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I n 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— 1y 2.56(22) x 1074 xPT at ©(p®), leptophobic B boson,

n — 779

Fundamental Symmetry Tests:
 C, CP violations

+ P, CP violations

» Lepton flavor violations

) = 4y
h—> o a’

n—>natnTy

n—atrTyy

n—etey

n— urpTy
n— ete”

n— uhtp”

n— a7t

BSM Physics in Dark Sector:
Vector bosons (B boson, dark photon and X
boson)

« Dark scalars

* Pseudoscalars (ALPs)

« BSM weak decays

n—>mn'm e el

n— ata

n—ete ete”
n—eteutp”

n—= utp putu

n—natan aly
n — mrety,

n—>nta-
n— 2n°
n — 4n°

<1.2x 1073
<2.8x 104
22.92(28)%

4.22(8)%

<2.1x1073
6.9(4) x 103

3.1(4) x 10~
<7 x 1077
5.8(8) x 106

2.68(11) x 10*
<3.6 x 1074

2.40(22) x 10
<16 x 1074
<36 x 107
<5x 1074

<17 x 1074
<4.4 x 107 [56]
<3.5x%x 1074
<6.9 x 1077

light Higgs scalars
x PT, axion-like particles (ALPs)
<10~ 1[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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In’ 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

Fundamental Symmetry Tests:
 C, CP violations

+ P, CP violations

» Lepton flavor violations

Channel Discussion
n — ngnta 42.6(7)% Large-N. xPT, light Higgs scalars
NS> Ty 28.9(5)% Chiral anomaly, theory input for singly-virtual TFF
and (g — 2),, P/CP violation
n — nnn° 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-7n’ mixing
n — 3n 2.54(18)% *) my — my
;7’ —utuy 1.09(27) x 1074 Theory input for (g — 2),, dark photon
n —ete"y 4.73(30) x 1074 Theory input for (g — 2),, dark photon
/

n = ot utul

n —>nrxtrete”

n — n°netes

n = ntn a°

n — 2zt )

n — ntr 270

n — 2t )m”

BSM Physics in Dark Sector:
Vector bosons (B boson, dark photon and X
boson)

« Dark scalars

* Pseudoscalars (ALPs)

« BSM weak decays

n — K*n¥
n — wrety,
n — 1y

n — nyy

n — 470

n —ete”
n —utu~

y — p+Hp—ptp-

N — T n vty

7 e
T——>J Tt

n — 2x°

<29 x 107

2.4(*13) x 1073

3.61(17) x 1073

8.4(9) x 107>
1.8(4) x 1074
<1.8x 1073
<4 x 1072
<2.1x 1074
3.20(24) x 1073

8.3(3.5) x 107 [59]

<4.94 x 107> [60]
<5.6 x 107°

<18 x 107
<4x 1074

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),

Theory input for (g — 2),

Theory input for (g — 2),

B boson

P/CP violation

P/CP violation

, BSM weak decays
, BSM weak decays

Phys. Rept. 945 (2022) 1-105




Source of n/n’ events

e+e” Collider

BESIII at BEPCII

Fixed-target

JEF at JLab
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Collaboration

Crystal Ball
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CEBAF Large Acx

CLAS(12)

W AxSA at COSY

New Proposals
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STCF
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arXiv:2407.00874
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Beljing Electron and Positron
Collider(BEPCII)

Symmetric, double rings e*e collider @ V s=2-
4.9GeV

Peak luminosity =1033cm~2stat Vv s=3.770GeV

* Crab-Waist interaction scheme with the crossing
angle of 11 mrad

* Top-up operation since 2018




BESII| detector

RPC: 9
layers

SC
Solenoid

Barrel
ToF

Endcap
ToF

SC
Quadrupole

I8

N
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N T
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Electro Magnetic
Calorimeter

e+

RPC: 8
ayers

Acceptance: 93% of 4t

Main Drift Chamber: small cell & gas
v’ 0,,=130 um, op/P=0.5%@1 GeV
V' Oge/ax=06%

Time of Flight (TOF)

v 07=70 ps for barrel layers

v' 07=110 ps (65 ps with updated MRPC) for endcaps
Super Conducting Solenoid: 1.0T (0.9T for 2012)
Electromagnetic Calorimeter: Csl Crystals

v o/E=2.5%@1 GeV

v’ Position resolution 6mm@1GeV

RPC Muon ID: 9 layer



Data set and Physics at BESI|

|

10x10° l
7

4260+4360 4600
1.9 fb-! 0.5 fb-!

|

IIIIITIIIIIIIIIITIIIIII

5x108 2.9 fb-1 4040 4180
3.5xCLEO-c 05fbl | 3fb?
| |

20 xCLEO-c
| | | l | | [ | | ! |
e ¥(25)
A Mark-I
Mark-I + LGW

B Mark-II

® PLUTO

O DASP *

¥ Crystal Ball
* BES

Lol el b b

.h_

~1.5fb-1 (130 points) for
R &QCD(2-4.6 GeV)

4190,4200,4210,
4220,4236,4245
4270,4280. 3.9fb-
1

(8]

Wide topics @ V s=2-5 GeV
Light hadron Physics
Charmonium physics

XYZ particles

Discrete symmetries breaking
Charm physics

Physics with tau lepton

R-value measurement

Chin. Phys. C 44, 040001 (2020)



n/n’ sample from J/ ¥ decays at BESII|

1400 J/\V nr JIy—on’
R R— " it
Now® Jiy—wn
QR 0 20 0 40
CBAL Markll Markil DM2  BESI  BESIl  BESII / /

* High production rate of n/m' in J/ ¥ decays
* radiative decays:[5.2><107n'J 11x10’n n' > ntnTn — 2.2x1077
* hadronic decays: 6.5x10°n', 2.5x107 n

* Unique opportunity to investigate the decays of n/n’




BESIII: an important role in n/n’ decays
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New approach to investigate ) decays withn' - " ™n

ABLIKIM

HAYRAPETY...

ABLIKIM
BABUSCI
ZHEVLAKOV
ACHASOV
ADLARSON
PRAKHOV
AALJ
ADLARSON
ANASTASI
ARNALDI
ABLIKIM
ADLARSON
AGAKISHIEV
NEFKENS
NIKOLAEV
ABLIKIM
ABLIKIM
BABUSCI
BABUSCI
AGAKISHIEV
GOSLAWSKI
ABLIKIM

23AN
23A
21AM
20A

18B
18C
18
17D
17B
16A
16
15G
14A
14
14
14
13
13G
13
13A
12A
12
11G

PR D107 092007
PRL 131 091903
PR D104 092004
JHEP 2010 047
PR D99 031703
PR D98 052007
PL B784 378
PR C97 065203
PL B764 233
PR C95 035208
JHEP 1605 019
PL B757 437
PR D92 012014
PR C90 045207
PL B731 265
PR C90 025206
EPJ A50 58

PR D87 012009
PR D87 032006
PL B718 910
JHEP 1301 119
EPJ A48 64

PR D85 112011
PR D84 032006

n REFERENCES

M. Ablikim et al.

A. Hayrapetyan et al.
M. Ablikim et al.

D. Babusci et al.
A.S. Zhevlakov et al.
M.N. Achasov et al.
Adlarson et al.
Prakhov et al.

. Aaij et al.
Adlarson et al.

. Anastasi et al.

. Arnaldi et al.

. Ablikim et al.
Adlarson et al.

. Agakishiev et al.

. Nikolaev et al.

. Ablikim et al.

. Ablikim et al.

. Babusci et al.

. Babusci et al.

. Agakishiev et al.

Goslawski et al.

. Ablikim et al.

IZ20000ZIZI>W0WO0ZIX>TVO0NT

.M.K. Nefkens et al.

PDG2024

(BESIII Collab.)
(CMS Collab.)
(BESIII Collab.)

(KLOE-2 Collab.)
(TMSK, MAINZ, TUBIN+)
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(WASA-at-COSY Collab.)
(A2 Collab. at MAMI)
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(WASA-at-COSY Collab.)
(HADES Collab.)

(A2 Collab. at MAMI)
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“Few results” on n decays at BESIII

X. L.Kang, Y. Y. Ji. B. H. Xiang, S. S. Fang, PRD 108, 014038 (2023)

* J/Y - yn — 1.1x107n
c J/Y > yn', n'>ntnTn — 2.2x107 n

»n’ constraint to suppress backgrounds
from QED and J /4y decays!

»Help distinguish muons from pions
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Feasibility study of ]/ - yn',' - 7

—_ —_ ik
o o o
N w o

Events/(0.005 GeV/c?)
- O

EIIII|IIII|IIII|IIII|IIII|IIII|IIII| IIIIII E
- 2/ndf=1.3

/Y 1:77 , i ]

— —fitresult 3
n - ye e —slideb:nd

peaking bkg

I S e b b b b |
0 0.050.10.150.2 0.25 0.3 0.35 0.
M(e*e) (GeV/c?)

4

Events / (0.001 GeV/é)

X. L. Kang, Y. Y. Ji. B. H. Xiang, S. S. Fang, PRD 108, 014038 (2023)

10° J/Y -y’

o 01 02 03
M(e'e) (GeV/d)

* Background level is low
* Help distinguish muons from pions

0.4

Events / (0.006 GeV/¢)

I
o

N
o
T T

SN L e EoEw e Al T

M(u*w) (GeV/g)
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Feasibility study of ]/ - yn',1' - mt" ™ n at STCF

X. L.Kang, Y. Y. Ji, X. Q. Yuan, B. H. Xiang, et al, PRD 108 (2023) 014038

* With 1 trillion J /Y hypothesis at STCF

« 5.2x10% " inclusive decays (2.2x10° n events) are simulated at STCF

| SMPrediction | ___PDG____| _STCF Estimation |

n-ete” 107°~1071° < 7x10~7 (SND) <107° » Fourth-order EM transition -~ ]
« Dominantbyn - y*y* - '
n-utu” (5.8 + 0.8)x107° (5.88 4+ 0.09)x107° [71~ and intermediate 1
107°~1077 SPECII hadronic states AN
* Leptoquarks
n-omntn” < 4.4x107% KLOE-2 < 7.8x10°8 * P and CP violating decays
n = 17070 ~10716 el A e R « contribute to neutron EDM
n - mlete” < 7.5%X107% WASA < 2x1077 e 1o nd* >l is C-
n > Ot - 10711 ~1078 < 5%10-5 SPEC < 85x10-8 violated process

* Dominant by C-conserving

process  —» wly*y* -

mOltl™

12



KLOE/KLOE-2 @ DADNE

p.df RODJ

¢ ONE: . e~ ' V 5= = _ .)C wt, t.ﬂ»‘-~;\_ & .,,..,l,,.‘ P &
DA®NE: Double rings e*e™ collider @ vV s=M;=1019.4 o*’zg‘ — »\

MeV; Opea=3.1 b

* 2001-2005 KLOE collected ~2.5 fb-t @ ¢ peak and
250 pbtoff-peak @ Vv s=1000 MeV

* Updated DA®NE (2008), crabbed walist interaction
scheme + large beam crossing

* 2014-2018 KLOE-2 collected ~5.5 fb-t @ ¢ peak

KLOE+KLOE-2 data sample: ~ 8 fb!
~2.4x101° ¢ mesons, the largest sample collected at ¢
Unique sample for typology and statistical relevance

13



Physics @ KLOE-2

* Kaon physics: 8.2x10° Ks and K, events

* CKM unitarity test, CPT and QM tests with kaon
Interferometry, Direct tests of T and CPT using
entanglement, Ks rare decays:

* Light hadronic physics
* 3.1x108 n events
* 1.5x108 n' events

* Yy physics: efe"—efeTyrxyx—ete X
« X=m¥/n = I(%—>yy), space-like TFF

=

BR=83%
- 1(980)
KK >
BR=6.2x10-5 2 fu030)
BR~O(10
BR=1.3% p(770)
BR=15.3%
BRE1.3x10°3
TCO

* Hadronic cross section via ISR [e*e™ —y(2m, 3T, 41)]: hadronic corrections to (g-2),

 Dark force searches:
— e'e” ~Uy —mmy, puy

— Leptophobic B boson search: ¢—nB (B—ml), n—By (B—=m0%)

— Higgsstrahlung: e*e™ Uh'—u*u~ + miss. Energy

KLOE-2 Coll., EPJC68(2010)619, EPJ WoC 166 (2018)

_4)

KL
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Recent experimental results on /1’ decays

15



Exp/Ph.Sp.

Evidence of cusp effectinn’ - &

1.2

115 F
11F
1.05 F

0.95
09
0.85 |
; \)
0.8
0.75 f

0.7

0

Investigation on mtmt and 7 final interactions

S-wave charge-exchange rescattering: n*n~ - n°7n° » n¥tn~

00

The size of cusp effect is predicted to be about 6% in n’
- 7979 within NREFT

A2 Collaboration
PRD98, 012001 (2018)

0.3

0.32 0.34 0.36 0.38 0.4
m(n°n°) (GeV/c?)

B. Kubis and S. P. Schneider, EP]JC 62, 511 (2009)

(Exp./PHSP) / 2 MeV/c?

o
e

0.6—

—
N
1 1

—
1 1 1

PRD97, 012003 (2018)

0.3 0.35

M(rr) (GeV/c?)

0.4

'n

Pull Exp/PHSP /0.001GeV?/c*

BESIII: PRL130,081901(2023)
1.2:
1.1
1

0.9,

0.8

5 E

8 v NP L S0 SN 200

~0.08 0.1 0.12 0.14 0.16
M?(n°n0) GeV?/c*

| 1 L L 1 L 1 L 1 L L 2 1 2 2 2 1 2
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» One and two-loop level contributions based on

©
S
(]
0]
1 o
NREFT are introduced B. Kubis, S. P. Schneider, EPJC 62, 511 (2009) g
Mn’—>n7r07r0 _ tree + Mone loop 4+ Mtwo loop 4. %
I
Q-
o
. . . X
» Tree level amplitude is equivalent to general n
resentation =
P X:ﬁ(T+_T_)y_MZ_1 &«
Q T s Y] mﬂ- Q
IM(X,Y)?P=N1+aY +bY*+cX +dX*+...)

Cusp effect with ~3.5 g!

With cusp effect

BESIII: PRL130,081901(2023)

1.2
|

1.1

Illllllllllllll

¢ Data
| —Fitl
| —Fitll
| —Fitl
| —FitIv

Exp/PHSP / 0.0005GeV?/c*

0.074 0.076 0.078 0.08 0.082
M(x°x°) GeVe/ict
| R |

E’“ P’ SO S S ‘M*M‘\‘o*.o“’
-5

Parameters | Fit 1 Fit IT | Fit I1I | Fit IV
a —0.075 £+ 0.003 = 0.001 [—0.207 T 0013 [ —0.143 T 0.010 | —0.077 = 0.003 = 0.001
b —0.073 + 0.005 4 0.001 | —0.051 + 0.014 | —0.038 =+ 0.006 | —0.066 =+ 0.006 + 0.001
d —0.066 + 0.003 & 0.001 | —0.068 + 0.004 | —0.067 + 0.003 | —0.068 + 0.004 + 0.001
ao — a2 . 0.174 + 0.066 | 0.225 + 0.062 | 0.226 + 0.060 + 0.012
ao . rin rs| 0-497 & 0.094 - -
as T—1 scatte ing pars 0.322 + 0.129 . :
Statistical Significance 3.40 3.70 3.60

Pull Exp/PHSP /0.0025GeV?/c*

0.1 0.12 0.14
MP(n°r) GeV?/c*

0.16

1.2

1.1

_‘_IIIIIIIIII

—Fitll
~—Fitlll
—Fit IV

.IIIIIIII

PR W (ST SN TN S S AT SN T SN TN NN TR S ST SR U S

‘MW"M‘O‘."‘.‘QV”WW.‘ CPORNCN PR

0.5 0.55 0.6 0.65
MP(mr°) GeV?/c*
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Matrix elements forn’' -» Tt n

3
 Based on 1.3 billion, the matrix elements in tree %’
level fon' —» m*m™n are measured =
T
Para- n —nrta” %_
meter| EFT [5] |Large N¢ [7]|RChT [7]| VES [10] This work El-lx,
a |—0.116(11)| —0.098(48) (fixed) |—0.127(18)| —0.056(4)(2)
b |—0.042(34)| —0.050(1) |—0.033(1)|—0.106(32)| —0.049(6)(6)
c .. |4+0.015(18)|0.0027(24)(18)
d |+0.010(19)| —0.092(8) |—0.072(1)|—0.082(19)| —0.063(4)(3)

» Amplitude analysis of n’ - w7~ n within NREFT is ongoing,

sizeble contribution from final state interactions

t —1 two—I
My sptne = MG 4 Ml pglwoloor o

> The difference on DP betweenn’ - ntr nandn’ - 7%y

can be used to extract the u-d quark mass difference

BESIIL: PRD 97 (2018) 012003
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Cusp structureinn - m

ratio
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0.96[ C. 0. Gullstzom, A. Kupsc, A.
] - reelever RUSELSKY,"PRE 7P, 028201 (2009)
0.94y// .7 e one loop \ \'\_‘
|/ two loops \
/. oo two loops assuming m_=m,, 2\
0.92 ‘
0.28 030 032 034 036 038 0.40
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1.02 -
) A2: PRC97 (2018) 065203
1
169/ 4+ 0.0067
This Work: A2
0.98 — — — Dn(a), A2
Dn(a.,B), A2
————— Dn(a.,B,0), A2
0.96 - - --- NREFT(n—3r), KLOE+A2
--------- NREFT(n-3r°), A2
| 1 |
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m(r°:°) [GeV/c?]
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3
AX,Y)P oc1+20Z +20 ) R\/1— s;/4m2,
1=1

<~ 1.05

0.95

Data/PHSP / (2 MeV/c

O =

—0.018 + 0.0224¢4:¢.

| H t This work

BESIII: PRD 107,092007 (2023)

* i “

|

—Fit 1(cv)
- Fit 2(ct,5)

035
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0.0

Matrix elements forn » ' n

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

1 - (a) I300 :
3 i I o Rty SO 6000 2
2 <~ 3T, PPt bl e o 0%
— 2 2 _ — ¢ — 2 0.5 o in e s i O, O L
Z=X+V=3) (5 -1 g W
i=1 C Ly et » 4000 —~+- Data
- obanksgsea 2T g
= St o= .:‘ Lr :':':.'_'_ '3 | [ i
AX,Y)? x 1 +20Z +2B(3X°Y = Y?) +2yZ% 4+ -+ s ™ oo gioow 2000p o PHSP
I H"\-.L_ 3 .'-_ . 1 .;.-' I i
X Ly g -
R e E e % 05
a = —0.0406 + 0.0035 + 0.0008 X z
B = 0.0038 + 0.0033,4;. - Ry (b)
; —a— BESIII2015 [12]
3 —%— KLOE [10]
y = _0-018 i 0-014stat. EO— ﬁ\éV;aS"A[;;]COSY I5]
—=— SND [51]
—— CBarrel [52]
a is consistent with A2 (_0-0302 T O-OOOSStat.) in280 | = — 1 IO +§/D\Ziiogoozfsi]ooo12)[23
g o Dlophs Analysafid]
> —a#— Dispive Analysis [15]
—_ = & | —¥— Dispive Analysis [5]
B(A,) = —0.0070 + 0.00104;,; | R
— —=~— Bethe-Salpeter Eq.[50]
ol b vl e a8y ] | —%— ChPTNLO* [47]
)/(AZ) = —(0.0023 i O'OO4OStat. 0.08 -0.06 -0.04 002 0 0.02 0.04

a(m—>r’n’nP)




Precision study of n —» ntn n’

»SM: Isospin violating process, C conserved, EM effects suppressed

= ideal process to extract m,—my

n— 3T
1 M4 (M2 _ Smax 9 . \PT O(p*) (Gasser, Leutwyler'85)
I'(n— 7r+7r_7r0) = KK ds du | M (s,t,u)| . XPT OG) (Bijnens, Ghorbania7)
Q4 69127-‘-3M3M4F4 ) ) —e— dis porsn’v(\ ich et al.’96)
Smin —— dispersive (Kambor et al.’06)
—e— dispersive (Kampf et al.’11)
——e— dispersive (Albaladejo et al.’17)
—e— dispersive (Guo et al., JPAC'15°17)
—e—i dispersive (Colangelo et al.’18)

G. Colangelo, S. Lanz, H. Leutwyler, E. Passemar, PRL

kaon mass splitting
mZ — 72 22.0 + 0.7 118022001 (2017) .
QZ — S — e Kastner, Neufeld’08
_ 2 .02
Mg — My 216 +1.1 P. Guo, I. V. Danilkin, C. Fernandez-Ramirez, V. Mathieu, lesiice, FLAGR
= A. P. Szczepaniak, PLB 771, 497 (2017) [ ¢ ::ZH
—e—i Ny=2+1+1

...........




Matrix elements forn - n*n~r°

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

T
X = Q(T,r+ —T),Y = 3Q”°

Q

_]_,

AX,Y)? c1+aY +bY? 4+ cX +dX* + eXY + fY° + gX?Y + - -

150

100

50

i e (a)
a = —1.086 + 0.006 + 0.001, 3 s
b = 0.162 + 0.006 = 0.003, Frr £ —n
d = 0.083 + 0.007 £ 0.001, Ty
f = 0118 £+ 0.011 % 0.003, A
g = —0.053 £ 0.017 + 0.003. ek T ®
Odd power of X is related with C symmery = o000k iE;SP

¢ = (—=0.086 + 2.986)x1073,e = —0.001 + 0.007 °%

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

—— This work ( a)
This work

—e— |KLOE-2 [11]

KLOE-2 [11]
BESIII(2015) [12]
WASA at COSY [9]
CBarrel (fixed d) [48]
Layter [49]

. NREFT [4]
Bethe-Salpeter Eq. [50]
Simplified dispersive* [47

Dispersive Theory* [46]
ChPT NNLO [3]
ChPT NLO* [3]

) o C symmetry breaking

-1.3 -1.1 0.15 045 0 0.15 -0.05 0.05 -0.07-0.03
a b d f g
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Dalitz plot Asymmetries inn - wrmw™m®  sesinero 107092007 o2

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) = MG (s, t,u) + M (s, t,u) + MZ (s,t,u)

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

1

3.6
I 5 overall C/CP-violation Al =2 Al=0
0.5 F /= \ {Fd 18 e
@g“ Experiment Arr(%) Ag (%) As(%)
s of 10 % This work |0.114 4 0.131 + 0.001 —0.035 % 0.131 £ 0.011 —0.070 & 0.131 =% 0.009
N KLOE-2 [11]| —0.050 4 0.045739%%  0.018 £0.04575:95  0.004 4 0.04579 952
S
05| I e Jane [40] 0.28 + 0.26 ~0.30 £0.25 0.20 + 0.25
I & Layter [24] —0.05 + 0.22 —0.07 £0.22 0.10 % 0.22
. Bl Gormley [41] 1.5+£0.5 - 0.54+0.5
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Amplitude analysis f()l‘ 17' - 417 BESIII: PRD 109, 032006 (2024)

/ + = 0.0
’ — —
11—>1l'+1l'1t+1l' L/ B LA L LA
L —+— Data - —+— Data b
500 ——— Fit result (@) - — Fit result 865 i 49 {5
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= 300 E
=
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5 200— =
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6 : =
Loop and counter term at O(p°®) 100

Y T
a Y
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> -
ey o
i L
C
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’
% L 5
- .
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= ,
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b 1
e o
L
b Y

F. K. Guo, B. Kubis, A. Wirzba, PRD 85,014014 (2012) z § ey = I U1
0.85 0.90 0.95 ;00 g '2?-; ----- e sa, Bsais ? *§§T§ -------- * ,§+, ---------
) N ) 0.85 0.90 0.95 1.00
Mixrntn) (GeVic) M(r*n 70 (GeV/c?)

Br(n' - 2(r*m™)) = (1.0 £ 0.3)x107*
Br(n' > ntn ntn~) = (8.56 + 0.25 + 0.23)x107°

Br(n' - TL’+TL'_T[0T[0) =(2.12+0.12 + O.1O)><10_4
BESIII Results

Br(n' » ntn 2n% = (24 + 0.7)x107*

Theoretical Calculation
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Amplitude analysis results for n’ — 2 (™ ™) sesi: pro 109, 032006 (2024)

Combination of ChPT and VMD model: PRDS5, 014014 (2012)

Al — mtaatn™) = euapP P5PID,

" { |:Dps(1*§12) N D,OS(3;34) ~ D,(s1iu) D,(s23)

Events / 5 MeV/c?
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—— Fit result

Jly—yntnntn
B L 1 = 4 R SO

¥?/ndof = 0.90
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20
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Box anomaly

.

» First measurement of the doubly virtual

isovector form factor
C3

a=——=122+4+0.33 1+ 0.04

€1 — (2

If a = 1, triangle anomaly would be dominated
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0..,0.,0..0

U 1T BESIII: PRD 109, 032006 (2024)

Search forraredecayn’ - n'n

 CP-violation S-wave, induced by the QCD Lagrangian 6-term = Br~10-23

* CP-conserving higher order = Br~10"8  E K Guo, B. Kubis, A. Wirzba, PRD 85,014014 (2012)

. 0 ~ —%— Data
e f e | —— Fitresult (a)
2 100 —— Signal MC Model Il
,,no , \‘\\ 0 T Ly - yn®nnn®
T] =0 NU L eeee Jly > yn',n'—)non?n,n —3q°
0 ; 80— x*/ndf = 2.484
| 5 B
| : ) H
10 f, = b H
~.40 2] i &
TEO T E i
. > 40—
: Small contribution from =L
D-wave pion loop B
two f, tensor mesons 20~
— 25
. 11- . _ =S ok
» With 10 billion ]/, the UL at 90% CL is set as 1.24x107° I . .
0.7 0.8 0.9 1.0 1.1

M(n’n’n70) (GeV/c?)

26



Double radiative decays n’ —» yyn®/n

q1 qf q2 R. Escribano, S. Gonzalez-Solis, R. Jora,
E. Royo, PRD 102 (2020) 034026

+ ap(980), o(600) and f,(980) contributions

e Within the frameworks of the linear c model (LsM) and VMD model

AP L= S g g [(P a2 —mp){a} — {0} {Q1<—>Q2 }]

m2 —t—imyl t < u
VepO.w.d V vViv

v BF(n'—yynY)=2.91(21)x1073
v BF ('—vyyn)=1.17(8)x10~*
v Br(n—yy) = (1.30+0.08)x10-4
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Double radiative decays n’ —» yyn®/n

BESIII: PRD 96, 012005 (2017)

150071
- — Global fit
......... n'— yo
—— N> Yp
1000k =7 p-o interference |

Non-resonant ’— Yy’ f‘
i Combinatorial BG
Class II background

so0l- dominantby w | _

Events/(15MeV/c?)

0.2I | I0.4I | IO.6I2I IO.8I
M., (GeV/c?)

Br(n' - yyn®) = (32.04+ 0.7 + 2.3)x10~*

Br(n' - yw —» yyn®) = (23.7 + 1.4 + 1.8)x10~*
Br(n’ - yyn®)(NR) = (6.16 + 0.64 + 0.67)x10~*

BESIII: PRD 100, 052015 (2019)

: —— Global fit (a) -
g “f u SR
% i —— Jp—ynmY E
= ’ Ml By
3 ] | ]
= i { 2494103 ]
Lﬁ i | -
{ {
. 3%& i I "
e . f ; o Lrb T T el
0.9 1 ) 1.1 1.2
M(yym)(GeVi/c?)

B(n' — yyn) = (8.25£3.414+0.72) x 107>

With 10 Billion ] /1, the study is ongoing
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Doubly radiative decay n—»>yymn®

* ChPT “golden mode”: O(p?) null, O(p*) suppressed, O(p°®) dominates [pL 276(1) (1984) 185]

* Discrepancy between experimental and theoretical results

Br(n—my) = (1.30+£0.08)x10-* LoM+VMD
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o CB(AGS), PRC78(2008)015206 * F Uncorrotated total oror
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Transition form factor of n/n’

©nn’

LO
4th
QED 6th

8th
10th

hadronic VP LO
NLO
NNLO

hadronic LbL
weak LO
HO

New Physics 7

SM prediction

Impor

FNAL BNL CERN III CERN II CERN I
2017 2004

I I
I [ —

10-? 1071

1976 1968

1961

Tml| T TTIT lllllml T T T TTTmy

10! 103
a, in units 10~

=3 SM predictions
I SM uncertainty

cood oo vl 1ol

105 107

109

tant input for HLbL of g-2

30



Transition form factor of n/n’ N ye+e— BESIII: PRD 109, 072001 (2024)
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Precision study of ' » w171~  sesinjner 07,135 (2024
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Precision Study of 11' N n""n'_ l"' [~ BESIIL: JHEP 07, 135 (2024)

O1400F e
> - — fit resu !/ + =
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Amplitude analysis result of 1]’ — T U1 sesin juee 07, 135 (2024)
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Slope parameter: b, /)
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Study of n > w171

BESIII arXiv:2501.10130v1 [hep-ex] Accepted by PRD
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KLOE: PLB 675 (2009) 283

M, [MeV]
Bn—nnete ) Bnp—=mm pu )
(10~7) (10~7)

Unitary xPT [1] 2.991009 7507550
Hidden gauge [2] 3.14 £0.17 8.65 + 0.39

VMD [2] 3.02 + 0.12 8.64 + 0.25

CMD-2 [4] 3.7733 £3.0

WASA [5] 43702 +0.4 < 3.6 x 10°

KLOE [6] 2.68 = 0.09 = 0.07




Study Of n — 11'+Tl'_ l+ l_ arXiv:2501.10130v1 [hep-ex] Accepted by PRD

Allow to access the decay dynamic but with limited statistics
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Asymmetryinn/n' > o 171

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

CP conserving MI vy emission CP violating bremsstrahlung

[Dao-Neng Gao, Mod.Phys.Lett.A17 (2002) 1583]

The interference term can be extracted by the asymmetry of sin2¢ distribution

A — N(sin2¢p > 0) — N(sin2¢ < 0)
? N(sin2¢p > 0) + N(sin2¢ < 0)

38



Asymmetry in 1]/1]' Ny & o Al BESIII: JHEP 07, 135 (2024)
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Double Dalitz decays n”) — [T17 111~

__woeleete | Woee Ry  woptppty moeteptyw
I i?;: Fit Nygna = 30.1£7.0 1 i: 2502_ - Ei?t;sun b) _ 30;— Egi?tlzsult i: 125— :E;t,aesu“ (a)
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2 = B AR EEE ~ iR
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BESIII: PRD105,112010 BESIII: PRD111,052002 (2025)
(man
Decay Hidden gauge [9] Modified VMD [9] Data driven approach [10] Experimental result
n—ete ete 2.680(13) x 10~ ° 2.668(13) x 10 ° 2.17(2) x 107 ° 2.40(22) x 10 ° [11] B'%S(I)IEI 0
n —ete"ete” 2.384(4) x 107°  2.317(4) x 107° 2.10(45) x 107° 4.5(1) x 107° [12] oMS
n— ptu—ptp— 3.992(27) x 1077 3.797(26) x 107? 3.98(15) x 1077 5.0(8) x 107 [13] .
n — ptpptp 2.360(12) x 1078 2.185(10) x 1078 1.69(36) x 1078 - <5.28x10 Py
n—ete ptpuT| 2.213(26) x 1075 2.154(22) x 10~° 2.39(7) x 10~° <1.6x107* [15] < 6.88x107
n —ete pt | 8.626(33) x 1077 7.968(31) x 1077 6.39(91) x 1077 - <1.75x10

T. Petri, arXiv:1010.2378

CPC42 (2018) 023109
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BSM Physics in Dark Sector

BESIII: PRD 109 (2024) 072001
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BSM Physics in Dark Sector
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Summary

* 1/Mm': an important tool for particle physics: SM and BSM
* Significant progresses achieved on decay mechanisms, TFFs ...
* But still far away for fully exploit the physics potential on n/n’

* We are looking forward for more experimental statistics
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