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Naturally light invisible axion in models with large local discrete symmetries
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We show that by introducing appropriate lo@|(N=13) symmetries in electroweak models it is possible
to implement an automatic Peccei-Quinn symmetry, at the same time keeping the axion protected against
gravitational effects. Although we consider here only an extension of the standard model and a particular 3-3-1
model, the strategy can be used in any kind of electroweak model. An interesting feature of this 3-3-1 model
is that if we add(i) right-handed neutrinogji) the conservation of the total lepton number, did a Z,
symmetry, theZ,3 and the chiral Peccei-Quirl(1)pq symmetries are both accidental symmetries in the sense
that they are not imposed on the Lagrangian but are just a consequence of the particle content of the model, its
gauge invariance, renormalizability, and Lorentz invariance. In addition, this model has no domain wall
problem.
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I. INTRODUCTION the discrete symmetry would forbid many couplings that
were otherwise possible.

It is well known that an elegant way to solve the strong Here we will not worry about the origin of thigy [or
CP problem is by introducing a chirdl (1)pq[1] symmetry  24(1)] symmetry[11-15. For instance, it might be that the
which also implies the existence of a pseudo Goldston&, symmetries come from a fifth dimension, as was shown
boson—the axiorj2]. This particle becomes an interesting for the case otU(1)y in Ref.[12]. We will simply assume
candidate for dark matter if its mass is of the order ofthat at very high energies we have a model of the form
1075 eV [3-5]. It was also recently argud6] that an axion-  14(1)® Gg,, wherel/(1) is a local symmetrymaybe a sub-
photon oscillation can explain the observed dimming supergroup of a larger symmetjywhich is broken taZy at a high
novas|[7] if the axion has a rather small mass10 eV.  energy scale an®g,, is an electroweak model, i.e4(1)
Which ever of these possibilitiedf any) is realized in na- ®Ggy—Zy® Ggyw. We will use the existence of these local
ture, the existence of a light invisible axion can be prevented,, symmetries in order to protect the axion against gravita-
by gravity, since it induces renormalizable and nonrenormaltional effects. We get this by enlarging, if necessary, the rep-
izable effective interactions which explicitly break any glo- resentation content of the model, so that we can impose sym-
bal symmetry, in particular th&J(1)pg symmetry, and the metries withN=13. In addition, theJ (1)pq symmetry(and
axion can gain a mass that is greater than the mass comingder some conditions also tig, symmetry is an auto-
from instanton effect§8]. This can be avoided if the dimen- matic symmetry, in the sense that it is not imposed on the
sion of the effective operators #=12. Hence, unlesd is  Lagrangian but is just a consequence of the particle content
high enough, invisible axion models do not solve the strongf the model, its gauge invariance, renormalizability, and
CP problem in a natural way. Here we will show how in two Lorentz invariance.
electroweak models the axion is protected against gravity In these circumstances we show how a naturally light in-
effects; however, the strategy can be used in any electrowealksible axion(it is almost a singletp under the gauge sym-
model. metry), which is also protected against the effects of quan-

It was pointed out several years ago by Krauss and Wilctum gravity, can be obtained in the context of electroweak
zek that a local gauge symmetry, ddf1), canmasquerade models as follows. Effective operators likg'~1/M§'~H~4
as discrete symmetriezyCU/(1) to an observer equipped are automatically suppressed by thecal) Zy symmetry. At
with only low-energy probef]. This means that these sym- the same time this symmetry makes thel ) symmetry an
metries evade the no-hair theoré¢®]; i.e., unlike continu- automatic symmetry of the classical Lagrangian or, as in the
ous symmetries they must be respected even for gravitation8-3-1 model considered here, bafly and U(1)pq are al-
interactions. The only implication of the original gauge sym-ready automatic symmetries of the model under the condi-
metry for the low-energy effective theory is the absence ofions discussed in Sec. lll. For instanceZg symmetry
interaction terms forbidden by th&y symmetry. For in- implies that the first nonforbidden operator is of dimension
stance, if there were more charged scalar fields in the theor{3 and it implies a contribution to the axion mass square of
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(W)MIMR=10"21eV? or 10 Mm3, if my~Adcruy L—wel, vr—wovr, |gr—walg,
~10 % eV is the instanton induced maswe have used

— 9 — 2
Mp=10" GeV andv ,=10'* GeV). The naturalness of the Dy w;y 'y, Dy ws Dy, B wy®,,
Peccei-Quinn(PQ) solution to the#-strong problem is not

. . : : N N—4, 4 > >
sp0|lled since in this caﬁeilwe hafgfocvqﬁ/l\/lp, Aoep [16], ®,—w;ld,, p—wile, Tow;T,
and it means thafle<10™ ** for N=13. Recently we applied
this strategy in the context of an extension of the electroweak h*—wh*
standard mod€]17]; now we will apply this procedure to a !
model with 3-3-1 symmetry. with w,=e?™ 13 k=0,1,...,6. Withthis representation

Hence, we see that it is necessary to search for modelsgyntent and th& 3 symmetry defined in Eq1) the allowed
that have a representation content large enough to allow thekawa interactions and the scalar potential are automati-
implementation of a discrete symmetf with N=13. In ca|ly invariant under aJ(1)pg chiral symmetry. The PQ
the context of aSU(2) @ U(1)y model we have enlarged charges are quantized after imposing an eXtzasymmetry

the re_presentation content by adding severa_l Higgs multip\-Ni,[h parameters denoted by, ®;, anda; L. UnderZ, the
lets, right-handed neutrinos, and the scalar singlet necessagy, & - cco "o e o L L 3

to make the axion invisible. Hence, it is possible to accom-

modate aZ;; symmetry while keeping a general mixing o b T T(D DT
among fermions of the same chaildé]. LargerZ, symme- w @1 T vR— @2(Pu, @1, Tovg),
tries are possible if we add more scalar doublets in such a ~_1

way as to generate appropriate texture of the fermionic mass D,,¢,Ug,lg— 01 (P,,d,Ur,IR), 2
matrices. On the other hand, we will show in this work thatWhile all the other fields remain invariant, i.e., transform

in a 3-3-1 model the minimal representation content plus .~ . . . .
right-handed neutrinos admit enough large discrete symm@e¥ith @o. As we said before it is possible to implement larger

tries. In these models the addition of a singlet a decuplet Zy symmetries if more scal_ar doublets are added_ in.such a
[18)) is the reason for maintaining the axion invisible; how- WaY s 0 generate appropriate texture of the fermionic mass
ever, in the 3-3-1 model the axion picture is a mixture of theMatrices. _ _ _

Dine et al. invisible axion[20] and the Kim heavy quark '€ PQ assignment is the following:

axion[21]. Nevertheless, unlike the model of RE21], here

: : B . u/ =e @)Xy d'=e X, |
the exotic quarks are already present in the minimal version L L L L

of the model. ) )
This paper is organized as follows. In Sec. Il we review || =g 1@BaXa ) =gl (3B)aXqy,
briefly the new invisible axion in the context of an extension
of the standard mod¢L7]. In Sec. Ill we consider one 3-3-1 @Y =g 14Xy g0 - 01— g 20aXa 0
model. Our conclusions and some phenomenological conse-
quences are in the last section. ¢ =g 1BPaXyg - 07— g7 I(BB)aXy 0
Il. AN EXTENSION OF THE STANDARD MODEL =€ CPXagt - pr =g IBBXagt (3)
Let us consider the invisible axion in an extension of the B = i@Xagt gt gl (UBaXg gt
SU(2),®U(1)y model. The representation content is the ! b v v
following: Q_=(ud)/~(2,1/3), L =(vl)][~(1,—1) de- TO/ — g I(89)aXyT0 T+ — gl (USjaXyT+
note any quark and lepton doublatz~ (1,4/3), dg~ (1, ' '
—213), 1g~(1,—2), vg~(1,0) are the right-handed compo- T++7 = gl(@BaxXgT++  ptr—gi(US)aXgn+
nents; and we will assume that each charge sector gains mass
from a different scalar doubl¢d9], i.e., ®,, ¥4, ®,, and ¢ =e 1(65)aXqy

&, generate Dirac masses farlike and d-like quarks,

charged leptons, and neutrinos, respectijely of them of  The axion is invisible since it is almost singlet as in Refs.
the form 2,+1)=(¢", ¢°T]. We also add a neutral com- [20,21]; the scalar triplet is only a small correction for it.
plex singlet¢p~(1,0) as in Refs[20,21], a singly charged Some axion modelf27] lead to the formation of domain
singleth™~(1,+2) as in Zee’s modef22], and finally, a walls in the evolution of the universe, which could be incon-
triplet T~(3,+2) as in Ref[23]. The introduction of right- ~ Sistent with the standard cosmolof$8]. The domain wall
handed neutrinos seems a natural option in any electrowedk!mber is defined a29]

model if neutrinos are massive particles, as strongly sug-

ggsted by solaf24], reactor[25], and atmospherif26] neu- Npy= 2 Tr Xng(f)— E TrXng(f) , ()
trino data. f=L f=R
Next, we will impose the following(local in the sense
discussed aboyeZ,;; symmetry among those fields: whereX; denotes the PQ charge of the quérnd there is
no summation org; we have TiT T,=(1/2)d,, for 3 and
Q —wsQL, Ugr—w3Ug, dr—ws dg, (1) 3*. Using the PQ assignment in E() we obtain Npy

095008-2



NATURALLY LIGHT INVISIBLE AXION IN MODEL S. .. PHYSICAL REVIEW D 67, 095008 (2003

=|(9/5)Xy4|. If Xq==5 we haveNpy=9. (We chooseXy U.r~(3,1,2/3), d,r~(3,1,—-1/3), «a=1,2,3,

=—5 in order to haved— 6+ 27k, k=0, ...,8) The N _

=9 vacua can be characterized by Jr~(3,1,5/3), jmr~(3,1,—4/3. (7)
<UIUR>:M~Se*i2w(2k/Q)' (d[dR>=,u§ei2”(5k’9), In the scalar sector, this model has only three triplets,
(0 =v € (Bu=27(2K9) [ 0y —, @i (Ba=2m(5KI9)) x=x"x " xXONe=0p"p%" )T,
<¢P>:vlei(ﬁ|—2w(4k/9))' <¢8>:Uvei(ﬁ,,—2w(3k/9)), 77:(770, 7]; , 77;)1-1 (8)
(TO) =yp e (Br=2m(aki9) <¢>:v¢ei(ﬁ¢727(3k/9)), (5)  transforming as1,3,-1),(1,3,1), and (,3,0), respectively.

Finally, in this model leptons transform as triplet3,,0)

wherek=0,...,8. wherea=e,u,
In this extension of the standard electroweak model only T

the U(1)pg is an automatic symmetry and its charges are WaL=(va, la, Ea)L, (€)

guantized only if we add an extrd; symmetry. As we : - .
showed before, there are genuine discrete symmetries thgpd the corresponding right-handed singlets

are not broken by the instanton effects, so this model suffers _ . _ _

from the domain wall problem, and it must be solved by any Var™ (1,10, lar~(L1=1), Bop~(L1,+1), (10

of the methods proposed in the literat{i29,30. Moreover, and we have added right-handed neutrinos which are not
in this model theZ,3 symmetry is not automatic. For more present in the minimal version of the model. Hence, we see

details, see Refl17]. that the model has 15 multiplets, including right-handed neu-
trinos and the single® [in fact, as usual we have to add a
[ll. THE AXION IN A 3-3-1 MODEL scalar singletp~ (1,1,0) in order to make the axion invisible

20,21]] and it will admit, under the three conditions intro-

The so called 3-3-1 models are interesting candidates f uced above, automatiz;; and U(1)pq Symmetries as we

physics at the TeV scal@1-34. In fact, some years ago Pal _ . : :
[18] pointed out that the stronGP question is solved el- Wlll\/\iirt]k?vtvhg] éﬁirfl?lflmms%alar multiplets above we have the
egantly in those models. The point was that the Yukawa cou;

plings of these models automatically contain a Peccei—Quinr\{'“'kaWa Interactions

symmetry[1] if a simple discrete symmetry was also im- _ ,q_~ /. * T Ny

posed in order to avoid a trilinear term in the scalar potential. £¥=Qu(Fialarp™ +Fialarn™) + QaL(Grallar?
Here we will consider one particular 3-3-1 model in which +G1,0,rp) + N 1Qa I rx + NimQitimrx* +H.C.,
only three scalar triplets are needg®], but we introduce

also a scalar singletp~(1,1,0). In this 3-3-1 model if we (11)

add (i) right-handed neutrinogji) the conservation of the
total lepton numbet., and (iii) a Z, symmetry defined be-
low, we have that botlz;; andU(1)pq are accidental sym-
metri(;s of the classical Lagrangiéin the sense discussed in - — £l =G» (W), vprn+ Gho(¥)ail pro + GEL( W) at Epry
Sec. ).

Before considering the implementation of a naturally light +H.c. (12)
and invisible axion in the context of the 3-3-1 model of Ref.
[32], let us briefly review the model.

In the quark sector we have

where repeated indices mean summation. In the lepton sector
we have

In both Yukawa interactions above a general mixing in
each charge sector is allowed. If we want to implement a
given texture for the quark and lepton mass matrices we have

Qumi=(dm,Unm,im)i~(3,3*,—1/3), m=1,2, to introduce more scalar triplets and a lar@gr symmetry
will be possible in the model. Interesting possibilities are the
Qs =(u3,d3,3)[~(3,3,2/3), (6)  cases wher#l is a prime numbefsee below.

The most generdl-, Z,-, and gauge-invariant scalar po-
and the respective right-handed components in the singletsential is

Van= 2 T M ) ha(pTo) Fhax D0+ (1 mNa(e’p) +xs(x N0+ Ne(pTp) (X X +ha(p )
TMPXs

X(0'0) A M7 RPN D)H NG D)+ 8% ¢ 2 NaTiTict (Naope ™ mpjuict He), (19
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where theu's are parameters with dimension of mass, the 7y =e 1elat X pt = etia(XHXq) p k.
\'s are dimensionless parameters, and we have derigted
=n,p,x,¢ andT,= n,p,x. Now we can explain the moti- p'0=gt2iaX,50— g=2iaXy,0

vation for the three conditions assumed at the beginning of
the section(i) With the present experimental dd4—2§ in p' T =g ey tXg) ot = gHial(XutXg) ot
any electroweak model right-handed neutrinos are no longer

p P

avoided under the assumption that neutrinos are massless. P+ amia(XgEXg) o+ atia(X X))

.. . . X X P e p e i p ,

(ii) In Eq. (11 a Majorana mass term is still possible among

right-handed neutrinos, say r(v°)rvg; on the other hand, y' T =e Xyt Xy m = gtia(Xg X)), -

in the scalar potential it is possible to have the quartic term

x"np'y, which also violates the total lepton number. Both == _amialXgt Xy~ — — atia(Xgt X)), - -
. . . . X € X e X

terms are avoided by imposing the conservation of the total

lepton numbet.. (iii) The trilinear term in the scalar poten- 10_ a—2iaX; 0_ o+2iaX; 0

) . . . . X =e x-=e X

tial »py is avoided if we impose &, symmetry under

which Jg,jmr. X, ® are odd and all the other fields are even. b =e"2Xig (16)

In these conditions, the Yukawa interactions in E@kl),
(12) and the scalar potential in Eq13) are automatically
invariant under thélocal) Z,3 symmetry:

-1
QiL— w5 QijL, Qz—wsQga,

From Egs.(15) and(16) we obtain the following relations:
Xg=—X=X;==X,, Xj==X;=—Xg. (17

In the present model, although we have two independg]t PQ

chargegsay, Xy andX;), the known quark contributions i
which are proportional t&(4 cancel out exactly. Onl¥; is
important for solving theCP problem:

-1
uaR_)(‘)luaRi daRle daRv
Jr— w3d i mRr— ©3

R W3JR,  JmR®W3 JmRy

v —we¥,, |R—>wgllR, - B
6—6-2a > = Xi=6-2aX;. (18
VR— w;lvR, ER—> wElER, all quarks

Hence we can assume thé=0 and the only relevant

N wWat, P WeP, PQ transformations are

X—w2X, ¢ wid, (14 jl=e ieXij 3l =el"Xi],
wherew,=e*™K13 k=0, ...,6.Notice that ifN is a prime L iy e

. i E' =e '*XE 7 /:elaxjn
number the singletp can transform under this symmetry L Ly 72 2>
with any assignmen(but the trivial ong; otherwise we have e e e
to be careful with the way we choose the singleto trans- p=€7p o, x =€y
form under the&Zy, symmetry. This symmetry implies that the e e 0 piax 0
lowest-order effective operator that contributes to the axion X =€) o, x =€),
mass is #*¥M3p,, which gives a mass of the order of .

1109 vy - ¢'=e 2%, (19

(vg)/Mp and also keeps thé parameter small, as dis-

cussed previously. : . L o
_ _ Notice that, as in Ref21], we have an invisible axiofit
It happens that, like th2,s symmetry, theJ (1)pqiS &S0 g gimost o singlet; see beloyand the PQ charge that solves

automatic, I.e., a consequence of the gauge symmetry ar{ﬂe strongCP problem is the charge of the exotic quarks.

renormalizability of the model, in the interactions in Egs. 0o -
' . However, unlike in Ref[21] the heavy quark is already
Er%i,)}e(jri)i,oigdiglaél_ritolésel?ee the PQ charge assignment forpresent in the minimal version of this 3-3-1 model. The con-

dition X,= — X4 is not allowed in the context of the standard

u(_:e—iaquL, dﬁze—iaxddL ' ||/_:e—iax||l_ ’ SQ(Z)L@LU(l)Y model since in this case it is not possible to
shift the 6.
pi=e 1y jl=eT 1N, Jl=eT1?X We have seen above that the known quark contributions to
_ 6 cancel out exactly. This also happens in the domain wall
E =e '*XeE, (15  numberNpy, defined in Eq.(4). Using the PQ charges in

Egs. (15 and (16) we obtainNpy=X; and since we have
and in the scalar sector we have the following PQ chargesalways choseiX;=1 we see that, as in Kim's axion model,
there is no domain wall problem in this 3-3-1 axion model.

0_—2i 0_ 2i 0 . .
7' O=e HXugd=g"2Xay0, We stress that the contributions of the known quarks cancel
o (XX = b (Ky X out exactly even if we assume thét+ 0. Moreover, we will
7 =e uTldp =e VT g, see in Sec. IV that the coupling of the axion with the photon
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also does not depend at all on the PQ charge of the usual

guarks and leptons since there is an exact cancellation among G‘B: > l/2(—1),, 0,,0,0),
them. However, ifXy#0 there are still couplings with the (v5,+vp)
usual fermions. Notwithstanding, sin¥g does not play any

role in the solution of the stron@P problem, we can assume o l(s1, s1, S, S,
at the very start thaXq=0, i.e., that the nontrivial PQ trans- 62:\/_— S UVng Unlprg Velxrg Vxls )
formations are those in E¢L9). This means that at the tree N 152 2 1 1

level there is no coupling of the axion with the known quarks
and charged leptons.

We can verify that in fact the axion is almost singlet. After
redefining the neutral fields as usudl)=(v,+ReT
+iImTH/2, p=(v,+Red+ilmp)/\2,  with Kk
=7,p,Xx, We obtain the constraint equatiohg=0 (where
X=7,p,X,$)

= (vz+v(2b)1/2(0101_v)(!v¢)1
X

1
AO=\/—N(UPUXU¢,vanv(ﬁ,v,,vpvqg,v,,vva , (22

wheresl=(v)2(+vé2{,)1’2, s;=(v2+v2)"2 andN=v2[v’(v?
+vi)+vivil+viviv; G}, are genuine Goldstone
bosongabsorbed when the gauge bos@j)g’ become mas-
sive), anda is the pseudo Goldstone axion.|ify|>|v,| we
see thata=Im ¢ and we have an invisible axidr20]. The
usual restriction coming from red giants impligds 4|
>10° GeV [35]; A is a heavy pseudoscalar wits=
—()\1(/8C){vfy[vfz,_(v)2(+vi)+vivi]+v§vivi} with A 14<0
and we have define@=v 4v v v

1
t,= R%,uf]vﬁ— )\1|v,7|zv,7+ E()\4|U”|2+ 7\5|UX|2)U,7

N1o
2
+ TUPUXU¢+)\¢7]|U¢| v,

1
t,= RG{M’Z)UP-F )\2|vp|zvp+ E()\4|v”|2+ )\6|vX|2)vp

N1o ) .
+ TU”UXU¢+)\¢’)|U¢| v,

IV. CONCLUSION

We have built invisible axion models in which the axion
is naturally light(protected against quantum gravity effgcts
because of aZ,; discrete symmetry. In the context of a
SU(2)®U(1) model this symmetry and Z; have to be
; imposed and new fields have to be added. On the other hand,
in a 3-3-1 model with right-handed neutrinos added, Zhg¢
is automatic if we impose the conservation of the total lepton
number and aZ, symmetry. Moreover, in both models
U(1)pg is an accidental symmetry. This means that at low
energy the gauge symmetries ar8U(3)c®SU(2),
QU(L)y®Z139Z3 or  SU(3)c®SU3) @U(1l)y®Z3
®Z,. Notice, however, that in the context of the standard
model, even by imposing conservation and th&; symme-
try, the Z,3 symmetry is not automatic, but in the 3-3-1
model L conservation and, makeZ,; an automatic sym-
Notice that the solution withv,,,v,,v,,v,#0 is allowed.  metry,

For instance, just for an illustration, assuming for simplicity  Hence, we have implemented an invisible and naturally
that all vacuum expectation valu¢¥EV) and parameters |ight axion in a multi-Higgs-boson extension of the standard
(but uy and w,) are real, )\1037')\211,2)1|)\¢kv kgl model and also in a 3-3-1 model. Unlike the axion of the first

2 2 1 2 2
t,=R ,LLXUX+)\3|UX| vyt E()\5|v,]| +Nglv, v,

N1o
2
+ TUWUPU¢+7\¢X|U¢| vy

A 1
_ 2 2 10 2
t¢—R6{,u¢v¢+)\¢|v¢| vyt 5 v,yvpvx+§(7\¢,/|v,7|

+)\¢p|vp|2+)\¢x|vX|2)v¢

Im(v 4v v ,0,)=0. (20

<|N\ @], we obtain model, in the 3-3-1 model considered here the minimal rep-
resentation contenfplus right-handed neutrinpss already
» ,uj, ) ,u)z( enough to implement a loca;; symmetry. As we said be-
b )\_¢’ X )\_3 fore, the interesting discrete symmetries are those in wikich
is a prime number. In this cas®, has no subgroup except
itself and the identityf36]. Hence, the next interesting sym-
~ . V¢ o~y UnxYe metry should be&,,, which will allow an even lighter axion,
Uy 075 Uy 07 5 @y 2 15\ 113 1067 a\/2 572 Qimi
7] My .8, M (gravity)= (V4) IMp~10""" V< or 10 >'mg. Simi-

and the self-consistent conditiof 2v5~u2u’ . With all

larly, in this case the contribution to ti&eparameter is rather
Sma”, 0(gravity)~ 10743.

VEVs real the pseudoscalar mass eigenstates, in the basis We now consider some phenomenological consequences

Im(7°%0°%x° ¢), are given by

of the axion in the 3-3-1 mode(The case of the model of
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Sec. Il has been considered in REE7].) In general, the
axion-photon coupling is given by

Cayy= Cay,— 1.95, (23)

where the first term is defined as
= X:Q?, 24
ary NDW all fermions fo ( )

with Npw=1 in this model since it has no domain wall prob-
lem as in Kim's model[21]; X; and Q; are the PQ and
electromagnetic charge, respectively, of the fermioifhe

term — 1.95 comes from the light quark PQ anomalies and it

exists only if these quarks carry PQ charges. In @24) the
contribution proportional toXy cancels out exactly even if
we assume thaXy#0. So we have in general thaj,,,=
—(2/3)Xj—1.95, orc,,,=2.62 (—1.28) for X;=+1(—1).
In our case in particular, sincé;=0, we have just the first
contribution in Eq(23), i.e.,caw=7:aw= +(2/3). We stress

PHYSICAL REVIEW D67, 095008 (2003

ones:X;=3X, . Taking also into account Egél7), it can be
shown that there is a surviving symmetgsCU(1)pq,
which implies a domain wall proble87].

The 3-3-1 model in which the leptons transform &g,
=(va, la, |g)[ needs also the introduction of a scalar sextet
S~(6,0) [or singlet charged lepton&~(1,1)] [38,39. In
this case the Yukawa interaction in the quark sector is given
by Eg.(11) and in the leptonic sector we have

— LYy=GZW 2 vpr7+ Gan(W) at ¥pL S

+Gapéijk (V) SaL jpL i+ H.C., (29
whereG/, is an arbitrary 33 matrix whileG,, (G') is a
symmetric (antisymmetri¢ matrix and we have omitted
some SU(3) indices. Notice that this model has only 13
multiplets (including right-handed neutrinos and the singlet
¢) so we cannot have a symmetry as larg& as However,

by adding more scalar multiplets as in Rp40] it may be
possible to implement, automatically, a large enougjh
symmetry. The supersymmetric version of the model can

that the contributions of the PQ charges of the known quarkalso be considered since in this model, without considering

cancel out exactly ig in Eqg. (18), in the domain wall num-
ber given in Eq(4), and also in Eq(24). Thus, if we assign

right-handed neutrinos, there are 23 chiral superfigitdthe
same case, the minimal supersymmetric standard model

PQ charges to those quarks it implies only a coupling with(MSSM) has 14 chiral superfieldi$41].

the axion at the tree level. On the other hand, if we assume [N the models considered in this work the axion couples to
that only the exotic fermions of the model carry a PQ chargeneutrinos too. This coupling may have astrophysical and/or
the coupling with the known quarks and leptons arises agosmological consequences; we can also implement hard

higher order in perturbation theory.

[42], soft[43], or spontaneoud4] CP violation.

We have imposed at the very start the conservation of the

total lepton number and A, symmetry. Another possibility
is to impose the discrete symmefy;. In this case only the
U(1)pg Ssymmetry is automatic and the quartieviolating

term xT5p'7 is allowed. This term implies a new relation
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