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Abstract. We show that Peccei - Quinn(PQ) symmetry can be a natural outcome in the 3-3-
1 model with right-handed neutrinos after imposing a Z11 Q) Za symmetry. This symmetry is
suitable accommodated in this model when we augmented its spectrum by including a singlet scalar
field with large VEV. We work out the breaking of the PQ symmetry, yielding the azion, and
study the decay of axion into two photons. The result shows that the lifetime of axion is very long,
therefore the axion can play the role of the late decaying particle(LDP) in a dark matter and it is
stable in our universe.

I. INTRODUCTION

The most attractive candidate for solution of the strong-CP problem is P mech-
anism, where the CP-violating phase 6 is explained by the existence of a new pseudo-
scalar field, called the axion [1]. At present, the axion mass is constrained by laboratory
searches [2] and by astrophysical and cosmological considerations [3] to between 1076 eV
and 1072 eV. If the axion has a mass near the low limit of order 107 eV, it is a good
candidate for the dark matter of the universe [4]. Besides that, an axino (the fermionic
partner of the axion ) naturally appears in SUSY models [5,6], which acquires a mass from
three - loop Feynman diagrams in a typical range between a few eV up to a maximum of 1
keV [7,8]. Recently, the candidates for dark matter have been done in extended models
of the standard model, such as in the 3-3-1 models [9,10], or in extra-dimensional gauge
fields [11].

In Refs. [9,10], authors have studied the consequences of discrete symmetries in versions
of the 3-3-1 model. The important point is that, a PQ symmetry is almost automatic in
the classical Lagrangian of 3-3-1 models. It is only necessary to avoid a trilinear term in
the scalar potential by introducing a Zs symmetry. Unfortunately even in this case the
PQ symmetry is explicitly broken by gravity effects. In order to stabilize the axion, we
must introduce local discrete symmetry Zy. In this paper we show that PQ symmetry
can be a natural outcome in the 3-3-1 model with right-handed neutrinos after imposing
a Z11 @ Zy symmetry. After breaking the PQ symmetry yielding the axion we study the
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decay of axion into two photons in detail. Our purpose is to show that axion in the 3-3-1
model with right-handed neutrinos can play the role of LDP in the dark matter and it is
stable in our universe. The paper is organized as follows. In Sec. IT we briefly present the
general structure of the 3-3-1 model with right-handed neutrinos. In Sec. III we carry out
the analysis of PQ symmetry and axion. In Sec. IV we study the decay of axion into two
photons in detail. We outline our main results in the last section (Sec. V).

II. A REVIEW OF THE MODEL

The particle content in this model, which is anomaly free, is given as follows

T/JaL = (VaLa laLa NaL)T ~ (17 37 _1/3)7 laR ~ (17 17 _1)7 (1)

where a = 1,2,3 is a family index. Here the right-handed neutrino is denoted by Ny =
(vR)“.

QiL = (d17 —Uy;, ;L)z ~ (37§7 O) ) Q3L = (u37d37u/3),i1 ~ (3737 1/3)7 1= 1727
UiR ~~ (3,1,2/3), dZ‘RN(3,1,—1/3), UgRN(3,1,2/3), ngN(3,1,—1/3)(.2)

Electric charges of the exotic quarks U and D, are the same as of the usual quarks, i.e.

qQu = % and gp, = —%. In order to generate the masses for the gauge bosons and fermions,

the model requires three triplets of scalars, namely
o 1
XT: (X07X 7X0) ~ <1737_3> 9 (3>
ph = (p+,,0°,p+> ~(1,3,2/3), (4)

' = (nom‘,nlo) ~(1,3,-1/3). (5)

The Yukawa interactions which induce masses for the fermions can be written in
the most general form as

(Ly + [’?;) =G1Q;xu3R + Géj@iLX*d;’R + G5Q31,muar
+ GYQin" dar + G2 Qs pdar
+ G Qi pxuar + hav farpeor
+ hi € (Far)i(for)5(0% )i + hec.,
where repeated indices mean summation.
In order to complete the spectrum we include an additional singlet scalar field,

¢ ~ (1,1,0), allowing for the desired discrete symmetry which will enable us to get an
axion protected under large gravitational contribution to its mass. We can write the most
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general potential for this model, renormalizable and gauge invariant

Vi =p30° + p3ix> + 1op” + pin?
+ 2+ Aot 4 Asp” + A (XTx) (17n) + X5 (xTx) (0Fp)
+ X6 (n0) () + A7 (xTn) (Tx) +As (xTp) (p7x) + 2o (nTp) (pT)
+ M0 (66°)7 + A1 (06%) (xTx) + M2 (66%) (p7p) + A1z (60%) (nt) .

(7)

and
2
VNH ZﬂinXJr?? + fixTno + faxTne® + Ma (Xn)” + MsxTnod + Aisx et o + MirxTne*o*
1. -
+ﬁﬁ”k (F3mipixr + Faminipr + Fsxixipr) + €97 (Misnipixa + Monin;px + A20XiX;Pk) ¢

+ 5 (Na1mipixe + Aa2minipr + Aasxixspr) @° + Aaa (xTp) (pT0) + A5 (XTn) (0T )

+A26 (x™n) (p7p) + Xor (xT) (xTX) + Hoc, .
8

where Vi and Vi are the hermintian and non-hermintian terms of the potential, respec-
tively. Here we have all the necessary ingredients concerning the discrete symmetry to the
model.

III. PQ SYMMETRY AND AXION

A discrete symmetry Zy can naturally be accommodated when the theory has
enough number of fields in spectrum [9]. In order to seek for the valid solution to the
strong -CP problem, let us proceed further by first assigning the correct Z1; charges to

the fields. Defining w = 62”i%,{k =0,+1,... £ 5} the Z1; transformations are given by

1 1 1
¢ — w19, far — wq faL,p — Wy P dor — Wy daR,
1
X — WX, (er, uzp) = w3 (eRr, uzR), Qi — waQir,
1
dip = wy i, n = WsN, Uar — W5 Uar, Q31 — WoQsL. 9)

Beside the 711 symmetry we impose a Zs symmetry that acts as

(¢7X7 /RauZIBR) - _<¢7 X5 /R7u£‘)R)' (10>

With the remaining fields transforming trivial, the only term which remains in the non-
hermitean potential is npx¢. We have the stage settled to see that an automatic PQ arise
in the model. We start by assigning the PQ quantum numbers such that quarks of opposite
chiralities have opposite charges, yielding chiral quarks under Upg transformation as

—iaX! 1 ! iaX!

Uqp, — e~ toXu X, Uy — € wuhy Uy p — €N U b,

dl — gm0 Xag, 4 — e0Xad,p diy — e Nad)y ]y — e Nad],. (11)

UgL, UaR — €

For the leptons we can define their PQ charges by

eal, — ew‘XeeaL, €aR — ew‘XeeaR, Vol — ew‘X”VaL, Var — €°%vRy . (12)



286 AXION IN A 3-3-1 MODEL WITH RIGHT-HANDED NEUTRINOS

From The Yukawa couplings as well as the non-hermitean term npy¢, we easily see that
PQ charges for the scalars are constrained and imply the following relations

Xd = _XU7Xd’ = Xu’;XV - XeRuXe - XVR (13>

We can make the further choice Xy = Xy , leading to

Xg=Xg=—-Xy=—Xy=—-Xe=Xer =X, =—Xug, (14)

implying that the PQ symmetry is chiral for the lepton too and the scalars transform as
b — e 2iXagp 0 _y 2iaXap0 = = 00y p2iaXa, 0
ot o pt, )0 e BXag0 gy g (0 om2iaXa 0

X = x X0 — eZiaXay /0, (15)

We note here that the condition X; = —X,, is allowed in the context of the standard

model since in this case it is not possible to shift the §. Finally, the most general potential
invariant under the 3-3-1 model and PQ symmetry ( or Z1; ® Z3) is written as

V(n,0,X) = Vir + As€9*n;pixxp + H.c. (16)

This potential allows us to obtain the mass eigenstate for the scalars, so we can identify the
Goldstones which are absorbed by the massive gauge bosons an extract the axion in terms
of the interaction eigenstates. To accomplish this, let us consider that only x’°, p*, n%and
¢ develop a vacuum expectation value (VEV)and expand such fields around their VEV’s
in the standard way

1 1
"= =

1 ) 1 )
¢:\ﬁ(v¢+3¢+ﬂ¢),ﬂ0:E(”erRpJF”p)- (17)

Regarding the pseudo-scalars, we can easily obtain the Goldstone bosons and identify the
axion [10]

(vy + Ry +1il,) , X"° vy + Ry +ily),

1

!

v
where V = =

Let us remark that, if vy > v,/ then axion of the model is imaginary part of the singlet
¢, as expected.

IV. AXION DECAY INTO TWO PHOTONS

From Eq.(18) we can see that axion in this model has small component of I,
so axion is invisible being almost exclusively the imaginary part of the singlet ¢, which
couples only to the exotic quarks. This to conclude that axion in this model can be the
candidate for cold dark mater. For more detail, now we calculate the decay of axion into
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two photons in detail. The coupling of axion with photon is defined through the effective
Lagrangian term

__ Cayy i
Layy = ma(x)FuuFW (19)
In this model only exotic quarks participate in the loop leading to the above anomaly
term, which leads to [10]

2

Cayy = —5——
3v PQ

> XyQF ~0.44 (20)
If the axion is light enough in which it’s mass is comparable to gravitino mass, then the
axion can not decay into two gluons but decays into two photons. The amplitude for the
decay of axion into two photons is

. Cayy Ao
<f |M‘ 1 >= me)\(kl)klakmﬁa ”Ea(k?) (21)
After some calculations, we obtain the decay rate
[(a — ):i Gy 2m3 (22)
V= G4 \ 32720pg )

Note that the value I' varies very widely because of the strong dependence on the axion
mass.

For the axion mass in region10~%¢V <m,<10~3eV and note that [GeV]! = msec_l [12],
the dependence of the decay rate and the lifetime of the axion on its mass is shown in

Table 1

Table 1

ma(eV) 103 ]10°*]10° [ 10°°
[(sec ) x9.4 107 [ 10757 [ 1070 [ 10773
T(sec) x 1.06 | 10% [ 1056 | 10%° | 107

From the Table 1, we can see that the lifetime of axion is very long, therefore the
axion can be a good candidate for LDP in the dark mater. It is interesting to note that
axion lifetime is much larger the age of the universe (~ 10'7 sec), therefore axion oscillation
still exists until now.

V. CONCLUSIONS

In this paper we have presented the 3-3-1 model with right-handed neutrinos and
show that PQ symmetry can be a natural outcome in this model after imposing the
Z11 Q Zo symmetry. We work out the breaking of the PQ symmetry, yielding the light
axion, and study the decay of axion into two photons in detail. The result shows that the
lifetime of axion is very long, therefore the axion can play the role of the late decaying
massive particle in the dark matter and it is stable in our universe.
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