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We study the Dine, Fischler, and Srednicki mechanism for solving the strong CP prob-
lem in the context of the SO(10) unified gauge theory. We find that this mechanism can
be implemented in a minimally extended SO(10) model, where the SO(10) symmetry
breaks down to SU(3) X SU(2) X U(1) via SU(5). The resulting theory is consistent with the
standard hot-big-bang cosmology and with present phenomenology. We also show that,
in other minimally extended SO(10) models, where SO(10) breaks down to
SU(3) X SU(2) X U(1) either directly or via SU(4) X SU(2) X SU(2), the Dine, Fischler, and

Srednicki mechanism cannot be implemented.

One of the most attractive solutions of the
strong CP problem is certainly the Peccei-Quinn
(PQ) symmetry.! In its original version, however,
this symmetry breaks at the electroweak mass scale
and predicts® the existence of a light pseudoscalar
particle, called the axion, which is not seen.> Re-
cently, Dine, Fischler, and Srednicki* (DFS) have
suggested a variant of the PQ scheme in which the
global anomalous U(1) symmetry breaks at a su-
perheavy mass scale and the resulting axion is su-
perlight with its coupling to ordinary matter high-
ly suppressed. In this scheme, therefore, the axion
becomes invisible. The DFS mechanism has been
implemented by Wise, Georgi, and Glashow’
(WGG) in a minimally extended SU(5) unified
gauge model. The Higgs sector of this model con-
tains a complex 24 and two 5’s, all having nonzero
charges with respect to the DFS symmetry. This
symmetry, therefore, breaks at the superheavy
mass scale My ~10'> GeV and the axion mass is
~f o y/My~10"8 eV; the axion’s pseudoscalar
couplings are ~ f,, /My ~10716 and its scalar cou-
plings ~8f,/My~10"3!, Here f, is the pion de-
cay constant, m, the pion mass, and 6 the usual
CP-violating QCD parameter.

The minimal WGG model is not rich enough to
account for the observed fermion mass spectrum.
In particular, it leads to the wrong asymptotic

mass relations m, =my and mg=m,,. It has re-
cently been noticed®’ that this model is also in-
adequate to explain the observed baryon asym-
metry of the Universe. All these difficulties can be
cured by including more Higgs multiplets that cou-
ple directly to fermions.

We would like to point out another potential dif-
ficulty of this model which probably cannot be
cured so easily. The complex scalar 24-plet ® has
a nonzero charge with respect to the DFS symme-
try. Because of this, the Higgs potential V' (®)
does not contain terms cubic in ®. Consequently,
for natural values of the Higgs couplings, the tran-
sition from the SU(5) to the SU(3) X SU(2) X U(1),
phase proceeds in the early Universe without any
essential supercooling.®~!® We, therefore, expect
that during this transition an unacceptably large
density of superheavy magnetic monopoles is pro-
duced.”® This leads to a potential conflict between
the WGG SU(5) gauge model and the standard
hot-big-bang cosmology.

Motivated by this potential difficulty of the
WGG SU(5) model, we study, in this paper, the
implementation of the DFS mechanism in the con-
text of the SO(10) unified gauge theory.'®* We con-
sider the following three breaking patterns of
SO(10) which can be achieved by employing a
minimal Higgs system:

(a) SO(10)—SU(5)—SU(3)xSU(2)xU(1)—-SU3)xU(1) ,

(b) SO(10)—SU(4) X SU(2) X SU(2)—SU(3) X SU(2) X U(1)—-SU(3)XU(1) ,

(c) SO(10)—SU(3)xSU(2)xU(1)—-SU(3)xU(1) .

25

2425 ©1982 The American Physical Society



2426 G. LAZARIDES 25

We argue that the DFS mechanism can be im-
plemented in the model (a) and the emerging
minimally extended model can be consistent with
conventional hot-big-bang cosmology. In particu-
lar, we show that in this model, the transition from
the SU(5) to the SU(3) X SU(2) X U(1) phase can ex-
hibit a moderate supercooling by few orders of
magnitude. The magnetic monopole production is
then naturally suppressed. We also show that a ca-
tastrophic domain wall production!”!® during this
transition is avoided. The DFS symmetry breaks
at the scale of the SO(10) breaking and the mass of
the axion is < 10~ 1% ¢V whereas its pseudoscalar
couplings are < 1078, It is well known that the
SO(10) model (a) possesses certain interesting
features not shared by the WGG SU(5) model.
Namely, it possesses a spontaneously broken local
B — L symmetry, admits a definition of parity
(which we should break explictly to avoid domain
wall production'”), predicts!® measurable neutrino
masses (<40 eV) and unites all fermions of one
family in a single irreducible representation. These
features of this SO(10) model together with our re-
sult and the fact that it reproduces the usual SU(5)
predictions for sin’0y, and the proton lifetime

make it probably more attractive than SU(5).
]

My ~10" GeV
45

M;>10"GeV _
_Ié D

SO(10) U(s)

To achieve this breaking pattern we employ a 16-
plet, a 45-plet, and a 10-plet of Higgs fields denot-
ed by X, @, and H, respectively. The fermions be-
long to three 16’s ¢, (@=1,2,3). The right-handed
neutrinos acquire superheavy masses through a
two-loop diagram.!® The induced superlight
masses of the left-handed neutrinos are compatible
with the cosmological bound, provided M, > 10"
GeV.

We will now try to see whether the DFS
mechanism can be implemented in this model.
The scalar 10 H is necessarily complex (for real H
we get equal mass matrices for the charge % and
——;— quarks) and the most general Yukawa Lagran-
gian is

Ly=h,glopH +hogihpH* +H.c. 2)

There is only one way (apart from a trivial replace-
ment of H by H*) to impose a global anomalous
U(1) symmetry on Ly and still have nontrivial Yu-

SU(3)XxSU(2) xU(1)

In contrast to the case of model (a), the DFS
mechanism cannot be implemented in the context
of model (b). The model (c), on the other hand, al-
lows for a DFS mechanism but at the price of an
unsuppressed magnetic monopole production.
(These results are true if we do not allow exten-
sions of the minimal models other than complexifi-
cations of their real Higgs fields. This restriction
prevents the proliferation of Higgs parameters.) So
we see that, although the three SO(10)-breaking
patterns considered are all consistent with present
phenomenology, the requirement of a DFS symme-
try together with cosmological considerations select
out one of them.

It is interesting to note that previous cosmologi-
cal considerations'®? in the context of the SO(10)
theory without a DFS symmetry seem to exclude
the SO(10)-symmetry-breaking pattern (a). Refer-
ence 20, in particular, seems even to favor model
(b). We see that the requirement of a DFS symme-
try reverses these results.

Let us now discuss in some detail the implemen-
tation of the DFS mechanism in the various
SO(10)-symmetry-breaking schemes.

Model (a). We will consider the following con-
ventional minimal breaking pattern of SO(10):

My ~10? GeV

10 SU3)xU(1) . (1)

r
kawa interactions:

d’a_’eie’/}a (a=1;2a3) )
H—e %9H for e®cU(1).

3)

This symmetry implies that h;ﬁ=o in Eq. (2).
Nonvanishing right-handed neutrino masses re-
quire'® the presence of the cubic Higgs coupling
e(X9 T H +H.c. (or this coupling with H re-
placed by H*), where I'' (i =1,2,...,10) are gen-
eralized Dirac matrices. Consequently, X must
transform under U(1) as

X—e'% , efeu(l). @)

So far we have no clue of how the Higgs 45 ®
transforms under the global U(1). Let us suppose
for the moment that ® is a U(1) singlet. The U(1)
is then broken at the first stage of symmetry
breaking in Eq. (1) by the SU(5) singlet expectation
value of X. However, a local U(1), [SU(5)

X U(1)oCSO(10] is also broken by (X ) at this
stage and a linear combination of U(1) and U(1),
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[call it U(1)'] survives as a global anomalous sym-
metry at the level of SU(5). At the next stage of
symmetry breaking (® )40 but U(1) ’ remains un-
broken. This is so because ¢ was assumed to be a
U(1) singlet and its expectation value, lying in the
SU(5) 1 and 24 directions, is a U(1), singlet. We
thus end up with an unbroken global anomalous
U(1) symmetry at the level of SU(3)xSU(2)
XU(1). This global U(1) ' then breaks at the elec-

troweak mass scale and we obtain the ordinary PQ
|

scheme with a visible axion. This undesirable con-
clusion can be avoided by replacing the real ® by a
complex one which transforms nontrivially under
U(1):

d—e%p for e€U(1) (g£0) . (5)

The most general SO(10)- and U(1)-invariant re-
normalizable Higgs potential, for g2 and —4
(see below), is then given by

VoX, @, H)=V(X)+ V(@) + V3(H)+ V4(X,®)+ Vs(X,H)+ V(P,H) , (6)

where

Vi) = — XX + A0+ S () T [ (0O T ] *
V(@)= 1o Tr(® D)+ —a [ TH(D D) P+ +-a, Tr(® ") Tr(®D)

+3b, Tr(@ 00 @) + b, Tr(@'dl0D)

Vy(H)=—sug(H} H)+ sc(H H,*++d (H} H} (H,H)) ,

o.kl

ij
Vo, @)= — a0 0T @'®) + X T T x @@ ,

VsOGH) =e X TH; + FCOHT )+ 0 L OHT Hy + .,

Ve(®,H)=k Tr(D'®)H} H, +1,(H & o)+ 1,(H o0 H) .

Here o/=(1/2i)[T¥, ], the quartic couplings are
~g2 e ~gM,, and py, 1o, g ~M,. This potential
happens to respect not only the anomalous global
U(1) symmetry defined in Egs. (3), (4), and (5) but
also the following nonanomalous global U(1)"” sym-
metry:

Ye—¥e, X—X, ®—e¥®, HH (8

for e’ €U(1)" .

It is then easy to see that we still end up with the
undesirable ordinary PQ scheme and a visible ax-
ion. There are only two ways to break U(1)" expli-
citly and obtain a DFS scheme with an invisible

axion. We can add to V(X,®,H) either the cou-
plings

Ve(®P,H)=58Tr(PP)HH)+e(HPPH)+H.c.
9)

(or these couplings with H replaced by H*) or the
couplings

V,(X,®,H)=J(x*)'T'x &, H} +H.c. (10)

The new Higgs potential so obtained will be denot-
ed by V(X,P,H). Then, the U(1) symmetry in Egs.
(3), (4), and (5) with ¢ =2, for case (9), and

q = —4, for case (10), becomes a genuine DFS
symmetry which breaks at a superheavy scale. The
choice (9) is the direct generalization of the WGG
choice in SU(5), whereas the coupling (10) has no
analog in the simplest SU(5) model. In summary,
we see that the DFS mechanism can be implement-
ed in the SO(10) model of Eq. (1). Essentially, this
can be done in only two ways.

The potential V' (X,®,H) is not invariant under
any genuinely discrete symmetries and therefore
does not lead to a cosmologically catastrophic
domain wall'® production in the early Universe.

We now turn to the discussion of phase transi-
tions and the primordial magnetic monopole prob-
lem in the model of Eq. (1). The most general ex-
pectation value of the complex 45 ® which is con-
sistent with the symmetry-breaking pattern in Eq.
(1) (we put My, =0) is

(D)y=e'5s+eplio?, 1y
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where ¢? is the usual Pauli matrix, s >0 is an
SU(5) singlet, and ¢ a real SU(S) 24-plet in its di-
agonal form ¢=y diag (1,1,1,—%—%), y >0. No-
tice that there is in general a relative phase 7 be-
tween s and ¢. At a critical temperature

T, ~M,/g, X starts developing an expectation
value Xy~ M, /g and SO(10) breaks down to SU(5).
In addition to X, s can in general also develop an
expectation value at this stage. The s-dependent
terms of V (we set H =0) are

Vege(s)= —~,%u¢2+(1/+%))502 52
a b 1
1700 T 250 |* (12)

where @ =a;+a, and b =b;+b,. V(s) does not
contain a linear term since the Higgs-boson cou-
pling —(B8/2)XTox®,; is absent by virtue of the
continuous DFS symmetry. So s is not forced to
develop an expectation value before the SU(5)
breaking. If (s) remains zero, the subsequent
breaking of SU(5) is going to be driven by an effec-
tive potential Vg (s,4) which contains no cubic
terms. We then expect no supercooling® and an
unacceptably large superheavy-magnetic-monopole
density." In this case, therefore, the SO(10) model
under consideration suffers from the same disease
as the WGG model. To avoid this difficulty we
restrict ourselves to the range of parameters where
the mass term in Eq. (12) is negative. The field s
then develops an expectation value so~ M, /g al-
ready at the level of unbroken SU(5). Consequent-
ly, the effective potential for the subsequent break-
ing of SU(5) becomes

Vetr($,m) = — 7114’ Trg? + +cTrg
++a(Tr¢??+5b Tré* , (13)

where

22 1 2 :
He=Ho—3a50"+ 5,50 sin’n
4 2
— 55 bsp’cos’y — syl —aX,? ,
. (14)
¢ =~<bsycosn .

The parameters of this potential must satisfy?! the
inequalities b >0 and 15 +7b >0. The phase 5
is determined by minimizing Vg(é,n). There are
two possible solutions:

(i)sinp=0,

5b Trg? (15)

(5a, +2b)soTrg?

(ii) cosmp=—

In the case where the solution (i) corresponds to
the absolute minimum of V(d,7), c ~gM, and
the potential of Eq. (13) either breaks SU(5) down
to SU(4) X U(1) or gives M; ~My with unaccept-
ably large neutrino masses.'® Fortunately, for
Sa;+2b >0, the solution (i) becomes locally un-
stable and the solution (ii) is favored. In this case
cosn ~My /M, and therefore c ~gMy. The poten-
tial in Eq. (13) has a cubic term of normal strength
and the above problems are avoided. Moreover,
because of this cubic term, the transition from
SU(5) to SU(3) XSU(2) X U(1) can proceed with a

. moderate supercooling of few orders of magni-

tude.?! The production density of primordial su-
perheavy magnetic monopoles can then be
suppressed below the cosmolgical bound.

We see that the requirement of a DFS symmetry
leads to the complexification of the SO(10) 45 &
and the problems encountered in Ref. 18 can then
be circumvented. In particular, a disastrous
domain-wall production is avoided and the
primordial-monopole problem can be solved. The
latter property is not shared by the WGG SU(S)
model.

At a temperature T, ~M,/g the SO(10) symme-
try breaks down to SU(5). The global anomalous
U(1) symmetry defined by Egs. (3), (4), and (5) is
also broken at this stage. It is easy to see that,
since both X and s acquire their expectation values
at this transition, there is no global U(1) which is
left unbroken at the SU(5) level. Thus, the DFS
symmetry breaks at the mass scale M, > 10'7 Gev
and the axion mass is < 10~1° eV whereas its
pseduoscalar couplings are <10~ '%.

The axion field can be easily constructed. To
this end we denote by F; and F, the SU(5)-singlet
components of X and ®, respectively. The neutral
and colorless component of the SU(S) 24 in P is
denoted by F; whereas the neutral and colorless
components of the SU(5) 5’s in H, H T, and X" are
denoted by K, K,, and K3, respectively. The ex-
pectation values of these fields are

(Fy=ve'™, (K;)=we™ (i=1,2,3) (16)

with v; ~M, /g (i =1,2), v; ~My /g, and
w; ~My /g (i =1,2,3). Defining shifted fields
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ila;+& /v;)
F,-=(v,~+p,~)e'm'+§' K
i(B;+m;/w;) a7
K,~=(w,-+0,-)e P
(i=1,2,3),
the axion field can be written as
U3 4w,?
a~§&+ 753——2(101"71-1"“’3173)
2 qu*v,
4(w12+w32)
e, (18)
where w?=w?>+w,’+w;*and g=2 or g =—4 in

the case of Eq. (9) or (10), respectively. The axion
field has been defined so to be orthogonal to the

My ~10"° GeV

SO(10) ——————SU(4) X SU(2) X SU(2)
4

My, ~10° GeV

— SU@3)XU(1) .
10

To achieve this breaking pattern we employ a 54-
plet, a 126-plet, and a 10-plet of Higgs fields and
we denote them by ®, X, and H, respectively. The
fermions belong to three 16’s ¢, (@=1,2,3). The
right-handed neutrinos acquire superheavy masses
at the tree level?® and the induced left-handed neu-
trino masses are ~few eV.

There is only one way (apart from a trivial re-
placement of H by H*) to impose a global
anomalous U(1) symmetry on the Yukawa Lagran-
gian Ly of this model without jeopardizing its suc-
cessful features®*:

Yo—e%,, H—e H°H
X—e%% , for e®cU(1). (20)

Ly then takes the form
J

massless scalar ghosts that have been eaten by the
U(1), and the Z° gauge bosons.

It should be noted that the SO(10) model under
consideration is incomplete. The fact that there
exists only one Yukawa coupling in this model im-
plies that we get no generation mixing and conse-
quently no CP violation. Moreover, the wrong
asymptotic mass relations m, =my and m, =m;
are not avoided. These problems, however, can be
easily circumvented by the introduction of more
Higgs multiplets (probably a 120) that couple to
fermions.”? These modifications are not expected
to alter our results in any essential way if Higgs
126’s are excluded.

Model (b). We will now study the following
symmetry-breaking pattern of SO(10),

Mg ~ 108 GeV

SU(3)xSU(2) X U(1)

126

(19)

Ly=hag¥ipH +gapbctpX' +H.c. 21)

The 54-plet ® must be complex and transform
nontrivially under U(1). This is seen as follows. If
@ is a U(1) singlet then this symmetry remains un-
broken at the level of SU(4) X SU(2) XSU(2). It
breaks together with the local U(1)z_; symmetry
only when the 126 X acquires an expectation value.
However, a linear combination of the U(1) and the
U(1)p_, survives as a global anomalous PQ sym-
metry at the level of SU(3) X SU(Q2)xU(1). We
then obtain the ordinary PQ scheme with a visible
axion.

The fact that the complexified 54-plet ®
transforms nontrivially under U(1) restricts its po-
tential to

V(@)= — 31 Tr(®'®) + 14, [Tr(@ @) )2+ +a, Tr(d®") Tr( o D)

+5b,Tr(®'00'®) + Sb,Tr(® 0 0D) .
The most general form of (®) which breaks SO(10) down to SO(10—m) X SO(m) (m =1,2,3,4,5) is

(@) =e%[10m (10—m)]~*diag(10—m, . .
\ .

S 10—m;—m, ...

(22)

—m), 6, yER . (23)

"

m

Substituting (@) into the potential ¥ (P) we obtain?®

A
1

O0—m

V@)=V (y,m)=—spey +[1(a;+a2)+ 3 (b1 +b)ss(m)y*, (24)
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where s4(m)=[100m (10—m)]~" [(10—m)*+m?].
It is then obvious that the SO(6) X SO(4)
[=SU(4) X SU(2) X SU(2)] phase is never an abso-
lute minimum of the potential ¥ (®), since, for
bi+b,>0, V(y,m =5)<V(y,m =4) and for
bi+b,<0, V(yym=1)<V(y,m =4). We, thus,
see that the requirement of a DFS mechanism is
not consistent with the SO(10)-breaking pattern in
Eq. (19).%

It is interesting to note that whereas the model
under consideration is perfectly consistent with
present phenomenology,?*2¢ it is ruled out by the
requirement of a DFS mechanism (together with
some cosmological considerations)?’.

Model (c). The direct breaking of SO(10) down
SU(3)xSU(2) X U(1) at a scale My ~ 10'> GeV may
be achieved by employing a 45-plet ® and a 126-
plet X of Higgs fields. A DFS U(1) symmetry,
which is broken at the mass scale My, would re-
quire [by an argument similar to the one discussed
in the case of model (a)] a complex ® which
transforms nontrivially under U(1). Thus, the

Higgs potential V' (®,X) contains no cubic terms
and, for natural values of the couplings, the transi-
tion from the SO(10) to the SU(3)x SU(2) x U(1)
phase proceeds with no supercooling. The poten-
tial conflict with the standard hot-big-bang
cosmology is not avoided.?’

To summarize, it is seen that the requirement of
a DFS symmetry and an invisible axion together
with some cosmological considerations select out
one of the various simple breaking schemes of
SO(10) discussed in this paper. In particular, we
find that the DFS mechanism can be implemented
in the SO(10) model where the SO(10) symmetry
breaks down to SU(3) X U(1) via SU(5). The em-
erging minimally extended model can avoid any
potential conflict with the standard hot-big-bang
cosmology. This property is not shared by the
WGG model.
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