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

Expt. branching ratio

Discussion

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, 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
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Experimental n/n’ samples
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Exp/Ph.Sp.

Evidence of cusp effectinn’ — nnOpn 000
* Investigation on 1t and 1 final interactions n
 S-wave charge-exchange rescattering: ntn~ -» %% > wtn~ n 0

* The ssize of cusp effect is predicted to be about 6% inn’ —
7% within NREFT 0

B. Kubis and S. P. Schneider, EPJC 62, 511 (2009)
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BESITI: PRL130, 081901(2023)

» One and two-loop level contributions based on

NREFT are introduced

B. Kubis, S. P. Schneider, EPJC 62, 511 (2009)
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Cusp and slope parameter forn - o
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C. O. Gullstrom, A. Kupsc, A. Rusetsky,

PRC 79, 028201 (2009)
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Matrix elements forn » n n™m

0

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

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

= ideal process to extract m —my Q

X = E(T,r+ —T-)Y = 32”

_1’

AXY )P oc1+aY +bY° + X +dX* 4+ eXY + fY? + gX?Y + -+

v' KLOE-2: 1.6 fb ' data

v" First observation of non-zero g-term
v" Confirmed by BESIII~10 billion J/y radiative decays
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KLOE-2: JHEP 1605 (2016) 019
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= All parameters related with C symmetry breaking are consistent with zero
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Dalitz plot Asymmetriesinn — 0 eestm ero 107, 092007 (2023)

KLOE: JHEP 1605 (2016) 019

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
y ! 1.8

1

5 overall C/CP-violation Al =2 Al=0

0.5+ / X
¥ Experiment Apr(%) Ao(%) As(%)

CO ' BESIII 0.114 4 0.131 4 0.001 —0.035 £ 0.131 £ 0.011 —0.070 & 0.131 =& 0.009
E . +0.050 +0.048 +0.031
= KLOE-2 [11]| —0.050 + 0.045799%%  0.018 +0.04519:%8  0.004 + 0.04519 93!
S
05 | 18 @ Jane [40] 0.28 &+ 0.26 —0.30 £0.25 0.20 & 0.25

5 Layter [24] —0.05 £ 0.22 —0.07 £0.22 0.10 & 0.22

5 e Gormley [41] 1.54+0.5 - 0.5+0.5

All asymmetries consistent with zero at 104 level
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BESITII: PRD 109, 032006 (2024)

Study of ' - 4n
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Decay dynamic of 11’ - 2(11:'"1'[_) BESIIT: PRD 109, 032006 (2024)

Based on the combination of ChPT and VMD model: 100
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Double radiative decays (" — yyn®/n
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BESIIT: PRD 100, 052015 (2019)

— Global fit (a) 1
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B(n' - yyn) = (8.254+3.4140.72) x 107>

Br(n’ - yyn®) = (32.0 £ 0.7 + 2.3) x 10~*
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02 (2020) 0340236 o

Br(n’ — yyn®)(NR) = (6.16 + 0.64 + 0.67) x 10~*

BESIIT: PRD 96, 012005 (2017)
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KLOE-2:arXiv:2505.09285 Lint ~ 1.7 fb-!

==

VU : 0 Experiments:

o C n - yyn [ ] This Work: KLOE

% 5— ] A2 MAMI, PRCI0(2014)025206
O] B 1, A CB(AGS), PRC78(2008)015206
: I~ ﬂy‘? Theory:

% 4‘_ 1246 + 1 3 3 Escribano et al. PRD102(2020)034026
—_— T * --- Danilkin et al. EPJC73(2013)2358
—_ —

= [ i = = - - Osetetal. PRD77(2008)073001
= [ e

C\IE 31— \.\

- x

o -

=

_— =

= |

>~ ol
o

%E L

= L

S— |

= C

T L

0IIlllIIILlJIIIllIIIIlIIIIILlI
0.12

1 1 1 l 1 .n 11
014 016
M?(yy) [GeV/c?]

Br(n—m%y)= (0.99+ 0.11+ 0.24)x10-4

Bro= (2.52+£0.25)x10~4
A2: PRC90 (2014) 025206

Br(n—my) = (1.30+0.08)x10-4 LcoM+VMD

Also can be used to search leptophobic B boson 11(’) - yB - yyn/n.
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Meson transition form factors 5

» * Low energy QCD: q1 g3 92

* Enters in th. description of QCD processes

 Evolution with Q2 predicted by pQCD: models can
be tested using data on Q? dependance

* Light-by-light contribution to a,,

Dalitz decays 0<q><M?  Annihilation process g*>M?  Two photon process g2<0
15
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1.4 1.6 1.8 2 0.2 0.3 04 0.5
A2[ (GeVic?)? M(p*w) (GeVic?)

b, = (1.707 £ 0.076 %+ 0.029) GeV /c?

b, = (1.645 + 0.343 £ 0.017) GeV /c*
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Precision study of n’ > w171~

2000 F ~om 100 |
& [ — Fitresult S -
1’ C s Signal MC Conv. Gauss. (a) % 80 B
% 1500 | n'—=yx'n MC o 4 S B
= — Remaining background T’ ' T e e § .
(o)) [ 60 [~
©.1000 |~ & I
-~ i - i
= [ 22725+ @ 20[
— cC :
g 500 155 © I
kT w 20 B
0 0E

0.92 0.94 0.96 0.98 1 0.9

BESIII 2024

L b §2
———— ™
e ki - -k

—e— Data
—— Fit result

- - - Signal MC (b)

s Jhy—=yn'm'—=a'mrtn MC

— = Jp—yn'm'=atTn—utu MC + -+, —
Jp—=yn'm'=a'Tn—yatc MC T T ,u ,u
Jp =yt MC
J—=yyo, p—nwatn MC

434 + 25

M(x*mete) (GeV/c?)

2451+ 0.02 £ 0.08

094 006 098
M(*mutu) (GeV/c?)

2.16 £ 0.12 £ 0.06

B(n' - ntneTe)

B(n' > n putp)

(10-?) (10-9)
Hidden gauge* 2T =021 2.20+0.30
Unitary xPT* 2080 . 1B
VMD* 2204013 241025
BESIII (2013)°| 2.11 +£0.124+0.15 <29
BESIII (2021)°| 2.424+0.05+0.08 | 1.97+0.33 +£0.19
CLEO® s S <24

BESIII: JHEP 07, 135 (2024)

VMD Contribution
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Amplitude analysis result of ' - T w71 sesum avep 07,155 ozs

10° Q1400F  —caa » Box-anomaly is needed to describe data
Data (a) %1200:_ —S;result' o .

10° o Mtresut O 000k e el > w—> T is also necessary
nN—=yrn MC

x?/ndof = 1.04

(o]

o

o
T

s Sideband background

» First time to assess the form factors with n’

Events / (6 MeVk?2)
2

Events/0.01
A O
8

+ = 1+71— writhi
10 | -~ [T[” within VMD
E !i'—; e . T - _2
Al 200+ — 2
e 1 : | b, =1.30 +£0.19(GeV/c
: B ] il 0»5'_77,y_.,.._4_L.__L.——-.—-—$_—ﬂ-v-n-.LL. TP
_° i ; 03 04 05 06 07,08 09 1
= b4 H&H 4 *ﬂm*ﬁ H*ﬂmuhﬂi th 5F
g Of L T A # t Model I Model IT Model III
: + t f 0 H t n—atrete
—5 - ’ * * * cp—cp=c3=1 01—02=1/3,C3=1 01—62#03
0 0.1 0.2 0.3 0.4 0.5 0.6 -5 L : s . . t . my (MeV/c?) 954.3+87.8+36.4 857.4476.5 787.5+£173.9
M(e+e') (GeV/cz) 03 04 05 06 07 6.8 09 1 my.x(MeV/c?) 765.3+1.2-£20.2 765.4+1.2 764.8+1.3
M .. ((;Q\//p_z\ my,(MeV/c?) 778.7+£1.3+17.3 778.7+1.3 778.7+1.4
B(1073) 8.5+1.4+0.7 85+1.4 81+1.5
45  omm @ 35— ) " ) ( ) 0 1.440.3+0.1 1.4+0.3 1.440.3
S 40 —— Fitresult a — | —Fitresult .. . D is work [— s b
Q ;, o Jv'\lf—TYH"l'l'-mAﬂ'“ﬂ-’H.l-f MC| ‘:(‘) 30 *'JJ'WH‘M:.T]'?R{EH-U?H uw MC C1—C2 1 1/3 —0.03+£1.09
> 35¢ e N M MG S F oo dwomnon'nn'n MC TPC/Two-Gamma [— e —
2 4F W Y"l.‘"_l T v 25 ;, J,'\uj,'_n mifc‘:!f’n' | c3 1 1 1.03+0.03
E 25E ﬁjﬁiﬁﬂ?n- MC ?o 3 e e C(';Ell_‘ég 7 = x2/ndof(ete,mtn) | 77.9/82.0, 47.8/65.0 | 78.7/82.0, 47.6/65.0 | 79.4/82.0, 45.1/65.0
T b = B , -2
P fﬁ, % 5E Lepton-G |- . by (GeV/c?) 1.10+0.20+0.07 1.36+0.24 1.6140.71
c E c F . ope
S wop S 10 BES'E')' ., A e Hidden gauge Full VMD Modified VMD
5F 5 — a
E LE ; . ] Quark Loop [~ L _ _ Model I Model II Model III
| °F Tloop ChPT |- . o mtE
= h%” # bt H‘*f‘#ﬁﬁ th = ’H‘n"“%ﬁ#“m*%++,%+#“+ ++“+1"ﬂ*h oop LA a—c=c3=1 a—c=1/3,c3=1 a—c#c
& ; tt *+ & . t + Dispersion [~ A my (MéeV /c?) 649.4455.9+35.6 601.6+25.7 589.6+25.9
01 02 03 04 05 06 07 0z 03 04 05 08 07 o0s DAfttodatar om0 myx(MeV /c2) 757.3+24.14£18.0 765.4+18.8 77444435
M(u'w) (GeVic?) M(r'm) (GeVic?) 08 1 1214 16 18 2 22 24 26 e —c 1 1/3 0.01+0.45
D c3 1 1 0.98+0.40
b_ (GeVic?) oS
n x2/ndof (utp,mtn~) | 48.1/34.0, 32.9/46.0 | 48.3/34.0, 32.9/46.0 | 49.7/35.0, 32.4/46.0
by (GeV/c?) 2 2.37+0.4140.27 2.76+0.24 2.88+0.25




Study of n > n* ™ IT1™ ., .7

» KLOE: Lint~ 1.7 fb1@ V's = M¢ T
B(n—)a*r"“rree)B(?}—)ﬂ"'arpp)
(107%) (1077)
Unitary xPT [1] 2.9915:00 7.50%550
Hidden gauge [2] 3.14 £0.17 8.65 +0.39
VMD [2] 3.02 +0.12 8.64 + 0.25
CMD-2 [4] 37733 4+3.0
WASA [5] 4.3102 404 < 3.6 x 10°

KLOE [6] 2.68 +£0.09 £ 0.07

» BESIII: 10 billion J/y radiative decays
Br(n > ntn~ete™) =(3.07+0.12+ 0.19) x 10~*

» Allow to access decay dynamic but with limited statistics

No event left in for 7+ 7~ u™ 1~ hypothesis in n region

Brin > n n utu~) <4.0x 107* at 90% CL.

KLOE: PLB 675 (2009) 283
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Asymmetry in n') - mto 1Tl R
M. Zillinger, B. Kubis, P. Sdnchez-Puertas,

JHEP 12 (2022) 001

* Test of non-CKM CP Violation:
* Arises from interference between CP conserving
magnetic and CP violating electric transition

' + =t ,— ! T utu~ +tor—oto— + =t ,—
N -o>mn e’e n—-nmnipHp n—-omnm'm e’e n—-onTme’e
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- \ 3
& 150 Wik 2 s 8 15 I
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Q 100 it resu S 10 = 10§ f i Al i
LIJ - — Flg) Conv. Gauss L B Ll "i o | 1 Ll s Su) | g i 50
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ok —---Az--_.- «-—6 — __; P T NN T A et obee %.5-04 03-02-01 0 01 02 03 04 0.5
3 2 -1 0 1 2 3 -3 -2 -1 0 2 3 sinpcosd
¥ @ ¢ (rad)

Acp = (—0.21+0.73+£0.01)% Acp = (0.62 +4.71 £ 0.08)% Acp = (—4.04 +4.69 + 0.14)% Acp=(—0.6+25+1.8)%

BESIII: JHEP 07, 135 (2024) BESIII: arXiv:2501.10130v1 KLOE: PLB 675 (2009) 283

All asymmetries consistent with zero at 103 level 2



EVENTS/(5 MeV/c?)

Double Dalitz decays n/n' - 71171~

n' —>e e” et e n'->eteputu” n-opTuutu n-oete utu
300F F E
i?;: Fit Noigna) = 30.14 7.0 &;J 250%— EE?E;”S‘LQPQ (®) T 30? Egg%s'fh ) 122_ Eggr:e;us‘}me (a)
20} 1 S e 8 200- __dvmanwees |2 2% _33 g 10 —Zdrmarres
background § E o njwu g 20 __jj“’j’" il S 8 ——\Ii/:\[y‘n)g#i"a?g:lgtgmund
i ?: 150§ — =y vnn 7 ; 15; w v g o }L%
10} A 2 1% ERRL: 2 4f + ‘ ' +
% + -. 2 s I ; ‘2‘ J T:IT ) H‘H H
Ao 1 0= = P e == R N
°+ e i § _f ,,,,,,,,, #y 7,3,1‘,52*1‘2&,,‘,‘,ﬂfftf,,*,‘*,,,*,ff*,*f O T adaas E %’ii’i’i*?f"f """ PN TN TTN
aR A S 060 nek 088 09 092 094 096 S 05 092 094 006 088 1 & 2b.. LAY
M(e'e'e'e) (GeVic?) M(e'e ) (GeVic?) M) (GeV/c?) 045 ME e (G e({f/iz) 06
BESIIT: PRD105,112010 (2022) BESIII: PRD111,052002 (2025)
- Statistics limited |
Decay Hidden gauge [9] Modified VMD [9] Data driven approach [10] Experimental result
n— e+e ete” 2.680(13) x 107> 2.668(13) x 10~ ° 2.17(2) x 10~° 2.40(22) x 107" [11]
n —ete eTe” 2.384(4) x 107° 2.317(4) x 107° 2.10(45) x 107° 4.5(1) x 107° [12]
n— putp ptpT 3.992(27) x 1077 3.797(26) x 107° 3.98(15) x 1077 5.0(8) x 1077 [13]
n — ptpptp 2.360(12) x 107° 2.185(10) x 10~° 1.69(36) x 10~° < 5.28 x 1077
n—ete putu™ 2.213(26) x 107° 2.154(22) x 10~° 2.39(7) x 107° < 6.88 x 10-6
n —ete puTu 8.626(33) x 1077 7.968(31) x 1077 6.39(91) x 10~ <1.75%x10-5 __

T. Petri, arXiv:1010.2378

CPC 42 (2018) 023109

The ULs are quite close to the SM predictions.
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BSM Physics in Dark Sector

Dark
Sector

« ALPsinn’ » n*tn~a, a » ete”

* Dark photoninn/n’' - yA',A' - ete”
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Sensitive study of dark photon in
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JAGIELLONIAN UNIVERSITY
IN KRAKOW

X17inn >t m e'ex

e

Extraction of n — nt* it e* e signal

— — ) by February 2022 measurement: ® START—TO reaction for ToF
EJ - Prel imi nary *Exp. IM after all cuts g :g(iif)t\L;)(;ﬂ\[LAN UNIVERSITY + proton— proton collisions at energy of " RICH ~ Cherenkov detector (drelectron e‘e)
8000+ . Mixing bckg. (MXB) 5 b e = T=4.5 GeV using LH, target *= MDC and STS - track reconstruction
—ninete \f ' : . agnet Coil — generates magnetic fiel
% M ; —_— ! " * Exp. IM after MXB subtr. O = 28 days of measurement 8 TMFg& R: |T_ . thl‘ght MgET/:d ft ldt
— L & & LI : , ,. o — Time-of-Fli etectors
g T]-—)TC T 1'5\ :”5‘,...0“% HADE S Re S u | tS = estimated total integrated luminosity = ECAL - electromagnetic calorimeter (photons)
8 6000 H Q‘ WORK IN PROGRESS ~5.6 [pb1] = Trigger logic based on InnerToF and Meta
gy I PP @4.5 GeV 400 Final distribution of e*e invariant mass after background subtraction
e e N : i 23
z - W Estimated total efficiency and acceptance factor: 1.1 - 10-3
- ¢ H e “Q. Ex ~
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Sensitivity study of n rare decays at STCF

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

« 1 trillionJ/y events, J/P - yn',n' - m ™1 is used

5.2 billion n" inclusive decays (Pseudo-data) are simulated ~2.2x10° n

n-oete” 107°~1071 <7 x 1077 (SND) <107° « Dominantbyn = y*y* — [T1~ and
intermediate hadronic states !
n-utu 10~6~10~7 (5.8 + 0.8) x 10~° (5.88 + 0.09) * fourth-order EM transition —
—6 pans

SPECII x 10 A

n-ontn” ~1071% < 4.4 x 107°KLOE-2 <78x%x107° * P and CP violation
* contribute to neutron EDM
n - n'n° <3.5x107* GAMS4 < 6.9 %1077
n—- nlete” 10°11~10% < 7.5x107° WASA <2x1077 « n - %" - nl*I” C-violated

n - n%*y* - %t~ C-conserved

n—-nlutyu” < 5x107° SPEC <85x1078
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Conclusions

* n/n’ serves as a perfect lab for SM precision test, fundamental symmetries, and probe
new physics beyond SM

* Important results: decay dynamics, rare/forbidden decays, transition form factors,
discrete symmetries -

» With the proposed facilities, the light meson physics will be into a precision era

e ... far from enough n/n’ samples

25
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