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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, Agcp. 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,
2 ~

Locp € 05555G4,G*, and CP is violated [4-6]."

The instanton solution to the gluon field equations satisfies

7 [ d*xG4, G with n’s being integers and rep-

resenting topological charges [7]. The QCD vacuum state

hence can be parametrized as |0) = Y "=®

n=

n==_ e"%|n), where
6 is periodic with period 27r. Furthermore, for nonzero
quark masses the chiral anomaly relates the weak phase in
quark masses to the QCD 6 term. One can parametrize the
6 angle as § = 0 — arg{detm,} [8,9]. It induces a neutron
electric dipole moment (EDM) [10-14], and the current
experimental upper bound sets the best constraint on 6 to
be smaller than 0.6 X 1070 [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 U(1)p symmetry and makes 6 a dynamical
variable, and the shift symmetry of the Nambu-Goldstone
boson, axion, corresponding to U(1)pq [16,17] will set 7]
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 m, =

. 2
VM [y @ [19-21]. Here f, is the U(1)p( break-

(m,+mq)  fa
ing scale and f, is the pion decay constant. The laboratory

[22] and outer space [23-27] searches have set
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10° GeV = f, =3 X 10! GeV as the allowed regions;
therefore, the axion window is 3 X 1073 eV > m, >
1076 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 U(1) quantum number tagged on lepton sectors
in the standard model (SM). If U(1); is broken, one can
write the dimension-5 Weinberg operator to generate
neutrino masses 1, H'ZLLL [28], where H and L are
the SM Higgs and the left-handed lepton fields, respec-
tively, and A; is the breaking scale of U(1);. 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.” 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.’

The 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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TABLE I.  Quantum numbers of U(1)p( and gauge symmetries
for leptons and scalars.

L, Ig H, H, Vg, 51 sy a
Y —% -1 % 3 0 1 1 0
L 1 1 0 0 1 -2 -2 0
PQ 0 -2 2 -2 0 0 2 -2

This paper is organized as follows: in Sec. II we propose
the Dirac mass model which is embedded with PQ sym-
metry. In Sec. IIIl 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 U(1)py charge,
respectlvely 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 H; cou-
ples to dy and [, while the other one H, only couples to
up by setting opposite PQ charges to doublet scalars.
|

V= _M1HTH1 M%H;Hz -
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We consider the scenario that neutrinos are Dirac fermi-
ons, with three right-handed neutrinos vg (i = 1-3) as-
signed to our model, and hence the theory is lepton
number conserved. s; and s; are SU(2), -singlet charged
scalars, and a is the axion field which is the Nambu-
Goldstone boson of the spontaneously broken U(1)p.
Notice that vg’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 s;” and s . The new
Yukawa interactions of the model for leptons are given by

L =y,p(L;, )ZRBHI + fa,BL—iuia-Z(LLB)SIr
+ hoils VRS2 + H.c, (1)

where ¢ denotes charged conjugation, «, B8 =e, u, T,
and o;(i = 1-3) 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 L;, [ such that y is a diago-
nalized matrix. Also f;; can be chosen to be real by
rephasing L; and by transferring the phases into .
Therefore, only h;; are complex. The scalar potential
can be written as

pilal® + plsi 12 + pllsol? + A (HTH)(HTH) + Ay (HI Hoy)(HY H)

+ M(HTH)(HIH,) + A (HTHY)(HYH) + (HTH)d 512 + dolso|? + dylal®)]
+ (H;Hz)[g1|s1|2 + galol? + galal’l+ hylsi|* + holsy* + halsi Plsol? + hglal® + lal*(hailsi* + haalss|?)

+ [h5(H;rH1)a2 + wsysya+ He.l

All parameters in the potential are real. Though A5 and u
are in general complex parameters one can absorb their
phases by redefining (s 52), (H2 H,), and a, respectively.
For the invisible axion, d,, g,, h,1, "4, hs, p 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

“In this paper two additional global symmetries U(1); and
U(1)pg are imposed in the model. It turns out that the two
symmetries are not independent, such that U(1); can be gen-
erated accidentally by some particular choice of U(1)p¢ charges.
One example is to take the PQ charges as H,:2, H,: —2, L;:1,
vrid, lp:—1, a:1, s;: —2, and s,: — 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.

2)

Mfa

M)y = —
( V)LYl 877'

faﬁhﬂll(myl’ mv2’ mﬁ) (3)

where I(m3,, m3,, m3) is defined as

2 2 2
m m m
’ b =
I(m2, . m2.. m2 B sl log 51
sl 52 B 2 2 2 2 2
Mgy = Mg Lig — Mg ng
2 2
m m
52 52
- log—2 ] @)
mg, — nmg mg

In the limit of my,, > m,, the neutrino mass matrix is
proportional to the charged lepton mass, as given by

1 Mfa m?q
(M,)qi = _Wfaﬁhﬂimﬁ 2 —m ms
s1 52 52
2
~ f Mmﬁ 7AQCD lo m_gl
87 B, My M3 —m, my
= —Cfaﬁmlghﬁ, (5)
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FIG. 1. Induced Dirac neutrino mass.

We have replaced the PQ symmetry breaking scale by the
axion mass and the QCD scale in Eq. (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 %, and h,,, then
the masses of s; and s, should be of the order of f,.
Combining them with the value of u to be around the
electroweak scale would directly lead to a small quantity
of C = 1078, which means one can have the observed light
neutrino masses with the Yukawa couplings f, & at the
order of 107!, 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 my; and m,, are of the electroweak scale to provide
richer phenomenological implications. In this case we can
see that the large value of f, lifts up the mass scale of Dirac
neutrino masses and in order to keep the smallness of M, 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 p. Now we
roughly estimate the scale of w, 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, =0.1eV, m,, ~
0(100-1000) GeV, and f, = 10'> GeV, we have f~
1073, h~ 1072, and u ~ O(1) keV. Let us make two
comments on the low scale u and Dirac neutrino masses:
(1) We can explain the small p by implementing the
Froggatt-Nielsen mechanism [50] with PQ symmetry. For

>We 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
K%ﬁ“, where « is the coefficient. If one requires that this extra
contribution be subdominant, say, less than 1073 eV, k should
be smaller than 1077,
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example, if we assign the PQ quantum number of a as % in

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

(@

—_—
U(1) pgbreaking (fa

n

n—2
ICREL ) (a)s{sya.  (6)

Thus, u = (%)”_2@1) 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 /5 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 formalism M, can be diagonalized by

Vig VinnsMo Vi = _VLIMNS(CfMdegh)VVJr’ 7
where Vpyns 1S a unitary 3 X 3 Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix and Vy, is the transfor-
mation matrix for right-handed neutrinos. For convenience
we define FH = VpynsM,, with H = M;, (—hV;') and
F = 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

F'H = AVpynsM,,,» ®)
where
~F, 0 F,,
Fr=AF=| F,, F,, 0 |
0 0 0

0 1 0 )

A= 0 0 -1

FMT _FET Fe[L

Then we have

055015-3



CHIAN-SHU CHEN AND LU-HSING TSAI

PHYSICAL REVIEW D 88, 055015 (2013)

TABLE II. Neutrino oscillation data.
sin 2012 sin 2023 sin 20]3 Amfun Amgtm
0.30 = 0.013 0.41+0037 0.023 + 0.0023 (7.50 £ 0.185) X 1073 (24710089 x 1073

_Fe,uHel + F;LTHTl
FerHel + F,uTH,ul

_Fe,uHeZ + F,uTHTZ
FeTHe2 + F,uTH,uZ

0 0 0
with F; = (F,;, =F,., F,,).
For the normal hierarchical spectrum with m, = 0, we
have the following relations:
Vi Vi
F,,=-2F,, F,,=——X2F,, (11)
epm V et Vel nT
and
v V*
— _ Ml — Jrl
H, _V—leelr H, = Ve, — Hei. (12)
The other terms give H ,,, H 3, H,», H,3 in terms of F,;
H,,, and H;:
\% m
Hy=-2H,— =2V,
m2 V* e2 F#T T2
Vi m,
H7'2 = V: HeZ + F ? Vu, (13)
V;*Ll mV
H,; = V—*He3 Fo — Vi
m

V3

%
HT3 = HeS +

- Vv
Vi

3
F,.

Note that the requirement of a real F' matrix make Vpyns
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,,, = 0, we obtain
v 3
Fe,u: T3F FeT_ —‘l«:F,uT’
63 e3
V*g * m
Hy=-5"H,——"V,, Hy=2_2H,+_"V,,
wl V:3 el F/“. 71 71 VZ3 el F/“— wl
Hyp=-Hy,——2V, Hy=-"2H,+=2V,,
n2 V:3 e2 FMT T2 T2 V:3 e2 F/“- 2
V;3 V:3
H,3=—-Hs Hjz= v — Hes (14)
e3 e3

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

_Fe,uHe3 + F;LTHTS
FeTHe3 + F,LLTH/.L3 =

mVIV/.Ll vaV/.LZ mVSV,LL?a
mVIVTI mV2V7'2 mV3V7'3 , (10)
m Y VaF, mpYVpF, my3YViF
! 1 1

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 wf,/(m? —m2)log(m? /m%). If
there exists a large hierarchy between mg; and my,, say,
my, = kmg, with k being a large factor, C is approximately
inversely proportional to m2,. However, the positive mass
eigenvalue condition mgmgy, > wf, 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 /. So the
largest allowed hierarchy between m?, and m?2, is around
k= 0(10%). We will also discuss the implication to the
parameter space with a hierarchy scenario.

A .p— ey

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

2fozﬁ

Without loss of generality, here vg. is the mass eigenstate
and we absorb the mixing matrix —V, into the coupling #.
In SM + vy 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 s or sy in the loop. Currently the latest
result from the MEG Collaboration gives B(u — ey) <
2.4 X 107" [54]. For I, — lgy the effective Lagrangian
can be generally written in the form

VL S — hall VR s, + H.c. (15)

1- ~ ~
L = _EI,BO-,U,V(ARPR +ALPL)ZQF"LV, (16)

where A 1.g for this model is given by
~ ( e
A 19277_ ( Zfﬁyfay) 1 and

- 1 .
i = §92 jr . (Zhﬂ,hm)n’fQ . (17)

52
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FIG. 2 (color online).
curves are generated with different C (blue: C =
mgy = My = 500 GCV, hez = he3 = (0.5.

Note that the limit m, << my; , has been applied to the above
formula. The decay rate of I, —lgy is I'(l,—1gy)=
(m3,/16m)(1 — m% /m%)*(|Ag|* +|A, ). One can compare
it with the lepton three-body decay width I'(l, — lgv, 7 5) =
G2m3,/19273. The branching ratio u — ey in our model is
obtained by

I'(w—ey)
B(u —ey) = T(w = erd)
— ae
- 7687G2
(1627 |f ey P 1Sy Z Ihe,lzlhﬂ,lz)
sl me
(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 = 0.8 X 1073 with the same inputs.

|

4GF€

-feff:_ \/—
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Inverted Hierarchy

-0.0005]
0.001F
10,0015}
-0.002}
-0.0025]

N I . ! . ! . ! .
0 0031 -0.5 0 0.5 1

e

The allowed regions in the h,;-f ., plane in (a) the normal hierarchy and (b) the inverted hierarchy. Different
1074, green: C = 1.1 X 107>, red: C =

107°). The other parameters are taken as

B. p—e conversion

The one-loop diagrams for pw—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 s;” and s5 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

Gr s

1
[ 2 = s
L = Ewmwe’)//t(gétfeafuam—zPL

sl
+ Zhez ,lLl R)/LZQqq’}/'uQ'
q
In the above we used the shorthand notation sy = sin 0y .
The p—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 w—e conversion are written as

(19)

Gr_ _ _
[m,eat”(AgPg + A P )pF ,, + He] = T;[e(gLs(q)PR + 8rsPLIdq + e(gLp)Pr

— F — — —
+ gre(PL)qysq + Hee ] — ﬁ[e(gw(m“PL + grvig) Y* PRIMGY uq + e(8ra)Y* PL

- GF 1 > 14 v ]
+ 8rai Y*PrIMGY, ¥sq + Hee] — 3[5 e(grr() "' Pr + grr(q)0*"PL) G0 ,,q + He. ]

(20)

where Ag ; is related to the dipole interaction with photons and g p v 4 7 indicate scalar, pseudoscalar, vector, axial vector,
and tensor couplings, respectively. Comparing the above formula with Eq. (19), we have

261‘)/ _ Qqs%v m%v(z4f* f L)
3677 ~ R m2,

(=1 ( m%v)
Ap = ——(Sar fo. L)
R 1927ng% % feaf,ua m?]

Q
g = ”V ( tibi— ) (21a)

AL = 19(2771) (Z m?, )

(21b)
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and other couplings vanish. The rate of u—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

2 15

B — 2Gymy,
H—e FA
capt

+leA,D + gV + gm v

(leAgD + RV + g ym|2

(22)

o d ~ d
with g(L[?;ev = Zg%ev + g(L,)RV and g(L’f)RV = g(Lu,)RV + 2g(L,)RV'

D and V»" are overlapped functions which can be found
in Ref. [55]. The constraints from experimental results for
p—e conversion in different nuclei [56—60] are weaker than
what is given by u — evy.

C. p-3e

Penguin diagrams and box diagrams contribute to this
process. The experimental upper bound is B(u —
eée) <107!2 [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 u — 3e are similar
to those for pu—e conversion, with the quarks replaced
by electrons. In general the effective Lagrangian for
n — eée is

L(u — eee)
AGpT . 9y . u»
= —T;[eyﬂe?eta"‘ (8ma,m,)(AgPr + ALP) 1

+ ey*(a Py, + agPgleéy, PLu

The branching ratio can be calculated as
Normal Hierarchy, mgy>mg,

1 T T T T T
! C=107 —— |
0.8} C=10 .
. 061 .

o I

04} -
0.2 -

0 : . :
-1 -0.5 0 0.5 1

hel

FIG. 3 (color online).
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B(u — eee)
= (lagl* + 16, 1) + 2(la,|* + |bgl?)
— 327a,Re(Ag(ag + 2a;) + Ap(by + 2bg))

— E), (24)

+ 25672 a2(|Ag]: + |AL|2)(4 12
m 2

e
where the parameters a; g and b, » are given by

2

. St 2 " 1
arr = — 14472 mw(§4feafﬂa m—gl) and

2
Sy 5 . 1
bLg = v mw<zi'_heihm—m%2) (25)

from the photon penguin diagrams, while for the box
diagrams the leading order of a%* and b** vanishing,
we have

2
My

B = o | XA el Aft few | (26
P = Saggu, | 2wl | | 24t | 60
and
pbox = m%v Zh 5 |Zh* h (26b)
R 3277'2g%m%2 i el 7] i el |

respectively. As shown in Fig. 2, the Yukawa coupling
f is in the range of O(1072) to O(1073); we can safely
ignore the box diagram contributions in u — 3e decay.
Therefore, the parameter space is looser than those of
m— ey.

In the limit of mass hierarchy between m,; and m,, that
is, the my > mg, or my, > my cases, the parameter space
for Yukawa couplings / 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 m, =
20my, and mgy, = Smy; as the reference points. In these
cases, we are only able to give a severe constraint on one of
the couplings, 4 or f, and we illustrate our results by taking
a 500 GeV mass scale to the lighter scalar field.

Inverted Hierarchy, mg;>mg,

-_'E‘  — T
-0.0005
-0.001

& -0.0015

-0.002
-0.0025

-0.003 - ' - : - '

- -0.5 0 0.5 1
hel

The allowed regions in the h,(-f,, plane for the case of m;; = 20my, in the normal hierarchy and inverted

hierarchy neutrino mass spectrum, respectively. The blue line corresponds to C = 10~* and the red line represents C = 1077,
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Normal Hierarchy, S2>mS1
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FIG. 4 (color online).

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,(exp) —
a,(SM) = (287 = 63 = 49) X 107!, which indicates
some new physics contribution. Our scenario is essentially
a two Higgs doublet model (2HDM) plus two singly
charged scalars si and s5. The anomalous g — 2 of the
muon in this model is given by

1
m2. + Zlh#ilz
mg i

2
14s,8_a

Aa, = —

DI

n ﬂ( 14Cﬁ—a n
v? \micos?B  m3cos?pB

22 2 2
_ tat; B n tan2 ,6’)], 27

my m

H+

where h and H are scalar particles with z being the
SM-like Higgs, as well as the pseudoscalar field A and
the charged scalars H*. «, B are the mixing angles
[sg— =sin(B — a) and cg_, = cos (B — )] 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 Aa,, 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 u, < 3.2 X 107 up [66].
The ordinary leading order contribution in the SM, includ-
ing right-handed Dirac neutrinos, is the exchange of W,
which is around (3.2 X 107" up)(m, /eV) [67] with the
Bohr magneton wz = e/2m,. In this model, the main new

The allowed regions in the h,i-f,, plane for the case of my,
hierarchy neutrino mass spectrum, respectively. The blue line corresponds to C =
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Inverted Hierarch , >m

0.02 | : | : y 32 's1 |
0.018 C 10 5 ]
0.016 C=10 ]
0.014 1
0.012| .
0.01[ ]
0.008 - .
0.006 - .
0.004 - ]
6002 , ., I\, 4 by A

e

= 5my, in the normal hierarchy and inverted
10~* and the red line represents C = 1073,

contribution comes from the mixing of s;, in the loop,
since the same diagram also generates neutrino masses,

given by
2\
M2 1( 1 ! ) -19
———]=10 . (28
w) e e 9

3l = 2

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~ up [70].
The contributions from other charged scalars such as H™,
s7, and 53 in the loop are less than O(107%)u, 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 A, 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

_ 4 . Mfa
d = _ngm@hn(fv)ﬁ)m

1 /m2 1 m2
o vk ) et | S

mgy ng, mg) mg,

with the function B(x) defined by
Jx ( 2xIn (x))

B(x) = 1+x+ 30
(x) 2(1 — x)? 1—x (30)

Therefore we conclude that the extra contribution is
smaller than (9( m ), which means |d,| < 10" *¢cm.

Similarly, the neutrlno EDM generated by s, mixing

in the loop gives |d,| = 107?°¢ cm. Though the new con-
tributions to d, and d, are nonzero, both of them are
unobservably small.
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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 f,, where its mass and the
interactions are inversely proportional to f,. Hence, the
invisible axion is a very light, very weakly interacted, and
very long-lived particle. Axions with mass in the range of
1079-107% eV were produced during the QCD phase tran-
sition with the average momentum of order of the Hubble
expansion rate (~3 X 107° eV) at this epoch and, hence,
are cold dark matter (CDM). Their number density is

provided by
1 /0.6 X 1072 eV\¢/0.7
0, = (P E an
2 my, h

where £ is the current Hubble expansion rate in units of
100 kms~! Mpc~!. 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—vyy

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 yy 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]

J

G%mwam3

Y 647 c H( = ma /)’

( Ca )(1 4
Sq T - — =
tan B/\2 3

I'zy =

X

1
+ 5.3 A (M, k) + (5 - S%v)/\/Ao(”’lHﬂ Kp+) + (—s3)AA (0, Ko+)

s%V)Al/m,, k) + (54 — g tan B)(
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collaborations’ data in 2012. Updated results can be found
in [77,78]. Although the deviation is still within the SM
expectations at the 20 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],

Gra? 1( Ca )
ogy=—= |=| 5. T —= A1 o(7
0 12827 |2 tan B 1/2( )
1
+ E(Sa — Cytan B)AI/Z(Tb) (32)

Notice that the bottom quark contribution is not
negligible due to the enhancement of large tan 8 and
2

Ap(r) =27+ (r = Df(D]r 2 with 7, 4”1{42 The
function f(7) is defined by
(sin "' /7)%, r=1
= 33
/() —1log I — in ], 7> 1. 33)

In type-II 2HDM the decay rate of & — vy is given by
Gra mz

co \4
+
P = 108 /5 ( anB>3A'/2(T’)

+ (54 — cotan ,3)§A1/2(7b) + 5,A1(Tw)

+ NMAy(Ty+) + AAg(7,+)

(34)

where A,(7) = —[272 + 37+ 327 — 1)f(7)]7"? and
Ao(1) = —[7 — f(7)]772. The coefficients A and A’ are
defined as A =wvupy,,-/2m2) and N =vupy y-/
(2m2,.), where ppy+ - and wpp+py- are the related tri-
linear couplings in the Higgs potential. One can see that
the effects of the doublet scalar charged component H*
and the singly charged singlet s* are indistinguishable.
The reason is the lack of knowledge of scalar potential.

For the h — Zvy channel, the decay width is written
as [89]

SW>A1/2(771)’ Kb)

(35)
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tanp=10 tanp=50
40— t8 B.
3071
201

T ] 100———T—

A Ag(ts)

0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

cosa. cosa.
FIG. 5 (color online). Solutions of s* effects in terms of cos a by assuming Ay(7, k)/A(7) = 1.00 with R, = {T‘T” = 1.5 and
Ry, = U‘;i = 1. 0y; and g, are the production cross sections for the Higgs to ii channel in our model and SM, régsﬁdectively.

YSM

where A1/2(77r K) = _4(11(7” K) - 12(77; K))s A](?], K) = ) = nK 7]2K2 Ty K—l
44 Dm0~ [0+ DE- ) - G+, 0T T e ) T

. aM? 2
= = N K - -
and Ay(n, k) 2 21,(m, k), with the parameters 7; i i i [e(n™) — gl 1] (36)
and «k; = % Functions I,(n, k) and I,(n, k) are
z
given as and
& g
o o
< <
< <
coso. coso.
&
o
<
<

0.1 0.2 0.3 0.4 0.5
coso. coso.

FIG. 6 (color online). Effects of the singly charged singlet scalar with values of Rz, = 0.5, 1, 2 as indicated on each curve,

and Ay(n, k)/A(7) = 1.07 (solid lines), 1.00 (dashed lines), respectively, for the fixed value R,, = 1.5. Blue lines correspond to
tan B8 = 10 and red lines represent tan 8 = 50. Note that each figure corresponds to one of the lines exhibited in Fig. 5.
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hin#) = =5 Sl =S 3D

with
) Vx~1 = 1(sin "1 /x), x=1 1
TN S gD - ir] xm17

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 s from the decays, we found the
ratio of Ay(n, k)/Ay(7) lies in the range of 1.00-1.07 with
charged scalar masses above 100 GeV. We then take the ratio
as a constant and subtract the ™ contributions in I',,,, and
I'z,. Other SM Higgs decaying channels are calculated from

HDECAY [90]. The results of the s effects in terms of the
parameter cos o with tan 8 = 10, 50 are shown in Fig. 5.

Here we take the values R, = :” = 1.5 and Ry, =
YYSM

72y =1, with o;; and o, being the production cross

T Zysm SM

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
s* effects with different values of Rz, and the ratio of
Ay(m, k)/Ay(7) for the fixed R,, = 1.5 are shown in
Fig. 6. Here R, = 0.5, 1, 2 and the Ay(7, «)/A(7) ratios
are taken to be 1.07 and 1.00, respectively. It shows that
taking the ratio of Ay(m, k)/Ay(7) as a constant is a good
approximation in the regions of parameters we are interested
in and is useful for the deviation of I'y, from the SM
prediction for the singly charged singlet scalar s*. Finally,
it is worthwhile to note that the charged singlets s; and 55
can be produced by quark annihilation through gauge boson
v and Z° 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 ¢ or u are tagged by
LHC. The related signal strength observed from ATLAS is
1.3 = 0.5 [91], and the 1o 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
mg = 150 GeV, which can be regarded as the lower bounds
on my if we assume Br(s — e(u)v) = 100%. Finally, we
estimate the background contribution for the h — WW* —
evuv 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 my, 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

PHYSICAL REVIEW D 88, 055015 (2013)

Peccei-Quinn symmetry breaking at one-loop level. As a
result, the neutrino mass is related to Agcp 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 — yy and h — Zvy 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 Ov 33
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 this model and argue that the Dirac neutrino mass
is originated from the Peccei-Quinn symmetry breaking,
which is well motivated in QCD field theory, Majorana masses
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 H H,s{ and H,H,as; .
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 of Hy = (h,(R, +iA,)/~2)T, Hy,=(hi, (R, +
iA,)/\2)T and a = (R, + iA,)/+/2 acquire the vacuum
expectation values (VEVs) vy, v,, and v,, respectively,
then the related tadpole conditions can be expressed as

1 1
_,U/% = —I:/\lv% + 5(){3 + )l4)U% + E(da + hS*)Ug],
1 1 (5]
_,LL% = _I:/\zll% + E(/\3 + /\4)11% + E(ga + hs—v )Ug],

2
(AD)

1
_IU% = _I:havz + h5v1v2 + z(dav% + ga”%)]- (A2)

vy, are responsible for the electroweak symmetry breaking
and v, = 10'2 GeV is aimed at for the PQ symmetry
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breaking scale. Notice that the sizes of w;, 45, and u, are
not required to be in electroweak scale, while the
TeV-scale charged singlets s, will bound the couplings
hg1.4 to be around v2/v2 and the value of u to be less than
(10° GeV)?/v,. Furthermore, the trilinear couplings d,
and g, for the scalar fields and the axion will be con-
strained to be larger than v/v,. The 3 X 3 scalar neutral
mass matrix elements M,; in the basis {R, R,, R,} are
given as

M3, = 2X,(cos B)*v? — % tan Bv2, (A3)
M3, = 2\,(sin B)*v? — % cot B2, (A4)
M2y = 2h,02, (AS)

M2, = %[(,\3 L AGIn2B 2]l (A6)
M3, = (g, sin B + hscos B)vv,, (A7)

M3, = (f,cos B + hssin B)vv,,. (A8)

The relations tan 8 = v,/v, and v = (v? + v3)"/? are
used in the formulas. The mixing angle between R, , and
mass eigenstates H, Hj, is defined as tan (8 — «), the same
as the definition in [65]. The discovery of a 126 GeV scalar
implies that the magnitude of A5 should be of the order
v?/v2. Similarly, the masses of pseudoscalar and charged
Higgs bosons are given by

1
m} = —hs(sin 28v? + T v%),
A9
m2+=—£v2— 5 ! v, (A9
A= 2 sin2B ¢

From the above mass formulas we get hs <0, and

mj — my. = (A4/2)v* by applying v, > v. Finally, the

PHYSICAL REVIEW D 88, 055015 (2013)

charged particles s, and s, will not mix with H=. The mass
matrix elements M;; are given by

1 .
M3, = ul + hgv + E[fl(COS B)? + gi(sin B)*]v?,
(A10)

1
M3, = udh + hevg + E[fz(COS B)* + g,(sin B)*Jv?,
(A11)

MU,
V2

Notice that &, ,, are chosen in the order of (v/v,)* to
ensure the electroweak scale mg; and m,. For simplicity if

we take the mixing terms M?,, M3,, and M?; to be van-
ished, we obtain

2
Ms12 -

(A12)

2
hSUa

_W and ga:du:()'

)\3 = _)14 (A]3)
Then A5 is also fixed once the values tan 3, hs, and A4 are
given, and at the moment sin« = sin 8. The trilinear
couplings of SM Higgs H with charged scalars H", s,

and s,, respectively, are given by

Papt - = sin B[245(cos B)? + Az(sin B)* — Ay(cos B)*]v,

Iu‘Hs;rs]’ = glein Br ILLHS;X; = gz‘USiHﬂ. (A14)

As an illustration, taking tan B8 = 10, A; = 0.5,
Ay = 0.125, Ay = 0, A; = —0.3 as input values, then the
related scalar masses are m;, = 126 GeV and my ~m, =
my= = 303 GeV. On the other hand, for tan 8 = 50,
A=A, =0.13, A4, =0, and A5 = —0.1, we have my =~
my = my= = 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 /5 due to the
cos B suppression. The current constraint on the neutral
scalar mass would give |hs(v2/v?)| = 0.3 for tan 8 = 10
and |hs(v2/v?)| = 0.06 for tan 8 = 50, by setting A, = 0.
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