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𝜏 physics is very active research in Belle II! 

Many studies have been done for LFV measurement (e.g. τ→µµµ, 
τ→µh etc) with early data 
Many analysis on-going on hadronic decays, τ→3πν (spectrum 
measurement), τ→Kπν (Vus, CPV measurement) etc…  
More to be done e.g. inclusive measurements (done only at LEP), 
τ→2πν for g-2 (the previous Belle analysis is <100 fb-1 data), 
heavy neutrino search etc… 

➠ Motivation for 
angular analysis!

Belle II Physics Week 2024  
One of the focus was tau!
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Challenges for hadronic decay measurements 

Both signal/tag sides do NOT make any peak (except for LFV)! 
Channels including π0 is particularly difficult  
Potentially a large cross-feeds (e.g. background from Cabibbo 
allowed channels to Cabibbo suppressed channels) 
Still ALEPH result dominates most of the measurements  
MC study very important: France-Ukraine(-Poland) collaboration 
(Krakow=developer of TAUOLA)
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CP violation : Golden Channel for Belle II Physics! 

Direct CP Violation: non-zero only when two amplitudes have 
different CP violating and CP conserving (strong) phases 
Triple product: non-zero as long as two amplitudes have different 
CP violating phase (still you need to measure the difference 
between tau+ and tau-). 

Belle II Physics Book ‘18

Table 140: Summary of the e↵ciency (E�.), the expected number of BG events (N exp
BG), and

the upper limit on the branching fraction (UL) for ⌧ � �P 0 at Belle, where (comb.) means

the combined result from sub-decay modes.

Mode E�.(%) N exp
BG UL (10�8)

µ⇡(� ``) 8.2 0.63 ± 0.37 3.6

e⇡(� ``) 7.0 0.66 ± 0.38 8.2

µ⇡(� ⌫⌫⌫0) 6.9 0.23 ± 0.23 8.6

e⇡(� ⌫⌫⌫0) 6.3 0.69 ± 0.40 8.1

µ⇡(comb.) 2.3

e⇡(comb.) 4.4

µ⇡⇤(� ⌫⌫⇡) 8.1 0.00+0.16
�0.00 10.0

e⇡⇤(� ⌫⌫⇡) 7.3 0.63 ± 0.45 9.4

µ⇡⇤(� `�0) 6.2 0.59 ± 0.41 6.6

e⇡⇤(� `�0) 7.5 0.29 ± 0.29 6.8

µ⇡⇤(comb.) 3.8

e⇡⇤(comb.) 3.6

µ⌫0 4.2 0.64 ± 0.32 2.7

e⌫0 4.7 0.89 ± 0.40 2.2

In the three-generation SM, the violation of CP is explained by the Kobayashi-Maskawa

mechanism. It predicts the CP violation in the quark sector as well as an absence of CP

violation in the lepton sector. Therefore, the study of CP violation in semi-hadronic ⌧ decays

o�ers an unique search of physics beyond the SM, namely a new source of CP violation

beyond the Kobayashi-Maskawa mechanism. The ⌧ CP violation, if it is observed, implies

that there exists a new CP violating coupling in the ⌧ ! ⇢⌧ and/or d ! u or s ! u current

in addition to the one induced in the SM by the K0 ! K
0

mixing.

The first CP asymmetry measurement in ⌧ decay has been done by using the decay rate

di�erence between ⌧+ � ⌫+K0
S ⇢̄⌧ and ⌧� � ⌫�K0

S⇢⌧ :

A⌧ =
✏(⌧+ � ⌫+K0

S ⇢̄⌧ ) ! ✏(⌧� � ⌫�K0
S⇢⌧ )

✏(⌧+ � ⌫+K0
S ⇢̄⌧ ) + ✏(⌧� � ⌫�K0

S⇢⌧ )
(499)

This CP asymmetry is non-zero in SM due to the K0 ! K
0

mixing. Assuming the CPT

invariance, we can write the CP asymmetry in terms of the kaon mixing parameter ↵.

At the first order approximation and neglecting the e�ect from ↵⇤/↵, the SM prediction

yields [1522–1524]

ASM
⌧ � 2Re(↵) � (0.36 ± 0.01)% (500)

where we assume that the experimental results are obtained by the time integration between

time much smaller than K0
S life time and time much longer than the K0

L life time (see [1524]

for the discussion on the time-dependence e�ects). Note that we are discussing the simplest

case with two hadrons in the final states but we would obtain the same result e.g. by adding
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15 Tau and low multiplicity physics

more pions. Thus, more generically, [1522]

ACP(⌧� � �K0X ⇤

S=0)

= ACP(⌧� � �K0
SX ⇤

S=0) + ACP(⌧� � �K0
LX ⇤

S=0) + ACP(⌧� � �[K0
S/K0

L]X ⇤

S=0)

= 2 Re ⇡K + 2 Re ⇡K ! 4 Re ⇡K = 0 (501)

where X ⇤ = `, ``, ``` · · · with corresponding charge and [K0
S/K0

L] represents the [K0
S ! K0

L]

interference term. The SM prediction in Eq. (500) must be compared to the result obtained

by the BaBar collaboration [1525]:

A⌧ = (!0.36 ± 0.23 ± 0.11)% , (502)

which is 2.8 ⌫ away from the SM expectation in Eq. (500). A similar level of CP

violation, due to the kaon mixing, should be observed in the D meson decay, AD =
↵(D+

0`+K0
S
)�↵(D0

0`0K0
S
)

↵(D+0`+K0
S
)+↵(D00`0K0

S
) . These asymmetries are related to the ⌧ CP asymmetry as

A⌧ = !AD [1524]. The experimental average of D meson CP asymmetry is found to be

AD = (!0.41 ± 0.09)%, much more precise than A⌧ . Thus, an improved measurement of A⌧

is certainly the first priority at Belle II.

This intriguing result motivates us to further investigate the CP violation measurement

in hadronic ⌧ decays. The CP asymmetry A⌧ discussed above is an angular integrated

observable (parity even) and it is sensitive to a particular type of new physics couplings. For

example, in [1526], it is pointed out that a tensor coupling induced by a new physics model

may interfere with the SM vector coupling and produce such CP violation. However, in a

recent work [1527] it has been shown that this tensor coupling can not explain such a large

e↵ect. Moreover, they also show that such a large asymmetry is incompatible with constraints

coming from the neutron EDM and D0 ! D
0

mixing. An interesting new physics search in

the D+ � K0
S`+ process is proposed in [1528]. The prospect of the relevant measurement at

Belle II is discussed in detail in the charm physics chapter, Chapter 13. If this discrepancy

persists at Belle II, it would therefore point towards the existence of light BSM physics

evading these constraints. On the other hand, in order to probe scalar or pseudoscalar

couplings, which can be induced by charged Higgs bosons, a parity odd angular observable

is needed. In the next subsections, we discuss some details on the CP violation measurement

using the angular observables.

We note by passing an interesting CPT test which Belle II may be able to perform:

ACP (⌧� � �K�X ⇤

S=0) + ACP (⌧� � �K0X ⇤

S=0) = 0. (503)

where X ⇤ = `, ``, ``` · · · with corresponding charge. This relation can be derived by the

CPT invariance relation

�(⌧� � �X�

S=0) = �(⌧+ � �̄X+
S=0), �(⌧� � �X�

S=�1) = �(⌧+ � �̄X+
S=+1) (504)

15.3.1. CP violation in angular observables. The general angular formalism of the

hadronic ⌧ decays contain 16 structure functions [1529]. Not all of them are measurable

as the final state neutrino direction is lost. Nevertheless, it has been shown in [1529] that

13 out of 16 are measurable if the information on the azimuthal and polar angles of the

517/689

Babar measurement 2.8 sigma away…

Kaon mixing produces CPV
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FIG. 1: cos(�) distributions for three decay final states without any choice of q1 or q2.

As the particles with momtnrum asignment p1,2 are the same, the parameters a1,2 is symmetric on
this Dalitz plane. On the other hand, the ~p1 ⇥ ~p2 changes the sign between s1 > s2 and s2 > s1.
Therefore, this asymmetry term cancels when integrated over the whole Dalitz plane.

Therefore, for the decay channels with identical particles, we need to identify the momentum as
mentioned in [? ].

This can be done in two ways,

1. Choice 1:|p1| < |p2|, momenta taken in the rest frame of hadronic system.

2. Choice 2:
2 |M2

⇢ �M132
2 | < |M2

⇢ �M232
2 | See footnote3.

FIG. 2: cos(�) distributions for two decay final states for choice 1 (|q1| < |q2|).

FIG. 3: cos(�) distributions for three decay final states for choice 2 |M2
⇢ �M132

2 | < |M2
⇢ �M232

2 |.

2 I think what is suggested in [? ] is to multiply sign(s1 � s2), isn’t it? If so, could you try to make a plot again?
3 M ij

2 denotes the invariant mass of mi and mj system where, i, j are the hadron index in decay.

4

@ hadronic rest frame 
✓nL: direction of the lab frame 
✓n⊥: direction normal to the 

hadronic decay plane 
✓q3: direction of a hadron

8

cos𝛽

— 𝜏−→π−π−π+𝜈𝜏 
— 𝜏+→π+π+π−𝜈𝜏−

𝜏→πππ𝜈𝜏 decay in Tauola MC generator

Is this CP Violation?!   
(No! CP phase in SM for leptons) 

  
If not, how can we measure 

the “true” CP Violation?

Paper in preparation with  
Z. Was (IFJ PAN)
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<latexit sha1_base64="BaaYRn7/DbizpOCFCkrZJoNrUus="></latexit>

ACP =
!(ω+ → h+εω )↑ !(ω→ → h→εω )

!(ω+ → h+εω ) + !(ω→ → h→εω )

<latexit sha1_base64="uSAhhjGP+gFN4MBHXeEG2g4Mdek="></latexit>

!(ω+ → h+εω ) ↑ M+M+†

<latexit sha1_base64="ZIeE4k/RgDTNdwoQub3RNVNJib8="></latexit>

!(ω→ → h→εω ) ↑ M→M→†

Is CP conservation                            ? 
<latexit sha1_base64="M8HRAlLp3dg5gnh/r0Nek7ekfcM=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoiCURqW6EYjduhAr2AU1aJtNJO3QmCTMToYT8ght/xY0LRdy6c+ffOGm7qNUDFw7n3Mu993gRo1JZ1reRW1peWV3Lrxc2Nre2d8zdvaYMY4FJA4csFG0PScJoQBqKKkbakSCIe4y0vFEt81sPREgaBvdqHBGXo0FAfYqR0lLPLJUcjtQQI5bcpt3T427iCA5r9fRqXk9O0p5ZtMrWBPAvsWekCGao98wvpx/imJNAYYak7NhWpNwECUUxI2nBiSWJEB6hAeloGiBOpJtMPkrhkVb60A+FrkDBiTo/kSAu5Zh7ujM7Uy56mfif14mVf+kmNIhiRQI8XeTHDKoQZvHAPhUEKzbWBGFB9a0QD5FAWOkQCzoEe/Hlv6R5VrYr5crdebF6PYsjDw7AISgBG1yAKrgBddAAGDyCZ/AK3own48V4Nz6mrTljNrMPfsH4/AHp4p0a</latexit>

(M→)CP = M+

Puzzle of 𝝉+ and 𝝉- asymmetry
Very naively, CP violation  should be non-zero ACP
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h=π, ππ, πππ, K, Kπ, Kππ, KK, KKπ…..

Brief Article

E.K.

February 27, 2026

1 Computation of ⌧� ! ⌫⌧h�
and ⌧+ ! ⌫⌧h+

In this section we compute the decay rates of the Charge conjugate channels ⌧� ! ⌫⌧h�

and ⌧+ ! ⌫̄⌧h+ where h± represents general hadronic final states. Let’s start with the
amplitude:

M
� = gvu(p⌫)�µ(1 + �AV �5)u(p⌧ )J

µ (1)

M
+ = gvv(p⌧ )�µ(1 + �AV �5)v(p⌫)J

µ (2)

where �AV = gA/gV (in SM it is -1) and assume gv to be real (otherwise, g⇤v for M+). The
hadronic current Jµ can be written as The hadronic current Jµ can be written as

Jµ = hh�|u(pd)�
µ(1� �5)v(pu)|0i = hh+|u(pu)�

µ(1� �5)v(pd)|0i (3)

Notice that the hadronic matrix elements represent strong interaction, thus, they are the
same for h+ and h�.

Then, the squared amplitudes after summing the spins of fermions are:

M
�
M

�†

= g2vu(p⌫)�µ(1 + �AV �5)u(p⌧ )u(p⌧ )�⌫(1 + �AV �5)u(p⌫)J
µJ⌫† (4)

= g2vtr[�⌫(1 + �AV �5)/p⌫�µ(1 + �AV �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ⌫† (5)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}+ 2�AV m⌧{p⌫µ, s⌫}�2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(6)

M
+
M

+†

= g2vv(p⌧ )�µ(1 + �AV �5)v(p⌫)v(p⌫)�⌫(1 + �AV �5)v(p⌧ )J
µJ⌫† (7)

= g2vtr[�µ(1 + �AV �5)/p⌫�⌫(1 + �AV �5)
1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫† (8)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}� 2�AV m⌧{p⌫µ, s⌫}+2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(9)

1
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1

𝝉- 𝜈𝝉
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u
d
—

—

𝝉+ 𝜈𝝉

h+
u
—
d
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𝝉- 𝜈𝝉

h-
u
d
—

—

𝝉+ 𝜈𝝉

h+
u
—
d

u: particle 
v: anti-particle

Amplitude

Let’s take CP transformation to the M-  amplitude
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P transformation:  

Next we further take the P transformation to this to obtain the CP transformed amplitude:

�
M��CP

= gvV
⇤
ud v⌧ [P+�µ(1� �5)]v⌫hh+|uu[�µ(1� �5)]vd|0i

��
p!p̂

(23)

where p̂ = (p0,�~p) (notice the µ index). Comparing to Eq. (11), we find

�
M��CP

= M+
��
p!p̂,Vud!V ⇤

ud
(24)

Noting that s0 =
~p⌧ ·~s
E⌧

and Jµ
is a function of the 4-momentum of the final hadrons, the

second and the third terms of Eq. (15) change their overall signs for p ! p̂, thus,

M�M�†
= M+M+†

���
p!p̂,Vud!V ⇤

ud

(25)

and the CP is indeed conserved (i.e. M�M�†
= (M�

)
CP

(M�
)
CP †

).

Dirac Spinors

Dirac Matrix

�0 =

✓
1 0

0 �1

◆
, �i =

✓
0 �i

��i 0

◆
, �5 = i�0�1�2�3 = �i�0�1�2�3 =

✓
0 1

1 0

◆

(26)

with the Pauli matrix:

�1 =

✓
0 1

1 0

◆
, �2 =

✓
0 �i
i 0

◆
, �3 =

✓
1 0

0 �1

◆
, (27)

There are some useful relations:

{�µ, �⌫} = 2gµ⌫ , �0 = �0, �i = ��i (28)

Tr�µ = 0, (�0)2 = 1, (�i)2 = �1 (29)

�0�µ�0 = (�µ)† (30)

Charge conjugation

The charge conjugation can be given as:

 c
= C 

tr
,  

c
=  tr�0C†�0 (31)

where

C = i�2�0, C†
= C�1

= Ctr
= �C (32)

3

C transformation:  
<latexit sha1_base64="GDOoE1o74ssmHUmfKzdO3rzs+lg="></latexit>

ω1ε
µ(1→ ε5)ω2 →↑ →ω2ε

µ(1 + ε5)ω1

<latexit sha1_base64="qkxEpD9MocNsjNoSUAJOArIXpwE="></latexit>

ω1ε
µ(1→ ε5)ω2 →↑ ω1ε

µ(1 + ε5)ω1

∣∣
p→p̂
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1 Feynman rule for ⌧� ! ⌫⌧h� and ⌧+ ! ⌫⌧h+

We start with the weak interaction Lagrangian:

Llepton
= gv ⌫�µ(1� �5) ⌧W

µ
+ g⇤v ⌧�µ(1� �5) ⌫W

µ⇤
(1)

Lquark
= Vud u�µ(1� �5) dW

µ
+ V ⇤

ud d�µ(1� �5) uW
µ⇤

(2)

The plane wave solution for Dirac equation yields:

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b(~p, s)u(~p, s)e�ipx

+ d†(~p, s)v(~p, s)e+ipx
i

(3)

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b†(~p, s)u(~p, s)e�ipx

+ d(~p, s)v(~p, s)e+ipx
i

(4)

where b†(d†) is the creation operator for (anti-)particle and b(d) is the annihilation operator

for (anti-)particle.

The Feynman rule for the ⌧� ! ⌫⌧h� process is to annihilation ⌧ particle (b⌧ ), to

create ⌫⌧ particle (b†⌫⌧ ) and to create d particle (b†d), to create u anti-particle (d†u). Thus,

M�
= gvV

⇤
udu(p⌫)�µ(1� �5)u(p⌧ )hh�|ud�µ(1� �5)vu|0i (5)

Let us use the definition for the hadronic matrix element:

Jµ
= hh�|u(pd)�µ(1� �5)v(pu)|0i (6)

and the helicity of the ⌧1:

P+
= u(p⌧ )u(p⌧ ) =

1

2
(/p⌧ +m⌧ )(1 + �5/s) (7)

1Note that the polarisation vector of ⌧ , s, satisfies s · p⌧ = 0 and s2 = �1. If ⌧� is in the rest frame,
the polarisation is defined as s = (0,~s). If not, s = ( |~p⌧ |

m⌧
, E⌧
m⌧

~p⌧ ).
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where b†(d†) is the creation operator for (anti-)particle and b(d) is the annihilation operator

for (anti-)particle.

The Feynman rule for the ⌧� ! ⌫⌧h� process is to annihilation ⌧ particle (b⌧ ), to

create ⌫⌧ particle (b†⌫⌧ ) and to create d particle (b†d), to create u anti-particle (d†u). Thus,
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Let us use the definition for the hadronic matrix element:
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and the helicity of the ⌧1:
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1Note that the polarisation vector of ⌧ , s, satisfies s · p⌧ = 0 and s2 = �1. If ⌧� is in the rest frame,
the polarisation is defined as s = (0,~s). If not, s = ( |~p⌧ |
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m⌧

~p⌧ ).

1

Brief Article

E.K.

March 4, 2026

1 Feynman rule for ⌧� ! ⌫⌧h� and ⌧+ ! ⌫⌧h+

We start with the weak interaction Lagrangian:

Llepton
= gv ⌫�µ(1� �5) ⌧W

µ
+ g⇤v ⌧�µ(1� �5) ⌫W

µ⇤
(1)

Lquark
= Vud u�µ(1� �5) dW

µ
+ V ⇤

ud d�µ(1� �5) uW
µ⇤

(2)

The plane wave solution for Dirac equation yields:

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b(~p, s)u(~p, s)e�ipx

+ d†(~p, s)v(~p, s)e+ipx
i

(3)

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b†(~p, s)u(~p, s)e�ipx

+ d(~p, s)v(~p, s)e+ipx
i

(4)

where b†(d†) is the creation operator for (anti-)particle and b(d) is the annihilation operator

for (anti-)particle.

The Feynman rule for the ⌧� ! ⌫⌧h� process is to annihilation ⌧ particle (b⌧ ), to

create ⌫⌧ particle (b†⌫⌧ ) and to create d particle (b†d), to create u anti-particle (d†u). Thus,

M�
= gvV

⇤
udu(p⌫)�µ(1� �5)u(p⌧ )hh�|ud�µ(1� �5)vu|0i (5)

Let us use the definition for the hadronic matrix element:

Jµ
= hh�|u(pd)�µ(1� �5)v(pu)|0i (6)

and the helicity of the ⌧1:

P+
= u(p⌧ )u(p⌧ ) =

1

2
(/p⌧ +m⌧ )(1 + �5/s) (7)

1Note that the polarisation vector of ⌧ , s, satisfies s · p⌧ = 0 and s2 = �1. If ⌧� is in the rest frame,
the polarisation is defined as s = (0,~s). If not, s = ( |~p⌧ |

m⌧
, E⌧
m⌧

~p⌧ ).

1



1313

Then, the squared amplitudes can be obtained as:

M�M�†

= g2v |Vud|2u(p⌫)�µ(1� �5)u(p⌧ )u(p⌧ )�⌫(1� �5)u(p⌫)J
µJ⌫†

(8)

= g2v |Vud|2tr[�⌫(1� �5)/p⌫�µ(1� �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ⌫†
(9)

= 2g2v |Vud|2[2{p⌧µ, p⌫⌫}� 2m⌧{p⌫µ, s⌫}+2i✏↵�µ⌫p⌫↵p⌧�+2im⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(10)

The Feynman rule for the ⌧+ ! ⌫⌧h+ process is to annihilation ⌧ anti-particle (d⌧ ),

to create ⌫⌧ anti-particle (d†⌫⌧ ) and to create u particle (b†u), to create d anti-particle (d†d).
Thus,

M+
= g⇤vVudv⌧�µ(1� �5)v⌫J

µ
(11)

where

Jµ
= hh+|uu�µ(1� �5)vd|0i (12)

The the squared amplitudes yield:

M+M+†

= g2v |Vud|2v(p⌧ )�µ(1� �5)v(p⌫)v(p⌫)�⌫(1� �5)v(p⌧ )J
µJ⌫†

(13)

= g2v |Vud|2tr[�µ(1� �5)/p⌫�⌫(1� �5)
1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫†
(14)

= 2g2v |Vud|2[2{p⌧µ, p⌫⌫}+ 2m⌧{p⌫µ, s⌫}�2i✏↵�µ⌫p⌫↵p⌧�+2im⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(15)

The CP is supposed to be conserved (i.e. the decay rates for ⌧± are the same) as long

as the couplings gv and Vud are real. In order to confirm this, let us apply the C and the

P transformation to M�
, which we rewrite as:

M�
= gvV

⇤
ud ⌫ [⇤

+�µ(1� �5)P+
⇤
+
] ⌧J

µ
(16)

with (we assume that the up and down quarks are massless)

Jµ
= hh�| d[⇤

+�µ(1� �5)⇤
�
] u|0i (17)

where ⇤
±
= (/p±m) are the particle and anti-particle projection operators:

⇤
+ = u,  ⇤+

= u (18)

⇤
� = v,  ⇤�

= v (19)

Then, when we take the C transformation, we find (see appendix for proof):

�
M��C

= gvV
⇤
ud 

c
⌫ [⇤

+�µ(1� �5)P+
⇤
+
] c

⌧ hh+| 
c
d[⇤

+�µ(1� �5)⇤
�
] c

u|0i (20)

= gvV
⇤
ud ⌧ [⇤

�P+�µ(1 + �5)⇤
�
] ⌫hh+| u[⇤

+�µ(1 + �5)⇤
�
] d|0i (21)

= gvV
⇤
udv⌧ [P+�µ(1 + �5)]v⌫hh+|uu[�µ(1 + �5)]vd|0i (22)
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1 Feynman rule for ⌧� ! ⌫⌧h� and ⌧+ ! ⌫⌧h+

We start with the weak interaction Lagrangian:

Llepton
= gv ⌫�µ(1� �5) ⌧W

µ
+ g⇤v ⌧�µ(1� �5) ⌫W

µ⇤
(1)

Lquark
= Vud u�µ(1� �5) dW

µ
+ V ⇤

ud d�µ(1� �5) uW
µ⇤

(2)

The plane wave solution for Dirac equation yields:

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b(~p, s)u(~p, s)e�ipx

+ d†(~p, s)v(~p, s)e+ipx
i

(3)

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b†(~p, s)u(~p, s)e�ipx

+ d(~p, s)v(~p, s)e+ipx
i

(4)

where b†(d†) is the creation operator for (anti-)particle and b(d) is the annihilation operator

for (anti-)particle.

The Feynman rule for the ⌧� ! ⌫⌧h� process is to annihilation ⌧ particle (b⌧ ), to

create ⌫⌧ particle (b†⌫⌧ ) and to create d particle (b†d), to create u anti-particle (d†u). Thus,

M�
= gvV

⇤
udu(p⌫)�µ(1� �5)u(p⌧ )hh�|ud�µ(1� �5)vu|0i (5)

Let us use the definition for the hadronic matrix element:

Jµ
= hh�|u(pd)�µ(1� �5)v(pu)|0i (6)

and the helicity of the ⌧1:

P+
= u(p⌧ )u(p⌧ ) =

1

2
(/p⌧ +m⌧ )(1 + �5/s) (7)

1Note that the polarisation vector of ⌧ , s, satisfies s · p⌧ = 0 and s2 = �1. If ⌧� is in the rest frame,
the polarisation is defined as s = (0,~s). If not, s = ( |~p⌧ |

m⌧
, E⌧
m⌧

~p⌧ ).

1

Next we further take the P transformation to this to obtain the CP transformed amplitude:

�
M��CP

= gvV
⇤
ud v⌧ [P+�µ(1� �5)]v⌫hh+|uu[�µ(1� �5)]vd|0i

��
p!p̂

(23)

where p̂ = (p0,�~p) (notice the µ index). Comparing to Eq. (11), we find

�
M��CP

= M+
��
p!p̂,Vud!V ⇤

ud
(24)

Noting that s0 =
~p⌧ ·~s
E⌧

and Jµ
is a function of the 4-momentum of the final hadrons, the

second and the third terms of Eq. (15) change their overall signs for p ! p̂, thus,

M�M�†
= M+M+†

���
p!p̂,Vud!V ⇤

ud

(25)

and the CP is indeed conserved (i.e. M�M�†
= (M�

)
CP

(M�
)
CP †

).

Dirac Spinors

Dirac Matrix

�0 =

✓
1 0

0 �1

◆
, �i =

✓
0 �i

��i 0

◆
, �5 = i�0�1�2�3 = �i�0�1�2�3 =

✓
0 1

1 0

◆

(26)

with the Pauli matrix:

�1 =

✓
0 1

1 0

◆
, �2 =

✓
0 �i
i 0

◆
, �3 =

✓
1 0

0 �1

◆
, (27)

There are some useful relations:

{�µ, �⌫} = 2gµ⌫ , �0 = �0, �i = ��i (28)

Tr�µ = 0, (�0)2 = 1, (�i)2 = �1 (29)

�0�µ�0 = (�µ)† (30)

Charge conjugation

The charge conjugation can be given as:

 c
= C 

tr
,  

c
=  tr�0C†�0 (31)

where

C = i�2�0, C†
= C�1

= Ctr
= �C (32)

3

CP transformation
(Anti-)particle Projection

Spin Projection

Amplitude 
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Let us use the definition for the hadronic matrix element:

Jµ
= hh�|u(pd)�µ(1� �5)v(pu)|0i (6)

and the helicity of the ⌧1:

P+
= u(p⌧ )u(p⌧ ) =

1

2
(/p⌧ +m⌧ )(1 + �5/s) (7)

1Note that the polarisation vector of ⌧ , s, satisfies s · p⌧ = 0 and s2 = �1. If ⌧� is in the rest frame,
the polarisation is defined as s = (0,~s). If not, s = ( |~p⌧ |

m⌧
, E⌧
m⌧

~p⌧ ).

1

Amplitude 
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Next we further take the P transformation to this to obtain the CP transformed amplitude:

�
M��CP

= gvV
⇤
ud v⌧ [P+�µ(1� �5)]v⌫hh+|uu[�µ(1� �5)]vd|0i

��
p!p̂

(23)

where p̂ = (p0,�~p) (notice the µ index). Comparing to Eq. (11), we find

�
M��CP

= M+
��
p!p̂,Vud!V ⇤

ud
(24)

Noting that s0 =
~p⌧ ·~s
E⌧

and Jµ
is a function of the 4-momentum of the final hadrons, the

second and the third terms of Eq. (15) change their overall signs for p ! p̂, thus,

M�M�†
= M+M+†

���
p!p̂,Vud!V ⇤

ud

(25)

and the CP is indeed conserved (i.e. M�M�†
= (M�

)
CP

(M�
)
CP †

).

Dirac Spinors

Dirac Matrix

�0 =

✓
1 0

0 �1

◆
, �i =

✓
0 �i

��i 0

◆
, �5 = i�0�1�2�3 = �i�0�1�2�3 =

✓
0 1

1 0

◆

(26)

with the Pauli matrix:

�1 =

✓
0 1

1 0

◆
, �2 =

✓
0 �i
i 0

◆
, �3 =

✓
1 0

0 �1

◆
, (27)

There are some useful relations:

{�µ, �⌫} = 2gµ⌫ , �0 = �0, �i = ��i (28)

Tr�µ = 0, (�0)2 = 1, (�i)2 = �1 (29)

�0�µ�0 = (�µ)† (30)

Charge conjugation

The charge conjugation can be given as:

 c
= C 

tr
,  

c
=  tr�0C†�0 (31)

where

C = i�2�0, C†
= C�1

= Ctr
= �C (32)
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CP transformation
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1 Feynman rule for ⌧� ! ⌫⌧h� and ⌧+ ! ⌫⌧h+

We start with the weak interaction Lagrangian:

Llepton
= gv ⌫�µ(1� �5) ⌧W

µ
+ g⇤v ⌧�µ(1� �5) ⌫W

µ⇤
(1)

Lquark
= Vud u�µ(1� �5) dW

µ
+ V ⇤

ud d�µ(1� �5) uW
µ⇤

(2)

The plane wave solution for Dirac equation yields:

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b(~p, s)u(~p, s)e�ipx

+ d†(~p, s)v(~p, s)e+ipx
i

(3)

 (x) =

Z
d3~p

(2⇡)
3
2

r
m

E

X

s=±

h
b†(~p, s)u(~p, s)e�ipx

+ d(~p, s)v(~p, s)e+ipx
i

(4)

where b†(d†) is the creation operator for (anti-)particle and b(d) is the annihilation operator

for (anti-)particle.

The Feynman rule for the ⌧� ! ⌫⌧h� process is to annihilation ⌧ particle (b⌧ ), to

create ⌫⌧ particle (b†⌫⌧ ) and to create d particle (b†d), to create u anti-particle (d†u). Thus,

M�
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⇤
udu(p⌫)�µ(1� �5)u(p⌧ )hh�|ud�µ(1� �5)vu|0i (5)

Let us use the definition for the hadronic matrix element:
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and the helicity of the ⌧1:

P+
= u(p⌧ )u(p⌧ ) =

1

2
(/p⌧ +m⌧ )(1 + �5/s) (7)

1Note that the polarisation vector of ⌧ , s, satisfies s · p⌧ = 0 and s2 = �1. If ⌧� is in the rest frame,
the polarisation is defined as s = (0,~s). If not, s = ( |~p⌧ |
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~p⌧ ).

1

CP transformation
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h=π, ππ, πππ, K, Kπ, Kππ, KK, KKπ…..
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1 Computation of ⌧� ! ⌫⌧h�
and ⌧+ ! ⌫⌧h+

In this section we compute the decay rates of the Charge conjugate channels ⌧� ! ⌫⌧h�

and ⌧+ ! ⌫̄⌧h+ where h± represents general hadronic final states. Let’s start with the
amplitude:

M
� = gvu(p⌫)�µ(1 + �AV �5)u(p⌧ )J

µ (1)

M
+ = gvv(p⌧ )�µ(1 + �AV �5)v(p⌫)J

µ (2)

where �AV = gA/gV (in SM it is -1) and assume gv to be real (otherwise, g⇤v for M+). The
hadronic current Jµ can be written as The hadronic current Jµ can be written as

Jµ = hh�|u(pd)�
µ(1� �5)v(pu)|0i = hh+|u(pu)�

µ(1� �5)v(pd)|0i (3)

Notice that the hadronic matrix elements represent strong interaction, thus, they are the
same for h+ and h�.

Then, the squared amplitudes after summing the spins of fermions are:

M
�
M

�†

= g2vu(p⌫)�µ(1 + �AV �5)u(p⌧ )u(p⌧ )�⌫(1 + �AV �5)u(p⌫)J
µJ⌫† (4)

= g2vtr[�⌫(1 + �AV �5)/p⌫�µ(1 + �AV �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ⌫† (5)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}+ 2�AV m⌧{p⌫µ, s⌫}�2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(6)

M
+
M

+†

= g2vv(p⌧ )�µ(1 + �AV �5)v(p⌫)v(p⌫)�⌫(1 + �AV �5)v(p⌧ )J
µJ⌫† (7)

= g2vtr[�µ(1 + �AV �5)/p⌫�⌫(1 + �AV �5)
1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫† (8)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}� 2�AV m⌧{p⌫µ, s⌫}+2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(9)

1
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(9)

1

𝝉- 𝜈𝝉

h-
u
d
—

—

𝝉+ 𝜈𝝉

h+
u
—
d
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hadronic current Jµ can be written as The hadronic current Jµ can be written as

Jµ = hh�|u(pd)�
µ(1� �5)v(pu)|0i = hh+|u(pu)�

µ(1� �5)v(pd)|0i (3)

Notice that the hadronic matrix elements represent strong interaction, thus, they are the
same for h+ and h�.
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1

2
(/p⌧ +m⌧ )(1 + �5/s)]J
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1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫† (8)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}� 2�AV m⌧{p⌫µ, s⌫}+2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(9)

1

Hadronic currents
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(9)

1

Brief Article

E.K.

February 27, 2026

1 Computation of ⌧� ! ⌫⌧h�
and ⌧+ ! ⌫⌧h+

In this section we compute the decay rates of the Charge conjugate channels ⌧� ! ⌫⌧h�

and ⌧+ ! ⌫̄⌧h+ where h± represents general hadronic final states. Let’s start with the
amplitude:

M
� = gvu(p⌫)�µ(1 + �AV �5)u(p⌧ )J

µ (1)

M
+ = gvv(p⌧ )�µ(1 + �AV �5)v(p⌫)J

µ (2)

where �AV = gA/gV (in SM it is -1) and assume gv to be real (otherwise, g⇤v for M+). The
hadronic current Jµ can be written as The hadronic current Jµ can be written as

Jµ = hh�|u(pd)�
µ(1� �5)v(pu)|0i = hh+|u(pu)�

µ(1� �5)v(pd)|0i (3)

Notice that the hadronic matrix elements represent strong interaction, thus, they are the
same for h+ and h�.

Then, the squared amplitudes after summing the spins of fermions are:

M
�
M

�†

= g2vu(p⌫)�µ(1 + �AV �5)u(p⌧ )u(p⌧ )�⌫(1 + �AV �5)u(p⌫)J
µJ⌫† (4)

= g2vtr[�⌫(1 + �AV �5)/p⌫�µ(1 + �AV �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ⌫† (5)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}+ 2�AV m⌧{p⌫µ, s⌫}�2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(6)

M
+
M

+†

= g2vv(p⌧ )�µ(1 + �AV �5)v(p⌫)v(p⌫)�⌫(1 + �AV �5)v(p⌧ )J
µJ⌫† (7)

= g2vtr[�µ(1 + �AV �5)/p⌫�⌫(1 + �AV �5)
1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫† (8)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}� 2�AV m⌧{p⌫µ, s⌫}+2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(9)

1

Brief Article

E.K.

February 27, 2026

1 Computation of ⌧� ! ⌫⌧h�
and ⌧+ ! ⌫⌧h+

In this section we compute the decay rates of the Charge conjugate channels ⌧� ! ⌫⌧h�

and ⌧+ ! ⌫̄⌧h+ where h± represents general hadronic final states. Let’s start with the
amplitude:

M
� = gvu(p⌫)�µ(1 + �AV �5)u(p⌧ )J

µ (1)

M
+ = gvv(p⌧ )�µ(1 + �AV �5)v(p⌫)J

µ (2)

where �AV = gA/gV (in SM it is -1) and assume gv to be real (otherwise, g⇤v for M+). The
hadronic current Jµ can be written as The hadronic current Jµ can be written as

Jµ = hh�|u(pd)�
µ(1� �5)v(pu)|0i = hh+|u(pu)�

µ(1� �5)v(pd)|0i (3)

Notice that the hadronic matrix elements represent strong interaction, thus, they are the
same for h+ and h�.

Then, the squared amplitudes after summing the spins of fermions are:

M
�
M

�†

= g2vu(p⌫)�µ(1 + �AV �5)u(p⌧ )u(p⌧ )�⌫(1 + �AV �5)u(p⌫)J
µJ⌫† (4)

= g2vtr[�⌫(1 + �AV �5)/p⌫�µ(1 + �AV �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ⌫† (5)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}+ 2�AV m⌧{p⌫µ, s⌫}�2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(6)

M
+
M

+†

= g2vv(p⌧ )�µ(1 + �AV �5)v(p⌫)v(p⌫)�⌫(1 + �AV �5)v(p⌧ )J
µJ⌫† (7)

= g2vtr[�µ(1 + �AV �5)/p⌫�⌫(1 + �AV �5)
1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫† (8)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}� 2�AV m⌧{p⌫µ, s⌫}+2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(9)

1

Brief Article

E.K.

February 27, 2026

1 Computation of ⌧� ! ⌫⌧h�
and ⌧+ ! ⌫⌧h+

In this section we compute the decay rates of the Charge conjugate channels ⌧� ! ⌫⌧h�
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where �AV = gA/gV (in SM it is -1) and assume gv to be real (otherwise, g⇤v for M+). The
hadronic current Jµ can be written as The hadronic current Jµ can be written as
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Let us look at this in a simple case of ⌧± ! ⇡±⌫. In this case the hadronic part is
proportional to the momentum of pion:

Jµ = h⇡�
|d�µ(1� �5)u|0i = if⇡p

µ (15)

where f⇡ is the decay constant of pion. Then, the anti-symmetric terms in Eqs. (6) and
(9) are zero and result is:

M
�
M

�† = 2g2vf
2
⇡ [(1 + �2AV ){p⌧µ, p⌫⌫}+2�AV m⌧{p⌫µ, s⌫}]p

µ
⇡p

⌫
⇡ (16)

Figure 1: Schematical explanation of the decay rate formula for ⌧± ! ⇡±⌫ decay. The
black lines indicate the momentum direction and grey lines are for spin direction.

Now let us use a simple frame where neutrino goes to the z direction at the ⌧� rest
frame (i.e. ⇡� in -z direction):

p⌧ = (m⌧ , 0, 0, 0), p⌫ = (|p|, 0, 0, |p|), p⇡ = (m⌧ � |p|, 0, 0,�|p|), s = (0,~s) (17)

Then, at O(m⇡/m⌧ ), we find the well known formula (|p| = m⌧/2 at this limit)

M
�
M

�† = 16g2vf
2
⇡m⌧ |p|

3

✓
1 +

~s · ~p⇡
|p|

◆
(18)

where we used SM prediction �AV = �1. Since the final state pion is spinless, the spin of ⌧
and ⌫ has to be on the same direction. This formula shows that the decay rate is maximum
when spin of ⌧ and ⇡ direction is aligned. Since ⇡ is moving to �z direction, this means
that the neutrino spin is also �z direction, which means, neutrino is left-handed. On the
other hand, the rate vanishes for the ⌧ spin (so as neutrino’s) being +z direction when
the neutrino is right-handed. Now, the decay rate of the ⌧+ decay should be able to be
obtained by ~p ! �~p, thus

M
+
M

+† = 16g2vf
2
⇡m⌧ |p|

3

✓
1�

~s · ~p⇡
|p|

◆
(19)
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when spin of ⌧ and ⇡ direction is aligned. Since ⇡ is moving to �z direction, this means
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Next we further take the P transformation to this to obtain the CP transformed amplitude:

�
M��CP

= gvV
⇤
ud v⌧ [P+�µ(1� �5)]v⌫hh+|uu[�µ(1� �5)]vd|0i

��
p!p̂

(23)

where p̂ = (p0,�~p) (notice the µ index). Comparing to Eq. (11), we find

�
M��CP

= M+
��
p!p̂,Vud!V ⇤

ud
(24)

Noting that s0 =
~p⌧ ·~s
E⌧

and Jµ
is a function of the 4-momentum of the final hadrons, the

second and the third terms of Eq. (15) change their overall signs for p ! p̂, thus,

M�M�†
= M+M+†

���
p!p̂,Vud!V ⇤

ud

(25)

and the CP is indeed conserved (i.e. M�M�†
= (M�

)
CP

(M�
)
CP †

).

Dirac Spinors

Dirac Matrix

�0 =

✓
1 0

0 �1

◆
, �i =

✓
0 �i

��i 0

◆
, �5 = i�0�1�2�3 = �i�0�1�2�3 =

✓
0 1

1 0

◆

(26)

with the Pauli matrix:

�1 =

✓
0 1

1 0

◆
, �2 =

✓
0 �i
i 0

◆
, �3 =

✓
1 0

0 �1

◆
, (27)

There are some useful relations:

{�µ, �⌫} = 2gµ⌫ , �0 = �0, �i = ��i (28)

Tr�µ = 0, (�0)2 = 1, (�i)2 = �1 (29)

�0�µ�0 = (�µ)† (30)

Charge conjugation

The charge conjugation can be given as:

 c
= C 

tr
,  

c
=  tr�0C†�0 (31)

where

C = i�2�0, C†
= C�1

= Ctr
= �C (32)

3

CP Conservation! 
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where we used SM prediction �AV = �1. Since the final state pion is spinless, the spin of ⌧
and ⌫ has to be on the same direction. This formula shows that the decay rate is maximum
when spin of ⌧ and ⇡ direction is aligned. Since ⇡ is moving to �z direction, this means
that the neutrino spin is also �z direction, which means, neutrino is left-handed. On the
other hand, the rate vanishes for the ⌧ spin (so as neutrino’s) being +z direction when
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FIG. 1: cos(�) distributions for three decay final states without any choice of q1 or q2.

As the particles with momtnrum asignment p1,2 are the same, the parameters a1,2 is symmetric on
this Dalitz plane. On the other hand, the ~p1 ⇥ ~p2 changes the sign between s1 > s2 and s2 > s1.
Therefore, this asymmetry term cancels when integrated over the whole Dalitz plane.

Therefore, for the decay channels with identical particles, we need to identify the momentum as
mentioned in [? ].

This can be done in two ways,

1. Choice 1:|p1| < |p2|, momenta taken in the rest frame of hadronic system.

2. Choice 2:
2 |M2

⇢ �M132
2 | < |M2

⇢ �M232
2 | See footnote3.

FIG. 2: cos(�) distributions for two decay final states for choice 1 (|q1| < |q2|).

FIG. 3: cos(�) distributions for three decay final states for choice 2 |M2
⇢ �M132

2 | < |M2
⇢ �M232

2 |.

2 I think what is suggested in [? ] is to multiply sign(s1 � s2), isn’t it? If so, could you try to make a plot again?
3 M ij

2 denotes the invariant mass of mi and mj system where, i, j are the hadron index in decay.

4

— 𝜏−→π−π−π+𝜈𝜏 
— 𝜏+→π+π+π−𝜈𝜏−

where

~ex0 = (cos↵ cos� cos � � sin↵ sin �,� cos↵ cos� sin � � sin↵ cos �, sin� cos↵) (24)

~ey0 = (sin↵ cos� cos � + cos↵ sin �,� sin↵ cos� sin � + cos↵ cos �, sin� sin↵) (25)

~ez0 = (� sin� cos �, sin� sin �, cos�) (26)

Now, let us look at the 3rd term of Eq. (6),

i�AV ✏↵�µ⌫p⌫↵p⌧�J
µJ⇤⌫ (27)

We insert Eq. (27) and also replace p⌫ by p⌧ �Q:

i�AV ✏↵�µ⌫Q↵p⌧�J
µJ⇤⌫ (28)

In the hadronic rest frame, Q has only the zeroth component while the J has only x and
y components, thus3

i�AV (Q)0(p⌧ )z(✏0312(J)x(J
⇤)y + ✏0321(J)y(J

⇤)x) (29)

= i�AV (Q)0(p⌧ )z((J)x(J
⇤)y � (J)y(J

⇤)x) (30)

= ��AV (Q)0
⇣
~p⌧ · Im( ~J ⇥ ~J⇤)

⌘

z
(31)

Notice, the ~J is a linear function of ~q1,2,3. Thus, this has indeed the form of Triple Product,

i.e. ~p1 · (~p2 ⇥ ~p3). Indeed, the ~J ⇥ ~J⇤ cancels out unless there is imaginary part in the
hadronic matrix element. It is also important to mention that this type of three momentum
Triple Product is P-odd as well.

Next, we look at the 4th term:

i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫�J
µJ⇤⌫ (32)

As both J has only x and y components, we have

�i(1 + �2AV )m⌧ {(p)⌫0(s)z(✏3012(J)x(J
⇤)y + ✏3021(J)y(J

⇤)x) + (p)⌫z(s)0(✏0312(J)x(J
⇤)y + ✏0321(J)y(J

⇤)x)}

(33)

= +i(1 + �2AV )m⌧ {(p)⌫0(s)z((J)x(J
⇤)y � (J)y(J

⇤)x))� (p)⌫z(s)0((J)x(J
⇤)y � (J)y(J

⇤)x))} (34)

= �(1 + �2AV )m⌧

n
(p)⌫0

⇣
~s · Im( ~J ⇥ ~J⇤)

⌘

z
� (s)0

⇣
~p⌫ · Im( ~J ⇥ ~J⇤)

⌘

z

o
(35)

In this time, the first term is the type of Triple Product, ~s·(~p1⇥ ~p2). This is T-odd so again.
On the other hand, this is Parity even observable. The second term can be understood
better by using

p⌧ · s = 0, �! (s)0 =
~p⌧ · ~s

E⌧
(36)

Then, this term is T-odd and P-even, same as the first term.

3
we use notation ✏0123 = +1 (TBC)
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= �(1 + �2AV )m⌧

n
(p)⌫0

⇣
~s · Im( ~J ⇥ ~J⇤)

⌘

z
� (s)0

⇣
~p⌫ · Im( ~J ⇥ ~J⇤)

⌘

z

o
(35)

In this time, the first term is the type of Triple Product, ~s·(~p1⇥ ~p2). This is T-odd so again.
On the other hand, this is Parity even observable. The second term can be understood
better by using

p⌧ · s = 0, �! (s)0 =
~p⌧ · ~s

E⌧
(36)

Then, this term is T-odd and P-even, same as the first term.

3
we use notation ✏0123 = +1 (TBC)
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⇤)y � (J)y(J
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z
(31)
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1 Computation of ⌧� ! ⌫⌧h�
and ⌧+ ! ⌫⌧h+

In this section we compute the decay rates of the Charge conjugate channels ⌧� ! ⌫⌧h�

and ⌧+ ! ⌫̄⌧h+ where h± represents general hadronic final states. Let’s start with the
amplitude:

M
� = gvu(p⌫)�µ(1 + �AV �5)u(p⌧ )J

µ (1)

M
+ = gvv(p⌧ )�µ(1 + �AV �5)v(p⌫)J

µ (2)

where �AV = gA/gV (in SM it is -1) and assume gv to be real (otherwise, g⇤v for M+). The
hadronic current Jµ can be written as The hadronic current Jµ can be written as

Jµ = hh�|u(pd)�
µ(1� �5)v(pu)|0i = hh+|u(pu)�

µ(1� �5)v(pd)|0i (3)

Notice that the hadronic matrix elements represent strong interaction, thus, they are the
same for h+ and h�.

Then, the squared amplitudes after summing the spins of fermions are:

M
�
M

�†

= g2vu(p⌫)�µ(1 + �AV �5)u(p⌧ )u(p⌧ )�⌫(1 + �AV �5)u(p⌫)J
µJ⌫† (4)

= g2vtr[�⌫(1 + �AV �5)/p⌫�µ(1 + �AV �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ⌫† (5)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}+ 2�AV m⌧{p⌫µ, s⌫}�2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(6)

M
+
M

+†

= g2vv(p⌧ )�µ(1 + �AV �5)v(p⌫)v(p⌫)�⌫(1 + �AV �5)v(p⌧ )J
µJ⌫† (7)

= g2vtr[�µ(1 + �AV �5)/p⌫�⌫(1 + �AV �5)
1

2
(/p⌧ �m⌧ )(1 + �5/s)]J

µJ⌫† (8)

= 2g2v [(1 + �2AV ){p⌧µ, p⌫⌫}� 2�AV m⌧{p⌫µ, s⌫}+2i�AV ✏↵�µ⌫p⌫↵p⌧�+i(1 + �2AV )m⌧ ✏↵�µ⌫s↵p⌫� ]J
µJ⌫†

(9)

1

—

—

P-odd and T-odd, has a characteristic distribution coming not only from the V � A structure of
the SM as well as from the strong interaction.

Let us obtain the expected distribution using the hadronic rest frame introduced in [? ] (called
S-frame). The S-frame is defined in the rest frame of the 3 hadrons. We define its z-axis to be
perpendicular to the hadronic plane, i.e. ~ez = ~p1⇥~p2 and the x-axis to be the direction of the third
hadron, i.e. ~ex =

~p3
|~p3| . The rest of the angles are obtained by the Euler rotation from the frame

(S0), ~ex,y,z = R(↵,�, �)~ex0,y0,z0 in which the laboratory direction is in z0 direction (in another word,
the hadronic rest system is obtained from the laboratory frame by the boost to the �z0 direction
in this frame), and ⌧ is located on the x0� z0 plan, i.e. ~nL = ~ez0 and ~P = |~P | sin ~ex0 + |~P | cos ~ez0 .
Note that the unmeasurrable angle ↵, which is related to the ⌧ direction, is averaged out in the
following.

Now, we are ready to evaluate the ⇧
5
µ. Using the fact that the hadronic matrix elements Jµ is

a function of the hadron momentum, p1,2,3 and N = Q� P and p3 = Q� p1 � p2, we can rewrite
Pµ

⇧
5
µ = �2Im✏µ⌫⇢�PµJ⇤⌫J⇢Q� where only the terms in J , which are proportional to p1 or p2,

would remain. Let us write those terms as a1p
µ
1 + a2p

µ
2 (a1,2 are functions of ciFi), then we obtain

Pµ
⇧

5
µ = �2Im✏µ⌫⇢�PµQ�

(a⇤1a2p
⌫
1p

⇢
2+a⇤2a1p

⌫
2p

⇢
1). Noting p1,2 has only x and y elements, and Q has

only zeroth element, we find

Pµ
⇧

5
µ = 2Im(a⇤1a2)Q

0P z
(px1p

y
2 � py1p

x
2) (8)

= 2Im(a⇤1a2)Q
0 ~P · (~p1 ⇥ ~p2) (9)

= (m2
⌧ �Q2

)Im(a⇤1a2)(m
2
⌧ �Q2

) cos� cos (10)

where � is defined as cos� = nL · p1⇥p2
|p1⇥p2| and cos =

~nL·~P
|~nL||~P |

, which can be written by Q, m⌧ , the
beam energy and the energy of the hadronic system in the laboratory frame. The Eq. (9) shows
that indeed, this is the triple product term, which is odd in P - as well as T -reversal. In order to
conserve the T -symmetry, the imaginary part of hadronic matrix element is required.

II. THE cos� DISTRIBUTION

In this section, we investigate the cos� distribution using the Monte Carlo data generated from
TAUOLA. Let us first assign the 4-momentum to the final state three hadrons from the ⌧⌥ decay as
follows:

⇡⌥(p1)⇡
⌥
(p2)⇡

±
(p3), ⇡0(p1)⇡

0
(p2)⇡

⌥
(p3), K⌥

(p1)⇡
⌥
(p2)⇡

±
(p3) (11)

The cos� distribution, using the BABAR parametrization which we will discuss in the next
section, is presented in the Fig. 1. We can see that in the first and the second decay channels where
there are identical particles in the final state, the cos� distributions are symmetric and same for
⌧⌥ decays. On the other hand, the third decay channel, there is an asymmetry, which is opposite
between ⌧⌥ decays. The difference of ⌧⌥ comes from the Pµ

⇧
5
µ term discussed in the previous

section, which is liner in cos�. The cancellation of the asymmetry for the decays with identical
particles can be understood from Eq. (9). This equation can be plotted on the s1� s2 Dalitz plane.

3

P1,2 : π momentum

T odd triple product: it requires imaginary part to be non-zero

s=0
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4 CP violating observables

Let us now introduce contributions from physics beyond the SM, which breaks explicitly
the CP symmetry. The model we consider is the same one as in [3],

M
� = gvu(p⌫)�µ(1� �5)u(p⌧ )J

µ + ⌘Pu(p⌫)(1 + �5)u(p⌧ )J
0 (37)

M
+ = gvv(p⌧ )�µ(1� �5)v(p⌫)J

µ + ⌘⇤P v(p⌧ )(1� �5)v(p⌫)Ĵ
0 (38)

where the hadronic currents are

Jµ = hh�|d�µ(1� �5)u|0i = hh+|u�µ(1� �5)d|0i (39)

J 0 = m+hh
�
|d(1 + �5)u|0i+m�hh

�
|d(1� �5)u|0i (40)

Ĵ 0 = m̂�hh
+
|u(1� �5)d|0i+ m̂+hh

+
|u(1 + �5)d|0i (41)

Note that the Hermitian Conjugate of them are

Jµ† = h0|u�µ(1� �5)d|h
�
i = h0|d�µ(1� �5)u|h

+
i (42)

J 0† = m+h0|u(1� �5)d|h
�
i+m�h0|u(1 + �5)d|h

�
i (43)

Ĵ 0† = m̂�h0|d(1 + �5)u|h
+
i+ m̂+h0|d(1� �5)u|h

+
i (44)

When we take the squared matrix, we have several terms terms to compute. We first
name the first terms of Eqs. (37) and (38) as M

⌥
1 and the second terms M

⌥
2 . Then, we

have the following terms to compute:

M
⌥
1 M

⌥†
1 , M

⌥
2 M

⌥†
2 , M

⌥
1 M

⌥†
2 , M

⌥
2 M

⌥†
2

where the first one has been computed in the previous section.
The second term is obtained as:

M
�
2 M

�†
2 (45)

= |⌘P |
2u(p⌫)(1 + �5)u(p⌧ )u(p⌧ )(1� �5)u(p⌫)J

0J 0† (46)

= |⌘P |
2tr[(1� �5)/p⌫(1 + �5)

1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

0J 0† (47)

= 4|⌘P |
2[(p⌫ · p⌧ ) +m⌧ (s · p⌫)]J

0J 0† (48)

M
+
2 M

+†
2 (49)

= |⌘P |
2v(p⌧ )(1� �5)v(p⌫)v(p⌫)(1 + �5)v(p⌧ )Ĵ

0Ĵ 0† (50)

= |⌘P |
2tr[(1� �5)/p⌫(1 + �5)

1

2
(/p⌧ �m⌧ )(1 + �5/s)]Ĵ

0Ĵ 0† (51)

= 4|⌘P |
2[(p⌫ · p⌧ )�m⌧ (s · p⌫)]Ĵ

0Ĵ 0† (52)
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Let us confirm this result by CP transformation. By taking p ! p̂ and ⌘P ! ⌘⇤P , we find

M
�
2 M

�†
2

���
CP

(53)

= M
�
2 M

�†
2

���
p!p̂,⌘P!⌘⇤P ,J 0!Ĵ 0

(54)

= 4|⌘P |
2[(p⌫ · p⌧ )�m⌧ (s · p⌫)]Ĵ

0Ĵ 0† (55)

which agrees with Eq. (52).
Now let’s move on to the interference terms:

M
�
1 M

�†
2 (56)

= gv⌘
⇤
Pu(p⌫)�µ(1� �5)u(p⌧ )u(p⌧ )(1� �5)u(p⌫)J

µJ 0† (57)

= gv⌘
⇤
P tr[(1� �5)/p⌫�µ(1� �5)

1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

µJ 0† (58)

= 4gv⌘
⇤
P [m(p⌫ · J) + (s · p⌫)(p⌧ · J)� (p⌫ · p⌧ )(s · J)� i✏↵�⌫µs

↵p�⌫p
⌫
⌧J

µ]J 0† (59)

M
�
2 M

�†
1 (60)

= gv⌘Pu(p⌫)(1 + �5)u(p⌧ )u(p⌧ )�µ(1� �5)u(p⌫)J
0Jµ† (61)

= gv⌘P tr[�µ(1� �5)/p⌫(1 + �5)
1

2
(/p⌧ +m⌧ )(1 + �5/s)]J

0Jµ† (62)

= 4gv⌘P [m(p⌫ · J
†) + (s · p⌫)(p⌧ · J

†)� (p⌫ · p⌧ )(s · J
†) + i✏↵�⌫µs

↵p�⌫p
⌫
⌧J

µ†]J 0 (63)

(64)

Thus, the sum of these terms is:

M
�
1 M

�†
2 +M

�
2 M

�†
1 (65)

= Re
n
4gv⌘P [m(p⌫ · J

†) + (s · p⌫)(p⌧ · J
†)� (p⌫ · p⌧ )(s · J

†) + i✏↵�⌫µs
↵p�⌫p

⌫
⌧J

µ†]J 0
o

Taking the CP transformation, we find

M
�
1 M

�†
2 +M

�
2 M

�†
1

���
CP

(66)

�(M�
1 M

�†
2 +M

�
2 M

�†
1 )

���
p!p̂,⌘P!⌘⇤P ,J 0!Ĵ 0

(67)

= Re
n
4gv⌘

⇤
P [�m(p⌫ · J

†) + (s · p⌫)(p⌧ · J
†)� (p⌫ · p⌧ )(s · J

†)� i✏↵�⌫µs
↵p�⌫p

⌫
⌧J

µ†]Ĵ 0
o

where the minus sign on the second line comes from the charge conjugation of  1�µ(1 �

�5) 2 !C � 2�µ(1 + �5) 1 and the second and the third terms change the sign due to
p ! p̂. Note that even if the CP is conserved, i.e. ⌘⇤P = ⌘P , the first and the second terms
are di↵erent for ⌧� and ⌧+.
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(54)

= 4|⌘P |
2[(p⌫ · p⌧ )�m⌧ (s · p⌫)]Ĵ
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where the minus sign on the second line comes from the charge conjugation of  1�µ(1 �

�5) 2 !C � 2�µ(1 + �5) 1 and the second and the third terms change the sign due to
p ! p̂. Note that even if the CP is conserved, i.e. ⌘⇤P = ⌘P , the first and the second terms
are di↵erent for ⌧� and ⌧+.
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Let’s look at the di↵erences of the ⌧± for the each term. The first term yields:

Re
n
4gv⌘P [m(p⌫ · J

†)J 0]� 4gv⌘
⇤
P [�m(p⌫ · J
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where we used a relation (we will derive this in the next section)
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In conclusion, unless ⌘P is a complex parameter, the di↵erence of ⌧± cancels for the first
and the fourth terms and remain for the second and the third terms. Note also that the
second and the third terms are Parity odd, for which the ⌧± decay rates are di↵erent
without CP violation. The first term is direct CP violation as it cancels in absence of the
strong phase while the fourth term is the triple product CP violation as it remains even
without a strong phase.
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Let us confirm this result by CP transformation. By taking p ! p̂ and ⌘P ! ⌘⇤P , we find
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µ†]Ĵ 0
o

where the minus sign on the second line comes from the charge conjugation of  1�µ(1 �

�5) 2 !C � 2�µ(1 + �5) 1 and the second and the third terms change the sign due to
p ! p̂. Note that even if the CP is conserved, i.e. ⌘⇤P = ⌘P , the first and the second terms
are di↵erent for ⌧� and ⌧+.
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In conclusion, unless ⌘P is a complex parameter, the di↵erence of ⌧± cancels for the first
and the fourth terms and remain for the second and the third terms. Note also that the
second and the third terms are Parity odd, for which the ⌧± decay rates are di↵erent
without CP violation. The first term is direct CP violation as it cancels in absence of the
strong phase while the fourth term is the triple product CP violation as it remains even
without a strong phase.

Finally, just in case, we confirm the CP transformation result:
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†Ĵ 0]
o

(68)

= 8gvm Im[⌘⇤P ]⇥ Im[(p⌫ · J
†)J 0] (69)

where we used a relation (we will derive this in the next section)

J 0 = �Ĵ 0 (70)
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In conclusion, unless ⌘P is a complex parameter, the di↵erence of ⌧± cancels for the first
and the fourth terms and remain for the second and the third terms. Note also that the
second and the third terms are Parity odd, for which the ⌧± decay rates are di↵erent
without CP violation. The first term is direct CP violation as it cancels in absence of the
strong phase while the fourth term is the triple product CP violation as it remains even
without a strong phase.

Finally, just in case, we confirm the CP transformation result:
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Let’s look at the di↵erences of the ⌧± for the each term. The first term yields:
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†)Ĵ 0]
o

(73)

= 8gv Re[⌘⇤P ]⇥ Re[�(p⌫ · p⌧ )(s · J
†)J 0] (74)

The fourth term yields:

Re
n
4gv⌘P [i✏↵�⌫µs

↵p�⌫p
⌫
⌧J

µ†J 0]� 4gv⌘
⇤
P [�i✏↵�⌫µs

↵p�⌫p
⌫
⌧J

µ†Ĵ 0]
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In conclusion, unless ⌘P is a complex parameter, the di↵erence of ⌧± cancels for the first
and the fourth terms and remain for the second and the third terms. Note also that the
second and the third terms are Parity odd, for which the ⌧± decay rates are di↵erent
without CP violation. The first term is direct CP violation as it cancels in absence of the
strong phase while the fourth term is the triple product CP violation as it remains even
without a strong phase.

Finally, just in case, we confirm the CP transformation result:
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In conclusion, unless ⌘P is a complex parameter, the di↵erence of ⌧± cancels for the first
and the fourth terms and remain for the second and the third terms. Note also that the
second and the third terms are Parity odd, for which the ⌧± decay rates are di↵erent
without CP violation. The first term is direct CP violation as it cancels in absence of the
strong phase while the fourth term is the triple product CP violation as it remains even
without a strong phase.
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•Differential decay rates for 𝝉+ and 𝝉- are different even if CP 
is conserved. 

•It disappears with flipping the sign of 3-momentum 

•New physics can break CP in tau decay. We look for a 
specific differential decay rate to distinguish the CPV and 
CPC contributions. 

Conclusions 
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