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Introduction

A non-trivial flavour structure in the lepton sector is already 
required, within the SM, to explain the neutrino oscillations

Flavour anomalies have triggered the construction of several new 
physics scenarios with sources of flavour non-universality

It is plausible and very attractive if the mechanism behind flavour 
anomalies can be related to the same physics responsible for 
nonzero neutrino masses 



The low-scale seesaw

are suppressed by mass hierarchies mqm
2
q0/v

3 and provide negligible effects [131, 132]. We

will not consider the impact of the misalignment in this work.

Interestingly, ⇣f can provide new sources of CP violation but in this work we will consider

only real values. Notice also that the usual 2HDMs in which tree-level FCNCs are removed

by exploiting the discussed Z2 discrete symmetry, namely, the types I, II, III, and IV, can

be recovered for particular values of the proportionality constants ⇣f as shown in Table. I.

Aligned Type I Type II Type III Type IV

⇣u cot� cot� cot� cot�

⇣d cot� � tan� � tan� cot�

⇣l cot� � tan� cot� � tan�

TABLE I: Relation between the ⇣f couplings of the A2HDM and the ones of the Z2 symmetric

scenarios.

The Yukawa Lagrangian in Eq. (5) generates a Dirac mass matrix for the standard neu-

trinos and can also be supplemented by a Majorana mass term M
0
R

for the right-handed

ones

�LMR =
1

2
⌫
0T
R
CM

0
R
⌫
0
R
+ h.c. (8)

where C is the charge-conjugation operator. In particular, by exploiting a biunitary trans-

formation in the charged-lepton sector and a unitary transformation on the right-handed

neutrinos L
0
L
= UL LL, `

0
R
= U

`

R
`R and ⌫

0
R
= U

⌫

R
⌫R is always possible to diagonalize (with

real eigenvalues) the charged-lepton and Majorana mass matrices at the same time,

U
†
L
Y

0
`
U

e

R
= Y` ⌘

p
2

v
diag(me,mµ,m⌧ ) ,

U
⌫
T

R
M

0
R
U

⌫

R
= MR ⌘ diag(M1, . . .MnR), (9)

while Y⌫ = U
†
L
Y

0
⌫
U

⌫

R
remains nondiagonal. In this basis the neutrino mass matrix can be

written as

�LM⌫ =
1

2
N

T

L
CMNL + h.c. =

1

2
(⌫T

L
⌫
c T

R
)C

0

@ 0 MD

M
T

D
MR

1

A

0

@ ⌫L

⌫
c

R

1

A , (10)

with MD = vp
2
Y

⇤
⌫

being the neutrino Dirac mass. This can be diagonalized with the unitary
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(3 + nR)⇥ (3 + nR) matrix U ,
0

@ ⌫L

⌫
c

R

1

A = U

0

@ ⌫l

⌫h

1

A ⌘

0

@ ULl ULh

URcl URch

1

A

0

@ ⌫l

⌫h

1

A , (11)

such that M⌫ = U
TMU provides the masses of the three light active neutrinos ⌫l and of

the remaining nR heavy sterile neutrinos ⌫h.

The Yukawa interactions of the physical scalars with the mass eigenstate fermions are

then described by

�LY =

p
2

v


ū(�⇣u mu Vud PL + ⇣d Vud md PR)d+ ⌫̄l(�⇣⌫ m⌫l

U
†
Ll
PL + ⇣` U

†
Ll
m` PR)`

+ ⌫̄h(�⇣⌫ m⌫h
U

†
Lh

PL + ⇣` U
†
Lh

m` PR)`

�
H

+ + h.c.

+
1

v

X

i

X

f=u,d,`

⇠
i

f
'
0
i
f̄ mf PR f

+
1

v

X

i

⇠
i

⌫
'
0
i
(⌫̄l U

†
Ll
+ ⌫̄h U

†
Lh
)PR(ULl m⌫l

⌫
c

l
+ ULh m⌫h

⌫
c

h
) + h.c. (12)

where the couplings of the neutral Higgs states to the fermions are given by

⇠
i

u,⌫
= Ri1 + (Ri2 � iRi3)⇣

⇤
u
, ⇠

i

d,`
= Ri1 + (Ri2 + iRi3)⇣d,`. (13)

Because of the alignment of the Yukawa matrices all the couplings of the scalar fields to

fermions are proportional to the corresponding mass matrices. Finally, the weak neutral

and charged interactions of the neutrinos are

LZ =
g

2 cos ✓W
(⌫̄l U

†
Ll
+ ⌫̄h U

†
Lh
)�µ(ULl ⌫l + ULh ⌫h)Zµ,

LW = � gp
2

h
(⌫̄l U

†
Ll
+ ⌫̄h U

†
Lh
)�µ

PL `

i
W

+
µ
+ h.c. (14)

In this paper, rather than presenting a complete model in the neutrino sector by specifying

the structure and the hierarchies of the neutrino mass matrices, we work in a simplified

framework that captures the interesting phenomenology while preserving a significant degree

of model independence. In particular, we consider a single extra heavy neutrino despite the

usual requirement of additional sterile states to fully accommodate the observed pattern of

the light neutrino masses and mixing angles. Indeed, low-scale right-handed neutrinos with

sizeable mixings with the SM left-handed neutrino states, such that they may provide visible

effects in physical observables at the EW scale, usually affect the light neutrino masses with

7

The seesaw mechanism is the standard mechanism for neutrino masses

There are several realisations, a class among the most interesting ones is the 
low-scale seesaw (e.g. inverse, linear, etc.) characterised by large Yukawas 
and EW/TeV scale masses

source of flavour 
non-universality
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FIG. 1: The heavy neutrino contributions, with and without the charged Higgs, to the one-loop

box diagrams of the b ! s`
+
`
� transition.

C9 = �C10. One can also see that the SM box contribution with the light neutrinos, not

shown above, is rescaled by
P3

i=1 |Ũ `i

PMNS|2 ' 1 � ⌘
2, where ` = e, µ and ⌘

2 controlling the

departure from unitarity of the PMNS matrix. (Since ⌘
2 is expected to be small and no

new physics enhancement factors are present in the SM diagram, we can safely neglect this

correction.) Concerning the box diagrams, there is also a new contribution C
(⇤)
i

(NR) with

the heavy neutrinos and virtual W±s. This is proportional to
P

nR

i=1 |(ULh)`i|2 and we do

not expect, as confirmed by the numerical analysis, that this contribution can provide large

effects to flavor observables. Indeed, the coupling of the heavy neutrinos to the leptons

mediated by the W
± boson is fixed by the gauge invariance and proportional to the SU(2)

weak gauge coupling. To allow for more freedom one has to rely on an extra charged degree of

freedom with the simplest possibility being the charged scalar of a 2HDM extension. These

contributions are encoded into C
(⇤)
i

(NR, H
±). The Z2 symmetric scenarios of the 2HDM are

among the simplest ones but barely produce significant effects in the C9,10 Wilson coefficients.

This can be understood from Table I, because the corrections to C9,10 would be proportional

to ⇣
2
u
= ⇣

2
⌫
= cot2 �, independently from the specific realization, and thus relevant only for

tan � < 1, which is severely constrained by b ! s�. The A2HDM allows us to disentangle

⇣u from ⇣⌫ , such that, while the former is still bound from b ! s�, the latter can be varied

freely, thus providing significant contributions to the Wilson coefficients in some region of

the parameter space. We recall again that the alignment in the neutrino sector is not strictly

required by the flavor physics but we, nevertheless, impose it by assuming that the same

mechanism ensuring the proportionality between the Yukawa couplings is in place in both

the quark and lepton sectors.
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FIG. 1. Relevant Feynman diagrams contributing to the g� 2 of the electron at one-loop order. Only the charges vector (W±)
and charged Higgs (H±) currents are shown.

with MD = vp
2
Y

⇤
⌫
being the neutrino Dirac mass. This can be diagonalised with a unitary (3+nR)⇥ (3+nR) matrix

U , via
✓

⌫L

⌫
c

R

◆
= U

✓
⌫l

⌫h

◆
⌘

✓
ULl ULh

URcl URch

◆✓
⌫l

⌫h

◆
, (7)

such that M⌫ = U
T
MU provides the masses of the three light active neutrinos ⌫l and of the remaining nR heavy

sterile neutrinos ⌫h.
The Yukawa interactions of the physical (pseudo)scalars2 with the mass eigenstate fermions are then described by

�LY =

p
2

v


ū(�⇣u mu Vud PL + ⇣d Vud md PR)d+ ⌫̄l(�⇣⌫ m⌫l U

†
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†
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m` PR)`
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†
Lh
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†
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�
H

+ + h.c.

+
1

v

X
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X

f=u,d,`

⇠
�

f
� f̄ mf PR f +

1

v

X

�=h,H,A

⇠
�

⌫
�(⌫̄l U

†
Ll

+ ⌫̄h U
†
Lh

)PR(ULl m⌫l ⌫
c

l
+ ULh m⌫h ⌫

c

h
) + h.c., (8)

where the couplings of the neutral Higgs states to the fermions are given by

⇠
�

u,⌫
= Ri1 + (Ri2 � iRi3)⇣

⇤
u
, ⇠

�

d,`
= Ri1 + (Ri2 + iRi3)⇣d,`, (9)

where the matrix R diagonalises the scalar mass matrix. Because of the alignment of the Yukawa matrices all
the couplings of the (pseudo)scalar fields to fermions are proportional to the corresponding mass matrices, hence
the A2HDM acronym. Therefore, this 2HDM realisation is notably di↵erent from the standard four Types [40–42],
wherein the Yukawa couplings are fixed to well defined functions of the ratio of the Vacuum Expectation Values
(VEVs) of the two Higgs doublets, denoted by tan�, see Tab. I.

Then, the charged Higgs boson currents in the lepton sector are given by:

�L
CC

Y
=

p
2

v
⇣`

h
(⌫̄l U

†
Ll

+ ⌫̄h U
†
Lh

)m` PR `

i
H

+
�

p
2

v
⇣⌫

h
(⌫̄l U

†
Ll

m⌫l + ⌫̄h U
†
Lh

m⌫h)PL `

i
H

+ + h.c. (10)

Finally, the neutral and charged gauge boson interactions of the neutrinos are

LZ =
g

2 cos ✓W
(⌫̄l U

†
Ll

+ ⌫̄h U
†
Lh

)�µ(ULl ⌫l + ULh ⌫h)Zµ,

LW = �
g
p
2

h
(⌫̄l U

†
Ll

+ ⌫̄h U
†
Lh

)�µ
PL `

i
W

+

µ
+ h.c. (11)

We refer to [43] for further details on the model.

2
Note that, in a generic 2HDM with complex Higgs doublet fields, of the initial 8 degrees of freedom, upon EW Symmetry Breaking

(EWSB), 5 survive as physical Higgs states: 2 CP-even, h and H (with, conventionally, mh < mH), 1 CP-odd, A, and 2 charged ones

with undefined CP, H
±
.

The coupling of the sterile neutrinos to leptons and the charged gauge boson is 
given by   ,  with  ∼ g ULh |ULh |2 ≲ 10−2 − 10−3

To allow for more freedom one must rely on another mediator 
the charged Higgs boson is the most natural choice

the strength of the interactions is fixed by the 
gauge coupling

Example: one-loop contributions of heavy neutrinos to   and  b → sℓℓ (g − 2)ℓ



The 2HDM +  νR
The most general Yukawa Lagrangian of the 2HDM can be written as

2

Higgs state in combination with charged leptons. This phenomenology requires the H
± and A states to be relatively

light, so that their pair production process has a sizeable cross section at the Large Hadron Collider (LHC), thereby
enabling one to fingerprint this Aligned-2HDM (A2HDM) with RH neutrinos in the years to come.

The plan of this paper is as follows. In the next section we describe our NP scenario. In the following one we
present the formulae for ae and aµ. After this, we present our results for the two anomalous magnetic moments and
the aforementioned H

±
A signature in two separate subsections. We then conclude.

II. A2HDM WITH RH NEUTRINOS

The most general Yukawa Lagrangian of the 2HDM can be written as

�LY = Q̄
0
L
(Y 0

1d
�1 + Y

0
2d
�2) d

0
R
+ Q̄

0
L

⇣
Y

0
1u
�̃1 + Y

0
2u
�̃2

⌘
u
0
R
+ L̄

0
L
(Y 0

1`
�1 + Y

0
2`
�2) `

0
R

+ L̄
0
L

⇣
Y

0
1⌫
�̃1 + Y

0
2⌫
�̃2

⌘
⌫
0
R
+ h.c., (2)

where the quark Q
0
L
, u

0
R
, d

0
R
and lepton L

0
R
, `

0
R
, ⌫

0
R
fields are defined in the weak interaction basis and we also included

the couplings of the Left-Handed (LH) lepton doublets with the RH neutrinos. The �1,2 fields are the two Higgs
doublets in the Higgs basis and, as customary, �̃i = i�

2�⇤
i
. The Yukawa couplings Y

0
1j

and Y
0
2j
, with j = u, d, `,

are 3 ⇥ 3 complex matrices while Y
0
1⌫

and Y
0
2⌫

are 3 ⇥ nR matrices, with nR being the number of RH neutrinos.
Besides implementing the standard Z2 symmetry, potentially dangerous tree-level Flavour Changing Neutral Currents
(FCNCs) can be tamed by requiring the alignment in flavour space of the two Yukawa matrices that couple to the
same right-handed quark or lepton. This implies1

Y
0
2,d

= ⇣dY
0
1,d

⌘ ⇣dY
0
d
, Y

0
2,u

= ⇣uY
0
1,u

⌘ ⇣uY
0
u
, Y

0
2,`

= ⇣`Y
0
1,`

⌘ ⇣`Y
0
`
, Y

0
2,⌫

= ⇣⌫Y
0
1,⌫

⌘ ⇣⌫Y
0
⌫
. (3)

Renormalisation group e↵ects can introduce some misalignment in the Yukawa couplings. These provide negligible
FCNC contributions in the quark sector suppressed by mass hierarchies mqm

2

q0/v
3 [38, 39].

Aligned Type I Type II Type III Type IV

⇣u cot� cot� cot� cot�
⇣d cot� � tan� � tan� cot�
⇣l cot� � tan� cot� � tan�

TABLE I. Relation between the ⇣f couplings of the A2HDM and the ones of the Z2 symmetric scenarios.
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where C is the charge-conjugation operator. In particular, by exploiting a bi-unitary transformation in the charged
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L
= UL LL, `

0
R

= U
`

R
`R and ⌫

0
R

= U
⌫

R
⌫R, it is

always possible to diagonalise (with real eigenvalues) the charged lepton and Majorana mass matrices at the same
time,

U
†
L
Y

0
`
U

e

R
= Y` ⌘

p
2

v
diag(me,mµ,m⌧ ) ,

U
⌫
T

R
M

0
R
U

⌫

R
= MR ⌘ diag(M1, . . .MnR), (5)

while Y⌫ = U
†
L
Y

0
⌫
U

⌫

R
remains non-diagonal. In this basis the neutrino mass matrix can be written as

�LM⌫ =
1

2
N

T

L
CMNL + h.c. =

1

2
(⌫T

L
⌫
c T

R
)C

✓
0 MD

M
T

D
MR

◆✓
⌫L

⌫
c

R

◆
, (6)

1
We have assumed real ⇣f . Notice also that the alignment in the neutrino sector is not a a consequence of the requirement of the

absence of FCNCs. Nevertheless, we assume that the same mechanism that provides the alignment in the SM flavour space also holds

for neutrinos.

potentially dangerous tree-level FCNC are avoided by a discrete Z2 symmetry 
(type- I, II, III, IV), or by requiring an alignment in flavour space (A2HDM)
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0
L
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2�⇤

i
. The Yukawa couplings Y
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0
1⌫ and Y

0
2⌫ are 3⇥nR matrices, with nR being the number of right-

handed neutrinos. In general, the Yukawas Y 0
1 and Y

0
2 cannot be simultaneously diagonalized

in flavor space, so while the quark and the charged-lepton Y
0
1 can be recast into a diagonal

form in the fermion mass eigenstate basis, namely, Y1 =
p
2/vM , with M being the fermion

mass matrix, Y2 would remain nondiagonal and thus give rise to potentially dangerous tree-

level FCNCs. This problem is usually solved by enforcing that only one of the two Higgs

doublets couple to a given right-handed field. This requirement is satisfied by implementing

a discrete Z2 symmetry acting on the Higgs and fermion fields. There are four nonequivalent

choices: types I, II, III, and IV (as previously intimated). Another general way to avoid

tree-level FCNCs in the Higgs sector is to require the alignment, in flavor space, of the two

Yukawa matrices that couple to the same right-handed fermion [129], namely,

Y2,d = ⇣d Y1,d ⌘ ⇣d Yd , Y2,u = ⇣
⇤
u
Y1,u ⌘ ⇣

⇤
u
Yu , Y2,` = ⇣` Y1,` ⌘ ⇣` Y` , (6)

where the proportionality constants ⇣f are arbitrary family universal complex parameters.

This scenario is dubbed A2HDM. The allowed sources of FCNCs at quantum level are highly

constrained and the resulting structures are functions of the mass matrices and Cabibbo-

Kobayashi-Maskawa (CKM) matrix elements, so this model provides an explicit example of

the popular minimal flavour violation (MFV) scenario [130].

Even though the alignment of the Yukawa matrices is strictly required, from observations,

only in the quark and charged lepton sectors, we assume that the same mechanism which

guarantees the aligned structure in the SM flavor space also holds in the neutrino sector and

leads to

Y2,⌫ = ⇣
⇤
⌫
Y1,⌫ ⌘ ⇣

⇤
⌫
Y⌫ . (7)

In all sectors, the alignment is fixed to be exact at some specified scale µ0 and subsequently

will misalign due to radiative corrections, as discussed in Refs. [131, 132]. However, the

flavor structure of the model constrains the nature of the new sources of FCNCs induced by

renormalization group effects. Quantitatively, in the quark sector, these FCNC contributions
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only in the quark and charged lepton sectors, we assume that the same mechanism which

guarantees the aligned structure in the SM flavor space also holds in the neutrino sector and

leads to

Y2,⌫ = ⇣
⇤
⌫
Y1,⌫ ⌘ ⇣

⇤
⌫
Y⌫ . (7)

In all sectors, the alignment is fixed to be exact at some specified scale µ0 and subsequently

will misalign due to radiative corrections, as discussed in Refs. [131, 132]. However, the

flavor structure of the model constrains the nature of the new sources of FCNCs induced by

renormalization group effects. Quantitatively, in the quark sector, these FCNC contributions

5

are suppressed by mass hierarchies mqm
2
q0/v

3 and provide negligible effects [131, 132]. We

will not consider the impact of the misalignment in this work.

Interestingly, ⇣f can provide new sources of CP violation but in this work we will consider

only real values. Notice also that the usual 2HDMs in which tree-level FCNCs are removed

by exploiting the discussed Z2 discrete symmetry, namely, the types I, II, III, and IV, can

be recovered for particular values of the proportionality constants ⇣f as shown in Table. I.

Aligned Type I Type II Type III Type IV

⇣u cot� cot� cot� cot�

⇣d cot� � tan� � tan� cot�

⇣l cot� � tan� cot� � tan�

TABLE I: Relation between the ⇣f couplings of the A2HDM and the ones of the Z2 symmetric

scenarios.

The Yukawa Lagrangian in Eq. (5) generates a Dirac mass matrix for the standard neu-

trinos and can also be supplemented by a Majorana mass term M
0
R

for the right-handed

ones

�LMR =
1

2
⌫
0T
R
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0
R
⌫
0
R
+ h.c. (8)

where C is the charge-conjugation operator. In particular, by exploiting a biunitary trans-

formation in the charged-lepton sector and a unitary transformation on the right-handed

neutrinos L
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= UL LL, `
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R
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real eigenvalues) the charged-lepton and Majorana mass matrices at the same time,
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L
Y

0
`
U

e

R
= Y` ⌘

p
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v
diag(me,mµ,m⌧ ) ,
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⌫
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R
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0
R
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⌫

R
= MR ⌘ diag(M1, . . .MnR), (9)

while Y⌫ = U
†
L
Y

0
⌫
U

⌫

R
remains nondiagonal. In this basis the neutrino mass matrix can be

written as
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2
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L
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2
(⌫T

L
⌫
c T

R
)C

0

@ 0 MD

M
T

D
MR

1

A

0

@ ⌫L

⌫
c

R

1

A , (10)

with MD = vp
2
Y

⇤
⌫

being the neutrino Dirac mass. This can be diagonalized with the unitary

6

3

(a) (b) (c) (d)

FIG. 1. Relevant Feynman diagrams contributing to the g� 2 of the electron at one-loop order. Only the charges vector (W±)
and charged Higgs (H±) currents are shown.

with MD = vp
2
Y

⇤
⌫
being the neutrino Dirac mass. This can be diagonalised with a unitary (3+nR)⇥ (3+nR) matrix

U , via
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c

R

◆
= U

✓
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◆
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✓
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◆✓
⌫l

⌫h

◆
, (7)

such that M⌫ = U
T
MU provides the masses of the three light active neutrinos ⌫l and of the remaining nR heavy

sterile neutrinos ⌫h.
The Yukawa interactions of the physical (pseudo)scalars2 with the mass eigenstate fermions are then described by
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ū(�⇣u mu Vud PL + ⇣d Vud md PR)d+ ⌫̄l(�⇣⌫ m⌫l U
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m` PR)`
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m` PR)`
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X
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�(⌫̄l U
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Ll

+ ⌫̄h U
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l
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h
) + h.c., (8)

where the couplings of the neutral Higgs states to the fermions are given by

⇠
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u,⌫
= Ri1 + (Ri2 � iRi3)⇣

⇤
u
, ⇠

�

d,`
= Ri1 + (Ri2 + iRi3)⇣d,`, (9)

where the matrix R diagonalises the scalar mass matrix. Because of the alignment of the Yukawa matrices all
the couplings of the (pseudo)scalar fields to fermions are proportional to the corresponding mass matrices, hence
the A2HDM acronym. Therefore, this 2HDM realisation is notably di↵erent from the standard four Types [40–42],
wherein the Yukawa couplings are fixed to well defined functions of the ratio of the Vacuum Expectation Values
(VEVs) of the two Higgs doublets, denoted by tan�, see Tab. I.

Then, the charged Higgs boson currents in the lepton sector are given by:
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Finally, the neutral and charged gauge boson interactions of the neutrinos are

LZ =
g

2 cos ✓W
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†
Ll

+ ⌫̄h U
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g
p
2
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(⌫̄l U
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Ll

+ ⌫̄h U
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)�µ
PL `

i
W

+

µ
+ h.c. (11)

We refer to [43] for further details on the model.

2
Note that, in a generic 2HDM with complex Higgs doublet fields, of the initial 8 degrees of freedom, upon EW Symmetry Breaking

(EWSB), 5 survive as physical Higgs states: 2 CP-even, h and H (with, conventionally, mh < mH), 1 CP-odd, A, and 2 charged ones

with undefined CP, H
±
.

The charged Higgs boson currents in the lepton sector:
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FIG. 1. Relevant Feynman diagrams contributing to the g� 2 of the electron at one-loop order. Only the charges vector (W±)
and charged Higgs (H±) currents are shown.
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the A2HDM acronym. Therefore, this 2HDM realisation is notably di↵erent from the standard four Types [40–42],
wherein the Yukawa couplings are fixed to well defined functions of the ratio of the Vacuum Expectation Values
(VEVs) of the two Higgs doublets, denoted by tan�, see Tab. I.
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FIG. 1: The heavy neutrino contributions, with and without the charged Higgs, to the one-loop

box diagrams of the b ! s`
+
`
� transition.

C9 = �C10. One can also see that the SM box contribution with the light neutrinos, not

shown above, is rescaled by
P3

i=1 |Ũ `i

PMNS|2 ' 1 � ⌘
2, where ` = e, µ and ⌘

2 controlling the

departure from unitarity of the PMNS matrix. (Since ⌘
2 is expected to be small and no

new physics enhancement factors are present in the SM diagram, we can safely neglect this

correction.) Concerning the box diagrams, there is also a new contribution C
(⇤)
i

(NR) with

the heavy neutrinos and virtual W±s. This is proportional to
P

nR

i=1 |(ULh)`i|2 and we do

not expect, as confirmed by the numerical analysis, that this contribution can provide large

effects to flavor observables. Indeed, the coupling of the heavy neutrinos to the leptons

mediated by the W
± boson is fixed by the gauge invariance and proportional to the SU(2)

weak gauge coupling. To allow for more freedom one has to rely on an extra charged degree of

freedom with the simplest possibility being the charged scalar of a 2HDM extension. These

contributions are encoded into C
(⇤)
i

(NR, H
±). The Z2 symmetric scenarios of the 2HDM are

among the simplest ones but barely produce significant effects in the C9,10 Wilson coefficients.

This can be understood from Table I, because the corrections to C9,10 would be proportional

to ⇣
2
u
= ⇣

2
⌫
= cot2 �, independently from the specific realization, and thus relevant only for

tan � < 1, which is severely constrained by b ! s�. The A2HDM allows us to disentangle

⇣u from ⇣⌫ , such that, while the former is still bound from b ! s�, the latter can be varied

freely, thus providing significant contributions to the Wilson coefficients in some region of

the parameter space. We recall again that the alignment in the neutrino sector is not strictly

required by the flavor physics but we, nevertheless, impose it by assuming that the same

mechanism ensuring the proportionality between the Yukawa couplings is in place in both

the quark and lepton sectors.
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In the A2HDM it is possibile to disentangle the quark and the lepton sectors

Example: one-loop contributions of heavy neutrinos and charged Higgs 
to   and  b → sℓℓ (g − 2)ℓ



Comments

• RG effects misalign the Yukawas, nevertheless the induced FCNCs are 
suppressed by mass hierarchies �

• Alignment in the neutrino sector is not strictly required

• new sources of CP violation in the �  coefficients (not considered here)

• further extension: �

mqm2
q′�/v

3

ζf

ζf → ζfi

Jung, Pich, Tuzon 2010 
Li, Lu, Pich, 2014

Botella, Cornet-Gomez, 
Nebot 2020



Flavour non-universality

4

III. ANOMALOUS MAGNETIC MOMENTS

The one-loop contributions to the anomalous magnetic moment of either lepton are

a` =
GF m

2

`

4
p
2⇡2

⇥
g(a) + g(b) + g(c) + g(d) + g2HDM

⇤
, (12)

where the individual terms are

g(a) = 2
3X

i=1

|(ULl)` i|
2


5

6
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6
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M
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6
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) ,
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3X
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12
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M
2
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+O(m2

`
) ,

g2HDM = O(m2

`
), (13)

with

GW±(x) =
�x+ 6x2

� 3x3
� 2x4 + 6x3 log x

4(x� 1)4
,

GH±(x) =
⇣
2

⌫

3
GW±(x) + ⇣⌫⇣l

x(�1 + x
2
� 2x log x)

2(x� 1)3
. (14)

The index of the contributions corresponds to the di↵erent subfigures in Fig. 1 where, for simplicity, we show only the
diagrams determined by the charged currents. The contribution g(a) alone would exactly correspond to the SM case
if it were not for the rescaling induced by the neutrino mixing matrix. Nevertheless, the constant terms in g(a) and
g(b) sums up to the SM result of 5/3 due to the unitarity of such a mixing matrix. Therefore, these can be neglected
since they do not contribute to the NP part. The term g2HDM contains all the neutral Higgs boson contributions
which are typical of the 2HDM alone. These are typically suppressed by a factor of m2

`
/m

2

�
, with � being one of the

neutral (pseudo)scalar states of the 2HDM.
We can then write the contribution to (g � 2)`, ` = e, µ, due to charged currents as follows:
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The contribution to (g � 2)`, ` = e, µ, from the neutral (pseudo)scalars is

a
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where

Fh(x) = FH(x) ' �
7

6
� log x , FA(x) '

11

6
+ log x. (17)

For the sake of completeness, we also give the Barr-Zee two-loop diagram contributions, [44–49]

a
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where N
f

c
is the number of colours and Qf the electric charge while

G�(x) =

Z
1

0
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g̃�(z)

z(1� z)� x
log

z(1� z)

x
, with g̃�(z) =

⇢
2z(1� z)� 1, � = h,H

1, � = A
. (19)

Contributions to the g-2 from the charged-currents:
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where N
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c
is the number of colours and Qf the electric charge while
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RK* =
BR(B0 → K*0 μ+μ−)
BR(B0 → K*0 e+e−)

C9,10 =
nR

∑
i=1

| (ULh)ℓi |
2 ζ2

uζ2
ν f9,10(mνhi

, mH±)

Contributions to the RK* from the charged-currents:

In the pure Z2 symmetric or in the aligned 2HDM, the corrections to both 
electron and muon channels have fixed sign

Hierarchies in the   matrix lead to a decoupling of the three leptonic sectorsULh



Lepton flavour violation

The hierarchy among elements of   is experimentally required by
lepton flavour violating (LFV) processes  

(ULh)αi
ℓα → ℓβ γ

5

The total contribution to the g � 2 is thus given by a` = a
±
`
+ a

0

`
+ a

two-loop

`
. In [50] new Barr-Zee diagrams have

been computed. New contributions have found to be important in some region of the parameter space. We have
checked that these corrections are not relevant in the parameter space considered here.

Finally we present the Branching Ratio (BR) of the Lepton Flavour Violating (LFV) decays `↵ ! `�� (with
↵,� = e, µ, ⌧), as follows:
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with

C =
↵
3

W
s
2

W

256⇡2

✓
m`↵

MW

◆4
m`↵

�`↵

, (21)

where �`↵ is the total decay width of the lepton `↵ and the loop functions are given above. The structure of the
loop corrections is obviously the same as the one appearing above in the charged current corrections to (g� 2)`. The
measured BR of these LFV decays will act as a constraint in our analysis.

IV. RESULTS

The solution of the aµ anomaly relies upon a light pseudoscalar state A contributing to the dominant two-loop
Barr-Zee diagrams, as customary in 2HDMs. The explanation of the anomaly is particularly simple in the ‘lepton-
specific’ 2HDM scenario, also dubbed Type-IV, in which the couplings of the A and H

± bosons to the leptons can be
enhanced (for large tan�) while those to the quarks are suppressed (being proportional to tan�1

�). Indeed, while it
is always possibile to enhance the couplings to the leptons in any of the four standard realisations of the 2HDM, in
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charged one, our scenarios realises the mass hierarchy mA ⌧ mH± ' mH . The almost degeneracy between the heavy
neutral scalar and the charged Higgs state is induced by the constraints on the EW Precision Observables (EWPOs),
i.e., S, T and U . Indeed, the most stringent one arises from custodial symmetry and reads as3
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32⇡2↵v2
(mH± �mH), (22)

which fixes the mass splitting to (mH± �mH) ⇠ O(10 GeV).
As quoted above, the scenarios with light scalar states is strongly constrained by flavour physics, in particular

by neutral meson mixings (�Mq and ✏K), leptonic decays of neutral and charged mesons as well as radiative B

decays (b ! s�). These mostly depend on mH± , ⇣u,d. Such measurements are reconciled in our setup simply by
requiring a su�ciently small ⇣u,d which we will set to zero for the sake of simplicity. This in turn implies that the
Yukawa interactions in our BSM scenario are purely leptophilic. This configuration also naturally complies with void
searches for extra (pseudo)scalars at the LHC. In this respect, we have required that the Higgs sector of our model

3
The expression for �T assumes the mass hierarchy mA ⌧ mZ ⌧ m

H± ' mH and sin(� � ↵) ' 1.

Constraints at 90% CL:
 , 
 , 
 

BR(μ → e γ) ≤ 4.2 × 10−13

BR(τ → e γ) ≤ 3.3 × 10−8

BR(τ → μ γ) ≤ 4.4 × 10−8

lepton flavour universal 
form factor

flavour non-universal coefficient
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III. ANOMALOUS MAGNETIC MOMENTS
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a` =
GF m

2

`

4
p
2⇡2

⇥
g(a) + g(b) + g(c) + g(d) + g2HDM

⇤
, (12)

where the individual terms are

g(a) = 2
3X

i=1

|(ULl)` i|
2


5

6
+

1

6

m
2

`

M
2

W

�
+O(m4

`
) ,

g(b) = 2
nRX

i=1

|(ULh)` i|
2

"
5

6
+ GW±

 
m

2

⌫hi

M
2

W

!#
+O(m2

`
) ,

g(c) = 2
3X

i=1

|(ULl)` i|
2


�
⇣
2

`

12

m
2

`

M
2

H±

�
+O(m4

`
) ,

g(d) = 2
nRX

i=1

|(ULh)` i|
2
GH±

 
m

2

⌫hi

M
2

H±

!
+O(m2

`
) ,

g2HDM = O(m2

`
), (13)

with

GW±(x) =
�x+ 6x2

� 3x3
� 2x4 + 6x3 log x

4(x� 1)4
,

GH±(x) =
⇣
2

⌫

3
GW±(x) + ⇣⌫⇣l

x(�1 + x
2
� 2x log x)

2(x� 1)3
. (14)

The index of the contributions corresponds to the di↵erent subfigures in Fig. 1 where, for simplicity, we show only the
diagrams determined by the charged currents. The contribution g(a) alone would exactly correspond to the SM case
if it were not for the rescaling induced by the neutrino mixing matrix. Nevertheless, the constant terms in g(a) and
g(b) sums up to the SM result of 5/3 due to the unitarity of such a mixing matrix. Therefore, these can be neglected
since they do not contribute to the NP part. The term g2HDM contains all the neutral Higgs boson contributions
which are typical of the 2HDM alone. These are typically suppressed by a factor of m2

`
/m

2

�
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The contribution to (g � 2)`, ` = e, µ, from the neutral (pseudo)scalars is
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For the sake of completeness, we also give the Barr-Zee two-loop diagram contributions, [44–49]
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where N
f

c
is the number of colours and Qf the electric charge while
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The parameter space
• constraints from neutrino data, in particular from the violation of unitarity of 
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Light-scalar phenomenology
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• the relevant decay modes for the BSM scalars are

• the relevant production modes proceed through EW interactions 
(cross section depends only on the mass)
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FIG. 4. The LHC production cross sections of pairs of the extra Higgs bosons as functions of mA and mH± = mH .

B. LHC phenomenology of the extra (pseudo)scalar bosons

In the leptophilic scenario delineated above, the light pseudoscalar state A can decay at tree-level via A ! ⌧⌧ with
BR close to 100%. For the charged Higgs boson, instead, the two main open decay modes are H±

! AW
±, where the

interaction is completely fixed by the SU(2)L gauge coupling, and H
±
! ⌧

±
⌫, which is controlled by the ⇣` coupling.

Analogously, for the heavy neutral scalar state H the two leading decay modes are H ! ⌧⌧ and H ! AZ. For large
mH± ,mH , the BRs of the H

± and H are solely controlled by the coupling g` = ⇣` m⌧/mH± and are approximated
by5
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Since the couplings to the quarks are suppressed, the main production modes proceed through the EW interactions.
The relevant processes are

pp ! H
±
A , pp ! HA , pp ! H

±
H , pp ! H

+
H

�
, (24)

with the corresponding cross sections being only functions of the masses of the corresponding particles. The cross
sections at the LHC are computed with MadGraph [63] and are shown in Fig. 4. The largest contributions arise from
H

±
A and HA.

The main signatures resulting from these processes are characterised by final states with several ⌧ leptons

3⌧ + /ET , 4⌧ +W
±
, 4⌧, 4⌧ + Z, (25)

where the first two stem from H
±
A production (with a subleading component from H

±
H) while the last two arise

from the HA production. A thorough analysis is beyond the scope of this paper. In order to get a feeling of the
potential of these channels, here we list only an estimate of the inclusive cross section for the corresponding SM
background

�SM(ZW
±
! 3⌧ + /ET ) ' 94 fb, �SM(ZZW

±
! 4⌧ +W

±) ' 3.2⇥ 10�2 fb,

�SM(ZZ ! 4⌧) ' 11 fb, �SM(ZZZ ! 4⌧ + Z) ' 1.1⇥ 10�2 fb . (26)

V. CONCLUSIONS

The measurements of the the anomalous magnetic moment of electron and muon are amongst the most precise ones
in the whole of particle physics, probing not only the structure of the SM but also the possibility of BSM theories

5
We neglected small deviations from sin(� � ↵) = 1.
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e�p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e�p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e�p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e�p colliders: The dominant production channel for
heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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