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 Introduction

 CP asymmetries in 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays within the SM

 CP asymmetries in 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays within a general EFT

 Summary
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➢ commonly discussed decay-rate asymmetry

➢ CP asymmetry in the angular distribution

BaBar Collaboration, PRD 85 (2012) 031102



Semi-leptonic tau decays
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 Only lepton heavy enough to decay into hadrons (really mesons): 

 An ideal low-energy QCD-testing laboratory: how various QCD currents hadronized, 

information about various hadronic resonance parameters (𝑴𝑹, 𝚪𝑹), …

= 𝑉𝑢𝑑𝑑 + 𝑉𝑢𝑠𝑠

 Can be used to extract the SM parameters: 𝜶𝒔 𝒎𝝉 , 𝒎𝒔, 𝑽𝒖𝒔 , …

Br ≃ 66%!

populated by resonances



Semi-leptonic tau decays
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 Decay amplitude:

Jorge Portolés, talk @ tau04

𝓜 𝝉 → 𝑯𝝂𝝉 =
𝑮𝑭

𝟐
𝑽𝑪𝑲𝑴[ഥ𝒖𝝂𝝉

𝜸𝝁 𝟏 − 𝜸𝟓 𝒖𝝉]𝑯𝝁

𝑯𝝁 = 𝑯 𝓥𝝁 − 𝓐𝝁 e𝒊𝓛𝑸𝑪𝑫 𝟎 = ෍

𝒊

… … … . . … 𝝁
𝒊

Lorentz structure

𝑭𝒊(𝒒𝟐, … )

Form factor

 Main tasks: determine accurately the hadronic FFs



Why 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays
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 Has largest Br among semi-leptonic decays with 1 kaon [D. EPIFANOV et al. [Belle], PLB 654 (2007) 65]  

➢ The hadronic current parametrized by two form factors: 

𝐁𝐫(𝝉 → 𝑲𝑺𝝅𝝂𝝉) = (𝟎. 𝟒𝟎𝟒 ± 𝟎. 𝟎𝟎𝟐 𝐬𝐭𝐚𝐭. ± 𝟎. 𝟎𝟏𝟑(𝐬𝐲𝐬𝐭. ))%

➢ The 𝐾∗(892) alone not sufficient to 

describe the 𝐾𝜋 spectrum

➢ Fitted result with 𝐾∗(892) + 𝐾∗(800) +

𝐾∗(1410) model reproduces data well

 Searches for CPV in 𝝉 → 𝑲𝑺𝝅𝝂𝝉 very promising



Why 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays
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 Decay-rate asymmetry in 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays

 CP asymmetry in the angular distribution of 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays

 More precise measurements are expected from Belle II & SCTF, ……

BaBar Collaboration, PRD 85 (2012) 031102

I. Bigi and A. I. Sanda PLB 625 (2005) 47

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

compatible with zero with a sensitivity of 𝒪(10−3)
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 Feynman diagrams at the tree level in weak interaction within the SM:

 According to the well-known ΔS = ΔQ rule, 𝝉− can only decay into ഥ𝑲𝟎, while 𝝉+ into 𝑲𝟎

𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays within the SM

CP

 Within the SM, 𝑽𝒖𝒔 is real (no weak phase) & the same strong phase between the two 

CP-related processes 

𝑽𝒖𝒔
∗ 𝑽𝒖𝒔
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 However, due to 𝑲𝟎 − ഥ𝑲𝟎 mixing, the exp. reconstructed kaons are the mass (|𝑲𝑺⟩, |𝑲𝑳⟩)

rather than the flavor (|𝑲𝟎⟩, |ഥ𝑲𝟎⟩) eigenstates

 In the absence of CPV, 𝝐 = 𝟎, we have then: 

𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays within the SM

 But the CPV in neutral kaon system well established: 𝝐 = 𝟐. 𝟑 × 𝟏𝟎−𝟑

𝐾𝐿

𝐾𝑆

no CP asymmetries in 

decay rate & angular 

distribution of 𝜏 → 𝐾𝑆𝜋𝜈𝜏

decays in the SM!

|𝐾𝑆⟩ =
|𝐾0⟩ + | ത𝐾0⟩

2

|𝐾𝐿⟩ =
|𝐾0⟩ − | ത𝐾0⟩

2

𝜖 characterizes 

the amount of 

CPV in neutral 

kaon system
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 Once CPV in 𝑲𝟎 − ഥ𝑲𝟎 mixing included,  non-zero CP asymmetries appear in the decays

 When ⟨𝑲𝑺,𝑳| intermediate states involved, the so-called reciprocal basis more efficient 

𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays within the SM

 The time evolution operator for the 

neutral kaon system:

➢ 𝑿 is NOT unitary in the presence of CPV

orthornormality

completeness

➢ thus, we will have ⟨෩𝑲𝑺,𝑳| ≠ ⟨𝑲𝑺,𝑳| ！

➢ 𝑯 = 𝑴 − 𝒊/𝟐𝚪 is NOT a normal matrix

𝜇𝑆,𝐿 = 𝑀𝑆,𝐿 − 𝑖/2Γ𝑆,𝐿: two eigenvalues of 𝐻
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 Complete time-dependent decay amplitudes of 𝝉± → 𝝅+𝝅−𝝅±𝝂𝝉 decays (omitting ⟨𝝅𝝂𝝉|):

𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays within the SM
 Experimentally, the 𝑲𝑺 intermediate state is reconstructed via a 𝝅+𝝅− final state

 Due to CPV in 𝑲𝟎 − ഥ𝑲𝟎 mixing, 𝝅+𝝅− final state arises not only from 𝑲𝑺, but also from 𝑲𝑳

ΔS = ΔQ rule

➢ the kaon decays are independent of the 𝝉 decays

The interference effect between the 𝑲𝑺 & 𝑲𝑳 amplitudes important for CPV!
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Time-dep. CPA in the angular distribution
 Time-dependent double differential decay widths:

𝑠: the 𝐾𝜋 invariant mass squared;

𝛼: the angle between directions of 

𝐾 and 𝜏 seen in the 𝐾𝜋 rest frame

 Time-dependent 𝑲(𝒕) → 𝝅+𝝅− decay widths:

 Time-dep. CP asymmetry in 

the angular distribution:        

(𝒅𝝎 = 𝒅𝒔𝒅cos𝜶)

bin choice [𝒔𝟏,𝒊, 𝒔𝟐,𝒊], time interval [𝒕𝟏, 𝒕𝟐], exp.-dep. effects parametrized by F(t)
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 As the kaon decays independent of the 𝝉 decays, the 2nd line are obtained:   

 The difference of the decay 

rates weighted by cos𝛼:

 Within the 

SM:

Time-dep. CPA in the angular distribution

𝛼: the angle between directions of 

𝐾 and 𝜏 seen in the 𝐾𝜋 rest frame
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 Puzzle still 

exists:

 Results within the SM:

double-step form

using the efficiency function 𝐹(𝑡)

provided by the BaBar collaboration!

Thus easily reproduce 

Grossman-Nir result!

[BaBar, PRD 85 (2012) 031102]

Even in the SM, there is 

non-zero CPA in the 

angular distributions due 

to CPV in 𝐾0 − ത𝐾0 mixing

forward-backward asymmetry

Time-dep. CPA in the angular distribution
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 Angular observable 𝐜𝐨𝐬𝜶 𝒊
𝝉±

:

 Results within the SM:

Time-dep. CPA in the angular distribution

as input!

 Hadronic FFs:

normalized FFs
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Time-dep. CPA in the angular distribution
 For 𝑲𝝅 FFs, we adopt: thrice-subtracted dispersion representation

coupled-channel dispersive representation

 Angular observable: differential decay width weighted by cosα

As the Breit-Wigner form 

violates Watson’s theorem, 

and thus not physical and 

not applicable for CPV!

[Belle, PLB 654 (2007) 65] 
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Time-dep. CPA in the angular distribution

 Results for 𝑨𝒊
𝑪𝑷(𝒕𝟏, 𝒕𝟐) in four mass bins:

SM predictions still below Belle 

detection sensitivity of 𝒪(10−3), 

but expected to be detectable at 

Belle II, with 70 times more 

sensitive results!

 Two more optimal SM predictions:

as large as the SM prediction for 
the decay-rate asymmetry!

 Suggest to measure 𝑨𝒊
𝑪𝑷 in these two mass intervals! 
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𝝉± → 𝑲𝟎 ഥ𝑲𝟎 𝝅± ത𝝂𝝉(𝝂𝝉) withinin a general EFT

 The most general 𝑺𝑼 𝟑 𝑪 ⊗ 𝑼 𝟏 𝒆𝒎-invariant low-energy effective Lagrangian:

 When NP presents 

in tau decays:

 CPA in angular distribution:

 Decay amplitude for 𝝉− → ഥ𝑲𝟎𝝅−𝝂𝝉:

scalar operator + tensor operator
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Tensor form factors
 Leptonic currents:

 Tensor FF 𝑭𝑻(𝒔): due to lack of enough exp. 

data,  has to be constructed theoretically

𝐹𝑇 0 = Λ2/𝐹𝜋
2, with Λ2 = 11.1 ± 0.4 MeV

 Hadronic matrix elements:

➢ for 𝑭𝑻(𝟎): obtained from the lowest chiral order of 𝝌𝐏𝐓 with tensor source

O. Cata and V. Mateu, JHEP 09 (2007) 078

I. Baum et al., PRD 84 (2011) 074503
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Tensor form factors
 With 𝒔 ∈ [ 𝑴𝑲 + 𝑴𝝅

𝟐, 𝒎𝝉
𝟐], light resonances to FFs must be included to give 𝒔-dep. of FFs

 As spin-1 resonances described equivalently by vector or anti-symmetric tensor fields, 

resonance contributions to 𝑭+(𝒔) & 𝑭𝑻(𝒔) are both dominated by 𝑲∗ 𝟖𝟗𝟐 & 𝑲∗(𝟏𝟒𝟏𝟎)

➢ 𝑭𝑻(𝒔) obtained with 𝐑𝝌𝐓 including spin-1 resonances:

Ecker, J. Gasser, H. Leutwyler, A. Pich, and E. de Rafael, PLB 223 (1989) 425

𝛽 =
2𝑓𝑉

𝑇𝑔𝑉

Λ2
− 1 ≃ ±0.75𝛾: characterizes relative weight of 

the two resonances, and plays the same role as 𝛾 for 𝐹+(𝑠)

energy-dep. width 𝛾𝑛(𝑠)

෨𝐹𝑇 𝑠 =
𝐹𝑇 𝑠

𝐹𝑇 0

=
𝑀𝐾∗

2 −𝜅𝐾∗ ෩𝐻𝐾𝜋 0 +𝛽𝑠

𝐷 𝑀𝐾∗ ,𝛾𝐾∗
−

𝛽𝑠

𝐷 𝑀𝐾∗ ,𝛾𝐾∗

Feng-Zhi Chen, Xin-Qiang Li, Ya-Dong Yang, 

Xin Zhang, PRD 100 (2019) 113006
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Tensor form factors
 Combining 𝝌𝐏𝐓 @ low 𝒔 + 𝐑𝝌𝐓 @ intermediate 𝒔

+ asymptotic behaviors @ high 𝒔, we obtain the 

once-subtracted dispersion representation：

➢ in inelastic region (above ∼ 1.2 GeV), 𝛿𝑇 (𝑠) and 𝛿+ (𝑠) start to behave differently due to the different 

relative weights of the two resonances 𝐾∗(892) & 𝐾∗(1410)

[K. M. Watson, Phys. Rev. 95 (1954) 228]

➢ in elastic region (below ∼ 1.2 GeV), 𝛿𝑇 (𝑠) = 𝛿+ (𝑠) as 

required by Watson’s FSI theorem

asymptotic 1/s as dictated by pQCD
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CP-violating observables in general EFT
 Decay-rate asymmetry:

 CPA in angular distribution:

 Constraints on 𝐑𝐞[ො𝝐𝑺,𝑻]: more stringent from decay rates of various exclusive 𝝉 decays 

Only vector-tensor interference 

as the only possible mechanism

Both from scalar-vector and 

vector-tensor interferences

 Constraints on 𝐈𝐦[ො𝝐𝑺,𝑻]: more sensitive to these CP-violating observables
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CP-violating observables in general EFT

 Fit results on 𝐈𝐦[ො𝝐𝑺,𝑻] from 𝓑𝐞𝐱𝐩
𝝉−

and four bins of 𝑨𝐞𝐱𝐩,𝒊
𝑪𝑷 ：

68% C.L. (solid)  

90% C.L. (dashed)

➢ remarkably negative correlation between Im[ Ƹ𝜖𝑆] & 

Im[ Ƹ𝜖𝑇], as both vector & tensor FFs dominated by 

𝐾∗(892) and 𝐾∗(1410), and thus have almost the 

same phases, especially in elastic region

➢ bound on Im[ Ƹ𝜖𝑆] consistent with Im 𝜂𝑆 < 0.026

@ 90% C.L. obtained by Belle [PRL 107 (2011) 131801]

➢ upper bound on Im[ Ƹ𝜖𝑇] only of 𝒪(10−1), much 

weaker than 2|Im[ Ƹ𝜖𝑇]| ≤ 10−5 from neutron EDM & 

𝐷0 − ഥ𝐷0 mixing [V. Cirigliano et al., PRL 120 (2018) 141803]
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CP-violating observables in general EFT
 𝑨𝒊

𝑪𝑷 in the presence of non-standard scalar & tensor interactions

➢ with best-fit values of Im[ Ƹ𝜖𝑆] and Im[ Ƹ𝜖𝑇], the CPA 

distributions have almost the same magnitude but 

opposite in sign in whole 𝐾𝜋 invariant-mass region

➢ the maximum absolute values are reached at around 

𝑠 = 1.2 GeV for both cases

➢ the non-standard scalar & tensor contributions about 

one order of magnitude larger than SM prediction

 We strongly recommend to make more precise studies of CP asymmetry in the angular 

distributions, especially at Belle II & SCTF, ….

Belle-II, PTEP 2019 (2019) 123C01; H. Sang, X. Shi, X. Zhou, X. Kang and J. Liu, CPC 45 (2021) 053003 
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Summary
 𝝉 → 𝑲𝑺𝝅𝝂𝝉 decays: very promising for searching CPV effects

➢ in the SM, there exist non-zero decay-rate asymmetry & CP asymmetry in angular distribution 

due to CPV in 𝐾0 − ഥ𝐾0 mixing, with results of 𝒪(10−3) and detectable @ Belle II & STCF, …

➢ With a general EFT, only vector-tensor interference produces a direct decay-rate asymmetry, 

while both scalar-vector & vector-tensor interferences possible for CPAs in angular distribution

 Bounds on 𝐈𝐦 ො𝝐𝑺,𝑻 :
Im Ƹ𝜖𝑆 = −0.008 ± 0.027,

Im Ƹ𝜖𝑇 = 0.03 ± 0.12,

Im Ƹ𝜖𝑆 ∈ −3.1, 1.6 × 10−4 @ 2𝜎

Im Ƹ𝜖𝑇 ≲ 4 × 10−6

For NP well above 𝑣EW, constraints from 𝜏 → 𝐾𝑆𝜋𝜈𝜏

much less stringent than from 𝑑𝑛 & 𝐷0 − ഥ𝐷0 mixing

 The BaBar 𝟐. 𝟖𝝈 deviation for 𝑨𝑪𝑷
𝒓𝒂𝒕𝒆 not easily explained by heavy NP !

SMEFTonly 𝜏 → 𝐾𝑆𝜋𝜈𝜏
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Summary

 We strongly suggest to measure these observables more precisely @ Belle II & STCF!

Thank you for your attention!

sensitive to the 

non-standard 

scalar & vector 

interactions!

 Predictions for CP asymmetry in the angular distribution in three different cases:

constraint only from tau decays constraints from 𝑑𝑛 and 𝐷0 − ഥ𝐷0 mixing



Backup
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Experimental facilities for tau physics 
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 Many dedicated facilities, with large tau samples    [C. Z. Yuan, talk @ IAS Program on HEP 2021] 

 Lots of tau physics programs with these large tau samples: see biennial tau workshop!
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Xiaoru Zhou, talk @ charm 2020

expected to have higher detection efficiency and 

low backgrounds for productions at threshold 

excellent resolution, 

kinematic constraining
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Xiaoru Zhou, talk @ charm 2020
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Physics @ a STCF in a nutshell
V. Vorobyev, talk @ charm 2021



Two-meson semi-leptonic tau decays
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 Invariant mass distribution of 𝝉− → 𝑷−𝑷𝟎𝝂𝝉 decay:

 What do we know theoretically about these FFs?

➢ their low-energy behaviors: given by 𝝌𝐏𝐓 [Gasser and Leutwyler, Annals Phys. 158 (1984) 142]

➢ their high-energy behaviors (∼ 𝟏/𝒔): given by pQCD [Brodsky and Lepage, PLB 87 (1979) 359]

➢ for the intermediate energy region: models

 For vector FF: thrice-subtracted 

dispersion representation



𝝉− → 𝝅−𝝅𝟎𝝂𝝉 decay as an example
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 For vector FF: thrice-subtracted 

dispersion representation:

 Form-factor phase 𝝓(𝒔):

 Form-factor modulus squared 𝑭𝑽
𝝅 𝒔 𝟐:

 Information on 

the resonances:

𝜌(770)

𝜌(1450)

𝜌(1700)
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Constraints on Im[ Ƹ𝜖𝑆,𝑇] from other processes 

 If BSM interactions originate from a weakly-coupled heavy NP well above the EW scale

𝑺𝑼 𝟐 𝑳 invariance of 𝓛𝒆𝒇𝒇 implies other processes to put further limits on Im[ Ƹ𝜖𝑺,𝑇]

 For tensor operator: 

𝝉 → 𝑲𝑺𝝅𝝂𝝉 & neutron EDM share the same WC: 

|𝑑𝑛 = 𝑔𝑇
𝑢 𝜇 𝑑𝑢 𝜇 | < 1.8 × 10−26𝑒 cm Im Ƹ𝜖𝑇 ≤

1.5×10−5

ln
Λ

𝜇𝜏

≲ 4 × 10−6 for Λ ≳ 100GeV & 𝜇𝜏 = 2GeV

➢ Assuming the neutron EDM receives contribution only from ො𝝐𝑻, we get:

strongest limit obtained so far!𝐴𝐶𝑃
𝑖 |Max ∼ 𝒪(10−6)

nEDM collaboration, PRL 124 (2020) 081803
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Constraints on Im[ Ƹ𝜖𝑆,𝑇] from other processes 

 Caution: tensor operator (ത𝝉𝝈𝝁𝝂𝝉𝑹)(ഥ𝒖𝑳𝝈𝝁𝝂𝒖𝑹) can also associate with the WC combination

➢ when delicate cancellation exists between 

them, stringent limit on Im[ Ƹ𝜖𝑇] can be diluted

 In this case, another interesting constraint on (ത𝝉𝝈𝝁𝝂𝝉𝑹)(ത𝒄𝑳𝝈𝝁𝝂𝒖𝑹) from 𝑫𝟎 − ഥ𝑫𝟎 mixing:

𝑉𝑐𝑑[𝐶ℓ𝑒𝑞𝑢
3

]3311+𝑉𝑐𝑠[𝐶ℓ𝑒𝑞𝑢
3

]3321= 𝑉𝑢𝑑𝑉𝑐𝑑[𝜖𝑇]3311+𝑉𝑢𝑠𝑉𝑐𝑠[𝜖𝑇]3321 double insertion

𝑥12 =
2 𝑀12

Γ𝐷
= 0.409 ± 0.048 %,    𝜙12 = arg

𝑀12

Γ12
= (0.58−0.90

+0.91)o

we can get further constraint on 𝐈𝐦[ො𝝐𝑻] !
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Constraints on Im[ Ƹ𝜖𝑆,𝑇] from other processes 

 Combined constraints from 𝒅𝒏 and 𝑫𝟎 − ഥ𝑫𝟎 mixing:

 Prediction for CPA with 𝐈𝐦 𝝐𝑻 = 𝟓 × 𝟏𝟎−𝟑:   still has a significant impact on the CPA!

➢ upper limit: |Im 𝜖𝑇 | ∼ 5 × 10−3, significantly diluted

Im Ƹ𝜖𝑇 ≲ 4 × 10−6
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Constraints on Im[ Ƹ𝜖𝑆,𝑇] from other processes 

 For scalar operator:  originate from the following two SMEFT operators

➢ constraint on Ƹ𝜖𝑆 can be obtained from other processes; 

➢ when potential cancellations exist between 𝐶ℓ𝑒𝑞𝑢
(1)

& 𝐶ℓ𝑒𝑑𝑞, allowed values of Ƹ𝜖𝑆 can be diluted

( ҧ𝜈𝜏𝜏𝑅)( ҧ𝑠𝐿𝑢𝑅)

( ҧ𝜈𝜏𝜏𝑅)( ҧ𝑠𝑅𝑢𝐿)
(ഥ𝝂𝝉𝝉𝑹)(ത𝒔𝒖)

scalar operator

−2 2𝐺𝐹𝑉𝑢𝑠
∗ Ƹ𝜖𝑆

∗ = 𝐶ℓ𝑒𝑞𝑢
1

3321
+ 𝑉𝑢𝑑

∗ 𝐶ℓ𝑒𝑑𝑞 3321
+ 𝑉𝑢𝑠

∗ 𝐶ℓ𝑒𝑑𝑞 3322
+ 𝑉𝑢𝑏

∗ 𝐶ℓ𝑒𝑑𝑞 3323

 Mixing between scalar and tensor operators:
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Constraints on Im[ Ƹ𝜖𝑆,𝑇] from other processes 

 For scalar operator:  no direct contribution to 𝒅𝒏, but can mix into tensor operator via RGE

𝐈𝐦 ො𝝐𝑻 ≲ 𝟒 × 𝟏𝟎−𝟔 Im Ƹ𝜖𝑆(𝜇𝜏) ≲ 2.3 × 10−3, comparable to 

 The scalar operator (ത𝝉𝑳𝝉𝑹)(ത𝒄𝑳𝒖𝑹)

contributes to 𝑫𝟎 − ഥ𝑫𝟎 mixing:
double insertion

Im Ƹ𝜖𝑆 𝜇𝜏 ∈ −3.1, 1.6 × 10−4 @ 2𝜎

➢ Constraint from 𝐷0 − ഥ𝐷0 mixing is one order of 

magnitude stronger than from neutron EDM

➢ 𝐴𝐶𝑃
𝑖 |Max ∼ 𝒪(10−3): of the same order as 𝐴𝑆𝑀

𝐶𝑃

𝑥12 =
2 𝑀12

Γ𝐷
= 0.409 ± 0.048 %,  

𝜙12 = arg
𝑀12

Γ12
= (0.58−0.90

+0.91)o

HFLAV collaboration, EPJC 81 (2021) 226
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Constraints on Im[ Ƹ𝜖𝑆,𝑇] from other processes 

 Caution: once cancellations occur, bounds diluted: 𝑉𝑢𝑑Im[𝐶ℓ𝑒𝑞𝑢
1

]3311+𝑉𝑢𝑠[𝐶ℓ𝑒𝑞𝑢
1

]3321 (for 𝑑𝑛)，

𝑉𝑐𝑑[𝐶ℓ𝑒𝑞𝑢
1

]3311+𝑉𝑐𝑠[𝐶ℓ𝑒𝑞𝑢
1

]3321 (for 𝐷0 − ഥ𝐷0 mixing)

 Predictions for CPA with 𝐈𝐦 ො𝝐𝑺 𝝁𝝉 = −𝟑 × 𝟏𝟎−𝟒: slightly smaller than the SM prediction 


