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Introduction
T — anyv,: good place to probe T-odd triple-product asymmety

A typical T-odd variable:

rest frame 7 r
E= Buppg@ b ¢"d” —— b-(¢xd)mg/sq
of particle a

a, b, c, d: either momentum or spin
T transformation (¢t — —t,p— —p,--- ): & = —€

“* When spin is involved, measurement of polarization is needed.
[Nelson, et al., PRD'94] [Tsai, PRD'95] [Datta, PRD'07] ...

** We focus on the situation with four momenta, i.e.

rest frame - ( - -

§ = Euvpa P P3D5P] —— p5 - (P3 X Pa)
of particle 1

There should be at least four particles in the final state !



Early proposals to search T-odd triple-product asym in K, , i.e. K — wylv,

[Braguta et al., PRD'02 '03] [Muller et al., EPJC'06][Rudenko, PRD'11] ......
Gr

T(Kjs,) = EEKEE“(@)* [(V,u-v — A )7(pu )7 (1 —5)€(pe) +%?(py)fy”(1 —v5) (me — g — 4 )vu(pe)

NTIN TP =) app ff'+) brrfRe{I}
spins i i fI
+&) i fIm{I}+0 (V2 47, AiYj)
£l
¢ pure Kinematical factors
f: form factors of K;;
I: form factors of V; or A; entering in V,, and 4,,

* Conventional way to construct the T-odd asymmetry A; :

N, —N_
£ = with N = / dr
N+ N_ £20
dI’ Need nonvanishing
d_ = QOeven T fgodd imaginary part of
5 form factors




Important conclusions:

* Strong interactions are suppressed for the T-odd asymmetry in K,
[Muller et al., EPTJC'06]
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* Photon loops play the dominant role in the T-odd asymmetry for Ky,
[Braguta et al., PRD'02 ] [Rudenko, PRD'11]

KT

* Order of magnitudes of A; for Kz,  [Braguta et al., PRD'02 ] [Rudenko, PRD'11]
AdK*—me v, y)=—0.59%x10"* AdK"—mp v,y)=1.14X10"*

TABLE Il. A, in K — 7~ [ 1,y decays (@ = 30 MeV and 6,, = 20°).

[=pn l=e
Group I (I — y) —0.54 X 10°¢ -1.32 x 1074
Group II (7 — ¥) —3.6 X 1074 -32x 107
Group III (7 — 1) 1.73 % 1073 8.6x10°
Group IV (7 — | — ) —1.41 x 1073 —8.6 X 1074
—-1 X 107* —4.5 X 1074

Total




How about A: in Tt — nwnyv, ?
7 (P) = 7 (p1) 7" (p2)vr(9)v (k)

M = eGp VJde*”(k){Fvﬁ(Q)'Yy(l — v5)(mr + P — E)vuu(P) + (Vi — Ap)ul(g)y" (1 — VB)H(P)}

5 Z IM? = Mo+ M,

spzns

N~'My =) Cyp Im(f* f)—i—ZCjIIm F )+ CrpIm(I*T)
B 1,1’

f7f’: two-pion vector form factors F(t) or F(u) i@ e
T % %
I/1’: form factors of V; or A; entering in V,, and 4,,

The most important lesson:

Hadronic interactions are NOT suppressed !



Resonance chiral theory & T — anyv, decay
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(d0 = Vudd+ Vuss )
W™ d
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4 — Fermion

Hadronic V-A currents

J

QCD

H, = (H™ |ay,(1 — y5)dg €297 |0)

Chiral EFT is the low energy realization of QCD:

E'iZ(i:'u,a”,s,p} - /DQD(TDG# Eif d-’lmﬁfg(;ﬂ(vwa.”,s,pj = fDu e:jfdfixﬁgpy(’uwaws,p]

CD  pQCD
LVED s

+ qy*(vy +a,v5)q — G(s — iy5p)q

Ve 4, S, p are the external source fields .



Leading order [Weinberg, '79]
F2

L2 = T<“u““ + X+)

Higher orders [Gasser, Leutwyler,'83 '84]  [Bijnens et al., '99]

O(p*):
LT = Li(uuet)? 4 L (et + La(uuutuu”) + La(uuu ) (xy )
+Ls{uptx+ ) + Lo(x+)" + Li{x-)" + ?<xi+x’i>+---
O(p°):
Pl = Glupu®h, b + Glugu® Y( b b)) + G b u, ™ uP)

+...94 terms in total in SU(3) case

Alternatively, one could explicitly introduce heavy dynamical degrees
of freedom, i.e., resonances, in the chiral EFT.

Minimal RxT Lagrangian [Ecker, et al., "89]

Liin(V) = —% < VALV, VVE — %vw Ve 5=
_ kv pv iGy BV F
Loy = 2—\/§<V#Vf+ )+ m(vﬁv[u , u’]) Log = A <Awff“”>

2v/2



Minimal RChT contributions to © — mryv,
[Cirigliano et al., JHEP'02]

V;Y _ v _ T
= g s Wé
J'I: T T s
/ 4/
ANANN—= AVAVAVAV VaVaY, TaVa¥
Y 7

» Other extentions by including anomalous vertices, such as the

pon types, and even-parity vertices of the a,pm, are also studied.
[Flores-Tlalpa, et al., PRD'05] [Miranda, Roig, PRD'20]

» Dedicated study of the isospin-breaing effect is considered to

calibrate the tau data in the estimation of muon g-2.
[Cirigliano,et al.,JHEP'O2][Flores-Baez,et al.,PRD'06][Davier,et al.,EPJC'10][Miranda,Roig,PRD'20]
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Contributions from VVP and VJP operators in RChT
[Ruiz-Femenia, Pich, Portoles, JHEP'O3]

Lyyp = d1€uwpa ({VH, VPV ou®) + idaepupe ({ VY, VP }x—)
F2E ot U o VI, VPR HIT) oyl e ({ VIV, W0 )

C Co
ﬁVJP — ]‘Jl ,uvpo({v'uy a}vaug> + M—Vg,uvpcr<{vﬂau _,T_G}vauv>
C3 V,uu pc}' icq V[ £Pe
+M 5,uvpcr<{ 3 } —> Sim M—Vg,uvpo< [f_ 3X+]>
Cé
7
+M—VE#UPJ<{VUV#U} _T_Q}T.La> .
| T | 70 | 7~ | 70 | | i
| { oo
+ * \ \ |
v P w g v, w Yy Y w p" Y
T (Va) T { - T (Vo)
Vh
70 i | 0 I 20 7
| \ | 70 T i

— s PR PUNT Y e = AVAVAVAVAV. e —
ax i ; |2 ;
v, T g 3 ; T

(Ap) T[ (Ac) T ‘ (Ad)

[Chen, Duan, ZHG , JHEP'22] 1



High energy contraints to the resonance couplings
f d*x f d*yel P (0| TV (x) VE(y) P<(0)]]0) fim [y [(Ap)%, (A0)*, (Ap + Aq)’]
= lim TI[(Ap)°, (Ag)?, (Ap + Aq)’]

v 2 2 4 2
— (P p +26]2 42- r (1 + O(ag)] + O(Alﬁ)

- d”bcf#vaﬁpﬂqﬁ[l VVP(p?-’ q?.’ rz)s

2% poqr
des = 0 + 0 YoMy
5 == Ci1 — C G =3 Cy — Cg —
N.M?2 F? N_M? F?
di+8dy = ——SV_ dg—= =—2= ¥ _ 4. ____
SR T LY 3= T @nFy)? | 8FZ

Other constraints from scattering and form factors
Fo=F;, Fy=vV2F,, Gy=F/V2.

Or

Fa=V2F,, Fy=V3F, Gy=F:/V3
12



On-shell approxiamtion to the Jww vertex and
additional input from the w — n%n% decay width

2 2
Tw—}?r” m0y — F dl (Ché,uoplvpif 7T Emﬁ)mpl-ﬁpclr) T 4d2mﬁ(—;xu)\5

+d3[c)x5;mr(k = = pZ)uF’T =3 C,uy)u}'qlﬁpf] o d‘é[ (Aﬁ;ca(k F pZ)Upilj = C;Lv).c:rqaplﬁ] }

: 'ME.V - VE".'!L
D)‘(S"ﬁﬂ(k "‘pE:ﬂ"ft%)Qvﬁﬁﬂpakpgf:(k) ! wm)"lf oo +(P1 HPE)

(=%

FEaxp
W— ?I'Tl-j ﬂ'{-}"f

= (5.8 £1.0) x 107> MeV

dy = —0.12+0.05,
dy = 0.82+0.05.

Important: we are left with a parameter free
theoretical amplitude for the T — mwayv, process !

13



Phenomenological discussions

[Chen, Duan, ZHG, JHEP'22]
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Inputs of the pion vector form factors

; t 1
Fy(t) = MﬁDPEXP{gﬁﬂszf[ (t,m2) + ZB(f mﬂ)}}

2 = ' 1
B(t, mp) = i (mf) -+ ST;LP - % —{—J?} In (JP ki )

H

[Guerrero,Pich,PLB'97]

e

> [Dumm,Roig,EPJC'13]

Fv(t)
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Differential decay widths as a function of photon energies

€< |—3]|

Structure independent terms Go = F-INT ... ds =—— 012
11 / ..... CEN / v o/ 4
0.1 \ [Cirigliano et al., JHEP'02] gﬂgi " Gy=Fp/V3,...,ds == 012
0.01 . Qur-1B| —> GV:FHX\/E:---;GE.@:D.BZ
T g, e Our-28
TN Gy = 3 dy = 082
_ 1E3
3 e ~_
g I.-
f) (.
S 4!
< 1E-5 X
" >< *.l
T, 1ES6 dr’a"—}'ﬁ“?rﬂ?’jﬁ &
Z "[
:
1E-8 .
1E-9 , | | |
0.0 0.5 10

Ev[GeV]

When the photon energy cutoff is around 300 MeV, the absolute branching
ratio is predicted to be around 10-4.
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Variant predictions for the branching ratios (x10-4):

E,‘;“t SI CEN Our-1A Our-2A QOur-1B Our-2B
100MeV 7.9 8.3 8.7/9.6/8.6/9.4 9.5/10/9.2/9.7 13/9.6/12/9.4 14/10/13/9.7
300MeV 1.5 1.8 2.4/3.0/2.3/2.8 2.9/3.3/2.6/3.0 5.6/3.0/5.2/2.8 6:53/3:3/5.5/3.0

500MeV 026 040  0.73/1.0/0.68/0.90 0.93/1.1/0.81/0.91 2.6/1.0/2.4/0.90 ~ 2.9/1.1/2.4/0.91

v
o) e)ax)  ©x)ax)
o(x),a,(V)

* 45 billion pairs of tau lepton are expected at Belle-II. Therefore T — wnyv,
has good chance to be well measured with reasonable photon energy cuts.

17



Invariant-mass distributions of the nn system

N,dT,/ds, [GeV?]
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Invariant-mass distributions of the n-yand an’y systems

serees CUG-14
— Qur-24A
Our-1B
Qur-Z2B
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Predicitons of the T-odd asymmetry distributions with respect to &

N, drI;, _./dg

0.005 -
U.'DU4—_
U.UUS—-
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0.000 e
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| < Qur-2B

77 (P) = 7 (p1)7 (p2)v-(q)v(k)

. ' 4 restframe 7 - - 3
€= €y e PHRFPIDS s ———— k- (P1 X p2)/m7

T
-0.01

0.01
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Predictions to the rates of the T-odd asymmetries

( numbers are multiplied by 10-2)

B Ag(Our-1A) Ag (Our-2A) Ag (Our-1B) Ag (Our-2B)
100 MeV ~ 1.2/1.7/1.0/1.6 1.3/1.8/0.98/1.4  1.6/1.7/1.4/1.6 1.7/1.8/1.3/1.4
300 MeV  1.5/2.6/1.0/2.2 1.6/2.5/0.73/1.6  2.3/2.6/2.0/2.2 2.4/2.5/1.7/1.6

500 MeV  0.98/1.4/0.58/0.88  0.91/1.4/0.68/0.43 2.1/1.4/1.8/8.8 2.1/1.4/1.5/4.3

* The magnitudes of A; for T — wwyv, are around two orders larger than
those in K,;,. It has the good chance to be measured in Belle-II and super
tau-charm facilities.
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Prospects of revealing the genuine CPV signals

Both the CP-conserving and CPYV interactions can contribute to A; fort —

RTYV,
_ 24 . . 24 . .
S ek R L. L. dd (Mo + €M), T = 2r) d® (Mo + £M)
3 + f
F+ —+ | i 2m; £>0 2m, | £<0

* CPV signals can be probed by taking the differences of A; in T — walyv,
and " — wrdyv,

F_;_ T — L - 27 )4 7 L
‘43 = = 'y =+ / d® (Mo +&M,) L= (2m) / d® (Mo + £My)
' I'. +1 J€>0 £<0

2

M = eGr Ve (k) {(1 T gv) Fa(g” (1 — 75)(m- + P — F)yuu(P)

+[(1+gv)Viw — (1 — ga)Aw]u(g)y" (1 - “.rs)'u-(P)}

Ae = A¢ — Ag D Im(gyga)Re[Fy (t/u)* Ayl Im(gy, ga )Re(V;*A;)

Generally speaking, sizable hadronic contributions are also expected to

enhance the CPV signals. 29



Summary

» Rich phenomenologies in T- — wt-n'yv, : photon spectrum (useful
inputs for the estimation of muon g-2 from tau data), ditferent
resonance interactions in the n-n, -y, iy spectra.

» We give a promising prediction of the triple-product T-odd
asymmetry in tau decay. It could provide a useful guide for
future experimental measurements, especially in Belle-11
and super-charm facilities.

» CPYV signals in the T-odd asymmetries are also expected to
be enhanced due to the large hadron contributions,
compared to the situation in K,;,.

Thanks for your patience!
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