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CP asymmetry in the decay rates of τ → KSπντ decays

τ+ → K 0π+ν̄τ vs. τ− → K̄ 0π−ντ in the SM (∆S = ∆Q rule)
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Arate
CP ≡

Γ(τ+ → [π+π−]“KS”π
+ν̄τ )− Γ(τ− → [π+π−]“KS”π

−ντ )

Γ(τ+ → [π+π−]“KS”π+ν̄τ ) + Γ(τ− → [π+π−]“KS”π−ντ )
(1)

I. I. Bigi and A. I. Sanda PLB 625 (2005) 4752

2.8 σ discrepancy

AExp
CP = (−3.6± 2.5)× 10−3 PRD 85 (2012) 031102

ASM
CP = (3.6± 0.1)× 10−3 PLB 625 (2005) 4752

(2)
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Explanations

CP Violation in τ → νπKS and D → πKS : The Importance of KS -KL Interference.
Y. Grossman and Y. Nir, JHEP 04 (2012) 002.

Can the observed CP asymmetry in τ → Kπντ be due to nonstandard tensor
interactions?
H.Z. Devi at al, PRD 90 (2014) 013016.

A no-go theorem for non-standard explanations of the τ → KSπντ CP asymmetry.
V. Cirigliano at al, PRL 120 (2018) 141803
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CP asymmetry in the angular distributions of τ → KSπντ decays

cosα = cosβ cosψ + sinβ sinψ cosφ
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No CP asymmetry in the angular distributions
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−1
cosα
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ds d cosα
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+ν̄τ )

ds d cosα

]
ds d cosα

1
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ds d cosα
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(3)

Belle Collaboration, PRL 107 (2011) 131801
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Motivation

Indirect CPV in K 0 − K̄ 0 mixing in the angular distributions of τ → KSπντ decays.

Producing direct CPV: δw
1 − δw

2 6= 0 && δs
1 − δs

2 6= 0

Ai = |Ai | e iδ
s
i e iδ

w
i , i ∈ {1, 2}

ACP ∝ |A1 +A2|2 −
∣∣A1 +A2

∣∣2
= −4 |A1| |A2| sin[δs

1 − δs
2] sin[δw

1 − δw
2 ] (4)

Arate
CP ∝ sin[δs

V − δs
T ] sin[δw

V − δw
T ]

Ai
CP ∝ sin[δs

V − δs
S ] sin[δw

V − δw
S ] or sin[δs

T − δs
S ] sin[δw

T − δw
S ]

A generally model-independent analysis is still missing.
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K 0 − K̄ 0 mixing

Mass basis vs. Flavor basis

|KS,L〉 = p|K 0〉 ± q|K̄ 0〉 (|p|2 + |q|2 = 1) (5)

Reciprocal basis (〈K̃S,L| 6= 〈KS,L|)

〈K̃S,L| =
1

2

(
p−1〈K 0| ± q−1〈K̄ 0|

)
(6)

〈K̃S |KS〉 = 〈K̃L|KL〉 = 1 , 〈K̃S |KL〉 = 〈K̃L|KS〉 = 0 ,

|KS〉〈K̃S |+ |KL〉〈K̃L| = 1

J. P. Silva, PRD 62 (2000) 116008

The time-evolution operator for K 0 − K̄ 0 system

exp(−iHt) = e−iµS t |KS〉〈K̃S |+ e−iµLt |KL〉〈K̃L| (7)
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τ+ → KS ,L(→ π+π−)π+ν̄τ vs. τ− → KS ,L(→ π+π−)π−ντ

The time-evolution amplitudes

A+ = 〈π+π−|T |KS〉e−iµS t〈K̃S |T |τ+〉+ 〈π+π−|T |KL〉e−iµLt〈K̃L|T |τ+〉

=
1

2p

[
〈π+π−|T |KS〉e−iµS t + 〈π+π−|T |KL〉e−iµLt

]
〈K 0|T |τ+〉 (8)

A− = 〈π+π−|T |KS〉e−iµS t〈K̃S |T |τ−〉+ 〈π+π−|T |KL〉e−iµLt〈K̃L|T |τ−〉

=
1

2q

[
〈π+π−|T |KS〉e−iµS t − 〈π+π−|T |KL〉e−iµLt

]
〈K̄ 0|T |τ−〉 (9)

CP asymmetry in the angular distribution (dω = ds dcosα)

Ai
CP(t1, t2) =

∫ s2,i
s1,i

∫ 1
−1 cosα

[
dΓτ

−

dω

∫ t2
t1

F (t)Γ̄π+π− (t) dt − dΓτ
+

dω

∫ t2
t1

F (t)Γπ+π− (t) dt

]
dω

1
2

∫ s2,i
s1,i

∫ 1
−1

[
dΓτ

−

dω

∫ t2
t1

F (t)Γ̄π+π− (t) dt + dΓτ
+

dω

∫ t2
t1

F (t)Γπ+π− (t) dt
]
dω

=

(
〈cosα〉τ−i − 〈cosα〉τ+

i

)
−
(
〈cosα〉τ−i + 〈cosα〉τ+

i

)
AK
CP(t1, t2)

1− AK
CP(t1, t2) · Aτ,iCP

, (10)
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〈cosα〉τ
−

i + 〈cosα〉τ
+

i =

∫ s2,i
s1,i

∫ 1
−1 cosα

[
dΓτ

−

dω
+ dΓτ

+

dω

]
dω

1
2

∫ s2,i
s1,i

∫ 1
−1

[
dΓτ

−

dω
+ dΓτ

+

dω

]
dω

, (11)

〈cosα〉τ
−

i − 〈cosα〉τ
+

i =

∫ s2,i
s1,i

∫ 1
−1 cosα

[
dΓτ

−

dω
− dΓτ

+

dω

]
dω

1
2

∫ s2,i
s1,i

∫ 1
−1

[
dΓτ

−

dω
+ dΓτ

+

dω

]
dω

, (12)

Aτ,iCP =

∫ s2,i
s1,i

∫ 1
−1

[
dΓτ

−

dω
− dΓτ

+

dω

]
dω∫ s2,i

s1,i

∫ 1
−1

[
dΓτ

−

dω
+ dΓτ

+

dω

]
dω

, (13)

AK
CP(t1, t2) =

∫ t2
t1

dt F (t)
[
Γ(K0(t)→ π+π−)− Γ(K̄0(t)→ π+π−)

]∫ t2
t1

dt F (t)
[
Γ(K0(t)→ π+π−) + Γ(K̄0(t)→ π+π−)

] (14)

11 / 26



The SM prediction

A(τ+ → K 0π+ν̄τ ) = A(τ− → K̄ 0π−ντ )

dΓτ
+

dω
=

dΓτ
−

dω
=⇒ ACP

τ,i = 0 , 〈cosα〉τ
−

i = 〈cosα〉τ
+

i

⇓
ACP

i (t1, t2) = −2 〈cosα〉τ
−

i ACP
K (t1, t2) (15)

ACP
K (t1, t2): CPV in K 0 − K̄ 0 mixing

ACP
K (t1 � Γ−1

S , Γ−1
S � t2 � Γ−1

L ) ≈ 2<e(εK ) = 3.32± 0.06× 10−3

F (t) =

{
1 t1 < t < t2

0 otherwise.
Y. Grossman and Y. Nir, JHEP 04 (2012) 002

〈cosα〉τ
−

= 2
3
Aτ

−
FB L. Beldjoudi and T. N. Truong, PLB 351 (1995) 357368

Aτ
−

FB (s) =

∫ 1

0
d2Γτ

−

ds d cosα
d cosα−

∫ 0

−1
d2Γτ

−

ds d cosα
d cosα∫ 1

0
d2Γτ

−

ds d cosα
d cosα +

∫ 0

−1
d2Γτ

−

ds d cosα
d cosα

(16)
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The NP prediction

A(τ+ → K 0π+ν̄τ ) 6= A(τ− → K̄ 0π−ντ )

dΓτ
+

dω
6= dΓτ

−

dω
=⇒ ACP

τ,i 6= 0 , 〈cosα〉τ
−

i 6= 〈cosα〉τ
+

i

⇓
Ai

CP(t1, t2) '
(
〈cosα〉τ

−
i − 〈cosα〉τ

+

i

)
−
(
〈cosα〉τ

−
i + 〈cosα〉τ

+

i

)
AK

CP(t1, t2) (17)
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Model-independent analysis

SU(3)C × U(1)em invariant low-energy effective Lagrangian

Leff =− GFVus√
2

{
τ̄ γµ(1− γ5)ντ · ū [γµ − (1− 2 ε̂R)γµγ5] s

+ τ̄(1− γ5)ντ · ū [ε̂S − ε̂Pγ5] s + 2 ε̂T τ̄σµν(1− γ5)ντ · ūσµνs
}

+ h.c. , (18)

The τ− → K
0
π−ντ decay amplitude

M =MV +MS +MT

=
GFVus√

2
[LµH

µ + ε̂∗SLH + 2ε̂∗TLµνH
µν ] (19)

Leptonic currents and hadronic matrix elements

L = uντ
(
p′
)

(1 + γ5) uτ (p)

Lµ = uντ
(
p′
)
γµ (1− γ5) uτ (p)

Lµν = uντ
(
p′
)
σµν (1 + γ5) uτ (p)

H = 〈π−K 0 | su | 0〉 = FS(s)

Hµ = 〈π−K 0 | sγµu | 0〉 = QµF+(s) +
∆Kπ

s
qµF0(s)

Hµν = 〈π−K 0 | sσµνu | 0〉 = iFT (s) (pµKp
ν
π − pµπp

ν
K )
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Form factors

Vector form factor
D.R. Boito, R. Escribano and M. Jamin, Eur. Phys. J. C59 (2009) 821

F+(s) = exp

{
λ′+

s

M2
π−

+
1

2
(λ′′+ − λ′ 2+ )

s2

M4
π−

+
s3

π

∫ scut

sKπ

ds ′
δ+(s ′)

(s ′)3(s ′ − s − iε)

}
,

Scalar form factor
M. Jamin, J.A. Oller and A. Pich, Nucl. Phys. B622 (2002) 279

F 1
0 (s) =

1

π

3∑
j=1

∫ ∞
sj

ds ′
σj(s

′)F j
0(s ′)t1→j

0 (s ′)∗

s ′ − s − iε
, ( 1 ≡ Kπ, 2 ≡ Kη, and 3 ≡ Kη′)

Tensor form factor
F.-Z. Chen, X.-Q. Li, Y.-D. Yang and X. Zhang, Phys. Rev. D100 (2019) 113006

FT (s) =
Λ2

F 2
π

exp

{
s

π

∫ ∞
sKπ

ds ′
δT (s ′)

s ′(s ′ − s − iε)

}
,
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CP asymmetry in angular distributions

Ai
CP '∆Kπ SEW

Ns

ni

∫ s2,i

s1,i

{
− Im[ε̂S ]

mτ (ms −mu)
Im [F+(s)F ∗0 (s)]− 2Im[ε̂T ]

mτ
Im [FT (s)F ∗0 (s)]

+

[(
1

s
+

Re[ε̂S ]

mτ (ms −mu)

)
Re [F+(s)F ∗0 (s)]− 2Re[ε̂T ]

mτ
Re[FT (s)F ∗0 (s)]

]
ACP

K

}
C(s) ds .

(20)

Re[ε̂S ] = (0.8+0.8
−0.9 ± 0.3)%, Re[ε̂T ] = (0.9± 0.7± 0.4)%

S. Gonzàlez-Soĺıs, A. Miranda, J. Rendón and P. Roig, Phys. Lett. B 804 (2020) 135371
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Numerical results

Table: The SM predictions vs. the Belle measurements

√
s [GeV] ACP

SM,i [10−3] ACP
exp,i [10−3] ni/Ns [%]

0.625− 0.890 0.39± 0.01 7.9± 3.0± 2.8 36.53± 0.14

0.890− 1.110 0.04± 0.01 1.8± 2.1± 1.4 57.85± 0.15

1.110− 1.420 0.12± 0.02 −4.6± 7.2± 1.7 4.87± 0.04

1.420− 1.775 0.27± 0.05 −2.3± 19.1± 5.5 0.75± 0.02
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χ2
min = 4.20, Im[ε̂S ] = −0.008± 0.027, Im[ε̂T ] = 0.03± 0.12

χ2 =
4∑

i=1

(
ACP

exp,i − ACP
th,i

σi

)2

+

(
Bτ

−
exp − Bτ

−
th

σB

)2

, (21)
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Figure: The allowed region for Im[ε̂S] and Im[ε̂T] at 68% C.L. (solid) and 90% C.L. (dashed).
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SM vs. NP
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Figure: Left: SM prediction (gray band), Im[ε̂S ] = −0.008 (red band), and Im[ε̂T ] = 0.03 (blue
band). Right: The zoomed-in version of the SM prediction.
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Other bounds on Im[ε̂T ]

SU(3)× SU(2)× U(1) gauge-invariant SMEFT operator:

LT = [C
(3)
`equ]klmn(¯̀i

LkσµνeRl)ε
ij(q̄j

Lmσ
µνuRn) + h.c. , (22)

In the mass basis

L′T = [C
(3)
`equ]klmn

[
(ν̄kσµνeRl)(d̄Lmσ

µνuRn)− Vam(ēLkσµνeRl)(ūLaσ
µνuRn)

]
+ h.c. ,

τ

u u

τ

c u

τ

u c
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One-operator-at-a-time constraint from neutron EDM
V. Cirigliano at al, PRL 120 (2018) 141803

2|Im[ε̂T ]| < 10−5 =⇒ Ai
CP |Max ∼ O(10−6)

Cancellations occur in combinations Vud [C
(3)
`equ]3311 + Vus [C

(3)
`equ]3321 and

Vcd [C
(3)
`equ]3311 + Vcs [C

(3)
`equ]3321
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-0.05
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Other bounds on Im[ε̂S ]

SU(3)× SU(2)× U(1) gauge-invariant SMEFT operator:

LS = [C
(1)
`equ]klmn(¯̀i

LkeRl)ε
ij(q̄j

LmuRn) + [C`edq]klmn(¯̀i
LkeRl)(d̄ i

RmqLn) + h.c. , (23)

In the mass basis

L′S = [C
(1)
`equ]klmn

[
(ν̄keRl)(d̄LmuRn)− Vam(ēLkeRl)(ūLauRn)

]
+ [C`edq]klmn

[
V ∗an(ν̄keRl)(d̄RmuLa) + (ēLkeRl)(d̄RmdLn)

]
+ h.c. ,

One-operator-at-a-time constraint from D0 − D̄0 mixing

Im[ε̂S ] ∈ [−3.1, 1.6]× 10−4 =⇒ Ai
CP |Max ∼ O(10−3) ∼ ACP

SM (24)
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Summary

CP asymmetry in the angular distributions of τ → KSπντ decays can be induced by
CPV in K 0 − K̄ 0 mixing, the SM predictions are of O(10−3);

A model-independent analysis suggests that either (nonstandard) scalar or tensor
interaction could produce CPV to τ → KSπντ decays;

It is difficult for NP contributions to play significant effects to the CP asymmetry in
the angular distribution of τ → KSπντ decays, unless there exists cancellation effects
in the combined contributions.

(Interested readers are referred to JHEP 05 (2020) 151 and arXiv: hep-ph/2107.12310)
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