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Since �ij = ��ji and �ii = 0,
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Kinetic terms:
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Mass eigenstates:
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Note that this is given in terms of the VVS coupling!
Not true for the 3HDM!
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3HDM Rotation matrix
Let the Higgs-basis neutral-sector 5⇥5 rotation matrix be denoted R. Then the hiV V

couplings are given by
ei = vRi1 (1.19)

The R can be constructed from 10 independent angles. Here are two possible construc-
tions:

1 : R = O
(12)

O
(13)

O
(14)

O
(15)

O
(23)

O
(24)

O
(25)

O
(34)

O
(35)

O
(45)

, (1.20)

2 : R = O
(45)

O
(35)

O
(34)

O
(25)

O
(24)

O
(23)

O
(15)

O
(14)

O
(13)

O
(12)

, (1.21)

with

O
(ij)
ii = cos ✓ij, O

(ij)
ij = sin ✓ij,

O
(ij)
ji = � sin ✓ij, O

(ij)
ii = cos ✓ij,

O
(ij)
kk = 1 for k 6= i, j, (1.22)

and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15,

R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15,

R31 = � sin ✓13 cos ✓14 cos ✓15,

R41 = � sin ✓14 cos ✓15,

R51 = � sin ✓15, (1.23)

Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant, irre-
spective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a subspace
in the ten-dimensional parameter space, on which the couplings ei are constant.
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O
(ij)
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O
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(ij)
ii = cos ✓ij

O
(ij)
kk = 1 for k 6= i, j (1.22)

and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15,
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R31 = � sin ✓13 cos ✓14 cos ✓15,

R41 = � sin ✓14 cos ✓15,

R51 = � sin ✓15, (1.23)

Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant, irre-
spective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a subspace
in the ten-dimensional parameter space, on which the couplings ei are constant.
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R can be constructed from 10 independent angles, two possible constructions:

1 : R = O
(12)

O
(13)

O
(14)

O
(15)

O
(23)

O
(24)

O
(25)

O
(34)

O
(35)

O
(45) (1.20)

2 : R = O
(45)

O
(35)

O
(34)

O
(25)

O
(24)

O
(23)

O
(15)

O
(14)

O
(13)

O
(12) (1.21)

with

O
(ij)
ii = cos ✓ij, O

(ij)
ij = sin ✓ij

O
(ij)
ji = � sin ✓ij, O

(ij)
ii = cos ✓ij

O
(ij)
kk = 1 for k 6= i, j (1.22)
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R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.
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R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six
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(ij)
ij = sin ✓ij
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O
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and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for e1, e2, e3, e4, e5, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.

Modulo the factor v, the ei are “embedded” in R as follows:

R =

0

BBBB@

e1 x x x x

e2 x x x x

e3 x x x x

e4 x x x x

e5 x x x x

1

CCCCA
(1.24)

whereas �ij involves the remaining elements of the rows i and j:

�ij = (Ri2Rj4 +Ri3Rj5)� (i $ j) (1.25)

R =

0

BBBB@

e1 R12 R13 R14 R15

e2 R22 R23 R24 R25

e3 x x x x

e4 x x x x

e5 x x x x

1

CCCCA
(1.26)

illustrate for i = 1, j = 2:

�12 = (R12R24 �R22R24) + (R13R25 �R23R15) (1.27)
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Only four angles are needed for e1, e2, e3, e4, e5, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
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3HDM Rotation matrix

Let the Higgs-basis neutral-sector 5⇥5 rotation matrix be denoted R. Then the hiV V

couplings are given by
ei = vRi1 (1.19)

R can be constructed from 10 independent angles, two possible constructions:
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O
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ji = � sin ✓ij, O

(ij)
ii = cos ✓ij

O
(ij)
kk = 1 for k 6= i, j (1.22)

and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.

Modulo the factor v, the ei are “embedded” in R as follows:

R =

0
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e2 x x x x

e3 x x x x

e4 x x x x

e5 x x x x
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(1.24)
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ji = � sin ✓ij, O

(ij)
ii = cos ✓ij

O
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kk = 1 for k 6= i, j (1.22)

and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.

Modulo the factor v, the ei are “embedded” in R as follows:
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e2 x x x x
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e4 x x x x

e5 x x x x

1
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(1.24)

whereas �ij involves the remainders of the rows i and j:
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and other elements being zero.
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and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is
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Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,
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subspace in the ten-dimensional parameter space, on which the couplings ei are constant.
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and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.

Modulo the factor v, the ei are “embedded” in R as follows:
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BBBB@
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e3 x x x x
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whereas �ij involves the remaining elements of the rows i and j:
illustrate for i = 1, j = 2:
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2HDM:
Cubic gauge-gauge-scalar part:

LV V h =

✓
gmWW

+

µ W
µ� +

gmZ

2 cos ✓W
ZµZ

µ

◆ 3X

i=1

Ri1hi, (1.10)

For the cubic gauge-scalar-scalar terms, we find

LV hh = �
g

2 cos ✓W

3X

i=1

3X

j=1

Ri2Rj3(hi

$
@µhj)Z

µ

+
g

2

3X

i=1

[iRi2(h
+

$
@µhi)W

µ� + h.c.]

+

✓
ieA

µ +
ig cos 2✓W
2 cos ✓W

Z
µ

◆ 2X

j=1

(h+

j

$
@µh

�
j ), (1.11)

Define
�ij = (Ri2Rj4 +Ri3Rj5)� (i $ j). (1.12)

Since �ij = ��ji and �ii = 0,
3HDM:

3HDM, VVS: ei = vRi1

3HDM, VSS: �ij = (Ri2Rj4 +Ri3Rj5)� (i $ j) (1.13)

2HDM:

2HDM, VVS: ei = vRi1

2HDM, VVS: �ij = (Ri2Rj3)� (i $ j) = ✏ijkRk1 = ✏ijkek/v (1.14)

For a 3⇥ 3 orthogonal matrix;

Ri2Rj3 �Rj2Ri3 = ✏ijkRk1 = ✏ijkek/v (1.15)

R =

0

@
R11 R12 R13

R21 R22 R23

R31 R32 R33

1

A =

0

@
c1 c2 s1 c2 s2

�(c1 s2 s3 + s1 c3) c1 c3 � s1 s2 s3 c2 s3

�c1 s2 c3 + s1 s3 �(c1 s3 + s1 s2 c3) c2 c3

1

A . (1.16)

Pick i = 1, j = 2:

R12R23 �R22R13 = (s1c2)(c2s3)� (c1c3 � s1s2s3)s2
= s1c

2

2
s3 � c1s2c3 + s1s

2

2
s3 = s1s3 � c1s2c3 = R31 (1.17)

i.e., �ij = ✏ijkek/v (1.18)
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Let the Higgs-basis neutral-sector 5⇥5 rotation matrix be denoted R. Then the hiV V

couplings are given by
ei = vRi1 (1.19)

R can be constructed from 10 independent angles, two possible constructions:
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ij = sin ✓ij

O
(ij)
ji = � sin ✓ij, O

(ij)
ii = cos ✓ij

O
(ij)
kk = 1 for k 6= i, j (1.22)

and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.

Modulo the factor v, the ei are “embedded” in R as follows:

R =

0

BBBB@

e1 x x x x

e2 x x x x

e3 x x x x

e4 x x x x
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1
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(1.24)

whereas �ij involves the remainders of the rows i and j:
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and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for e1, e2, e3, e4, e5, independent of other six angles
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“cross product”
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3HDM Rotation matrix

Let the Higgs-basis neutral-sector 5⇥5 rotation matrix be denoted R. Then the hiV V

couplings are given by
ei = vRi1 (1.19)

R can be constructed from 10 independent angles, two possible constructions:
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O
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and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
By construction “1” above:

R11 = cos ✓12 cos ✓13 cos ✓14 cos ✓15
R21 = � sin ✓12 cos ✓13 cos ✓14 cos ✓15
R31 = � sin ✓13 cos ✓14 cos ✓15
R41 = � sin ✓14 cos ✓15
R51 = � sin ✓15 (1.23)

Only four angles are needed for ei, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,

irrespective of the angles ✓23, ✓24, ✓25, ✓34, ✓35, ✓45. This illustrates the existence of a
subspace in the ten-dimensional parameter space, on which the couplings ei are constant.

Modulo the factor v, the ei are “embedded” in R as follows:
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“cross product”

blue ✕ red

Let the Higgs-basis neutral-sector 5⇥5 rotation matrix be denoted R. Then the hiV V

couplings are given by
ei = vRi1 (1.19)

R can be constructed from 10 independent angles, two possible constructions:
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and other elements being zero.
We obviously do not need 10 angles to generate the 5 couplings of Eq. (1.19). This is

easily seen if we write them out in the first case of Eq. (1.20):
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Only four angles are needed for e1, e2, e3, e4, e5, independent of other six angles
Obviously, for a constant ✓15 (in this parametrization), the five ei will be constant,
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whereas �ij involves the remaining elements of the rows i and j:

�ij = (Ri2Rj4 +Ri3Rj5)� (i $ j) (1.25)
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illustrate for i = 1, j = 2:

�12 = (R12R24 �R22R14) + (R13R25 �R23R15) (1.27)
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numerology

• 10 angles

• 5 ei [four angles + v]

• 10 non-zero �ij [(5⇥ 4)/2� 5]

The ei and �ij are not all independent!
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Consider CP conservation in the 3HDM
5 neutral states: 3 even, 2 odd.
From the “non-trivial” relations, it follows that

ei = ej = �ij = 0 (1.33)

is a su�cient condition for no CP violation
in couplings between gauge bosons and neutral scalars
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e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
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�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

Alignment:
e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
�12 = �13 = �14 = �15 = 0 (1.35)

The remaining ones are pairwise equal:

�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

Alignment:
e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
�12 = �13 = �14 = �15 = 0 (1.35)

The remaining ones are pairwise equal:

�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

Alignment:
e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
�12 = �13 = �14 = �15 = 0 (1.35)

The remaining ones are pairwise equal:

�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

Alignment:
e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
�12 = �13 = �14 = �15 = 0 (1.35)

The remaining ones are pairwise equal:

�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

Alignment:
e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
�12 = �13 = �14 = �15 = 0 (1.35)

The remaining ones are pairwise equal:

�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

Alignment:
e1 = v e2 = e3 = e4 = e5 = 0 (1.34)

Then
�12 = �13 = �14 = �15 = 0 (1.35)

The remaining ones are pairwise equal:

�23 = ��45, �24 = �35, �25 = ��34 (1.36)

�
2

34
+ �

2

35
+ �

2

45
= v

2 (1.37)

5

We also have
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The moduli are located on a sphere
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CP violation and alignment
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Figure 1. Feynman diagrams related to Im J2.

4.1 Im J2

Since Im J2 is trilinear in ei we look for Feynman diagrams containing three vertices, where

each vertex is proportional to ei. Also, since Im J2 contains the antisymmetric tensor εijk,

we are led to choose one of the vertices to be ZHiHj . This leads us to a study of the

Feynman amplitude structures shown in figure 1.

The amplitude of the left (tree level) diagrams (a total of six diagrams) will be pro-

portional to

M ∝
∑

i,j,k

εijkeiejek
1

p234 −M2
i

1

p212 −M2
j

(4.1)

where p12 is the sum of the momenta of V1 and V2, whereas p34 is the sum of the momenta of

V3 and V4. The pairs V1V2 and V3V4 may be either ZZ-pairs or W+W−-pairs. Performing

the sum over all possible combinations of internal Hi and Hj and over k, we get

M ∝ (p234 − p212)v
9Im J2

3∏

n=1

(p212 −M2
n)(p

2
34 −M2

n)

. (4.2)

The amplitude of the right (triangle loop) diagrams (six in total) will be proportional to

M ∝
∑

i,j,k

∫
d4q

∑

a,b,c

εijaεkjbεikceaebec
1

q2 −M2
i

1

(q + p1)2 −M2
j

1

(q + p1 + p2)2 −M2
k

×(2q + p1)
µ1(2q + 2p1 + p2)

µ2(2q + p1 + p2)
µ3 (4.3)

where p1 and p2 are the (incoming) momenta of Z1 and Z2, respectively. Performing the

sum over i, j, k, we find

M ∝
∫

d4q
[q2 − (q + p1)2][q2 − (q + p1 + p2)2][(q + p1)2 − (q + p1 + p2)2]v9Im J2

3∏

n=1

(q2 −M2
n)((q + p1)

2 −M2
n)((q + p1 + p2)

2 −M2
n)

×(2q + p1)
µ1(2q + 2p1 + p2)

µ2(2q + p1 + p2)
µ3 . (4.4)
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i
, (1.38)

f
Z
4

is proportional to the invariant ImJ2 / e1e2e3

In the alignment limit, two of the ei vanish, the ZZZ amplitude vanishes

ei ! v ej, ek ! 0 Im J2 ! 0 (1.39)

6



CP violation and alignment
In a CP-violating 2HDM, all pairs of neutral scalars couple to the Z,
allowing the triangle diagram
The existence of these couplings induces a CP-violating amplitude,

f
Z
4

is proportional to the invariant ImJ2 / e1e2e3

In the alignment limit, two of the ei vanish, the ZZZ amplitude vanishes

6

In a CP-violating 2HDM, all pairs of neutral scalars couple to the Z,
allowing the triangle diagram
The existence of these couplings induces a CP-violating amplitude,

f
Z
4

is proportional to the invariant ImJ2 / e1e2e3

In the alignment limit, two of the ei vanish, the ZZZ amplitude vanishes

6

CP-violating

In a CP-violating 2HDM, all pairs of neutral scalars couple to the Z,
allowing the triangle diagram
The existence of these couplings induces a CP-violating amplitude,

f
Z
4

is proportional to the invariant ImJ2 / e1e2e3

In the alignment limit, two of the ei vanish, the ZZZ amplitude vanishes

ei ! v ej, ek ! 0 Im J2 ! 0 (1.38)

6

Also other diagrams, but importantly



CP violation and alignment

In a 3HDM

Hi

Hj

Hk

Z1

Z2

Z3

p1, µ

p2,α

p3, β

λij

λjk

λki

In a CP-violating 2HDM, all pairs of neutral scalars couple to the Z,
allowing the triangle diagram
The existence of these couplings induces a CP-violating amplitude,

e�↵�µ
ZZZ = ie

p
2

1
�M

2

Z

M
2

Z

h
f
Z
4
(p↵

1
g
µ� + p

�
1
g
µ↵) + f

Z
5
✏
µ↵�⇢

`⇢

i
, (1.38)

f
Z
4

is proportional to the invariant ImJ2 / e1e2e3

In the alignment limit, two of the ei vanish, the ZZZ amplitude vanishes

ei ! v ej, ek ! 0 Im J2 ! 0 (1.39)

contributions proportional to �ij�jk�ki

This does not vanish in the alignment limit!

6



CP violation and alignment

Alignment limit

In a CP-violating 2HDM, all pairs of neutral scalars couple to the Z,
allowing the triangle diagram
The existence of these couplings induces a CP-violating amplitude,

e�↵�µ
ZZZ = ie

p
2

1
�M

2

Z

M
2

Z

h
f
Z
4
(p↵

1
g
µ� + p

�
1
g
µ↵) + f

Z
5
✏
µ↵�⇢

`⇢

i
, (1.38)

f
Z
4

is proportional to the invariant ImJ2 / e1e2e3

In the alignment limit, two of the ei vanish, the ZZZ amplitude vanishes

ei ! v ej, ek ! 0 Im J2 ! 0 (1.39)

contributions proportional to �ij�jk�ki

This does not vanish in the alignment limit!
Let hi be aligned, ei ! v, ej ! 0 for j 6= i

Consequence: �ij ! 0, but �jk unconstrained, for j, k 6= i

6

Example, Weinberg potential
Z2 ⇥ Z2 symmetric:

V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

7

Z2 ⇥ Z2 symmetric:
V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

7

Z2 ⇥ Z2 symmetric:
V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

7



CP violation and alignment
Z2 ⇥ Z2 symmetric:

V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

h2 aligned
�34�45�53 6= 0

7

Figure from parameter scan in 2209.06499

Z2 ⇥ Z2 symmetric:
V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

h2 aligned
�34�45�53 6= 0
�ij/v

7



CP violation and alignment
Z2 ⇥ Z2 symmetric:

V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

h2 aligned
�34�45�53 6= 0

7

Z2 ⇥ Z2 symmetric:
V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

h2 aligned
�34�45�53 6= 0

7

Figure from parameter scan in 2209.06499

Z2 ⇥ Z2 symmetric:
V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

h2 aligned
�34�45�53 6= 0
�ij/v

7

for example:



Summary

Z2 ⇥ Z2 symmetric:
V = V2 + V4

V2 = �[m11(�
†
1
�1) +m22(�

†
2
�2) +m33(�

†
3
�3)] (1.40)

V4 = V0 + Vph, (1.41)

V0 = �11(�
†
1
�1)

2 + �12(�
†
1
�1)(�

†
2
�2) + �13(�

†
1
�1)(�

†
3
�3) + �22(�

†
2
�2)

2

+ �23(�
†
2
�2)(�

†
3
�3) + �33(�

†
3
�3)

2

+ �
0
12
(�†

1
�2)(�

†
2
�1) + �

0
13
(�†

1
�3)(�

†
3
�1) + �

0
23
(�†

2
�3)(�

†
3
�2) (1.42)

Vph = �1(�
†
2
�3)

2 + �2(�
†
3
�1)

2 + �3(�
†
1
�2)

2 + h.c. (1.43)

h2 aligned
�34�45�53 6= 0
�ij/v

• vector (gauge)-scalar couplings:

– VVS (WWhi, ZZhi): ei

– VSS (hihjZ): �ij

– VSS (hih
+

k W
�): dki

• determined by potential, relations among them

• 2HDM: �ij = ✏ijkek (⇤)

• 2HDM: ZZZ amplitude CP conserving in Alignment limit

• 3HDM: Relation (⇤) not valid

• 3HDM: ZZZ amplitude CP violating also in Alignment limit

Work in progress
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