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Our Framework: General 2HDM  
Our Work is related to the recent work of Kanemura and Mura: 

In our work, we allow for generic Yukawa couplings and cover both explicit and 

spontaneous CP violation. Furthermore, we express the amplitudes in terms of 

physical  couplings making them more transparent.

Motivation
Although the Two-Higgs-Doublet-Model cannot address  all shortcomings  of 

the SM it allows to extract useful lessons

S. Kanemura and Y. Mura,
``Loop induced H$^{±}$W$^{∓}$Z vertices in the general two Higgs doublet 
model with CP violation,'' JHEP (10} (2024), 041 [arXiv:2408.06863 [hep-
ph]].



 Some Pioneering works involving the study of the vertex V±YG±

Lı c h
in 2HDM

I- ?- Fqhenkr ‘mc ?- Ldmcdy+ Sgd VYG± Bntokhmf hm QT’1(· T’0( FZtfd
Lncdkr+ Ogxr- Pdu- C 11 ’087/( 0614-

(in the context of the possible production of  charged Higgs bosons)

?- Ldmcdy ‘mc ?- Onl‘qnk+ Nmd knno hmctbdc G)V�Y udqsdw hm sgd lhmhlZk
rtodqrxlldsqx lncdk+ Mtbk- Ogxr- A 238 ’0880( 258z27/-

?- Ldmcdy ‘mc ?- Onl‘qnk+ RhfmZkr ne BO uhnkZshnm hm sgd Ghffr rdbsnq+ Ogxr- Kdss-
A 161 ’0880( 202z207-

(also for 2HDM but not for the process we considered)
 Many  authors have studied in the past similar effects involving charged Higgs bosons 
without emphasis on CP violation:

A. Arhrib, R. Benbrik, M. Chabab (2007)
R. Enberg, W. Klemm, S. Moretti, S. Munir and G. Wouda (2025);
Capdequi Peyranère, Haber & Irulegui (1991)



Two Higgs doublets
Most general gauge invariant renormalisable scalar potential
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Two Higgs doublets
Kinetic terms for the scalars

Covariant derivative in terms of the physical gauge bosons:

The couplings ’GfU U (+ ’GfG)G�( ˆmc ’G)G�G)G�(

h c h = ch A
can be denoted by

respectively and expressed in terms of the parameters of the Lagrangian 
B. Grzadkowski, O. M. Ogreid and P. Osland, JHEP (2014), 084   
[arXiv:1409.7265 [hep-ph]]

Convenient to introduce “Physical parameter set”:

considering once again the most general 2HDM potential of (2.1) – it is easy to imagine

a doublet rotation such that m2
12 is set to zero, thus eliminating two parameters from the

potential (since this coe�cient is in general complex). With this “diagonalization” of the

quadratic part of the potential the quartic couplings will also change, of course. Then,

with m2
12 = 0 in the new basis we can still rephase one of the (new) doublets to absorb a

complex phase from �5, for example, thus eliminating a third parameter.

Now, instead of working with 11 independent potential parameters, we will choose a

set of 11 physical parameters, masses and couplings, that we denote by P [28, 29, 38, 39].

For this purpose we pick the mass of the charged scalars as well as the masses of the

three neutral scalars along with the scalar couplings HiH+H� and H+H+H�H� and the

coe�cients ei of the gauge couplings to get3

P ⌘ {M2
H± ,M2

1 ,M
2
2 ,M

2
3 , e1, e2, e3, q1, q2, q3, q}, (2.23)

which we denote as our physical parameter set, consisting of 11 independent invariant

quantities. All the other purely scalar couplings of the model are expressible in terms of

these 11 parameters [39] along with the auxiliary complex couplings fi and f⇤
i
(which do

not appear separately in physical observables because of (2.22)). All physical properties

of the scalar sector are thus expressible in terms of masses and couplings. For a 2HDM

with some symmetry, then, some of the 11 parameters of the physical parameter set P will

either be related or set to zero.

3 The bilinear formalism and symmetries

In this section we will briefly review the bilinear formalism, in which the scalar potential

is expressed not in terms of the doublets themselves but rather using their gauge-invariant

bilinear products. This formalism is rather useful when studying symmetries and possible

vacua of NHDM models. An earlier application of this method appeared in [40] and was

used to establish tree-level theorems about the stability of 2HDM minima [34, 41, 42]. A

remarkable formulation of bilinears in a Minkowski space was developed in [19, 20, 43–45].

The bilinear formulation used in this paper is that of [46–50]. The formalism was adopted

to investigate the custodial symmetry of the 2HDM in [51]. Similar formalisms have also

been used for other models, for instance the 3HDM [52, 53], the complex singlet–doublet

model [54] and the N2HDM [55, 56].

3.1 Field bilinears

It is very convenient to express the potential in terms of four gauge-invariant bilinear

products of the doublets. We will follow closely the conventions of [27], defining the bilinears

as

K0 = �†
1�1 + �†

2�2, K1 = �†
1�2 + �†

2�1, (3.1)

K2 = i�†
2�1 � i�†

1�2, K3 = �†
1�1 � �†

2�2, (3.2)

3Note that the couplings ei and qi have dimension of mass.
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boson, since in the 2HDM a scalar loop contributes to that amplitude. The scalar–gauge

boson couplings will also be necessary for the present work. They originate from the kinetic

term of the Lagrangian, which may be written as

Lk = (Dµ�1)
†(Dµ�1) + (Dµ�2)

†(Dµ�2), (2.14)

where we have adopted the usual definitions, Dµ = @µ+ ig

2 �iW
µ

i
+ig

0

2 B
µ, Wµ

1 = 1p
2
(W+µ+

W�µ), Wµ

2 = ip
2
(W+µ � W�µ), Wµ

3 = cos ✓WZµ + sin ✓WAµ and Bµ = � sin ✓WZµ +

cos ✓WAµ. Relevant couplings can now be read o↵ from the kinetic terms,

Coe�cient
⇣
Lk, Z

µ

h
Hj

 !
@µHi

i⌘
=

g

2v cos ✓W
✏ijkek, (2.15)

Coe�cient (Lk, HiZ
µZ⌫) =

g2

4 cos2 ✓W
ei gµ⌫ , (2.16)

Coe�cient
�
Lk, HiW

+µW�⌫
�
=

g2

2
ei gµ⌫ , (2.17)

Coe�cient
⇣
Lk, (H

+ !@µHi)W
�µ

⌘
= i

g

2v
fi, (2.18)

Coe�cient
⇣
Lk, (H

� !@µHi)W
+µ

⌘
= �i g

2v
f⇤
i . (2.19)

It is not a coincidence that di↵erent vertices are proportional to the same quantities ei and

fi, but rather a consequence of the gauge invariance of the model. The factors ei and fi
are given, in terms of Higgs basis parameters, by

ei ⌘ vRi1, fi ⌘ v (Ri2 � iRi3) . (2.20)

In a general basis, the factors ei = v1Ri1+ v2Ri2 are found to be explicitly invariant under

a change of basis [38]. Unitarity of the rotation matrix in this multi-doublet model forces

these factors to satisfy a sum rule, to wit

e21 + e22 + e33 = v2. (2.21)

The factors fi (and their conjugate partners f⇤
i
) appear in couplings between scalars and

gauge bosons whenever an H+W� pair (H�W+ pair) is present at the vertex. In a general

basis they are given by fi = v1Ri2 � v2Ri1 � ivRi3. These factors are not invariant under

a change of basis, they transform as pseudo-invariants, meaning that their lengths are

invariant, but their phases change, see [39]. The product fif⇤
j
is, however, invariant under

a change of basis. This can also be seen from the following identity

fif
⇤
j = v2�ij � eiej + iv✏ijkek. (2.22)

2.4 The physical parameter set

While the potential of the 2HDM has a total of 14 real parameters, the number of observable

quantities arising from the potential is in fact less than 14. Through a series of basis changes

one can reduce the number of potential parameters from 14 to 11, leaving us with a total

of 11 physical independent quantities as stated in [21]. A simple way of seeing this is by

– 7 –
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Yukawa couplings
General formulas, flavour structure

Yukawa interactions (quark sector)

level, with their couplings entirely determined by the elements of the CKM matrix. This

remarkable feature is achieved through the introduction, at the Lagrangian level, of an

exact symmetry, spontaneously broken by the vevs of the neutral Higgs. All the couplings

of the neutral and charged scalars to fermions are controlled by VCKM and these vevs,

with no other parameters introduced. This is to be contrasted with the situation that one

encounters in the general two-Higgs doublet model (2HDM) where there is a large number

of parameters which can be expressed in terms of various unitary matrices arising from

the misalignment in flavour space between pairs of Hermitian flavour matrices [ ]. The

extension of BGL models to the leptonic sector is essential in order to allow for the study

of their phenomenological implications and furthermore, to allow for a consistent analysis of

the renormalization group evolution. The relationship between BGL-type models and the

principle of Minimal Flavour Violation (MFV) [ ] has been studied and a MFV expansion

was derived for the neutral Higgs couplings to fermions [ ]. This paper is organized as

follows. In the next section, we briefly review the BGL models and classify the various

variants of these models while at the same time settling the notation. In the third section,

we analyse the implications of BGL models, with emphasis on those processes where there

are hints of New Physics (more details to be included). Finally, in Section 5, we summarize

our results and draw our Conclusions.

2 Theoretical Framework

We consider the extension of the SM consisting of the addition of two Higgs doublets

(2HDM) as well as the addition of three righthanded neutrinos. In this work we only

consider explicitly scenarios with Dirac type neutrinos, where no Majorana mass terms

are added to the Lagrangian. However, our analysis of the experimental implications

does not depend on the nature of the neutrinos, i.e., Majorana or Dirac, therefore, our

conclusions can be extended to the case of neutrinos being Majorana fermions provided

that deviations from unitarity of low energy leptonic mixing are not sizable, as is the case in

most frameworks. In order to fix our notation, we explicitly write the Yukawa interactions:

LY = �Q0

L
�1�1d

0

R �Q0

L
�2�2d

0

R �Q0

L
�1�̃1u

0

R �Q0

L
�2�̃2u

0

R

�L0

L
⇧1�1l

0

R � L0

L
⇧2�2l

0

R � L0

L
⌃1�̃1⌫

0

R � L0

L
⌃2�̃2⌫

0

R + h.c., (2.1)

where �i and �i are matrices that denote the coe�cients of the Yukawa couplings of the

lefthanded quark doublets Q0

L
to the righthanded quarks d0

R
, u0

R
and the Higgs doublets

�j . Likewise, ⇧i and ⌃i denote the coe�cients of the leptonic Yukawa couplings, where

L0

L
are the lefthanded leptonic doublets and l0

R
and ⌫0

R
the righthanded charged leptons

and neutrinos, respectively.

The quark mass matrices generated after spontaneous gauge symmetry breaking are

given by:

Md =
1
p
2
(v1�1 + v2e

i↵�2), Mu =
1
p
2
(v1�1 + v2e

�i↵�2), (2.2)
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where vi ⌘ | < 0|�0

i
|0 > | and ↵ denotes the relative phase of the vacuum expectation

values (vevs) of the neutral components of �i. The matrices Md,Mu are diagonalized by

the usual bi-unitary transformations:

U †
dL
MdUdR = Dd ⌘ diag (md,ms,mb) (2.3)

U †
uL

MuUuR = Du ⌘ diag (mu,mc,mt) (2.4)

The neutral and the charged Higgs interactions obtained from the quark sector of

Eq. (2.1) are of the form

LY (quark, Higgs) = �d0
L

1

v
[MdH

0 +N0

d
R+ iN0

d
I] d0R +

� u0
L

1

v
[MuH

0 +N0

uR+ iN0

uI]u
0

R + (2.5)

+

p
2H+

v
(u0

L
N0

d
d0R � u0

R
N0

u

†
d0L) + h.c.

where v ⌘
p
v2
1
+ v2

2
= (

p
2GF )�1/2

⇡ 246 GeV, GF is the Fermi coupling constant and

H0, R are orthogonal combinations of the fields ⇢j , arising when one expands [3] the neutral

scalar fields around their vacuum expectation values, �0

j
= e

i↵jp
2
(vj + ⇢j + i⌘j), choosing

H0 in such a way that it has couplings to the quarks which are proportional to the mass

matrices, as can be seen from Eq. (2.5). Similarly, I denotes the linear combination of ⌘j
orthogonal to the neutral Goldstone boson. The matrices N0

d
and N0

u are given by:

N0

d
=

1
p
2
(v2�1 � v1e

i↵�2), N0

u =
1
p
2
(v2�1 � v1e

�i↵�2) (2.6)

In terms of the quark mass eigenstates u, d, the Yukawa couplings are:

LY (quark, Higgs) =

p
2H+

v
ū
⇣
V Nd�R �N †

u V �L
⌘
d+ h.c.�

H0

v

�
ūDuu+ d̄Dd d

�
�

�
R

v

h
ū(Nu�R +N †

u�L)u+ d̄(Nd�R +N †
d
�L) d

i
+ (2.7)

+ i
I

v

h
ū(Nu�R �N †

u�L)u� d̄(Nd�R �N †
d
�L) d

i

with Nd = U †
dL
N0

d
UdR and Nu = U †

uL
N0

uUuR.

The flavour structure of the quark sector of two Higgs doublet models is characterized

by the four matrices Md, Mu, N0

d
, N0

u . For the leptonic sector we have the corresponding

matrices which we denote by Ml, M⌫ , N0

l
, N0

⌫ .

In order to obtain a structure for �i, �i such that there are FCNC at tree level

with strength completely controlled by VCKM , Branco, Grimus and Lavoura imposed the

following symmetry on the quark and scalar sector of the Lagrangian [4]:

Q0

Lj ! exp (i⌧) Q0

Lj , u0Rj ! exp (i2⌧)u0Rj , �2 ! exp (i⌧)�2 , (2.8)

where ⌧ 6= 0,⇡, with all other quark fields transforming trivially under the symmetry. The

index j can be fixed as either 1, 2 or 3. Alternatively the symmetry may be chosen as:

Q0

Lj ! exp (i⌧) Q0

Lj , d0Rj ! exp (i2⌧)d0Rj , �2 ! exp (�i⌧)�2 . (2.9)

– 3 –



Expansion around the vev's
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Neutral and charged Higgs Interactions for the quark sector
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ū(Nu�R �N †

u�L)u� d̄(Nd�R �N †
d
�L) d

i
(2.7)

where �L and �R are the left-handed and right-handed chirality projectors, respectively,

and Nd ⌘ U †
dL
N0

d
UdR, Nu ⌘ U †

uL
N0

uUuR, V ⌘ U †
uL

UdL.

The flavour structure of the quark sector of two Higgs doublet models is characterized

by the four matrices Md, Mu, N0

d
, N0

u . For the leptonic sector we have the corresponding

matrices which we denote by M`, M⌫ , N0

`
, N0

⌫ .

In order to obtain a structure for �i, �i such that there are FCNC at tree level with

strength completely controlled by the Cabibbo – Kobayashi – Maskawa (CKM) mixing

matrix V , Branco, Grimus and Lavoura (BGL) imposed the following symmetry on the

quark and scalar sector of the Lagrangian [9]:

Q0

Lj ! exp (i⌧) Q0

Lj , u0Rj ! exp (i2⌧)u0Rj , �2 ! exp (i⌧)�2 , (2.8)

– 3 –

Flavour structure of quark sector of 2HDM characterised by:

where vi/
p
2 ⌘ |h0|�0

i
|0i| and ✓ denotes the relative phase of the vacuum expectation values

(vevs) of the neutral components �0

i
of �i. The matrices Md,Mu are diagonalized by the

usual bi-unitary transformations:

U †
dL
MdUdR = Dd ⌘ diag (md,ms,mb) , (2.3)

U †
uL

MuUuR = Du ⌘ diag (mu,mc,mt) . (2.4)

The neutral and the charged Higgs interactions obtained from the quark sector of Eq. (2.1)

are of the form:

LY (quark, Higgs) = �d0
L

1

v
[MdH

0 +N0

d
R+ iN0

d
I] d0R

�u0
L

1

v
[MuH

0 +N0

uR+ iN0

uI]u
0

R (2.5)

�
p
2H+

v
(u0

L
N0

d
d0R � u0

R
N0

u

†
d0L) + h.c.

where v ⌘
p
v2
1
+ v2

2
, and H0, R are orthogonal combinations of the fields ⇢j , arising

when one expands [3] the neutral scalar fields around their vacuum expectation values,

�0

j
= e

i✓jp
2
(vj + ⇢j + i⌘j), choosing H0 in such a way that it has couplings to the quarks

which are proportional to the mass matrices, as can be seen from Eq. (2.5). The required

rotation is given by Eq. (2.27). Similarly, I denotes the linear combination of ⌘j orthogonal

to the neutral Goldstone boson. The matrices N0

d
and N0

u are given by:

N0

d
=

1p
2
(v2�1 � v1e

i✓�2), N0

u =
1p
2
(v2�1 � v1e

�i✓�2). (2.6)

In terms of the quark mass eigenstates u, d, the Yukawa couplings are:

LY (quark, Higgs) =

�
p
2H+

v
ū
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Yukawa Couplings in terms of quark mass eigenstates

for H
+
, H

0
, R, I

where vi/
p
2 ⌘ |h0|�0

i
|0i| and ✓ denotes the relative phase of the vacuum expectation values

(vevs) of the neutral components �0

i
of �i. The matrices Md,Mu are diagonalized by the

usual bi-unitary transformations:

U †
dL
MdUdR = Dd ⌘ diag (md,ms,mb) , (2.3)

U †
uL

MuUuR = Du ⌘ diag (mu,mc,mt) . (2.4)

The neutral and the charged Higgs interactions obtained from the quark sector of Eq. (2.1)

are of the form:

LY (quark, Higgs) = �d0
L

1

v
[MdH

0 +N0

d
R+ iN0

d
I] d0R

�u0
L

1

v
[MuH

0 +N0

uR+ iN0

uI]u
0

R (2.5)

�
p
2H+

v
(u0

L
N0

d
d0R � u0

R
N0

u

†
d0L) + h.c.

where v ⌘
p
v2
1
+ v2

2
, and H0, R are orthogonal combinations of the fields ⇢j , arising

when one expands [3] the neutral scalar fields around their vacuum expectation values,

�0

j
= e

i✓jp
2
(vj + ⇢j + i⌘j), choosing H0 in such a way that it has couplings to the quarks

which are proportional to the mass matrices, as can be seen from Eq. (2.5). The required

rotation is given by Eq. (2.27). Similarly, I denotes the linear combination of ⌘j orthogonal

to the neutral Goldstone boson. The matrices N0

d
and N0

u are given by:

N0

d
=

1p
2
(v2�1 � v1e

i✓�2), N0

u =
1p
2
(v2�1 � v1e

�i✓�2). (2.6)

In terms of the quark mass eigenstates u, d, the Yukawa couplings are:

LY (quark, Higgs) =

�
p
2H+

v
ū
⇣
V Nd�R �N †

u V �L
⌘
d+ h.c.� H0

v

�
ūDuu+ d̄Dd d

�
�

� R

v

h
ū(Nu�R +N †

u�L)u+ d̄(Nd�R +N †
d
�L) d

i
+

+ i
I

v

h
ū(Nu�R �N †

u�L)u� d̄(Nd�R �N †
d
�L) d

i
(2.7)

where �L and �R are the left-handed and right-handed chirality projectors, respectively,

and Nd ⌘ U †
dL
N0

d
UdR, Nu ⌘ U †

uL
N0

uUuR, V ⌘ U †
uL

UdL.

The flavour structure of the quark sector of two Higgs doublet models is characterized

by the four matrices Md, Mu, N0

d
, N0

u . For the leptonic sector we have the corresponding

matrices which we denote by M`, M⌫ , N0

`
, N0

⌫ .

In order to obtain a structure for �i, �i such that there are FCNC at tree level with

strength completely controlled by the Cabibbo – Kobayashi – Maskawa (CKM) mixing

matrix V , Branco, Grimus and Lavoura (BGL) imposed the following symmetry on the

quark and scalar sector of the Lagrangian [9]:

Q0

Lj ! exp (i⌧) Q0

Lj , u0Rj ! exp (i2⌧)u0Rj , �2 ! exp (i⌧)�2 , (2.8)
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�L = (1� �5)/2 �R = (1 + �5)/2

V = VCKM



Valid in framework of the most general  2HDM



Yukawa couplings
In our study we express the couplings of the fermions  making use,  when 

applicable, of  the physical parameter set introduced before and following  

the notation and results of:
B. Grzadkowski, H. E. Haber, O. M. Ogreid and P. Osland, JHEP (2018), 056   
[arXiv:1808.01472 [hep-ph]]

Diagonal couplings to the neutral scalars

Git́jtj 9
�hlti

u1
di �

h|
1 u


’—δRjj(

±NHe
±
i ) —δRjjNLei



Gi ćjcj 9
�hlci

u1
di �

h|
1 u


’—δ/jj(

±NLe
±
i ) —δ/jjNHei



Gi ŹjZj 9
�hlZi

u1
di �

h|
1 u


’—δHjj(

±NLe
±
i ) —δHjjNHei



For numerical illustrations only diagonal —δ matrices were considered:



Diagonal couplings to the charged-Higgs and Goldstone fields

Yukawa couplings

G)cjt́l 9 hUljY’—δ
R
ll(

±NH � ’—δ/jj(
±NL“. G�ćjtl 9 hU ±

ljY—δ
R
llNL � —δ/jjNH“. ’

G)Zjµ́j 9 � h’—δHjj(
±NL. G�Źjµj 9 � h—δHjjNH. ’

F)cjt́l 9
h
|
1Ulj
u

YltlNH �lciNL“. F�ćjtl 9
h
|
1U ±

lj

u
YltlNL �lciNH

F)Zjµ́j 9
�h
|
1

u
lkiNL. F�Źjµj 9

�h
|
1

u
lkiNHπ ’

],



Feynmam rules proportional to the factor dZ parametrising the GgU U couplings
B. Grzadkowski, O. M. Ogreid and P. Osland, JHEP (2014), 084   
[arXiv:1409.7265 [hep-ph]]

GgGiYa 9
f

1u bnr δT
πgijdj’mg � mi(a. GgGiF- 9 �h

l1
g �l1

i

u1
πgijdj.

GgYaYµ 9
hf1

1 bnr1 δT
dg faµ . GgV

)
a V

�
µ 9

hf1

1
dg faµ .

GgF-F- 9
�hl1

g dg
u1

. GgF
)F� 9

�hl1
g dg

u1
.

GgF
)YaV

�
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�YaV

)
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bnr δT
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GgF-Ya 9
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1u bnr δT
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GgF
)V�

a 9 h
f

1u
dg’mg � m)(a. GgF

�V)
a 9 � h

f

1u
dg’mg � m�(aπ

d10 ) d11 ) d12 ; u1



GgG
)G� 9 �hpgδ

DdwmlYm ptkdr opnonpshnmYk sn eZ np e ±
Z

GgG
)V�

a 9 h
f

1u
eg’mg � m)(a. GgG

�V)
a 9 � h

f
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e ±
g ’mg � m�(a.

GgG
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�
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�YaV

)
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1u
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e ±
g faµ .

GgG
)F� 9 � h

u1
’l1

g �l1
G±(eg. GgG

�F) 9 � h

u1
’l1

g �l1
G±(e ±

g

Properties:
Qd ege

±
i ; u1δgi � dgdi .

Hl ege
±
i ; u



j

πgijdj.



gaiaj

πgijdge
±
i ej ; �1hu2.



g

dgeg ; /

}eg} ;

u1 � d1g .

sgdqd ‘qd rnld qdk‘shud bnlokdw og‘rdr ‘lnmf sgd eg

?o‘qs eqnl ‘m nudq‘kk bnllnm og‘rd+ sgdx ‘qd etkkx cdsdqlhmdc ax sgd dg ‘mc u-



In the alignment limit

U =
1

v

 
v1e

�i↵1 v2e
�i↵2

v2e
�i↵1 �v1e

�i↵2

!

; v =
q
v
2
1 + v

2
2 = (

p
2GF )

� 1
2 ' 246GeV (3)

H
0
u = W

†
LHuWL H

0
d = W

†
LHdWL (4)

m = m
⇤
eff

H = mlm
†
l (5)

m = mD (6)

Dµ ⌘ @µ+i

⇣
1p
2
g(T�W

�
µ + T+W

+
µ ) + eQAµ + g sec ✓W [T3 � sin2

✓WQ]Zµ

⌘

Q =

 
1 0
0 0

!

⇢̃

e1 = v, e2 = e3 = 0

Let δ ;
d0
u

refer to the degree of alignment

sgdm vd g‘ud

}e0} ; u
|
0� δ1 ;


d11 ) d12π

?v‘x eqnl ‘khfmldms+ nmd ımcr

e1 ; �
e0’d0d1 ) hd2u(

d11 ) d12
.

e2 ; �
e0’d0d2 � hd1u(

d11 ) d12
.

whereas, in the limit d0 ± u ’d1 ± / ‘mc d2 ± /(
( Y “

one has

’}e1a2} ± u(+e0 ± /+ e1 ± he2
kh h g

and



Bntokhmfr hmunkuhmf fYtfd anrnmr Ymc edplhnmr

V)
a kµ́k 9 � hf|

1
δaNH ± πVδaNH.

V�
a ḱµk 9 � πVδaNH.

V)
a t́lcj 9 πVUljδ

aNH.

V�
a tlćj 9 � πVU

±
ljδ

aNH.

Yaé e 9
�hf

1 bnr λV
δaYYe

HNH ) Ye
LNL“ ± πXδ

aYYe
HNH ) Ye

LNL“.

vhsg sgd oqnctbs

δVδX ; �
f1

1
|
1 bnr πV

λ

Sgdm+ vd g‘ud enq sgd pt‘qjr

Yt
H ; 0� ’3<2( rhm1 πV . Yt

L ; �’3<2( rhm1 πV .
Yc
H ; �0 ) ’1<2( rhm1 πV . Yc

L ; ’1<2( rhm1 πV .

‘mc enq sgd kdosnmr

Yµ
H ; 0. Yµ

L ; /.

YZ
H ; �0 ) 1 rhm1 πV . YZ

L ; 1 rhm1 πV λ



CP Violation in the process G±’m0( ± V±’m1(Y’m2(
Study of the asymmetry

δ ;
�’G) ± V)Y(� �’G� ± V�Y(

�’G) ± V)Y( ) �’G� ± V�Y(
.

The decay rate can be expressed as: 
� ;

0

1L



rogm


c2m1

’1δ(21D1

c2m2
’1δ(21D2

}H}1 ’1δ(3π’3(’m0 ) m1 ) m2(

;
0

05δL



rogm

|
λ

L 1

H
1.

Our work focused on:
’

H’G± ± V±Y(+
h h (

δ’l1
G± . l1

V . l
1
X(+ vhsg δ’v. x. y( ; v1 ) x1 ) y1 � 1vx � 1xy � 1yv-

h ı h gh e g g
Källén function

(different decay rates)



In extensions of the SM with N Higgs doublets there is no tree level coupling V±YG±

Kinetic terms for the scalars do not mix different doublets;

boson, since in the 2HDM a scalar loop contributes to that amplitude. The scalar–gauge

boson couplings will also be necessary for the present work. They originate from the kinetic

term of the Lagrangian, which may be written as

Lk = (Dµ�1)
†(Dµ�1) + (Dµ�2)

†(Dµ�2), (2.14)

where we have adopted the usual definitions, Dµ = @µ+ ig

2 �iW
µ

i
+ig

0

2 B
µ, Wµ

1 = 1p
2
(W+µ+

W�µ), Wµ

2 = ip
2
(W+µ � W�µ), Wµ

3 = cos ✓WZµ + sin ✓WAµ and Bµ = � sin ✓WZµ +

cos ✓WAµ. Relevant couplings can now be read o↵ from the kinetic terms,

Coe�cient
⇣
Lk, Z

µ

h
Hj

 !
@µHi

i⌘
=

g

2v cos ✓W
✏ijkek, (2.15)

Coe�cient (Lk, HiZ
µZ⌫) =

g2

4 cos2 ✓W
ei gµ⌫ , (2.16)

Coe�cient
�
Lk, HiW

+µW�⌫
�
=

g2

2
ei gµ⌫ , (2.17)

Coe�cient
⇣
Lk, (H

+ !@µHi)W
�µ

⌘
= i

g

2v
fi, (2.18)

Coe�cient
⇣
Lk, (H

� !@µHi)W
+µ

⌘
= �i g

2v
f⇤
i . (2.19)

It is not a coincidence that di↵erent vertices are proportional to the same quantities ei and

fi, but rather a consequence of the gauge invariance of the model. The factors ei and fi
are given, in terms of Higgs basis parameters, by

ei ⌘ vRi1, fi ⌘ v (Ri2 � iRi3) . (2.20)

In a general basis, the factors ei = v1Ri1+ v2Ri2 are found to be explicitly invariant under

a change of basis [38]. Unitarity of the rotation matrix in this multi-doublet model forces

these factors to satisfy a sum rule, to wit

e21 + e22 + e33 = v2. (2.21)

The factors fi (and their conjugate partners f⇤
i
) appear in couplings between scalars and

gauge bosons whenever an H+W� pair (H�W+ pair) is present at the vertex. In a general

basis they are given by fi = v1Ri2 � v2Ri1 � ivRi3. These factors are not invariant under

a change of basis, they transform as pseudo-invariants, meaning that their lengths are

invariant, but their phases change, see [39]. The product fif⇤
j
is, however, invariant under

a change of basis. This can also be seen from the following identity

fif
⇤
j = v2�ij � eiej + iv✏ijkek. (2.22)

2.4 The physical parameter set

While the potential of the 2HDM has a total of 14 real parameters, the number of observable

quantities arising from the potential is in fact less than 14. Through a series of basis changes

one can reduce the number of potential parameters from 14 to 11, leaving us with a total

of 11 physical independent quantities as stated in [21]. A simple way of seeing this is by
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G± is associated to the doublet that does not acquire vev in the Higgs basis

therefore, triple couplings involving it cannot be generated by the kinetic term

Grifols and Mendez 1980

Likewise, the coupling 
+

G±V±δ
±

cannot be generated Gunion and Haber 2005

However the couplings GgG±YaV±a

g
are allowed whereas GgG±δaV±a

e
are not
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It is convenient to split the one loop amplitudes into a bosonic and a fermionic part 

H ;Hanrnm )Hedplgnm

The superscript refers to the loop fields that couple to the external fields 

Different phase dependent couplings contribute to each term. For this reason 

fermionic tadpoles are included in the "boson" term 

The phase dependent couplings in the boson term are all proportional to quantities  
referred to as eg nq e ±

g

shApart from an overall common phase these are fully determined by the dgdg and u-
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⇢̃

In the limit of alignment there is no CP violation in the purely bosonic sector under the 
assumption  that the SM-like  Higgs boson is the lightest of the neutral scalars. 
However, alignment does not imply that there is no CP vilation in the bosonic sector 
since H2 and H3 may still mix. 



The asymmetry can be thought as consisting of three parts: a bosonic part a fermionic 
part and interference,

δ ; δanrnmgb ) δedplgnmgb ) δgmsdpedpdmbdπ

In general we found a contribution to the charge asymmetry from CP violation in the 
purely bosonic sector as well as from CP violation in the purely fermionic sector 

The CKM phase does not contribute to CP violation at the one loop level in this 

process since the elements of the matrix appear in mutually conjugated pairs 

There is a charge asymmetry even in the alignment limit, it originates from the 

amplitudes of the quark and lepton loops, as well as their interference with bosonic

loops



Complex quantities relevant for CP violation in this process
CP violation results from the interplay of different complex quantities

* Loop integrals become complex when invariant mass of the external field at a 

particular vertex exceeds the sum of the masses of the two particles at that vertex. 

* Bosonic amplitudes are proportional to the complex couplings eZ np e ±
Z

relative phases among them are physical, given in terms of couplings 

* Fermionic amplitudes are proportional to complex quantities —δ , phase differences 
among 

δ f
—δR + —δ/ ‘mc —δH are physical and play a role

(These phases do not change in the amplitude for the corresponding charge-
conjugated processes)

⇢̃

ej

e1 = v, e2 = e3 = 0
k

* The bosonic and fermionic amplitudes may interfere. This interference is most 
easily illustrated by the product eg—δe appearing in the fermionic tadpole 
amplitudes



Cutkosky cuts

• fi, i = 1, 2, 3, is complex

• Overall phase is unphysical,

• but relative phases (like f1 vs f2 or f3) may lead to CP violation.

• these phases may be thought of as relative phases pf the fields H1, H2 and H3

• Phases of ⇢̃ are unphysical

• A phase di↵erence between the ⇢̃ (say of t and c quarks), may lead to CPV

� =
1

2M
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Z
d
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(2⇡)32E2

d
3
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��M
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✓
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+ terms with G and H (0.2)

d and d’ are sets of Feynman diagrams

H
+ ! W

+
Z : F

d
= N0 Kd fi Fd

i (0.3)

H
� ! W
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Z : F̃

d
= N0 K

⇤
d f

⇤
i Fd

i (0.4)

• N0 is a constant

• Kd is a (diagram-specific prefactor (in general complex)

• fi represents the coupling to Hi (in general complex)

• Fd
i is the loop integral (in general complex)

Fields W and Z are found in covariant derivatives: |D�i|2
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No trilinear term �

±
i W

⌥
Z

but quartic terms involving both W and Z are possible

Cutkosky (1960):

A loop integral will develop a non-trivial imaginary part

if it has a vertex ABC where A is an external field

whose invariant mass exceeds m(B) +m(C)

1

Cutkosky cuts

• fi, i = 1, 2, 3, is complex

• Overall phase is unphysical,

• but relative phases (like f1 vs f2 or f3) may lead to CP violation.

• these phases may be thought of as relative phases pf the fields H1, H2 and H3

• Phases of ⇢̃ are unphysical

• A phase di↵erence between the ⇢̃ (say of t and c quarks), may lead to CPV
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but quartic terms involving both W and Z are possible

Cutkosky (1960):

A loop integral will develop a non-trivial imaginary part

if it has a vertex ABC where A is an external field

whose invariant mass exceeds m(B) +m(C)
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Counting of independent CP violating phases relevant for this process

Vhsg sgqdd bnlokdw bntokhmfr eg hm sgd anrnmhb rdbsnq ’‘rrnbh‘sdc vhsg sgd sgqdd
mdtsq‘k rs‘sdr gg( ‘mc sgqdd bnlokdw bntokhmfr —δe hm sgd edqlhnm rdbsnq ’‘rrnbh‘sdc
vhsg to, ‘mc cnvm,sxod pt‘qjr ‘mc bg‘qfdc kdosnmr(+ vd g‘ud ‘ sns‘k ne rhw og‘rdr-
Nmkx chıdqdmbdr ‘qd ogxrhb‘k+ rn sgd mtladq ne ogxrhb‘k og‘rdr ’‘qhrhmf eqnl sgdrd
ffdkcr( hr ffud- Q‘sgdq sg‘m ohbjhmf ffud qdk‘shud og‘rdr adsvddm edqlhnm ‘mc anrnm
ffdkcr+ vd cdffmd svn qdk‘shud og‘rdr hm sgd anrnmhb rdbsnq ’og‘rdr ne e1 ‘mc e2 qdk‘shud
sn sgd qdedqdmbd og‘rd ne e0(+ svn hm sgd edqlhnmhb rdbsnq ’og‘rdr ne —δR ‘mc —δ/ vhsg
qdrodbs sn —δH( ‘mc nmd og‘rd qdk‘shmf —δH sn e0-

We define δ=C
c π

to be the difference betwen the phase of  
and the phase of —δH22

x π

—δH

e0
33



The computation is performed in the Feynman 'T Hooft gauge

Automated one loop calculations including the generation of Feyman Graphs and 
Amplitudes were used:

Feynman Graphs and Amplitudes were also checked by hand

T. Hahn and Perez-Victoria , Comput.  Phys. Commun. 118 (19990

T. Hahn Comput.  Phys. Commun.  140 (2001) 418

J. Kublbeck, M. Bohm and A. Denner, 60 (1990) 165 



Different types of Feynman diagrams
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Different types of Feynman diagrams
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Different types of Feynman diagrams
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Different types of Feynman diagrams

l

m0

m1. �

m2. β

eh
+

V�

Y

G)

W

F)

W 1 GZ.F/. G±. F±

’S,0(z’S,3(

l

m0

m1. �

m2. β

eh

V�

Y

G) Gh

X

X 1 V.Y.F±. F/. G±.
GZ.=FV.=FY. K. T.C

F±

V±

’S%,4(z’S%,04(

l

m0

m1. �

m2. β

eh

V�

Y

G) Gh

X

X 1V.Y.F±. F/. G±.
GZ.=FV.=FY. K. T.C

’S,4(z’S,04(

Ehftqd 69 Anrnm.edqlhnm s‘conkd ch‘fq‘lr- Kdes9 o‘qsr ’S,0(z’S,3(- Bdmsqd ‘mc qhfgs9
o‘qsr ’S,4(z’S,04(-

l0

l1
l2

p�j0

p
p�j1

a

s

a
G)

V�

Y

m0

m1. �

m2. β

Usa

U ±
sa

+

’asa(

l0

l1
l2

p�j0

p
p�j1

s

a

sG)

V�

Y

m0

m1. �

m2. β

Usa

U ±
sa

+

’sas(

l0

l1

p�j0

p

m0

m1. �

m2. β

Usa U ±
sa

G)

V�

Y

s

a

V)

F)

’as(

Ehftqd 019 Pt‘qj knnor- Sgd ‘qqnvr hmchb‘sd lnldmstl finv+ mns bg‘qfd finv-



Ehftqd 049 Cdb‘x q‘sd ‘mc ‘rxlldsqx qdrtkshmf eqnl anrnmhb ‘mc edqlhnmhb knnor ’s ‘mc
a pt‘qjr ‘mc s‘t kdosnmr( enq khlhsr md‘q ‘khfmldms- Enq sgd anrnmhb ‘lokhstcdr+ vd
bnmrhcdq svn cdfqddr ne ‘khfmldms+ toodq qnv9 d0 ; /δ84u+ knvdq qnv9 d0 ; /δ88u- Enq sgd
edqlhnmhb knnor+ vd bnmrhcdq —πW22 ; /δ0· dwo’hλW(+ vgdqd W hr s+ a+ . vhsg λa ; λa ; / ‘mc
sgqdd u‘ktdr ne λs- Sghm+ fqddm btqudr hm knvdq o‘mdkr9 mn edqlhnm s‘conkd bnmsqhatshnmr-

Some illustrative examples



Ehftqd 089 Anrnmhb rdbsnq ’qdc(9 lg ; O014. 1//. 3//{FdU: Kdes ’‘khfmldms(+ d0 ; u. d1 ;
d2 ; /: Qhfgs9 d0 ; /δ88u ; 133 FdU+ d1 ; d2 ; 14 FdU: Ansg9 pg ; O0//. 04/. 064{ FdU:
Edqlhnmhb rdbsnq ’aktd(9 ls ; 061 FdU+ la ; 3δ6 FdU+ la ; 0δ67 FdU+ —πW22 ; /δ0 ·
dwo’hλW(+ λs ; .<3+ λa ; λa ; /: Otqokd btqudr rgnv nudq‘kk ‘rxlldsqx ’anrnmhb oktr
edqlhnmhb rdbsnqr(: Bqnrr,qdk‘shnm ’rdd rdbshnm 1-4(9 ρ=C ; .<7 + .<3 ’fqddm btqudr(-

Some illustrative examples



Final Comments

Experimentally we are close to the alignment limit. The exact alignment limit is not 

excluded. 

The CKM matrix, although being complex, does not contribute to CP violation in this 

process at one loop, it is the phases in the new matrices Nd and Nu, here denoted as
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that play an important role for CP violation via fermionic loop amplitudes.

In the alignment limit there is no CP violation in the purely bosonic sector under the 
assumption that the Higgs that was already discovered is the lightest of the neutral  ones.

A sizable charge asymmetry is possible even in the limit of alignment

CP violation in the process we considered would be confirmed experimentally by the 
observation of different decay rates to W and Z for opposite charges of the  Higgs


