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We consider a renormalizable theory, which successfully explains the number
of Standard Model (SM) fermion families and whose non-SM scalar sector
includes an axion dark matter as well as a field responsible for cosmological
inflation. In such theory, the axion gets its mass via radiative corrections at
one-loop level mediated by virtual top quark, right handed Majorana neutrinos
and SM gauge bosons. Its mass is obtained in the range 4keV+40keV,
consistent with the one predicted by XENONIT experiment, when the right
handed Majorana neutrino mass is varied from 100GeV up to 350GeV, thus
implying that the light active neutrino masses are generated from a low scale
type I seesaw mechanism. Furthermore, the theory under consideration can
also successfully accommodates the XENONIT excess provided that the PQ
symmetry is spontaneously broken at the 10'° GeV scale.

190



Vol 9. No 1 January 2023

[~ —]
\TUYEN QuANG/
| VIETNAM |

TAP CHI KHOA HQC PAI HOC TAN TRAO

ISSN: 2354 - 1431
http://tckh.daihoctantrao.edu.vn/

LAM PHAT VU TRU CHAT TOI AXION TRONG MO HINH 3-3-1

Vii Hoa Binh!, Hoang Ngoc Long’, Vii Quang Tho’

I Pai hoc Khoa hoc va Cong nghé, Vién Khoa hoc va Cong nghé Viét Nam, Viét Nam

2 Vién Vat Iy, Vién Khoa hoc va Céng nghé Viét Nam, Viét Nam

3 Pai hoc Tan Trao, Viét Nam

Dia chi email: vhbinh@iop.vast.vn
https://doi.org/10.51453/2354-1431/2022/877

Thong tin bai bao

Tém tit

Received: 10/10/2022
Revised:15/11/2022
Accepted:30/12/2022

Tir khoa:
Vat chat téi axion,

Co che seesaw I

Chung t6i nghién ctru mot 1y thuyét tai chuén hoa thanh cong trong viée giai
thich s6 thé hé fermion trong M6 hinh chuan. Trong 1y thuyét nay, phan vo
hudng khong thuoec Mo hinh chudn 13 phin ¢ chira dong thoi vat chat tbi
axion va mot trudng twong tmg v&i lam phat vii try. Vi 1y thuyét nhu vay,
hat axion nhan khdi luong théng qua birc xa bo dinh mot vong voi quark dinh
la hat 4o dong vai tro trung gian, cac hat neutrino Majorana xoay phai va cac
boson chuéan ciia M6 hinh chuan. Khéi lugng cta axion duge tinh toan nim
trong khoang 4 dén 40 keV. Diéu nay phu hop véi két qua cua thi nghiém
XENONIT khi khéi lwong ciia neutrino Majorana xoay phai nhan gia tri trong
khoang tir 100 dén 350 GeV va ngu y rang khdi lwong ctia neutrino hoat tinh
dugc sinh ra tir co ché ciu bap bénh loai I ¢ thang nang luong thap. Hon nira,
ly thuyét dugc nghién ciru ciing c6 thé thanh cong trong viéc giai thich dugc
su pha v& d6i xtimg PQ moét cach tu phét & thang niang lwong 1010 GeV khi st

dung két qua thu dugc tir thi nghiém XENONIT.

Péi xitng PO

I. INTRODUCTION

Currently, an axion is a very attractive subject in Particle
Physics in both theoretical and experimental aspects [1,2],
thus providing a motivation to consider extensions of the
Standard Model that include this particle in its field content.
The axion is a CP-odd scalar field which arises in the
solution of the strong-CP problem, and originally it is
always massless particle; and in order to generate a mass for
the axion, one can consider the implementation of radiative
corrections as shown in [3] or gravitational effects [4]. It is
interesting to note that nowadays the axion is widely
considered as a candidate of dark matter (DM)[5]. The dark
matter candidate is existed only in some beyond standard

models. Among the SM extensions, the models based on the
SU(3)¢ x SU(3), X U(1)x gauge symmetries (called 3-3-1
models, for short) [6-13] have several very interesting
features, some of them being, the natural explanation of the
number of SM fermion families, the electric charge
quantization and the solution of the strong CP problem from
the PQ symmetry [14], which is automatically fulfilled in
the 3-3-1 models. In one of the 3-3-1 models, there exist
both interesting features, namely the axion dark matter
candidate and inflaton for Early Universe [15,16]. In the
above mentioned papers, the axion gets mass only from
gravitational contribution.

It is worth mentioning that the CP-odd sector of the 3-3-
1 model with axion has been considered in [15-17].
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However, the rotation matrix that diagonalizes the squared
mass matrix for the CP odd neutral scalar fields given in
[15], which was obtained by Mathematica is not unitary, and
thus such mixing matrix cannot be used for further studies
such coupling constants, collider phenomenology, etc. The
aim of this work is to reconsider the CP-odd scalar sector of
the aforementioned model with the inclusion of radiative
corrections mediated by virtual top quark, right handed
Majorana neutrinos and SM gauge bosons, which in turn
generate the mass of the axion. Such radiative corrections to
the axion mass where not considered in [15]. Our paper is
organized as follows: in Section II we present brief review
of the model. Section III is devoted to discrete and PQ
symmetries needed for the axion existence. The Higgs
potential and the resulting physical scalar spectrum is
discussed in Section IV. In Section V, we present radiative
correction for the axion mass. Finally, we state our
conclusions in Section VI.

II. REVIEW OF THE MODEL

The model under consideration is based on SU(3). X
SU(3), xU(1)x X Z;; X Z, and has the following fermion
content:

1

Yar = Wa by VDT ~ (13,-3), lar ~ (1L, -1D),

3,31

Nag ~ (L1.0), Qa1 = (ua,d3, )] ~ (*37),
Qo = (dg, —ug, DT ~ (3,3%,0),

3,1,2

Ugr, Ug ~ (T): dar Dar ~ (3'1»_9:
where ¢ = 1,2 and a = {3, a} are family indices. The U and
D are exotic quarks with ordinary electric charges, whereas
N are right-handed neutrinos.

The scalar sector of the model is composed of three
SU(3), scalar triplets and one SU(3), singlet scalar field.

They have the following transformations under the

SU(3)¢ x SU(3), X U(1)yx symmetry:

1
X =0 x9) ~ (1.3,—§>J7T = ®,n2,19)

2
pT = (ot P2 pt) ~ (1,3,§), ¢ ~ (1,1,0).

To generate masses for gauge bosons and fermions, the
scalar fields should acquire vacuum expectation values
(VEVs). These fields can be expanded around the minimum

as follows
1 14 471
\/E(v,, + Ry +il})

[ )
- _

x=| . M=l
\ﬁ (vy + R + iI;)/ E(R;’; +il3)

+

p1
1 . 1 .
p= ﬁ(vp +R,+il,) |, ¢ =ﬁ(v¢ + Ry +ily).
p3

Note that since ¢ carries non-zero PQ charge (as shown
below), it has to be complex as shown in (3). The VEV v, is
responsible for the first stage of gauge symmetry breaking,
whereas vy, v, trigger the second stage of electroweak
symmetry breaking.

1I1. DISCRETE
SYMMETRIES

AND PECCEI-QUINN

In order to keep intact the physics results of the Ref.[15]
the Lagrangian of the model must be invariant by the
discrete symmetries Z;; X Z, which are summarised in

. k
Table 1. Here we have used a notation w, = ™11,k =
0,+1---+5.

Table I: SU(3)¢ X SU(3), X U(1)x X Z1; X Z, charge assignments of the particle content of the model. Here
a=123anda=1,2.

Qar Qs Uar dar Usr Dyr Yar lar Ngg n X p ¢
SU3)¢ 3 3 3 3 3 3 1 1 1 1 1 1 1
SU(3), 3 3 1 1 1 1 3 1 1 3 3 3 1
o R R
Zyq e Wo Ws w2 w3 Wy Wq w3 ws? ws* w3z’ wy? wi?
Z, 1 1 -1 -1 -1 -1 1 -1 1 1 -1 -1 1
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From Table I, ones recognize that under Z, symmetry,

the following fields are odd

n,p,Ug, daR' €aRr, NR) - _(77: P, Ug, daRv €aRr, NR)
Let us discuss about the PQ symmetry. These discrete
symmetries yield the following Yukawa couplings

LY = y1Q3,Usgx + Z (yz)aﬁQ_aLDﬂRX*
a,f=1

+Z (73)3aQ3LUar? +Z Z (1) aaQardarn’

ala

+Z (y5)3aQ3LdaRp+Z Z V6)aaQarttarP’

alal

+Z Z gablpaLebRp+z Z O apParMNpr

alb a=1 b=

+Z Z On)abNgrNpr + Hec..

a=1 b=

where unlike [15], the neutrino Yukawa term

yég) Wa)@p)(p*) is not present since that such term is
not invariant under the Z, symmetry. It is worth mentioning
that the Yukawa interactions given above do not allow for
terms which interchange y < 7, since they do not respect
the Z;; X Z, symmetry.

Assuming fermions of opposite chiralities have opposite
PQ charges and X; = X, = 1 we summarise PQ charges of
fermions in Table II.

Table I1: PQ charges of fermions in the model

Uql, das 3 D,

la lar Val Var Nag

Xpo | -1 | 1 1 1

1 1 1 -1 1

It is now clear that the entire Lagrangian of the model is
Upq(1) invariant, providing a natural solution to the strong-
CP problem.

The following remarks are in order

i) The discrete symmetry Zy
accommodated when it has enough number of fields in its
spectrum.

can naturally be

i) If the Z;; X Z, symmetry is imposed, then the PQ
symmetry automatically appears in the model. Therefore,
the CP problem can be solved by the dynamical properties
of the axion field, which is a physical scalar field belonging
to the CP odd neutral scalar sector.

iii) From the last two terms of Eq. (5), it follows that the
tiny masses for the light active neutrinos are generated from
a type I seesaw mechanism mediated by right handed
Majorana neutrinos, thus implying that the resulting light
active neutrino mass matrix has the form:

v
M, = My My (M), MD_}’V \/— MN_YN\/_(E'

IV. HIGGS POTENTIAL

The model scalar potential takes the form:

V=pid o+ uixTx +uzpto +minn + 1, (0% + 2,(n™n)?
+23(0Tp)? + LT + 2s (T (0tp) + 26 () (0Tp)
+2,0 M) + G p) (0T + (T p) (o)

+7L10(¢*¢)2 + A11(¢*¢)(XTX) + A1z (d’*d))(P*P)
+13(0* D) (™) + (Ape " nip;2 + H.c.)

The VEV vy is responsible for PQ symmetry breaking
resulting in existence of invisible axion due to very high
10'*GeV. Then SU(3), x U(1)y
breaks to the SM group by v, and two others v,,v, are

scale around 10%° —

needed for the usual U(1), symmetry. Hence vy > v, >
Vp, V. The constraint conditions of such scalar potential
were analyzed in Ref. [15].

From an analysis of the scalar potential, we find that the
physical CP odd neutral scalar mass eigenstates are:
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Gy cos 85

Ag | _ | sinBscosb,cosby
G, | —sin 03sin 4,

a —sin 63sin 64 cos 6,

where the mixing angles in the CP odd scalar sector take
the form:

v v,
tana = _17’ tan 6; =—n,
v, vy

Vpn Y

—. tanf, =~ tana.

Ve JVE +VE Vg

tan 9¢, =

The mixing angles in the CP odd scalar sector depend on
the ratio of v, to v,, v, and vy.

By rotating the scalar fields to the physical basis,
considering the limit v, > v,, v, and a scenario close to the
decoupling limit v, > v,), it follows that the scalar fields of

the model under consideration can be expressed as follows
[18,19] :

Gyo 1 .
— (v, +h+iG
xX= 1 GY_ N = \/E(v” L Z)
— (v, + H, +iGy) G“()‘
V2 @
Hy \'
1 ) 1 )
p= E(vp+h5+1A5) ,¢zﬁ(v¢+d>+la).
Hy

The scalar spectrum of the model has the following
features:

1) In the charged scalar sector, one has four singly
charged fields: two of them are massless being the
Goldstones bosons eaten by the longitudinal components of
the bilepton gauge bosons W+and Y*, whereas the physical
charged scalar fields have masses at the TeV scale.

2) In the CP-odd scalar sector, there are six fields: two
massless Goldstones eaten by the longitudinal components
of the Z and Z' gauge bosons and one massless is part of
Goldstones boson associated to the longitudinal components
of the neutral bilepton Gyo gauge boson. One massive CP-
odd field has the same mass as another in CP-even sector.
Hence the above pair is a complex bilepton scalar field
denoted by ¢°. Another field associated with the singlet ¢ is
identified to the axion a. Originally, this axion is massless,
but it becomes massive thanks to radiative orrections at one
loop level. Therefore, at tree level we have only one massive
CP-o0dd scalar field A4s.

3) In the CP-even scalar sector, there are six fields. One
massless field is part of Gyo, another massive is associated

194|

sin 6,cos 05
—sin 64cos 63cos 0,

—sin 6 0 0 / 1;\
cos f3cosB,c0860p —sinf,cos6y sinby [5

cos 6, 0 1,
—sinf,sinfy cos by Iy

to @°. One heavy field associated with the imaginary part of
the singlet ¢ is identified with the inflaton @ and one SM-
like Higgs boson h with mass 126GeV. Besides that, in
order to trigger inflation, the inflaton & should acquire a
very large vacuum expectation value of around 10''GeV.
For a detailed study of how the field @ drives inflation in 3-
3-1 models, see for instance Ref [16, 20]. The remaining
two fields are one heavy with mass at TeV scale and another
with mass at EW scale.

4) After including the axion field a(x), the total
Lagrangian as follows

2
a(x)) 95 cauwvga
f, /32m? e
+ kinetic + interactions

Lo = Lspe + (3_ +

Vo
\/E)
magnitude of the VEV that breaks the U(1)p, symmetry.

where the axion decay constant f, = —, is related to the

Hence, the CP violating term GG is proportional to (9_ +
a(x)
o
(a(x)), thus implying that the CP violating term GG is no
longer present in the Lagrangian, so that the Strong CP
problem is solved.

), when the axion field is redefined, a(x) = a(x) —

5) Another important point is that the invisible axion of
the model has a small component of I; which couples only
to exotic quarks at tree level via the following Yukawa
interaction

Lo .
L(aq,q,) =— ﬁ (sm 63 sin B cos 94)
[hYU,Ug = hQpDgyDgrla +H.c
6) From Eq. (8) we find
1, = —sinf,c08 0y As + cos 0,G; — sin O,sin Hya.

Hence from Eq. (5) we obtain that the electronpositron-
axion interaction has the form:

.gll . . —
Ly,e = —i—=sin @, sinb,aéyse
ae \/E 0] 4 5

V2m,
Yo
where m, = 0.488MeV is the electron mass at the M,

v .
oA 174GeV,  which

corresponds to 6, = g,vd, ~ 1.95 x 10'°GeV, we get the

=—i

sin 64 sin 6,aéyse = —igg.aéyse

scale.  Considering, v, =v, =

following value for the electron-positron-axion coupling:
Jae = 2.5 X 10714
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which is consistent with its corresponding experimental
value gqe = 2.5 % 1071* arising the best fit data arising
from the XENONIT excess [25].

7) From Egs. (5) and (8), we conclude that the
interactions among axion and fermions are, as expected,
proportional to the masses of the latter.

V. THE AXION MASS

At tree level, the axion is massless. In order to generate
the axion mass, there are two methods: using the
gravitational effect as done in [16] or relying on radiative
corrections. In this paper, the latter method is used. Before
proceeding with the calculation of the loop diagrams, it is
worth mentioning that for a successful reheating after
inflation [16] and for avoiding troubles with divergences in
higher order interactions of the Higgs in electroweak phase

2
_ma 1, 5 4[1—ln<mt)] 12
2 v2 m2 vZ

m z )

= 12— sin” 64 cos” O,m;
492, [—mH <ln— - 1)

where the terms in (14) are the contributions due to t, Ny
and gauge bosons, respectively. In (14), the necessary

+
v=ZW,Z' X,Y,H=h,hs,

transition [21], the scalar couplings between axion and
scalar fields such as: 44,411,412, 443 must be very small
around 10710 — 1076, the
correction of the axion, the following limits are applied: i)

Therefore, in self-energy

sinf; = Z—" — 0. Within these considerations, the dominant

X
contribution to the axion mass at one-loop level consists of

the following diagrams: ii) Loop with fermions and gauge
bosons in the internal lines. However, in the concerning to
the fermionic contributions, we only consider the leading
ones which correspond to the loops with the top quark and
right-handed neutrinos Ngg(a = 1,2,3). iii) Tadpole
diagrams with the W,Z,Z',X and Y gauge bosons. Hence
the axion mass is given by

ma m2
i1 - ln<mz>]+3 e ]

v=zZw,z' xy
mV +m%\. m?
m2 —m? In m?
v H H

quartic couplings are given by

1
Jaaw+w- = —gzsin2(9¢)(sin2(94) + cos?(63)cos?(6,)),
g*sin?(6,)(sin?(8,) + cosz(63)cosz(94))

Yaazz =

TC
Yaaz'z’ =

8syy — 14s%, + 6

ciy

1
rGaax*x = 592C052(94)Sin2(9¢)

1
Jaav+y- = Egzsinz(e(p)(sinz (6,) + sin?(83)cos%(6,))

where

1
TC = 2gzsin2(6¢) (sin2 (8,) + > (5 — 3cos(263))cos?(6,)
+2c0s2(8,)sf (cos(203) + 2s% — 3))

The triple couplings are determined as follows
i) For neutral gauge bosons

Layr = gavrVu(R 0*a — a 0*R),

g
gazhs 4_ cw
P
s 43— 4s,
g
Jaz'n =
T 4oy J3—4sE,
Gugy, =—2— I
a2y 4cy 3 — 4sE,

where h is the SM-like Higgs boson.

——sinBsin by, gozn =

where V stands for the neutral gauge bosons Z and Z’,
and R are the physical CP-even Higgs bosons. The

calculation yields

4‘ng sin 8 cos O3cos 0,

sin 64sin 6,
sin @4 cos B3cos 6,co0s(26y,),

sin 64sin 65cos 6,
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ii) For the charged gauge bosons, one has

Loye = gaVCW; (C~o*a—adkC™)
+H.c.,V=W,Y;C =H,H,

with
g .
Gawn, = ﬁ Sin 04c0s 03€0s 04, gayn,
g . .
= ——sin B4sin 0.
Yaxh, W2 ¢ 3

In this model, the masses of the non SM gauge bosons
satisfy the relation, hence in our calculation, we assume

£v2~(3—4sﬁ,) 5
TR =

2 ~ 2 ~
my =~ mg = =T My

Using data in [27,30], we take my, = 4TeV. The
numerical evaluation shows that the correlation between the
axion and the Majorana neutrino masses, for 0.5TeV
my, < 10TeV,4TeV My, < 10TeV, 0.5TeV mH{l <

1TeV, 2TeV mHzi < 10 TeV,4TeV  my < 8TeV and

10 < tana < 50. Furthermore, we have set vy = 1.95 x
10*°GeV. Numerical analysis show that the axion gets mass
in the range 4keV -+ 40keV, when the right handed
Majorana neutrino mass is varied from 100GeV up to
350GeV. Notice that the XENONIT experiment predicts a
range for the axion mass [23] consistent with our results. For
the BBN bound where m, € (20keV = 1MeV)[24], the
mass of Ny is in the range 270GeV =+ 1375GeV

VI. CONCLUSIONS

The model under consideration contains three important
features: Dark Matter axion, inflation and low scale type I
seesaw mechanism to generate the light active neutrino
masses. In addition, from the analysis of the model scalar
potential we find that in the CP-odd neutral scalar sector,
there are six fields: one massive CP-odd field A4,, two
massless Goldstones eaten by the longitudinal components
of the Z and Z' and one massless which is part of
Goldstones boson associated to the longitudinal component
of the neutral bilepton G,o gauge boson. One massive CP-
odd field has the same mass of another one in the CP-even
sector. Hence the above pair is a complex bilepton scalar
field denoted by ¢°. Finally, another field associated to the
neutral scalar singlet ¢ is identified with axion a which
becomes massive due to radiative corrections at one-loop
level, mediated by virtual top quark, right handed Majorana
neutrinos and SM gauge bosons. Its mass is obtained in the
range 4 keV + 40keV, coincided with the one predicted by
XENONIT experiment, when the right handed Majorana
neutrino mass is varied from 100GeV up to 350GeV, thus
implying that the light active neutrino masses are generated

196

Laxt, = Gaxn, X,! (H,0*a —ad"H,)

= g Sin 64sin 6,,

2V2

from a low scale type I seesaw mechanism as in [26]. In the
model under consideration, the couplings between axion and
fermion are proportional to the fermion masses. Such axion
is also very useful for successfully accommodating the
XENONIT excess provided that the PQ symmetry is
spontaneously broken at the 101°GeV scale.
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