO % 05
1 -0.5 0 0.5 1 :
X Z
- —e— This work
- —=— A2[13] (b)
—&— BESIII2015 [12]
- —¥— KLOE [10]
—e— WASA at COSY [8]
- —=— CBall [25]
—— SND [51]
—— CBarrel [52]
‘ —&— GAMS2000 (53]
..................................................................................................................... PDG(a=-0.0288+0.0012)[23
v —e— Khuri-Treiman dispive* [54]
- —m— Dispive Analysis [14]
il —— Dispive Analysis [15]
== —%— Dispive Analysis [5]
| e —a— NREFT[4]
—&— ChPT NNLO [3]
—tt 4~ Bethe-Salpeter Eq.[50]
L Lo ool w v by v § 10y, —%— ChPTNLO"[47]

-0.08 -0.06 -0.04 -0.02 O

a(n—n’n’n0)

0.02 0.04
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O BESIII: PRD 107, 092007 (2023)

Matrix elements forn » n n™m

1
»SM: Isospin violating process, C conserved, EM effects suppressed 150
= ideal process to extract m,—my s of it 100
AX, V)P oc L +aY +bY? +cX +dX?+eXY + fY° + gX?Y + - - o5 %0
V3 3T0 = 0
X =23(Tw —Tp-),Y = =2 — 1, :
g ) Q
a = —1.086 + 0.006 + 0.001, ; B mee pem o
b = 0.162 + 0.006 + 0.003, \ . ] =s= 0 am
d = 0.083 + 0.007 £ 0.001, e Il 2 e | ®| (s
f = 0118 £+ 0.011 + 0.003, - ol
g = —0.053 £ 0.017 + 0.003. I R S B
¢ = (—0.086 + 2.986) x 1073,e = —0.001 + 0.007 RN

-1.3 -1.1 015 045 0 0.15 -0.05 0.05 -0.07-0.03
a b d f g

m) no C symmetry breaking

11



Dalitz plOt AsymmEtrieS in n- 11'+11'_11'O BESIIL: PRD 107, 092007 (2023)

S. Gardner; J. Shi, PRD 101 (2020) 115038
»BSM: C broken, isospin either conserved or broken H. Akdag, T. Isken, B. Kubis, JHEP 02 (2022)137
J. Shi, J. Liang, S. Gardner PR 110 (2024) 055039

M(s, t,u) = M (s, t,u) + MY (st u) + MY (5,1, u)

» The interferences give rise to mirror symmetry breaking (permille level) in the Dalitz plot

3.6
g ! 1.8

1

ny = overall C/CP-violation Al =2 Al=0
g‘“ Experiment ArLr(%) Ag (%) As(%)
s 0f 1o o This work [0.114 + 0.131 +0.001 —0.035 =+ 0.131 & 0.011 —0.070 + 0.131 4 0.009
2 KLOE-2 [11]| —0.050 4 0.04573:9%%  0.018 +0.0457%-928  0.004 + 0.04519:931
05| e Jane [40] 0.28 + 0.26 —0.30 £ 0.25 0.20 & 0.25
= Layter [24] —0.05 +0.22 —0.07 £ 0.22 0.10 + 0.22

_36 Gormley [41] 1.5+0.5 - 0.5+ 0.5

12



Amplitude analysis for n' — 4n

F. K. Guo, B. Kubis, A. Wirzba, PRD 85,014014 (2012)

Br(n' - 2(r*n™)) =(1.0+0.3) x 107*
Br(n' > ntn 2nY) = (24 +0.7) x 107*

500

g

IIIIIIIIIIIIIIII[III

100

Pull

n-ontnntn”

- = Fit result

—+— Data (a)
Signal MC Mode |
Jly -yt

- Jly—-yn' n—m nn'r]—)n *ny

Jy—-yn'n'-n ne ‘e

—— Jly—>yn' n—m T[].l u

— — Jy—syn'ontny

x%/ndf = 1.256

1650 + 48

0.90
M(r*nrtn) (GeV/c?)

BESIII: PRD 109, 032006 (2024)

/ —
n' - ntn n'n®
E —+— Data b
- = Fit result 865 + 4‘9 ( )
600 Signal MC Mode Ii -

C Jhy—yn*nnn®
~ 500—_ - Jly—=yn'm'on nnn—+n°n°n°
R C - Jhy—yn'n'—n’n nn—)yn w
> L — — Jy—yn'm'—yo,0-1' T
é" 400 x%/ndf = 2.387
w C
~ L
@ 300~
(-] E
4
= 20004 .- 287 %

100— BT,

e R
i SR PRI T R YT TP UL B LU 1YY
Y SATERRAN L FEFME RN AP

0.85 0.90 0.95 1.00
M(n*n 1% (GeV/c?)

Br(n' > ntn ntn™) = (8.56 + 0.25 + 0.23) x 107>
Br(n' » ntn n’m%) =(2.124+0.12 £ 0.10) x 10~*
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Amplitude analysis results for n’ — 2 (™ ™) sesit: pro 109, 032006 (2024)

Combination of ChPT and VMD model: PRD85, 014014 (2012)

_ _ o p
Al — ztnatn™) = €uapp P5PIPh

Events / 5 MeV/c?

« { [ S12 n §34 S14 S23 }
Dp(Sl2) Dp(S34) Dp(Sl4) Dp(523)
[M/z)(slz—*—sm) M/%(Sl4+523) ]}

Ha = ,
D,(s12)D,(s34) D,(s14)D,(523)

Pull
Ao s o

n P T ’ v
UL { N
. i= rt %
Box anomaly _ Triangle anomaly - - =
» First measurement of the doubly virtual z
isovector form factor
C =
a=——=1.22+0.33 + 0.04 =
€1 — €2

If a =~ 1, triangle anomaly would be dominated

|

—— Data

—— Fit result
o dly oyt
ceee syt Tyt

y2/ndof = 0.90

(a)

0.3 0.4

M(rim;) (GeV/c?)

0.5

03 04

y2/ndof = 0.96

05 0

(c)

bere 2 5 2 S5

0.7
T . .
RRLE ik LA

0.3 0.4 0.5 0.7

M(m;m)) (GeV/c?)

Events /5 MeV/c2

Pull
bos o

Events / 5 MeV/c2

Pull
b o s o

807

(b)

60

401 y2/Indof = 0.92

200

03 04 05 06 0.7

g t by et

_'iﬂl‘_"*ﬂi #e "'**"*Hl A H*ﬁ' '+ +#+#f'?|ﬁ#qﬂ_i

0.3 04 0.5 0.6 0.7
M(mim;) (GeV/c?)

o (@)

0.3 0.4 0.5 0.6 0.7
M(m3;) (GeV/c?)
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Search for rare decay 17' RN 1'[011'011;01'[0 BESIII: PRD 109, 032006 (2024)

 CP-violation S-wave, induced by the QCD Lagrangian 6-term = Br~10-%3

* CP-conserving higher order = Br~1078 EK. Guo, B. Kubis, A. Wirzba, PRD 85,014014 (2012)

—— Data

‘no .|: n | = Fit result (a)
Z 100 —— Signal MC Model Il
,,Tco . - Jly — yrnPnn®
, N ‘“TCO R L ---- Jly > yn',n'—)rconf’n,n —3n°
0 ; 80— x/ndf =2.484 *
-—"rc w I
> L }
n f, <+ 60— H
. 0 B -
70 T ‘E - )
O 40—
: Small contribution from R
D-wave pion loop B
two f, tensor mesons 20~
— 25
. Yy . — = 0F
* With 10 billion ]/, the UL at 90% CL is setas 1.24 x 107> =

i 0.8 0.9 1.0 1.1
M1’ (GeV/c?)
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Transition form factor of n/n’

* Important input for HLbL contributions

Annihilation process q2>M?

Dalitz decays 0<q? <M? Two photon process



Transition form factor of n/n’ —» ye*e™

e+
+— 2 2 2
dr(P »yl™17) Z2a1l 1_4wq(1 n%)(l—cl)ﬂF(qZONz p |F(q ’
14
- . | — .
% 1 - ye'e,single-pole model: F(¢*) =—— < 1’ - ye*te™, Multi-pole model: PP = NN 7
1 —g°/A q (N2 ) + A%?
c\lA 104 L I IIIIIIIIIIIIIIIIIIIIIIII I L l T 1743 C\E :l o I Per P chn cEn I P | chb | PEb
§ = (a’j\ = (0 749 + 0. 026 + 0. 008) Gel{/ncf_ '3 S (b) é ﬁ:’{;df:o'a
¢ data (4)) 3 _
8 10°¢ — fit result 7 o107 An, = (0.749 £ 0.026 £ 0.008) GeV/cZ_‘:tJ:;::d E
C ideband - I
8 B :Ieaekii; bkg 8 F = (0.113 + 0.009 + 0.002) GeV /c*  peaking bkg
S 10°¢ o I
Q - o
= I =10%F
2 2]
E 10 i E s g A o B R e g
> 0 e L
u — — - Lo L 1 1 1 P I I | I

’
0 00501015020250303504

M(e*e) (GeVic?)

0 041 02 03 04 05 06 07 08

M(e*e) (GeV/c?)

BESIII: PRD 109,072001 (2024)
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Amplitude analysis result of 1]’ — 1T+Tl'_l+l_ BESIII: JHEP 07, 135 (2024)

o=t o=
mw'1m e e
0 ] .0 1400 —
* p*, box-anomaly and w to describe data ~ ~—oa ON PN Tk (b)
-$>.2 10° ;_ — Fit result § E My’ MC
. . g E n—yn'E MC g 1000 Z_ Sideband background
C\l(\-) 1 400,_ T © 1 ;__7 -=-- Sideband background = 300;—
> L — fitresult @ 2 = 600[
mt 01200 _ — Jym' Ny "g 10 : % 400 F
VMD (51000'_ sideband S BhE o e, ) gt
o S nnl Toap e ey TR w200
P 0+ o 800F  ndof=104 YOS 0 B A . oF
- = i = | } =
* V4 %) 2 ] h } bt y
Y = 600} 2 (Jﬁmﬁﬁwwwﬁﬁﬁﬁﬁfmw%ﬁﬁ?#HW$%%%ﬁ Z o ) R R
D 400F -5k t sE
i ; 0 01 02 03 04 05 06 03 04 05 06 07 08 09 1
200F M(e'e) (GeVic?) M(n') (GeVic?)
[tclmeane®®® L] e | ki _ _
Box-anomaly 763 04 05 06 07,08 08 | ntnutu
n+ 5__ 45? —e— Data 35— ——Data
€+ 0 & 40 ; —_— Fittresull (a) e - _F}‘tres"‘"‘ e " MC (b)
P : b 2 asf — = yomor T Mg 30 TN R R
* F Jy—y, 't MC = - Syt M
_5 . ) L . \ F L [1)) E v 25F Jy—yn'nn'n MC
6 03 04 05 06 07 -8 09 1 = *p T L 2 25) Wﬁ«,ﬂ,q,,c,ﬂ*n-ﬁ}mc
[le) = — AO—=T AN T © 20 ;
T M. GeV/c2 > 20p S 1sE
o (GOVI) G
) E L] -
il g i
: : ! + —]t+7- SN R b 5
v First assess to FFs withn' - n =171 s e
= : = : \
-2 c Of ++%++:+++++++*m ity Dottt
b, =1.30 +0.19 (GeV/c?) + *

01 02 03 04 05 06 07 02 03 04 05 06 07 08
M(un) (GeVic?) M(r*) (GeVic?)
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Study of n > w171

Bn—ntrete”) Bln —7nrn pupu™)

(10-%) (10-%)
Unitary xPT [1] 2.9910-00 7501550
Hidden gauge [2] 3.14 £ 0.17 8.65 + 0.39
VMD [2] 3.02 +0.12 8.64 +0.25
CMD-2 [4] 3.7735+£3.0
WASA [5] 43792404 < 3.6 x 10°
KLOE [6]  2.68 & 0.09 =+ 0.07
N ~°F e
cgond1 | 2 4o s
_____ E:z::g{gﬂzg ”I Qo C EET Background 1
....... Background \% E 30 } 7 Background IV
E .- (a) =~
a2 @ 20
F :J e - 5 B
o G o
it Et B S o) ittt
a t 5F . ‘
0 005 01 015 02 0 01 015 02
M(e"e’)(GeV/c?) M(r*)(GeV/c2)

arXiv:2501.10130v1 [hep-ex] Accepted by PRD

Events / (3 MeV/c?)

Pull

- —e— Data
- ——— Fit result
—— Signal MC
102 Background |
- Background Il
‘ - = Background IlI
i ‘} ----- Background |V
10 gl Tl ¢ TRy 0 % _ # ally
- f HH + + Iﬂ l{ { I. I H I“II g
’ l I j"' ,:‘ \- - A
1%—} H : |
§od
0
2F M " |
0.4 0.5 0.6

M(r*e*e’) (GeV/c?)

0.7

Brin > ntn~ete™) =(3.074+0.12 4+ 0.19) x 10~*

« Allow to access the decay dynamic but with limited

statistics

* No event leftin for 7 "7~ u* 1~ hypothesis in n signal
region and the UL is set as 4.0 X 10~ at the 90% CL.
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CP Asymmetryinn/n’ > n 171

* A new sources of CP violation beyond the CKM
phase and outside flavor-changing processes

Events / 0.0628

350 |-
300 &
250 | ¢ ,
200 |-
150 | iy
100 2 — Fit result *
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Double Dalitz decays n/n' - 71171~
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T. Petri, arXiv:1010.2378
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Slope parameter: by, =
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« Axion-like particleinn’ > n7n~a, a » e*e”
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« Dark photoninn/n' - yA', A" - ete~
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Summary

* /7m’: an important tool for particle physics

* BESIII: an unique place for light mesons

* Significant progresses achieved on decay mechanisms, TFFs ... with unprecedented
statistics

* Together with other experiments, the light meson physics will be into a
precision era
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Decay Amplitude of ' - w111~
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A. Faessler; C. Fuchs, M. 1. Krivoruchenko, PRC 61, 035206 (2000)
B. Borasoy, R. Nissler, EPJA 33,95 (2007)

M(va Sll) = Mmix X VMD(STUT' SU) T. Petri, arXiv:1010.2378

contains the information of the decaying particle and the form factor
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