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Motivation

Baryon asymmetry in universe (BAU):

Np — Mg n
Ny=———=—1: 58%x1079<9,<6.5%x107'°(95% CL)
n n
4 4
Fields, Molaro & Sarkar, review in PDG (2019)
Sakharov conditions: i) baryon number violation

i) C and CP violation
ifi) deviation from thermal equilibrium

Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967)

Standard Model cannot explain the size of BAU

Farrar and Shaposhnikov, PRL 70 (1993)

CPV in SM: ‘ Np ‘ < 1()_26 Gavela et al., Mod. Phys. Lett.A9 (1994)
Huet and Sather, PRD51 (1995)



Motivation

Absence of conclusive evidence of new physics at high energies and

dark matter studies suggest to probe new physics at low energies
e.g. Batell, Pospelov and Ritz, PRD80 (2009) 095024

Special Properties of /1":
e Eigenstate of C, P,CP,1and G: /°J"¢ = 0t0~

e The same quantum numbers (except parity) as Higgs \ .
“low-energy Higgs factory” 2 <
e All decays are flavor-conserving (c.f. K and B decays) - N Y0 ) 5=0
e Most strong and EM decays are forbidden at the lowest order, w
I, =131£0.05 keV, I'; = 188 = 6 keV < K@"
M, = 547.862 £ 0.017 MeV, M, = 957.758 £ 0.06 MeV R °

n/n’ decays provide a unique playground for precision test of the SM
& to probe new physics



Physics in 77/1' decays

Standard Model precision tests:

e Chiral anomalies

nin’ — yy nin' — xx”yy
» Extract light-quark mass ratio Q = \/ (m; — m*)/(m; — m7)
nin’ — 31" nly' - xtnn"

» Theoretical inputs to (g —2),

nin'— a"ny nin' — e*ey nin' — u "y
nin’ — ete” nin’ — uu~ nin' — 1717171
n' — 2z n7) n' — wy n' — wete”

REDTOP arXiv: 2203.07651(2022)
L. Gan et al., Phys.Rept.945(2022)



Physics in 77/1' decays

Status of Q

n — 3
XPT O(p*)
)

p*) (Gasser, Leutwyler’85)
xPT O(p®

(
(Bijnens, Ghorbani’07)

: dispersive (Anisovich et al.’96)

—

| dispersive (Kambor et al.’96)

Kampf et al.’11)
Albaladejo et al.’17)
dispersive (Guo et al., JPAC’15’17)

| dispersive
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dispersive (Colangelo et al.’18)

kaon mass splitting
° Weinberg’77
Kastner, Neufeld’08

lattice, FLAG’21
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° | Ny =2
*— Ny=2+1
Ny=2+1+1
|
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REDTOP arXiv: 2203.07651(2022)
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Physics in 77/1' decays

“Light dark matter (LDM) must be neutral under SM charges”

Search for four portals connecting dark sector and the SM:
e Vector portal

dark photon: 17/1’ — yA — yItl~
leptophobic B boson: 17/n’ — yB' — n'yy n'— By -zt a

protophobic X boson: /" — yX — eTe™y nin"— yX - uu"y
nlny' - non X - oo l7l

e Scalar portal

0

nin’ — 7°S — 7lete™ nin' — 1°S - 2utu n'—-nS > na'n

e Pseudoscalar portal or axion-like particles (ALPs)
nly' — ana — aryy, 1Y~ n' — zma — zaxtay, Spi ' — nala — nxlyy, nx

01t~

e Heavy Neutral Lepton portal
nln'— n°H, H—uN,, N,— hN,, h —ete”




Physics in 77/1' decays

Fundamental symmetries tests:

e Lepton flavor violation

nin'— e pu™+e " nin' — ye u™ +yetu” n' — nuTp”
e P and CP violation (EDM)

nin' — 2n nly’ — 4n" nln' - n ny

nin'— n"neve”, nin' — n"mpp” nin' — purp”
e C and CP violation

nly' — ot n° n — nrtn”

nin' — nn"y nin’ — 3y

nin’ — 7t~ n' — nltl~ n — 4711~



Physics in 77/1' decays

n decay channels

L. Gan et al., Phys.Rept.945(2022)

Expt. branching ratio

Channel Discussion

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

n — 3’ 32.68(23)% m, — my

n— alyy 2.56(22) x 1074 xPT at ©(p®), leptophobic B boson,
light Higgs scalars

n— n’7lyy <1.2x 1073 x PT, axion-like particles (ALPs)

n — 4y <2.8x 10~ <10~ 11[55]

n— ntn n° 22.92(28)% m, — mg, C/CP violation,
light Higgs scalars

n—ata"y 4.22(8)% Chiral anomaly, theory input for singly-virtual TFF
and (g — 2),, P/CP violation

n—atan~yy <2.1x 1073 x PT, ALPs

n— ete y 6.9(4) x 10~ Theory input for (g — 2),,
dark photon, protophobic X boson

n— utu"y 3.1(4) x 10~ Theory input for (g — 2),, dark photon

n— ete” <7 x 1077 Theory input for (g — 2),, BSM weak decays

n— utp~ 5.8(8) x 107° Theory input for (g — 2),, BSM weak decays,
P/CP violation

n— nonlete C/CP violation, ALPs

n— ntm ete 2.68(11) x 10~ Theory input for doubly-virtual TFF and (g — 2),,,
P/CP violation, ALPs

n—ata putu~ <3.6 x 10~ Theory input for doubly-virtual TFF and (g — 2),,
P/CP violation, ALPs

n— ete ete 2.40(22) x 10~ Theory input for (g — 2),

n—ete utu” <1.6 x 1074 Theory input for (g — 2),

n— utuutu <3.6 x 1074 Theory input for (g — 2),

n— T nl <5x 1074 Direct emission only

n — mrety, <1.7 x 1074 Second-class current

n— atm~ <4.4 x 107° [56] P/CP violation

n — 27° <3.5x 1074 P/CP violation

n — 4n° <6.9 x 1077 P/CP violation




Physics in 77/1' decays

n' decay channels

L. Gan et al., Phys.Rept.945(2022)

Expt. branching ratio

Channel Discussion

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

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

n — na’x’ 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 104 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)% ™) m, — my

n — utu"y 1.09(27) x 1074 Theory input for (g — 2),, dark photon

n — ete y 4.73(30) x 10~ Theory input for (g — 2),, dark photon

!/

N —atrTutu

n — atn ete”

n — nn0%¢te-
n — ntann°

— urp”

— LT LTe
n — ntnnly
n — ntmw~

n — 2

n

~ ~ ~ ~ ~ ~ ~

<2.9x%x 10~

2.4(*15) x 1073

3.61(17) x 1073

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

8.3(3.5) x 1075 [59]

<4.94 x 10~ [60]
<5.6 x 107°

<1.8x 107>
<4 x 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, — my, 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




Physics in 77/1' decays

High priority /1’ decay channels suggested in L. Gan et al., Phys. Rept. 945 (2022)

Decay channel

Standard Model

Discrete symmetries

Light BSM particles

") - nta e

77(’) Ny AL

light quark masses
n—n’ mixing, precision partial widths

(& —2)u
higher-order yPT, scalar dynamics

(g — 2),, precision tests

(& —2),

C/CP violation

CP violation

C violation

C violation

scalar bosons (also ")

Z’ bosons, dark photon

U(1)p boson, scalar bosons

scalar bosons
ALPs, dark photon
ALPs

10



Features of n — 777~ 7"

7 IG JPC ()"‘()_ o final states | decay amplituder
0 J16JPC =170t - I=1LC=+1 Clali=1
[=0, C=— @‘AI‘:O
¥ 199F = 170" - I=2,C=—-
atn ' C=—-(-1) h
Lee, PR(1965) [ = 1 dominant, o (m, — m)
P|[m(P)my(—p)ims(p)y) = — | [m(P)7m(—p) 7w (p)) P is conserved = C and CP violation

e flavor-conserving C & CP violation

e no more theoretical considerations of CPViny — 77 x ~7' from 1966 to 2020

11



Experimental Observables of CPViny — 7tz 7"

S= P+ 1=Pp+pp)’ U= (Ppu+pp)

C transformation © 7t & 77 © t & U e
Distribution asymmetry across the mirror line t=u
of the Dalitz plot will show evidence of C & CP 0.14-
violation -
left-righ PR
eft-right asymmetry: = (N, : u>t, N_: u<t
N +N. T
= (—5.0+4.539) . 10~
KLOE2 2016 ..

A= (1.14£1.31) x 1—3 = —

BESIII 2023

Future experiments with higher statistics: Jlab eta factory, REDTOP, HIAF...
PoS CD2021(2024)029 arXiv: 2203.07651 arXiv: 2407.00874



Phenomenological Study of CPV iny — ztz 7"

C conserving: total isospin 1=1 C violating: total isospin I=0 and 1=2

My (s.t,u) = f [Mo(s) + (s — )M, (1) + (s — DM, (w) Mg (s, 1,u) = al(s — M) + (u = HM;(7) = (u — HM;(s))

2
+M, (1) + M,(u) — gMz(S) M. (s, t,u) = B{(s — OM[ () + (u — $)M{(D) + 2(u — HM(s)

dominant, f o« (m, — m) +v/5[M5(u) - Mé’(t)]}

M(z) : 2x scattering amplitude in z channel with |

total amplitude: A(s, t,u) = MlC(S, ,u) + Mg(s, ,u) + Mg(s, t, u)

|A(s, t, u) \2 — \MIC(S, t,u) + Mg(s, t,u) + Mzw(s, t,u) \2 ~ \MIC\2+[M1C : (Mg —- Mg)>I< + h.c.]+0(a? %)

a and [ can be determined by experiments

Different phenomenological studies found
Gardner and Shi, PRD101 (2020) 115038; Akdag, Isken and Kubis, JHEP 02(2022)137

A1/l ~ 107

13



CP odd operators from SMEFT

SUB)-xSUR2); X U(1)y

1 1
_ @ 4 p@ L~ p3) 4l pl6 6) 5(6
Le=Lgyt Ly ++Z +A2§fj ZC< 0© + -

Grzadkowski et al., JHEP(2010)

e CP survey: all dim-6 AB =0, AL =0 P & CP-odd + C & CP-odd operators from SMEFT
 flavor-conserving C & CP-odd operators at £ < My,

(G 0" T9,dp)t'oWi, +h.c. _) ) _ miy J
—(dRa””uL)dﬂW; + ... —(dgo"u;)0, (i, y,d))] + -
---v[(ﬁa””ysd)dﬂ(cf’yyu) (Ja””ySM)aﬂ(ﬁyyd’)]--- ---v[(ﬁa’“‘”d)aﬂ(ci’yyu) - (Ja””u)aﬂ(ﬁyyd’)]---

P odd C even C odd P even

14



C and CP odd Operators pertinent to » — 777~ 7"

CP Ly 2V 57 PP \ij MV PP\, ~HV j ¥
Q" ~ (Im(C*™ )it,o"ysu, + IM(C"" ) )d ,6"ysd,)0, (d,,;/yysd,,—u,,yyysur)

N? 4M Z2 quly qdZq
| g r r - _ . — i

g r r B — — El |
vz Ty T Coawy) |0 Vst 9, 1,YsVipdp) + 18,0"y5d,0,(dpy, 15 Vit }
1% - _

;0" yswi0, Wiy, vsw)),
& ot sl (Wy, ysws) + wot yswio, (B rsw),  (# )
o' w0, (wy wy) — o wo (wy w), (1 #))

Using equations of motion, Fierz identities and integration by parts, they are equivalent with

vg 1 e i
o n 0 W YWY Y5

QGP



Matching to ChPT

vg 1 e .
~ M7 A CitWi D YsWiyYsv;

vg 1
T Mg A2

QGP

i <> <>
_(@LD ,,/I;QR)@RV” Ak j9r) — (GrD A qr)(GRY" Ak j9R)

I wvg B I g B |
+(GrD )G ap) — @D A a)ar i ar)
chiral transformation property of spurions:

O(p”): A= RAL', AT —>LA'R;  Ap— RAR', A, — LA L"

Matching to meson-level operators:

replacing the quark fields with chiral building blocks coupled to the spurions

Graesser JHEP2017(2017)99; Liao, Ma and Wang, JHEP01(2020)127; Akdag, Kubis and Wirzba, JHEP06(2023)154

%ﬂ/ +4/51+ 7’ \/§7T+ \/§K+
U = exp (CT)/FO) O = \V2r~ %n’+ %}7 —2°  /2K°
\/EK_ \/EIZO i’?,_ %77 16



C and CP odd ChPT operators

2, wg 1 1 . o _
order p-: ggzl’ _ M‘zy e C; _g1<(/”tl-D2UTU/1L,jUT 4 /I;DZUUURJU) —H.c.)

+8,((4D,U'D*UA, ;U + 4D, UD*U" 2, ;U) —H .c.)

+8((AU'D*UA, ;U™ + ATUD*U" 2, ;U) —H .c.)

g~ (M ]5
expanding U to d*:
Vg - - 5
M%, A2 F(A)L Z‘A/PZaﬂﬂo(ﬂJraﬂﬂ - aﬂﬂJr)ﬂ N p2 = 4\/;((3% — Cud — Cau F Ca)(— 81 + & — &3)
M (s, 1) = i—2 WAt — ) = if(t — u) )
p2\Pa o ) = p? = p~ [M]

M2, A2F3

decompose to/ = 0 and [/ = 2:

1
%sz 3 \/6 [ ﬂ¢(t, s, u) + «%@(Sa t,U) — /ﬂa(“’ L, S)]’ W€

1=0,p?

=0

1
%Igz -~ \/_ [%Qt, s,u) + 2%, t,u) + M u,t, S)] /%lazz,;ﬂ || \/5/2%52
24/ 3




Determine coefficient of p* C-violating amplitude

A(s, t,u) = M (s, t,u) + M%(s, 1, u) x=y3leTe zng G
3T o 3

| A(s, t,u) |> = | MC(s, t,u) [P +2Re[M (s, £, )M T (s, 1, 1)+ OB "~ o, =" “amg, ™" 717

.
ME(s,t,u) = MO, = i~ N ot — 1) = ifi(t — ), M(s, 1, u) from NLO ChPT
MW A r 0 Gasser and Leutwyler, NPB250(1985)539
Tos | ‘N N¢XY—1NXY N(=X.,Y X. >0
()_6§ B P ] ( K i) - 5[ i( [0 i) o i(_ & i)]9 ( ] > )
0.4
- NC [ 2Re [MEX,Y) - MEX, V)| dXdY
—0.2; 10000 —
04 Niot [|.0cX,Y)|*dXdY
_0.8f
R Y T PR B R PR R R By a combined fit of KLOE2(2016) and BESIII(2023):
X KLOE2, JHEP2016(2016)19; BESIII, PRD107(2023)092007
KLOE2(2016) p=—0.026(13) GeV >

18



New Physics Scale from Naive Dimensional Analysis

.vg 1 . 2
ME = i N (t—u)=if}(t — u), where .V, = 4\/:(CW —c, —Cq +C1)(—81 + & — &)
PT MZ NS g 3

From Naive Dimensional Analysis, ¢.g. B. M. Gavela et. al, Eur.Phys.J.C 76(2016)485; Manohar, arxiv:hep-ph/9606222

g ~ Fy/ A, with A, = 4zF,.
’ 9 /VPQ ~ FS/A;

Assuming no fine tuning in the UV completion of SMEFT, ¢;; ~ O(1).
1/2
vgA, 1
‘ﬁ | Shi, Liang, and Gardner, PRD110(2024)

Using | #| < 0.05GeV~2at90% C.L., A > 0.8GeV 2

also note the LEFT study, A ~ |/ \_1/ !
e n > ata A’ A> 13 GeV

e ' > nrtax” i A >4 GeV

e n(n) - 7 y: A > 0.5 GeV
e n— 372%: A > 140 MeV

e n(n’) — 3y: A > 120 MeV

Akdag, Kubis and Wirzba, JHEP06(2023)154
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Impact Study of Future Experiments

1/2
A vehy 1 Uncertainty reflect experiment’s precision
"\ T51)  using 18] S 0.01GeV2 A 2 1.7GeV

Assuming order of /A has =1 uncertainty, 0.1 GeV < A <10 GeV

If A increase 10" times, uncertainty of /3 should decrease 10°" times,
o g . . 10° -

exp. statistics should increase 10*" times
Shi, Liang, and Gardner, PRD110(2024)055039 104 -

KLOE2(2016): 4.7 X 10°, BESIII 6.3 X 10°

103 :

REDTOP: 2.3 X 10'3/3yr, HIAF 6.9 x 10'%/3yr

3 100
Sl10i
<

Channels with CPV from the interference of SM and 101?

|
I
|
|
|
I
I
1
I
|
|
|
|
|
|
|
|
|
1
3

o-------- L I I

|
| I
) - - -~ BESIII(2023)
BSM are less suppressed by the new physics scale 10047 | --- KLOE-2(2016)
comparing with pure C and CP violating channels L1 -=~ HIAF
0-1] 1! ~—- REDTOP
—1 1 ' : ' ' '
n— 7Z'+7Z'_7Z'O, n = nrtr=, nln' > ztny 105 107 10° 10! 1013 1015 10Y7 10 102

<

20



Summary and Outlook

-11/n’ factory is a perfect laboratory for SM precision test and probing new
physics beyond the SM.

* For flavor conserving C and CP violation study, preferred channels

0

includen > n "z n,n - nr n, nln’ - t xy.

* Priority decay channels:

Decay channel Standard Model Discrete symmetries Light BSM particles
n—nnn’ light quark masses C/CP violation scalar bosons (also )
n") — yy n—n’ mixing, precision partial widths

n") — €y (g—-2), 7’ bosons, dark photon

n — nlyy higher-order yPT, scalar dynamics U(1)g boson, scalar bosons
") — utu (g — 2),,, precision tests CP violation

n— nlfte- C violation scalar bosons

") — ntn €t e (g —2), ALPs, dark photon

n") — nOn0¢+e- C violation ALPs

Looking forward to new experimental data!



Thank you!



Physics from 77/1’ decays

e Search for axion-like particles

nin’ — ’zlyy nin' = o nyy nin’ — 7’zlete

nln' — m'nutu"

e Weak decays beyond SM
nin' — eve” nin' — pp
nin' =z x u

e Input of the precision calculation of the QCD axion a — yy
nin’ = yy




C and CP odd ChPT operators

lowest order that yield non-vanishing / = 0 amplitude:
wvg 1

C-:-

MZ, A2

/1(40,9,0,U' Uk 0"0*U' U’ U" + 270,0,0,UU " 4gd"0"UU'9"U — H..c.)

+/(40,0,0,0"U0"0* U AU’ U™ + 170,0,0,UU 0*0* U4, U'0*U — H . c.)
f3(20,0,0,U"0**UU"0*UA, U" + 170,0,0,U0"0*U" U0’ U" AU —
+/4(10,0,0,0"0*0*UU Ao’ UU" + 170,0,0,U0*0*U U2, 0’ U'U —
+/5(10,0,0,U0" UM\ 0"0" U0 UU" + 170,0,0,0U 430" U0’ U'U —
+/5(20,0,0,U"U0#**U" Apo?UU" + 470,0,0,0U " 0"0"UA; 0’ U" U —

H
H
H
H
H

+/,(20,0,0,U"U0#**U"0* UL, U" + 170,0,0,UU " 0*0* U0’ U" AU —

)| fi~ M

AV
M%, AQF(‘)l

expanding U to ®*: 8N s€17x(0,0,0,7 )0 ') (0P ™ )

2
'/Vp6 — \/;(Cuu —Cu—Caut g hthth—fa—f—fo+ 1)

:
MO =5

5 = i oS~ D=~ Sials = D=9 ~w) @M



