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Overview

CP violation
in τ Yukawa

Existing Probe New Probes
(prospective !?)

> 4-body decay:
H → τ+ τ−

with τ+ → y+ ντ
and τ− → y− ντ

where y = π, ρ, a, . . .

Angle between two τ
decay planes

3-body decay:
H → τ+ τ− γ

1. Forward-backward
asymmetry

2. Branching ratio

4-body decay:
H → τ+ τ− µ+ µ−

‘Golden channel’(!)

Angle between the ττ
and µµ planes
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CP violating Lagrangian

v CP violating Hττ Yukawa interaction is written using various notations
in the literature. For simplicity we shall use the following,

LHττ = −mτ

3
τ
(
aτ + i γ5 bτ

)
τH ,

where 3 =
(√

2 GF

)−1/2 ' 246 GeV, and aSM
τ = 1, bSM

τ = 0 in the SM.

v bτ , 0 =⇒ CP violation. Both aτ and bτ are real.

v Measurement of e− EDM suggest1: |bτ| . 0.29 at 90% C.L.

1J. Alonso-Gonzalez, A. de Giorgi, L. Merlo and S. Pokorski, JHEP 05, 041 (2022).
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The 2-body decay H → τ+ τ−

v Branching ratio in SM: ∼ 6.15%
v Energies and momenta of τ±

fixed in H rest frame.
v Very highly boosted τs:

βτ = 0.99960 c.

τ+ τ−H

CP

τ+ τ−H

v Only 2 helicity configurations allowed: τ+
L τ
−
L

CP←−−→ τ+
R τ
−
R.

v Partial decay rate: Γττ =
mH

8 π
m2
τ

32

a2
τ

1 − 4 m2
τ

m2
H

 + b2
τ



√
1 − 4 m2

τ

m2
H

.

Constraint: a2
τ + b2

τ ' 1 . Experimentally2 0.99 . a2
τ + b2

τ . 1.01

v Both helicity configurations equally likely:

|M++|2 = |M−−|2 =

(mτ

3

)2 [(
a2
τ + b2

τ

)
m2

H − 4 a2
τm

2
τ

]
.

∴ No way to measure CP violation, if we study this 2-body decay only.
2J. Alonso-Gonzalez, A. de Giorgi, L. Merlo and S. Pokorski, JHEP 05, 041 (2022).
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ

v Final state has two missing particles: τ reconstruction issues
v Much richer kinematics: 3 uni-angular distributions possible

−ẑ +ẑ

+x̂

−x̂

+ŷ

τ− τ+

q− q+

φ

H

π+
p′′+

p′′
ν

ντ

π−

p′−

p′ν
ντ

θ+θ−

Rest frame of τ−

Rest frame of τ+
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ

v Final state has two missing particles: τ reconstruction issues
v Much richer kinematics: 3 uni-angular distributions possible

−ẑ +ẑ

+x̂

−x̂

+ŷ

τ− τ+

q− q+

φ

H

π+
p′′+

p′′
ν

ντ

π−

p′−

p′ν
ντ

θ+θ−

Rest frame of τ−

Rest frame of τ+

d3Γππνν

d cos θ+ d cos θ− dϕ
=

〈∣∣∣Mππνν

∣∣∣2
〉

215 π6 mH

1 − 4 m2
τ

m2
H


1
2
(
1 − m2

π

m2
τ

)2

,

with

〈∣∣∣Mππνν

∣∣∣2
〉

=

(
GF√

2
fπ Vud

)4 (mτ

3

)2
(

π

mτ Γτ

)2

×
(
8 a2

τ m4
τ

(
m2

H − 4 m2
τ

) (
m2
τ − m2

π

)2 (
1 − cos θ+ cos θ− − sin θ+ sin θ− cosϕ

)

+ 8 b2
τ m2

H m4
τ

(
m2
τ − m2

π

)2 (
1 − cos θ+ cos θ− + sin θ+ sin θ− cosϕ

)

− 16 aτ bτ mH m4
τ

√
m2

H − 4 m2
τ

(
m2
τ − m2

π

)2
sin θ+ sin θ− sinϕ

)
.

5 / 25



The 4-body decay H → τ+ τ− → π+ π− ντ ντ

v Final state has two missing particles: τ reconstruction issues
v Much richer kinematics: 3 uni-angular distributions possible

−ẑ +ẑ
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τ− τ+

q− q+

φ

H

π+
p′′+

p′′
ν

ντ

π−

p′−

p′ν
ντ

θ+θ−

Rest frame of τ−

Rest frame of τ+
v Only the uni-angular distribution

dΓππνν

dϕ
gets contribution from aτ bτ.

1
Γππνν

dΓππνν

dϕ
=



a2
τ

(
m2

H − 4m2
τ

) (
16 − π2 cosϕ

)

+ b2
τ m2

H

(
16 + π2 cosϕ

)

− 2 π2 aτ bτ mH

√
m2

H − 4m2
τ sinϕ



32 π
(
a2
τ

(
m2

H − 4m2
τ

)
+ b2

τm
2
H

) .

∴ It is sensitive to CP violation.
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ
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v This distribution is well explored in the literature.

v The final πs and ν/ν are almost collinear to the parent τs due to the
large boosts. So constructing τ decay planes and finding the angle ϕ
between them is not an easy task.

v Why not use the angle θπ between the two final pions in the Higgs
rest frame, instead of ϕ? It is easier to measure. The two angles θπ
and ϕ are related to each other.
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ
Comparison of ϕ and cos θπ distributions
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ
Comparison of ϕ and cos θπ distributions
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The 4-body decay H → τ+ τ− → π+ π− ντ ντ
Comparison of ϕ and cos θπ distributions

v Numerical comparison of the two angular distributions vindicates the
choice of ϕ. The cos θπ distributions for different aτ and bτ are
extremely closely spaced with peaks close to θπ = 180◦ and no
significant differences can be noticed.

v The final state π’s could be replaced by ρ, a mesons which decay to
two or three pions. Such studies have already been considered in the
literature.

v We do not have any new meaningful observable in this scenario.
Only experimental studies with more statistics, better angular
resolutions, seem to be the way forward.
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The 3-body decay H → τ+ τ−γ
The idea

τ−

τ+

H

τ+

γ

τ−

Tree level contribution 1-loop level contribution

Kinematic configuration

H γ

τ+

τ−

θ
CP

Hγ

τ−

τ+π − θ
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The 3-body decay H → τ+ τ−γ
All τ helicity configurations possible here unlike the case in H → τ+ τ−

H γ

τ+(h+ = +1)

τ−(h− = +1)

θ CP
Hγ

τ−(h− = −1)

τ+(h+ = −1)
π − θ

H γ

τ+(h+ = +1)

τ−(h− = −1)

θ CP
Hγ

τ−(h− = +1)

τ+(h+ = −1)
π − θ
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The 3-body decay H → τ+ τ−γ
The difference between helicity amplitude squares

v Energies and momenta of τ± in H rest frame are no longer fixed.

v Another uni-angular distribution (cos θ distribution) is at our disposal.

v All helicities of τs are possible, unlike the 2-body decay H → τ+ τ−.

∣∣∣M (+,+)
ττγ

∣∣∣2 =
∣∣∣M (−,−)

ττγ

∣∣∣2 =

8 e2 m2
τ m2

+−
(
1 − cos2 θ

)

32
(
m2

H − m2
+−

)2 (
m2

+− −
(
m2

+− − 4 m2
τ

)
cos2 θ

)2

×
( (

32 m2
+− m4

τ − 10 m4
+− m2

τ − 4 m2
H m2

+− m2
τ − 2 m4

H m2
τ + m6

+− + m4
H m2

+−
)

a2
τ

−
(
2 m4

+− m2
τ + 4 m2

H m2
+− m2

τ + 2 m4
H m2

τ − m6
+− − m4

H m2
+−

)
b2
τ

)
,

∣∣∣M (+,−)
ττγ

∣∣∣2 =
∣∣∣M (−,+)

ττγ

∣∣∣2 =

16 e2 m4
τ m2

+−
(
1 + cos2 θ

) (
b2
τ + a2

τ

)

32
(
m2

+− −
(
m2

+− − 4 m2
τ

)
cos2 θ

)2
.
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The difference between helicity amplitude squares

v Energies and momenta of τ± in H rest frame are no longer fixed.
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8 e2 m2
τ m2
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32
(
m2

H − m2
+−

)2 (
m2

+− −
(
m2

+− − 4 m2
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)
cos2 θ

)2

×
( (

32 m2
+− m4

τ − 10 m4
+− m2

τ − 4 m2
H m2

+− m2
τ − 2 m4

H m2
τ + m6

+− + m4
H m2

+−
)

a2
τ

−
(
2 m4

+− m2
τ + 4 m2

H m2
+− m2

τ + 2 m4
H m2

τ − m6
+− − m4

H m2
+−

)
b2
τ

)
,

∣∣∣M (+,−)
ττγ

∣∣∣2 =
∣∣∣M (−,+)

ττγ

∣∣∣2 =

16 e2 m4
τ m2

+−
(
1 + cos2 θ

) (
b2
τ + a2

τ

)

32
(
m2

+− −
(
m2

+− − 4 m2
τ

)
cos2 θ

)2
.

No term linear in cos θ, when only
Yukawa contribution is considered

10 / 25



The 3-body decay H → τ+ τ−γ
The differential decay rate for specific τ helicities

1
Γττ


dΓ

(h+ h−)
ττγ

dm2
+− d cos θ


com

=
α

2 π
√

m2
H − 4 m2

τ

(
a2
τ

(
m2

H − 4 m2
τ

)
+ b2

τ

)

×
m2

+−
√

m2
+− − 4 m2

τ

(
m4

H − m4
+−

) (
m2

+− −
(
m2

+− − 4 m2
τ

)
cos2 θ

)2

×
(
− a2

τ

(
m2

+−
(
32 m4

τ − 8 m2
+− m2

τ − 8 m2
H m2

τ + m4
+− + m4

H

) (
h− h+ cos2 θ − 1

)

−
(
4 m2

τ − m2
+−

) (
8 m2

+−m2
τ − m4

+− − m4
H

) (
h− h+ − cos2 θ

) )

− b2
τ

(
m2

+−
(
8 m2

H m2
τ − m4

+− − m4
H

) (
1 − h− h+ cos2 θ

)

+
(
m4

+− + m4
H

) (
4 m2

τ − m2
+−

) (
h− h+ − cos2 θ

) ))
.
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The 3-body decay H → τ+ τ−γ
Numerical estimates of Γ

(h+ h−)
ττγ /Γττ for h+ = h− with a cut on photon energy, Eγ > 20 GeV
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The 3-body decay H → τ+ τ−γ
Numerical estimates of Γ

(h+ h−)
ττγ /Γττ for h+ = −h− with a cut on photon energy, Eγ > 20 GeV
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The 3-body decay H → τ+ τ−γ
Numerical estimates of

∑
h+ ,h− Γ

(h+ h−)
ττγ /Γττ with a cut on photon energy, Eγ > 20 GeV
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The 3-body decay H → τ+ τ−γ
Including SM 1-loop contribution to H → V γ with V → τ+ τ− affects the angular distribution

v The Lorentz invariant and gauge invariant, effective Lagrangian
describing H → V γ where V = Z, γ is given by3

LHV γ =
H
4 3

(
2AZγ

2 FµνZµν + 2AZγ
3 FµνZ̃µν + Aγγ

2 FµνFµν + Aγγ
3 FµνF̃µν

)
,

where Vµν = ∂µVν − ∂νVµ, Ṽµν = 1
2 εµνρσV ρσ, and AV γ

2 , AV γ
3 are two

dimensionless form factors.
v The amplitude for H → τ+ τ− γ can be split into 3 components:

Mττγ = M (Yukawa)
ττγ + M (Zγ)

ττγ + M (γγ)
ττγ .

v The amplitude square is thus given by,

∣∣∣Mττγ

∣∣∣2 =
∣∣∣M (Yukawa)

ττγ

∣∣∣2 +
∣∣∣∣M (Zγ)

ττγ

∣∣∣∣
2

+
∣∣∣∣M (γγ)

ττγ

∣∣∣∣
2

+ 2 Re
(
M (γγ)

ττγ M (Zγ)∗
ττγ

)

+ 2 Re
(
M (Yukawa)

ττγ M (Zγ)∗
ττγ

)
+ 2 Re

(
M (Yukawa)

ττγ M (γγ)∗
ττγ

)
.

3Y. Chen, A. Falkowski, I. Low and R. Vega-Morales, Phys.Rev.D 90, no.11, 113006 (2014).
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The 3-body decay H → τ+ τ−γ
Including SM 1-loop contribution to H → V γ with V → τ+ τ− affects the angular distribution

∣∣∣M (Yukawa)
ττγ

∣∣∣2 =
16 e2 m2

+− m2
τ

32
(
m2

H − m2
+−

)2
(
m2

+− − cos2 θ
(
m2

+− − 4m2
τ

))2

×
(
m2

+−
((

a2
τ + b2

τ

) (
m4

H + m4
+−

)
− 8m2

τ

(
a2
τ

(
m2

H + m2
+−

)
+ b2

τm
2
H

)
+ 32a2

τm
4
τ

)

− cos2 θ
(
m2

+− − 4m2
τ

) ((
a2
τ + b2

τ

) (
m4

H + m4
+−

)
− 8a2

τm
2
+−m2

τ

) )
,

∣∣∣∣M (Zγ)
ττγ

∣∣∣∣
2

=

g2
Z

((
AZγ

2

)2
+

(
AZγ

3

)2
) (

m2
H − m2

+−
)2

1632
((

m2
+− − m2

Z

)2
+ Γ2

Zm2
Z

)

×
(((

cτA
)2

+
(
cτV

)2
) [

3m2
+− + cos 2θ

(
m2

+− − 4m2
τ

)]
+ 4m2

τ

((
cτV

)2 − 3
(
cτA

)2
))
,

∣∣∣∣M (γγ)
ττγ

∣∣∣∣
2

=

e2
((

Aγγ
2

)2
+

(
Aγγ

3

)2
) (

m2
H − m2

+−
)2 (

cos 2θ
(
m2

+− − 4m2
τ

)
+ 3m2

+− + 4m2
τ

)

4m4
+−32

,
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The 3-body decay H → τ+ τ−γ
Including SM 1-loop contribution to H → V γ with V → τ+ τ− affects the angular distribution

Re
(
M (γγ)

ττγ M (Zγ)∗
ττγ

)
= −

e gZ

(
m2

H − m2
+−

)2

8m2
+−32

((
m2

+− − m2
Z

)2
+ Γ2

Zm2
Z

)

×
(
4ΓZcτAm+−mZ cos θ

√
m2

+− − 4m2
τ

(
Aγγ

2 AZγ
3 − AZγ

2 Aγγ
3

)

+ cτV
(
m2

+− − m2
Z

) (
Aγγ

2 AZγ
2 + Aγγ

3 AZγ
3

) (
cos 2θ

(
m2

+− − 4m2
τ

)
+ 3m2

+− + 4m2
τ

) )
,

Re
(
M (Yukawa)

ττγ M (Zγ)∗
ττγ

)
= − 2 e gZ m+− m2

τ

32
((

m2
+− − m2

Z

)2
+ Γ2

Zm2
Z

) (
cos2 θ

(
m2

+− − 4m2
τ

)
− m2

+−
)

×
(
2ΓZcτAmZ cos θ

(
m2

H − m2
+−

) √
m2

+− − 4m2
τ

(
AZγ

3 aτ − AZγ
2 bτ

)

+ cτVm+−
(
m2

+− − m2
Z

) (
AZγ

2 aτ
(
2m2

H − m2
+− − 4m2

τ − cos 2θ
(
m2

+− − 4m2
τ

))

+ 2AZγ
3 bτ

(
m2

H − m2
+−

) ))
,

Re
(
M (Yukawa)

ττγ M (γγ)∗
ττγ

)
=

8 e2 m2
τ

(
Aγγ

2 aτ
(
m2

H − 4m2
τ − cos2 θ

(
m2

+− − 4m2
τ

))
+ Aγγ

3 bτ
(
m2

H − m2
+−

))

32
(
cos2 θ

(
m2

+− − 4m2
τ

)
− m2

+−
) .
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The 3-body decay H → τ+ τ−γ
Including SM 1-loop contribution to H → V γ with V → τ+ τ− affects the angular distribution
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The 3-body decay H → τ+ τ−γ
Including SM 1-loop contribution to H → V γ with V → τ+ τ− affects the angular distribution
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The 3-body decay H → τ+ τ−γ
Including SM 1-loop contribution to H → V γ with V → τ+ τ− affects the angular distribution

Forward-backward asymmetry:

AFB =

∫ 1

0

(
d2Γττγ

dm2
+− d cos θ

)

m2
+−=m2

Z

d cos θ −
∫ 0

−1

(
d2Γττγ

dm2
+− d cos θ

)

m2
+−=m2

Z

d cos θ

∫ 1

−1

(
d2Γττγ

dm2
+− d cos θ

)

m2
+−=m2

Z

d cos θ

.
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The 3-body decay H → τ+ τ−γ
Summary

There are two clear experimental observables that can exploit H → τ+ τ− γ:

v Branching ratio: it can be used to rule out large values of bτ.

v Forward-backward asymmetry AFB: can be used to probe bτ . 0.2,

if AFB can be probed at percent level accuracy.

A more thorough numerical study is ongoing.
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The 4-body decay H → τ+ τ− µ+ µ− (‘Golden channel’!?)
Another probe of CP violation

Z∗(qt)

Z(qm)

H(pH)

µ−(k−)

µ+(k+)

τ−(p−)

τ+(p+)

τ−(q−)
Z(qm)

τ+(q+)

H(pH)

τ−(p−)

µ−(k−)

µ+(k+)

τ+(p+)

(a) (b)

v Decay amplitude: Mττµµ = M ZZ
ττµµ + M Yukawa

ττµµ .

v The interference term ∝ bτ, so it is sensitive to the CP violation.
v Huge expression for amplitude square.
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The 4-body decay H → τ+ τ− µ+ µ− (‘Golden channel’!?)
The CP violating contribution in the interference term is proportional to sin Φ

−ŷ

−ẑ +ẑ
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+ŷ

Z Z
qm qt
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The 4-body decay H → τ+ τ− µ+ µ− (‘Golden channel’!?)
The CP violating contribution in the interference term is proportional to sin Φ
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v The angle Φ between the two decay planes is sensitive to CP violation.
v Numerical study is ongoing.
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Summary

CP violation
in τ Yukawa

Existing Probe New Probes
(prospective !?)

> 4-body decay:
H → τ+ τ−

with τ+ → y+ ντ
and τ− → y− ντ

where y = π, ρ, a, . . .

Angle between two τ
decay planes

3-body decay:
H → τ+ τ− γ

1. Forward-backward
asymmetry

2. Branching ratio

4-body decay:
H → τ+ τ− µ+ µ−

‘Golden channel’(!)

Angle between the ττ
and µµ planes

Thank You
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