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We propose a model of Dirac neutrino masses generated at one-loop level. The origin of this mass is

induced from Peccei-Quinn symmetry breaking which was proposed to solve the so-called strong CP

problem in QCD; therefore, the neutrino mass is connected with the QCD scale, �QCD. We also study the

parameter space of this model, confronting neutrino oscillation data and leptonic rare decays. The

phenomenological implications to leptonic flavor physics, such as the electromagnetic moment of charged

leptons and neutrinos, are studied. Axion as the dark matter candidate is one of the byproducts in our

scenario. Diphoton and Z-photon decay channels in the LHC Higgs search are investigated. We show that

the effects of a singly charged singlet scalar can be distinguished from the general two Higgs doublet

model.
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I. INTRODUCTION

Small quantities arising in physics usually require the
use of new symmetries for explanations [1]. A good ex-
ample of these is the Peccei-Quinn (PQ) symmetry that
plays the role of the solution of the strong CP problem
[2,3], in which a � angle appears in the QCD Lagrangian,

LQCD 2 �
g2
S

32�2 G
a
��

~Ga��, and CP is violated [4–6].1

The instanton solution to the gluon field equations satisfies

n ¼ 1
32�2

R
d4xGa

��
~Ga�� with n’s being integers and rep-

resenting topological charges [7]. The QCD vacuum state
hence can be parametrized as j�i ¼ P

n¼1
n¼�1 ein�jni, where

� is periodic with period 2�. Furthermore, for nonzero
quark masses the chiral anomaly relates the weak phase in
quark masses to the QCD � term. One can parametrize the
� angle as �� ¼ �� arg fdetmqg [8,9]. It induces a neutron
electric dipole moment (EDM) [10–14], and the current
experimental upper bound sets the best constraint on �� to
be smaller than 0:6� 10�10 [15]. This extremely sup-
pressed quantity is called the strong CP problem. The
Peccei-Quinn solution to the strong CP problem postulates
a global chiral Uð1ÞPQ symmetry and makes �� a dynamical

variable, and the shift symmetry of the Nambu-Goldstone
boson, axion, corresponding to Uð1ÞPQ [16,17] will set ��
zero at classical potential [18]. At one-loop level the chiral
anomaly will break the shift symmetry. As a result the

axion is not massless but requires a small mass ma ’ffiffiffiffiffiffiffiffiffi
mumd

p
ðmuþmdÞ

f�m�

fa
� �2

QCD

fa
[19–21]. Here fa is the Uð1ÞPQ break-

ing scale and f� is the pion decay constant. The laboratory
[22] and outer space [23–27] searches have set

109 GeV & fa & 3� 1011 GeV as the allowed regions;
therefore, the axion window is 3� 10�3 eV>ma >
10�6 eV.
On the other hand, another small quantity that puzzles

high energy physicists is the masses of neutrinos mea-
sured from neutrino oscillation experiments [22]. The key
point to understand neutrino physics lies on whether the
neutrinos are Dirac fermions or Majorana fermions. This
ambiguity comes from the fact that zero electric charge is
carried by neutrinos. The tiny neutrino masses may be
explained in terms of lepton number (L) symmetry, which
is a global Uð1Þ quantum number tagged on lepton sectors
in the standard model (SM). If Uð1ÞL is broken, one can
write the dimension-5 Weinberg operator to generate
neutrino masses m� / HHLL

�L
[28], where H and L are

the SM Higgs and the left-handed lepton fields, respec-
tively, and �L is the breaking scale of Uð1ÞL. In this case
neutrinos are regarded as Majorana fermions. However,
the Majorana or Dirac nature of the neutrinos is unknown
and is awaiting the experimental determination from
some lepton number violating processes such as the neu-
trinoless double beta decay. It is important to consider the
possibility that Dirac neutrino masses may also connect
with some global symmetry and how those small quanti-
ties we observe in physics are related to each other.2 In
this paper we propose a simple Dirac neutrino mass
model which is generated by PQ symmetry breaking,
and hence the neutrino masses are closely related with
axion mass.3

*chianshu@phys.sinica.edu.tw
†lhtsai@phys.nthu.edu.tw
1The Ga

�� are the SUð3ÞC gauge fields with a ¼ 1; 2; . . . ; 8 and
~Ga�� ¼ 1

2 �
����Ga

��.

2The interesting models of connecting Dirac neutrino mass
with leptogenesis are studied, for example, in Refs. [29–31].

3In Ref. [32], the PQ symmetry and Dirac neutrino masses are
connected in the so-called universal seesaw model. A similar
idea of linking Majorana neutrino masses with PQ symmetry
was also studied in Refs. [33–42].
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This paper is organized as follows: in Sec. II we propose
the Dirac mass model which is embedded with PQ sym-
metry. In Sec. III we consider leptonic rare decays and
neutrino oscillation data to investigate the parameter space
of the model. Some phenomenological implications for the
LHC Higgs search, dark matter, and leptonic flavor physics
of this model are discussed in Sec. IV. Then we conclude
our results in Sec. V.

II. THE MODEL

Particle content and their quantum numbers in the
model are listed in Table I. The Y, L, and PQ represent
the hypercharge, lepton number, and Uð1ÞPQ charge,

respectively.4 Two Higgs doublets are introduced because
of the existence of the PQ symmetry, and one needs two
independent chiral transformations for the up-type and
down-type fermions; that is, one scalar doublet H1 cou-
ples to dR and lR, while the other one H2 only couples to
uR by setting opposite PQ charges to doublet scalars.

We consider the scenario that neutrinos are Dirac fermi-
ons, with three right-handed neutrinos �Ri

ði ¼ 1–3Þ as-

signed to our model, and hence the theory is lepton
number conserved. sþ1 and sþ2 are SUð2ÞL-singlet charged
scalars, and a is the axion field which is the Nambu-
Goldstone boson of the spontaneously broken Uð1ÞPQ.
Notice that �R’s are completely neutral under gauge
symmetries and PQ symmetry and only carry the L
quantum number. The Dirac neutrino mass term is for-
bidden by the PQ symmetry at the tree level and is
generated at one-loop level after the PQ symmetry break-
ing by utilizing the charged scalars sþ1 and sþ2 . The new
Yukawa interactions of the model for leptons are given by

L ¼ y��ðLL�
ÞlR�

H1 þ f��L
c
L�
i�2ðLL�

Þsþ1
þ h�il

c
R�
�Ri

sþ2 þ H:c:; (1)

where c denotes charged conjugation, �, � ¼ e, �, 	,
and �iði ¼ 1–3Þ are the Pauli matrices. In general, y and
h are complex matrices, and f is an antisymmetric matrix
due to the Fermi statistics. One can choose the basis of
leptonic mass eigenstates LL, lR such that y is a diago-
nalized matrix. Also fij can be chosen to be real by

rephasing LL and by transferring the phases into lR.
Therefore, only hij are complex. The scalar potential

can be written as

V ¼ ��2
1H

y
1H1 ��2

2H
y
2H2 ��2

ajaj2 þ�2
s1js1j2 þ�2

s2js2j2 þ 
1ðHy
1H1ÞðHy

1H1Þ þ 
2ðHy
2H2ÞðHy

2H2Þ
þ 
3ðHy

1H1ÞðHy
2H2Þ þ 
4ðHy

1H2ÞðHy
2H1Þ þ ðHy

1H1Þ½d1js1j2 þ d2js2j2 þ dajaj2Þ�
þ ðHy

2H2Þ½g1js1j2 þ g2js2j2 þ gajaj2� þ h1js1j4 þ h2js2j4 þ h3js1j2js2j2 þ hajaj4 þ jaj2ðha1js1j2 þ ha2js2j2Þ
þ ½h5ðHy

2H1Þa2 þ�s�1 s
þ
2 aþ H:c:�: (2)

All parameters in the potential are real. Though h5 and �
are in general complex parameters, one can absorb their
phases by redefining (sy1 s2), (H

y
2H1), and a, respectively.

For the invisible axion, da, ga, ha1, ha2, h5, � should be
very small to make other scalar masses not too heavy
[43–46]. The details about the scalar mass spectrum are
in the Appendix.

The leading contribution to the Dirac neutrino mass at
one-loop level is shown in Fig. 1 and is given by

ðM�Þ�i ¼ � �fa
8�2m�

f��h�iIðm2
s1; m

2
s2; m

2
�Þ; (3)

where Iðm2
s1; m

2
s2; m

2
�Þ is defined as

Iðm2
s1; m

2
s2; m

2
�Þ ¼

m2
�

m2
s1 �m2

s2

�
m2

s1

m2
s1 �m2

�

log
m2

s1

m2
�

� m2
s2

m2
s2 �m2

�

log
m2

s2

m2
�

�
: (4)

In the limit of ms1;2 � mk, the neutrino mass matrix is

proportional to the charged lepton mass, as given by

ðM�Þ�i ¼ � 1

8�2
f��h�im�

�fa
m2

s1 �m2
s2

log
m2

s1

m2
s2

� � 1

8�2
f��h�i

�m�

ma

�2
QCD

m2
s1 �m2

s2

log
m2

s1

m2
s2

¼ �Cf��m�h�i: (5)

TABLE I. Quantum numbers of Uð1ÞPQ and gauge symmetries
for leptons and scalars.

LL lR H1 H2 �Ri
sþ1 sþ2 a

Y � 1
2 �1 1

2
1
2 0 1 1 0

L 1 1 0 0 1 �2 �2 0

PQ 0 �2 2 �2 0 0 2 �2

4In this paper two additional global symmetries Uð1ÞL and
Uð1ÞPQ are imposed in the model. It turns out that the two
symmetries are not independent, such that Uð1ÞL can be gen-
erated accidentally by some particular choice of Uð1ÞPQ charges.
One example is to take the PQ charges as H1:2, H2:�2, LL:1,
�R:4, lR:�1, a:1, s1:�2, and s2:� 3.We found it is a generic
feature of assigning the large ratios of the PQ charges for some
particles in order to bridge the two global symmetries
nontrivially.
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We have replaced the PQ symmetry breaking scale by the
axion mass and the QCD scale in Eq. (5).5 Note that there
are similar constructions discussed in Refs. [48,49].
However, our setup shows the interesting relation between
the neutrino Dirac mass and QCD dynamics. Furthermore,
the axions can be the dark matter candidate constituting
25% of the energy density in our Universe. From the
neutrino mass formula and scalar potential we can see
that if one does not tune the couplings ha1 and ha2, then
the masses of s1 and s2 should be of the order of fa.
Combining them with the value of � to be around the
electroweak scale would directly lead to a small quantity
of C � 10�8, which means one can have the observed light
neutrino masses with the Yukawa couplings f, h at the
order of 10�1. Although such a scenario can naturally
provide a tiny neutrino mass without fine-tuning the cou-
plings, in what follows we still focus on the case in which
both ms1 and ms2 are of the electroweak scale to provide
richer phenomenological implications. In this case we can
see that the large value of fa lifts up the mass scale of Dirac
neutrino masses and in order to keep the smallness ofM� a
combination of suppressed factors will be needed such as
the loop factor; the Yukawa couplings f, h; the charged
lepton chirality suppression; and the parameter�. Now we
roughly estimate the scale of�, which is the key parameter
controlling the overall mass scale of Dirac neutrino
masses, and an investigation of parameter space will be
discussed in Sec. III. For M� � 0:1 eV, ms1;2 �
Oð100–1000Þ GeV, and fa � 1012 GeV, we have f�
10�3, h� 10�2, and ��Oð1Þ keV. Let us make two
comments on the low scale � and Dirac neutrino masses:
(1) We can explain the small � by implementing the
Froggatt-Nielsen mechanism [50] with PQ symmetry. For

example, if we assign the PQ quantum number of a as 2
n in

Table I, all the terms in the Lagrangian will not change
except for the � coupling in the potential. One can write
the effective operator as

1

�n�2
sþ1 s

�
2 a

n!
Uð1ÞPQbreaking

�hai
fa

�
n�2haisþ1 s�2 a: (6)

Thus,� ¼ ðhaifa
Þn�2hai at low energy scale and can be tuned

to a small quantity. Here the PQ symmetry can be broken
dynamically by some condensates of a new technicolorlike
interaction at high scale [51,52]. This mechanism can also
apply to other dimensionless couplings of non-Hermitian
terms, such as the h5 in the potential. (2) The mass scale of
Dirac neutrino masses is not necessarily small if neutrinos
are Majorana fermions. Although we consider neutrinos as
the Dirac fermions, the main concern in this paper is the
origin of the Dirac neutrino mass, which in general does
not forbid the possibility that neutrinos are the Majorana
fermions. Therefore, one can still have heavy right-handed
Majorana masses, as inspired by the grand unification
theories, and obtain small neutrino masses through a
canonical seesaw mechanism. The goal in this paper is to
point out that the Dirac neutrino mass is generated by the
PQ symmetry breaking.

III. CONFRONTING NEUTRINO OSCILLATION
DATA AND LEPTONIC RARE DECAYS

From the standard formalismM� can be diagonalized by

M�diag
¼ Vy

PMNSM�V
�y
R ¼ �Vy

PMNSðCfMldiaghÞV�y
R ; (7)

where VPMNS is a unitary 3� 3 Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix and VR is the transfor-
mation matrix for right-handed neutrinos. For convenience

we define FH ¼ VPMNSM�diag
withH ¼ Mldiagð�hV�y

R Þ and
F ¼ Cf. Due to the antisymmetric nature of the f matrix,
the lightest neutrino is exactly massless in this model.
Therefore, we can multiply both sides of the mass matrix
by a transformation matrix A to reduce one row in the
left-hand side of Eq. (7). One obtains

F0H ¼ AVPMNSM�diag
; (8)

where

F0 ¼ AF ¼
�Fe� 0 F�	

Fe	 F�	 0

0 0 0

0
BB@

1
CCA;

A ¼
0 1 0

0 0 �1

F�	 �Fe	 Fe�

0
BB@

1
CCA:

(9)

Then we have

FIG. 1. Induced Dirac neutrino mass.

5We should mention that quantum gravity effects do not
respect global symmetries [47]; hence, the effective operator
of Dirac mass receives an additional contribution suppressed by
� L�cHa

Mpl
, where � is the coefficient. If one requires that this extra

contribution be subdominant, say, less than 10�3 eV, � should
be smaller than 10�7.
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�Fe�He1 þF�	H	1 �Fe�He2 þF�	H	2 �Fe�He3 þF�	H	3

Fe	He1 þF�	H�1 Fe	He2 þF�	H�2 Fe	He3 þF�	H�3

0 0 0

0
BB@

1
CCA¼

m�1V�1 m�2V�2 m�3V�3

�m�1V	1 �m�2V	2 �m�3V	3

m�1

P
l

Vl1Fl m�2

P
l

Vl2Fl m�3

P
l

Vl3Fl

0
BBB@

1
CCCA; (10)

with Fl ¼ ðF�	;�Fe	; Fe�Þ.
For the normal hierarchical spectrum with m�1

¼ 0, we

have the following relations:

Fe� ¼ V�
	1

V�
e1

F�	; Fe	 ¼ �V�
�1

V�
e1

F�	; (11)

and

H�1 ¼
V�
�1

V�
e1

He1; H	1 ¼ V�
	1

V�
e1

He1: (12)

The other terms give H�2, H�3, H	2, H	3 in terms of F�	,

He2, and He3:

H�2 ¼
V�
�1

V�
e1

He2 �
m�2

F�	

V	2;

H	2 ¼ V�
	1

V�
e1

He2 þ
m�2

F�	

V�2;

H�3 ¼
V�
�1

V�
e1

He3 �
m�3

F�	

V	3;

H	3 ¼ V�
	1

V�
e1

He3 þ
m�3

F�	

V�3:

(13)

Note that the requirement of a real F matrix make VPMNS

include two additional phases besides the ordinary irreduc-
ible one. Therefore, the model will not give a conclusive
prediction for the Dirac CP phase in the neutrino sector at
the current stage.

Similarly for the inverted hierarchical spectrum,
m�3 ¼ 0, we obtain

Fe� ¼ V�
	3

V�
e3

F�	; Fe	 ¼�V�
�3

V�
e3

F�	;

H�1 ¼
V�
�3

V�
e3

He1 �
m�1

F�	

V	1; H	1 ¼ V�
	3

V�
e3

He1 þ
m�1

F�	

V�1;

H�2 ¼
V�
�3

V�
e3

He2 �
m�2

F�	

V	2; H	2 ¼
V�
�3

V�
e3

He2 þ
m�2

F�	

V�2;

H�3 ¼
V�
�3

V�
e3

He3; H	3 ¼ V�
	3

V�
e3

He3: (14)

We will use the central values of the most recent global
fitting of the neutrino oscillation measurements [53] (see

Table II) in our analyses. In the meantime the appearance
of the new scalars will provide the extra contributions to
the lepton flavor violation processes. We investigate the
parameter space of the model in terms of the constraints
from leptonic rare decays in the following. Before that it is
worth mentioning that the size of parameter C is propor-
tional to the factor �fa=ðm2

s1 �m2
s2Þ log ðm2

s1=m
2
s2Þ. If

there exists a large hierarchy between ms1 and ms2, say,
ms2 ¼ kms1 with k being a large factor, C is approximately
inversely proportional to m2

s2. However, the positive mass

eigenvalue condition ms1ms2 >�fa will also lead to the
result that the upper bound of C is proportional to 1=k.
In general C cannot be too small in order to keep the
perturbativity of the Yukawa couplings f and h. So the
largest allowed hierarchy between m2

s1 and m2
s2 is around

k ’ Oð103Þ. We will also discuss the implication to the
parameter space with a hierarchy scenario.

A. � ! e�

The two relevant Yukawa interactions providing the
flavor violations in the charged lepton sector are given by

L ¼ �2f��l
c
L�
�L�

s1 � h�il
c
R�
�Ri

s2 þ H:c: (15)

Without loss of generality, here �Ri
is the mass eigenstate

and we absorb the mixing matrix�VR into the coupling h.
In SMþ �R the one-loop contribution is constrained strin-
gently by the Glashow-Iliopoulos-Maiani (GIM) mecha-
nism. In this model the main contribution is the one-loop
diagrams with photon emission attached to the charged
scalars sþ1 or sþ2 in the loop. Currently the latest
result from the MEG Collaboration gives Bð� ! e�Þ<
2:4� 10�12 [54]. For l� ! l�� the effective Lagrangian

can be generally written in the form

L ¼ � 1

2
�l����ð ~ARPR þ ~ALPLÞl�F��; (16)

where ~AL;R for this model is given by

~AR ¼ ð�1Þe
192�2

�
4
X
�

f���f��
�
m�

m2
s1

and

~AL ¼ ð�1Þe
192�2

�X
i

h��ih�i
�
m�

m2
s2

: (17)

TABLE II. Neutrino oscillation data.

sin 2�12 sin 2�23 sin 2�13 �m2
sun �m2

atm

0:30� 0:013 0:41þ0:037
�0:025 0:023� 0:0023 ð7:50� 0:185Þ � 10�5 eV2 ð2:47þ0:069

�0:067Þ � 10�3 eV2
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Note that the limitm� 	 ms1;2 has been applied to the above

formula. The decay rate of l�! l�� is �ðl�! l��Þ¼
ðm3

�=16�Þð1�m2
�=m

2
�Þ3ðj ~ARj2þj ~ALj2Þ. One can compare

it with the lepton three-body decay width �ðl�! l��� ���Þ¼
G2

Fm
5
�=192�

3. The branching ratio� ! e� in our model is
obtained by

Bð� ! e�Þ 
 �ð� ! e�Þ
�ð� ! e� ��Þ

¼ �e

768�G2
F

�
�
16

P
� jfe�j2jf��j2

m4
s1

þ
P

i jheij2jh�ij2
m4

s2

�
:

(18)

The results are given in Fig. 2. Here we consider that f�	 is

positive for the normal hierarchy spectrum and negative for
the inverted hierarchy spectrum, respectively. The allowed
regions are rather small and sensitive to the value of C. For
example, the parameter space will shrink to zero if we take
C ¼ 0:8� 10�5 with the same inputs.

B. �–e conversion

The one-loop diagrams for�–e conversion include pho-
ton penguin diagrams, Z penguin diagrams, and box dia-
grams. Again the contribution from the diagrams involving
W boson exchange is suppressed by the GIM mechanism,
and the leading contributions come from the penguin dia-
grams with the charged scalars sþ1 and sþ2 in the loop. In

contrast, the leading Z penguin contribution is suppressed
by the light charged scalars. Therefore, only the photon
penguin needs to be taken into account. The corresponding
effective Lagrangian is given by

L ¼ �GFffiffiffi
2

p s2W
36�2

m2
W �e��

�X
�

4f�e�f��

1

m2
s1

PL

þX
i

h�eih�i

1

m2
s2

PR

�
�
X
q

Qq �q�
�q: (19)

In the above we used the shorthand notation sW 
 sin �W .
The �–e conversion with nucleons in an atom has been
calculated in detail in Ref. [55], and we will adopt
their notation in what follows. The general interactions
associated with �–e conversion are written as

L eff ¼ � 4GFeffiffiffi
2

p ½m� �e���ðARPR þ ALPLÞ�F�� þ H:c:� �GFffiffiffi
2

p ½ �eðgLSðqÞPR þ gRSðqÞPLÞ� �qqþ �eðgLPðqÞPR

þ gRPðqÞPLÞ� �q�5qþ H:c:� �GFffiffiffi
2

p ½ �eðgLVðqÞ��PL þ gRVðqÞ��PRÞ� �q��qþ �eðgLAðqÞ��PL

þ gRAðqÞ��PRÞ� �q���5qþ H:c:� �GFffiffiffi
2

p
�
1

2
�eðgLTðqÞ���PR þ gRTðqÞ���PLÞ� �q���qþ H:c:

�
; (20)

where AR;L is related to the dipole interaction with photons and gS;P;V;A;T indicate scalar, pseudoscalar, vector, axial vector,
and tensor couplings, respectively. Comparing the above formula with Eq. (19), we have

gðqÞLV ¼ Qqs
2
W

36�2
m2

W

�X
�

4f�e�f��

1

m2
s1

�
; gðqÞRV ¼ Qqs

2
W

36�2
m2

W

�X
i

h�eih�i

1

m2
s2

�
; (21a)

AR ¼ ð�1Þ
192�2g22

�X
�

4f�e�f��

m2
W

m2
s1

�
; AL ¼ ð�1Þ

192�2g22

�X
i

h�eih�i

m2
W

m2
s2

�
; (21b)
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FIG. 2 (color online). The allowed regions in the he1-f�	 plane in (a) the normal hierarchy and (b) the inverted hierarchy. Different
curves are generated with different C (blue: C ¼ 10�4, green: C ¼ 1:1� 10�5, red: C ¼ 10�5). The other parameters are taken as
ms1 ¼ ms2 ¼ 500 GeV, he2 ¼ he3 ¼ 0:5.
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and other couplings vanish. The rate of �–e conversion
with nucleons in atom A is usually normalized to the rate of
muon capture by A. The conversion-to-capture ratio can be
derived in the form

BA
�!e ¼

2G2
Fm

5
�

�A
capt

ðjeARDþ ~gðpÞLVV
ðpÞ þ ~gðnÞLVV

ðnÞj2

þ jeALDþ ~gðpÞRVV
ðpÞ þ ~gðnÞRVV

ðnÞj2Þ (22)

with ~gðpÞL;RV ¼ 2gðuÞL;RV þ gðdÞL;RV and ~gðnÞL;RV ¼ gðuÞL;RV þ 2gðdÞL;RV .

D and Vðp;nÞ are overlapped functions which can be found
in Ref. [55]. The constraints from experimental results for
�–e conversion in different nuclei [56–60] are weaker than
what is given by � ! e�.

C. �–3e

Penguin diagrams and box diagrams contribute to this
process. The experimental upper bound is Bð� !
e �eeÞ< 10�12 [61]. The contribution of the SM with
right-handed neutrino singlets to these processes is
suppressed by the neutrino mass. The corresponding
one-loop diagrams in this model for � ! 3e are similar
to those for �–e conversion, with the quarks replaced
by electrons. In general the effective Lagrangian for
� ! e �ee is

Lð� ! e �eeÞ
¼ � 4GFffiffiffi

2
p

�
�e��e

q�
q2

�ei���ð8��em�ÞðARPR þ ALPLÞ�

þ �e��ðaLPL þ aRPRÞe �e��PL�

þ �e��ðbLPL þ bRPRÞe �e��PR�

�
: (23)

The branching ratio can be calculated as

Bð� ! e �eeÞ
’ ðjaRj2 þ jbLj2Þ þ 2ðjaLj2 þ jbRj2Þ

� 32��e ReðARðaR þ 2aLÞ þ ALðbL þ 2bRÞÞ
þ 256�2�2

eðjARj2 þ jALj2Þ
�
4 ln

m�

me

� 11

2

�
; (24)

where the parameters aL;R and bL;R are given by

aL;R ¼ � s2W
144�2

m2
W

�X
�

4f�e�f��

1

m2
s1

�
and

bL;R ¼ � s2W
144�2

m2
W

�X
i

h�eih�i

1

m2
s2

�
(25)

from the photon penguin diagrams, while for the box
diagrams the leading order of aboxR and bboxL vanishing,
we have

aboxL ¼ m2
W

32�2g22m
2
s1

��������
X
�

4f��f
�
e�

��������
��������
X
�0
4f�e�0fe�0

�������� (26a)

and

bboxR ¼ m2
W

32�2g22m
2
s2

��������
X
i

h�ih
�
ei

��������
��������
X
i0
h�ei0hei0

��������; (26b)

respectively. As shown in Fig. 2, the Yukawa coupling
f is in the range of Oð10�2Þ to Oð10�3Þ; we can safely
ignore the box diagram contributions in � ! 3e decay.
Therefore, the parameter space is looser than those of
� ! e�.
In the limit of mass hierarchy between ms1 and ms2, that

is, the ms1 >ms2 or ms2 >ms1 cases, the parameter space
for Yukawa couplings h and f in both the normal hierarchy
and inverted hierarchy neutrino mass spectrum, respec-
tively, are shown in Figs. 3 and 4. Here we take ms1 ¼
20ms2 and ms2 ¼ 5ms1 as the reference points. In these
cases, we are only able to give a severe constraint on one of
the couplings, h or f, and we illustrate our results by taking
a 500 GeV mass scale to the lighter scalar field.
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FIG. 3 (color online). The allowed regions in the he1-f�	 plane for the case of ms1 ¼ 20ms2 in the normal hierarchy and inverted
hierarchy neutrino mass spectrum, respectively. The blue line corresponds to C ¼ 10�4 and the red line represents C ¼ 10�5.
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IV. PHENOMENOLOGY

A. Electromagnetic moments of leptons

1. Muon g � 2

The anomalous magnetic moment of the muon is an
observable as a precision test in the SM. The current
experimental results [62,63] reported that the muon
g� 2 deviation from the SM prediction is a�ðexp Þ �
a�ðSMÞ ¼ ð287� 63� 49Þ � 10�11, which indicates

some new physics contribution. Our scenario is essentially
a two Higgs doublet model (2HDM) plus two singly
charged scalars s�1 and s�2 . The anomalous g� 2 of the
muon in this model is given by

�a� ¼ � m2
�

96�2

�
4
X
�

jf��j2 1

m2
s1

þX
i

jh�ij2 1

m2
s2

þm2
�

v2

� 14c2���

m2
hcos

2�
þ 14s2���

m2
Hcos

2�

� 22tan 2�

m2
A

þ tan 2�

m2
Hþ

��
; (27)

where h and H are scalar particles with h being the
SM-like Higgs, as well as the pseudoscalar field A and
the charged scalars H�. �, � are the mixing angles
[s��� 
 sin ð�� �Þ and c��� 
 cos ð�� �Þ] defined in

the usual 2HDM (see, e.g., [64,65] and references within).
Comparing this with the current experimental result, our
model gives a rather small contribution to �a� but is still

within the experimental errors.

2. Magnetic moments of neutrinos

Neutrinos can have magnetic moments when they are
massive. The present upper bound of neutrino magnetic
moments from experiments is �� < 3:2� 10�11�B [66].
The ordinary leading order contribution in the SM, includ-
ing right-handed Dirac neutrinos, is the exchange of W,
which is around ð3:2� 10�19�BÞðm�i

=eVÞ [67] with the

Bohr magneton �B 
 e=2me. In this model, the main new

contribution comes from the mixing of sþ1;2 in the loop,

since the same diagram also generates neutrino masses,
given by

j�s
�j ¼ 2mie

�
log

m2
s2

m2
s1

��1
�
1

m2
s1

� 1

m2
s2

�
� 10�19�B: (28)

Note that it only depends on the neutrino and scalar
masses, and this contribution is comparable to that asso-
ciated with W exchange. It is understandable that without
imposing a symmetry [68] or employing a spin suppression
mechanism to m� [69], the generic size of the Dirac
neutrino magnetic moment cannot exceed 10�14�B [70].
The contributions from other charged scalars such as Hþ,
sþ1 , and sþ2 in the loop are less than Oð10�25Þ�B, with the
result that they do not contribute to neutrino masses.

3. EDM of leptons

Since there is a physical CP phase between the Yukawa
couplings f and h, in general, we have the new contribu-
tions to the electric dipole moment of charged leptons. The
exchange of singly charged scalars gives the EDM to the
charged leptons at one-loop level as

dl ¼ � e

ð4�Þ2
X
i

Imð2h�liðfVÞliÞ
�fa

m2
s1 �m2

s2

�
�

1

ms1

B

�
m2

�i

m2
s1

�
� 1

ms2

B

�
m2

�i

m2
s2

��
; (29)

with the function BðxÞ defined by

BðxÞ ¼
ffiffiffi
x

p
2ð1� xÞ2

�
1þ xþ 2x ln ðxÞ

1� x

�
: (30)

Therefore we conclude that the extra contribution is

smaller than Oð m2
�

mlm
2
s
Þ, which means jdej & 10�35e cm.

Similarly, the neutrino EDM generated by sþ1;2 mixing

in the loop gives jd�j & 10�26e cm. Though the new con-
tributions to de and d� are nonzero, both of them are
unobservably small.
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FIG. 4 (color online). The allowed regions in the he1-f�	 plane for the case of ms2 ¼ 5ms1 in the normal hierarchy and inverted
hierarchy neutrino mass spectrum, respectively. The blue line corresponds to C ¼ 10�4 and the red line represents C ¼ 10�5.
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B. Dark matter

It is known that the axion field can be a dark matter
candidate, constituting a significant fraction of energy
density in our Universe. For the purpose of completion
we briefly review some aspects of this scenario in this
subsection. The properties of the invisible axion are deter-
mined by the breaking scale fa, where its mass and the
interactions are inversely proportional to fa. Hence, the
invisible axion is a very light, very weakly interacted, and
very long-lived particle. Axions with mass in the range of
10�5–10�6 eV were produced during the QCD phase tran-
sition with the average momentum of order of the Hubble
expansion rate (�3� 10�9 eV) at this epoch and, hence,
are cold dark matter (CDM). Their number density is
provided by

�a ’ 1

2

�
0:6� 10�5 eV

ma

�7
6

�
0:7

h

�
2
; (31)

where h is the current Hubble expansion rate in units of
100 kms�1 Mpc�1. Here we assume that the ratio of the
axion number density to the entropy density is constant
since produced, and the contribution from topological
defect decay is negligible. Recently it was pointed
out that the CDM axions would form a Bose-Einstein
condensate due to their gravitational interactions [71].
Furthermore, the rethermalization process is so fast that
the lowest energy state of the degenerate axion gas consists
of a nonzero angular momentum. As a result, a ‘‘caustic
ring’’ structure may form in the inner Galactic halo
[72–74]. The feature would make the axion a different
dark matter from other CDM candidates, and we refer
readers to Refs. [71–74] for details.

C. h ! ��

We close our discussion on phenomenology by inves-
tigating the LHC Higgs results. Both ATLAS [75] and
CMS [76] have announced the discovery of a new boson
at a mass of 125 GeV which is consistent with the SM
Higgs boson via the combined analyses of the �� and ZZ
channels. However, the precise values of both production
cross sections and decay branch ratios of the new reso-
nance need to be measured to compare with those pre-
dictions from the SM. It was pointed out that the
branching ratio of Higgs decay into two photons has
excess about 1:56� 0:43 and 1:9� 0:5 times than the
SM prediction in both CMS [76] and ATLAS [75]

collaborations’ data in 2012. Updated results can be found
in [77,78]. Although the deviation is still within the SM
expectations at the 2� level, one may consider whether
there are new physics effects (see, e.g., [65,79–88] and
references therein) In particular, new scalar particles have
been widely treated as possible sources. We study the
implications of Higgs to diphoton and Higgs to Z-photon
decay channels in our model. For simplicity we just
consider one singly charged scalar s� and omit the sub-
script in this subsection. The SM Higgs production cross
section is modified by the additional doublet scalar in our
scenario [65],

�0 ¼ GF�
2
s

128
ffiffiffi
2

p
�

��������
1

2

�
s� þ c�

tan�

�
A1=2ð	tÞ

þ 1

2
ðs� � c� tan�ÞA1=2ð	bÞ

��������
2

: (32)

Notice that the bottom quark contribution is not
negligible due to the enhancement of large tan� and

A1=2ð	Þ ¼ 2½	þ ð	� 1Þfð	Þ�	�2 with 	i ¼ M2
h

4M2
i

. The

function fð	Þ is defined by

fð	Þ ¼
8<
:
ðsin�1

ffiffiffi
	

p Þ2; 	 � 1

� 1
4

h
log 1þ

ffiffiffiffiffiffiffiffiffiffiffi
1�	�1

p
1�

ffiffiffiffiffiffiffiffiffiffiffi
1�	�1

p � i�
i
2
; 	 > 1:

(33)

In type-II 2HDM the decay rate of h ! �� is given by

��� ¼ GF�
2m3

h

128
ffiffiffi
2

p
�3

��������
�
s� þ c�

tan�

�
4

3
A1=2ð	tÞ

þ ðs� � c� tan�Þ 13A1=2ð	bÞ þ s�A1ð	WÞ

þ 
0A0ð	HþÞ þ 
A0ð	sþÞ
��������

2

; (34)

where A1ð	Þ ¼ �½2	2 þ 3	þ 3ð2	� 1Þfð	Þ�	�2 and
A0ð	Þ ¼ �½	� fð	Þ�	�2. The coefficients 
 and 
0 are
defined as 
 ¼ v�Hsþs�=ð2m2

sÞ and 
0 ¼v�HHþH�=
ð2m2

HþÞ, where �Hsþs� and �HHþH� are the related tri-

linear couplings in the Higgs potential. One can see that
the effects of the doublet scalar charged component Hþ
and the singly charged singlet sþ are indistinguishable.
The reason is the lack of knowledge of scalar potential.
For the h ! Z� channel, the decay width is written
as [89]

�Z� ¼ G2
Fm

2
W�m

3
h

64�4c2W
ð1�m2

Z=m
2
HÞ3

�
��������
�
s� þ c�

tan�

��
1

2
� 4

3
s2W

�
A1=2ðt; �tÞ þ ðs� � c� tan�Þ

�
1

4
� 1

3
s2W

�
A1=2ðb; �bÞ

þ s�c
2
WA1ðW; �WÞ þ

�
1

2
� s2W

�

0A0ðHþ ; �HþÞ þ ð�s2WÞ
A0ðsþ ; �sþÞ

��������
2

; (35)
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where A1=2ð; �Þ ¼ �4ðI1ð; �Þ � I2ð; �ÞÞ, A1ð; �Þ ¼
�4ð4 � 4

�ÞI2ð; �Þ � ½ð1 þ 2
Þð4� � 1Þ � ð5 þ 2

Þ�I1ð; �Þ,
and A0ð; �Þ ¼ 2I1ð; �Þ, with the parameters i ¼ 4M2

i

M2
h

and �i ¼ 4M2
i

M2
Z

. Functions I1ð; �Þ and I2ð; �Þ are

given as

I1ð; �Þ ¼ �

2ð� �Þ þ
2�2

2ð� �Þ2 ½fð
�1Þ � fð��1Þ�

þ 2�

ð� �Þ2 ½gð
�1Þ � gð��1Þ� (36)

and
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I2ð; �Þ ¼ � �

2ð� �Þ ½fð
�1Þ � fð��1Þ�; (37)

with

gðxÞ ¼
8><
>:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x�1 � 1

p
ðsin�1

ffiffiffi
x

p Þ; x � 1ffiffiffiffiffiffiffiffiffiffiffi
1�x�1

p
2

h
log 1þ

ffiffiffiffiffiffiffiffiffiffiffi
1�x�1

p
1�

ffiffiffiffiffiffiffiffiffiffiffi
1�x�1

p � i�
i
; x > 1

: (38)

respectively. Again we see from Eq. (35) that the singly
charged singlet effect is hidden in the 2HDM. In order to
extract the information of sþ from the decays, we found the
ratio of A0ð; �Þ=A0ð	Þ lies in the range of 1.00–1.07 with
charged scalar masses above 100GeV.We then take the ratio

as a constant and subtract the Hþ contributions in ��� and

�Z�. Other SMHiggs decaying channels are calculated from

HDECAY [90]. The results of the sþ effects in terms of the

parameter cos� with tan� ¼ 10, 50 are shown in Fig. 5.

Here we take the values R�� ¼ ���

���SM

¼ 1:5 and RZ� ¼
�Z�

�Z�SM

¼ 1, with �ii and �iiSM being the production cross

sections for the Higgs-to-ii channel in our model and the
SM, respectively. Since the new physics effects can have
both constructive and destructive interferences with the SM
W�W� amplitude, four lines exist in Fig. 5. The results of

sþ effects with different values of RZ� and the ratio of

A0ð; �Þ=A0ð	Þ for the fixed R�� ¼ 1:5 are shown in

Fig. 6. Here RZ� ¼ 0:5, 1, 2 and the A0ð; �Þ=A0ð	Þ ratios
are taken to be 1.07 and 1.00, respectively. It shows that
taking the ratio of A0ð; �Þ=A0ð	Þ as a constant is a good
approximation in the regions of parameters we are interested
in and is useful for the deviation of �Z� from the SM

prediction for the singly charged singlet scalar sþ. Finally,
it is worthwhile to note that the charged singlets sþ1 and sþ2
can be produced by quark annihilation through gauge boson

� and Z0 mediating. This process could have the final states,
including two charged leptons, the same as that of pp !
h ! WW�, for which final states of e or � are tagged by
LHC. The related signal strength observed from ATLAS is
1:3� 0:5 [91], and the 1� deviation of it corresponds to
around 20 pb. This deviation can be regarded as the allowed
space for a new contribution beyond SM. The singly charged
scalar production cross section with a parton distribution
function given by CTEQ6 [92] is also around 20 pb. with
ms ’ 150 GeV, which can be regarded as the lower bounds
on ms if we assume Brðs ! eð�Þ�Þ ’ 100%. Finally, we
estimate the background contribution for the h ! WW� !
e��� channel from s�s� production. Both singly charged
scalars are off shell, and we found that the partial decay
width for the center of mass in one of the virtual scalars to be
around mW is negligible compared to the SM prediction.

V. DISCUSSIONS AND CONCLUSIONS

We investigate a model in which neutrinos are Dirac
fermions and their masses are generated from the

Peccei-Quinn symmetry breaking at one-loop level. As a
result, the neutrino mass is related to �QCD and the axion

appears to be a good candidate for dark matter in explaining
the missing energy density of our Universe. Leptonic rare
decays constrain the model parameters severely, and there-
fore, the model can be tested in the near future. We also
study the implications of the new scalars to the electromag-
netic moments of leptons and recent Higgs signals at LHC,
specifically the h ! �� and h ! Z� decays. Finally we
would like to make a brief comment on the Majorana
extension of our scenario. Lepton number symmetry is one
of the keys to understand the underlying neutrino physics.
The smoking gun signals to resolve the question are 0���
decays and some lepton number violating processes at LHC.
Without direct observations, Majorana neutrinos and Dirac
neutrinos are equally good in many aspects at describing
phenomena such as neutrino oscillations, leptogenesis, big
bang nucleosynthesis, etc. Although we discuss the Dirac
neutrino in thismodel and argue that the Dirac neutrinomass
is originated from the Peccei-Quinn symmetry breaking,
which iswellmotivated inQCDfield theory,Majoranamasses
of the right-handed neutrinos, in general, can be formed
without violating any principle except the lepton number
symmetry. The main modifications are to include some terms
in the scalar potential, such as H1H2s

þ
1 and H1H2as

þ
2 .

Therefore, our discussions can be easily embedded in the
scenario of Majorana neutrinos where we diagonalize the
neutrino mass matrix via the seesaw mechanism.
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APPENDIX: SCALAR MASS SPECTRUM

We briefly analyze the scalar potential given in Eq. (2)
and their particle spectrum in this appendix. If the neural

components ofH1¼ðhþ1 ;ðR1þiA1Þ=
ffiffiffi
2

p ÞT ,H2¼ðhþ2 ;ðR2þ
iA2Þ=

ffiffiffi
2

p ÞT and a ¼ ðRa þ iAaÞ=
ffiffiffi
2

p
acquire the vacuum

expectation values (VEVs) v1, v2, and va, respectively,
then the related tadpole conditions can be expressed as

��2
1 ¼ �

�

1v

2
1 þ

1

2
ð
3 þ 
4Þv2

2 þ
1

2

�
da þ h5

v2

v1

�
v2
a

�
;

��2
2 ¼ �

�

2v

2
2 þ

1

2
ð
3 þ 
4Þv2

1 þ
1

2

�
ga þ h5

v1

v2

�
v2
a

�
;

(A1)

��2
a ¼ �

�
hav

2
a þ h5v1v2 þ 1

2
ðdav2

1 þ gav
2
2Þ
�
: (A2)

v1;2 are responsible for the electroweak symmetry breaking

and va � 1012 GeV is aimed at for the PQ symmetry
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breaking scale. Notice that the sizes of �1, �2, and �a are
not required to be in electroweak scale, while the
TeV-scale charged singlets s1;2 will bound the couplings

ha1;a2 to be around v
2=v2

a and the value of� to be less than

ð103 GeVÞ2=va. Furthermore, the trilinear couplings da
and ga for the scalar fields and the axion will be con-
strained to be larger than v=va. The 3� 3 scalar neutral
mass matrix elements Mij in the basis fR1; R2; Rag are

given as

M2
11 ¼ 2
1ðcos�Þ2v2 � h5

2
tan�v2

a; (A3)

M2
22 ¼ 2
2ðsin�Þ2v2 � h5

2
cot�v2

a; (A4)

M2
33 ¼ 2hav

2
a; (A5)

M2
12 ¼

1

2
½ð
3 þ 
4Þðsin 2�Þv2 þ h5v

2
a�; (A6)

M2
23 ¼ ðga sin�þ h5 cos�Þvva; (A7)

M2
13 ¼ ðfa cos�þ h5 sin�Þvva: (A8)

The relations tan� ¼ v2=v1 and v ¼ ðv2
1 þ v2

2Þ1=2 are
used in the formulas. The mixing angle between R1;2 and

mass eigenstates H,Hh is defined as tan ð�� �Þ, the same
as the definition in [65]. The discovery of a 126 GeV scalar
implies that the magnitude of h5 should be of the order
v2=v2

a. Similarly, the masses of pseudoscalar and charged
Higgs bosons are given by

m2
A ¼ �h5

�
sin 2�v2 þ 1

sin 2�
v2
a

�
;

m2
H� ¼ �
4

2
v2 � h5

1

sin 2�
v2
a:

(A9)

From the above mass formulas we get h5 < 0, and
m2

A �m2
H� ¼ ð
4=2Þv2 by applying va � v. Finally, the

charged particles s1 and s2 will not mix withH�. The mass
matrix elements Msij are given by

M2
s11 ¼ �2

s1 þ ha1v
2
a þ 1

2
½f1ðcos�Þ2 þ g1ðsin�Þ2�v2;

(A10)

M2
s22 ¼ �2

s2 þ ha2v
2
a þ 1

2
½f2ðcos�Þ2 þ g2ðsin�Þ2�v2;

(A11)

M2
s12 ¼

�vaffiffiffi
2

p : (A12)

Notice that ha1;a2 are chosen in the order of ðv=vaÞ2 to

ensure the electroweak scale ms1 and ms2. For simplicity if
we take the mixing terms M2

12, M
2
23, and M2

13 to be van-

ished, we obtain


3 ¼ �
4 � h5v
2
a

sin 2�v2
and ga ¼ da ¼ 0: (A13)

Then 
3 is also fixed once the values tan�, h5, and 
4 are
given, and at the moment sin� ¼ sin�. The trilinear
couplings of SM Higgs H with charged scalars Hþ, s1,
and s2, respectively, are given by

�HHþH� ¼ sin�½2
2ðcos�Þ2 þ
3ðsin�Þ2 �
4ðcos�Þ2�v;
�Hsþ

1
s�
1
¼ g1v sin�; �Hsþ

2
s�
2
¼ g2v sin�: (A14)

As an illustration, taking tan� ¼ 10, 
1 ¼ 0:5,

2 ¼ 0:125, 
4 ¼ 0, 
5 ¼ �0:3 as input values, then the
related scalar masses are mh ¼ 126 GeV and mH ’ mA ¼
mH� ¼ 303 GeV. On the other hand, for tan� ¼ 50,

1 ¼ 
2 ¼ 0:13, 
4 ¼ 0, and 
5 ¼ �0:1, we have mH ’
mA ¼ mH� ¼ 389 GeV. Both cases satisfy the experimen-
tal constraints [93]. In summary, having the scalar with a
126 GeV mass is insensitive to the value of h5 due to the
cos� suppression. The current constraint on the neutral
scalar mass would give jh5ðv2

a=v
2Þj * 0:3 for tan� ¼ 10

and jh5ðv2
a=v

2Þj * 0:06 for tan� ¼ 50, by setting 
4 ¼ 0.
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