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Natural Strong CI' Conservation in Flipped Physics
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A natural axion-free solution of the strong CP problem at tree level is noted within an E(6) grand
unified theory. Using this as a springboard, it is shown that several flipped SU(5) theories which occur
in superstring phenomenology contain within them a mechanism which enforces 8=0 at high accuracy.

PACS numbers: 12.10.Dm, 11.30.Er, 11.30.Rd, 12.15.Ff

The most popular solution of the strong CP problem
depends on having an axion as a physical particle. Most
of the allowed mass range for the axion has been already
excluded, leaving only two small windows, 10 s-10
eV for the generic invisible axion and between about 2
and 5 eV for the hadronic axion which couples only to
quarks. As these small windows become walled up, it is
timely to seek a fallback axionless position. Searches are
in progress to brick up both windows. Of all the alterna-
tive axionless scenarios, the most attractive may be the
idea of arranging a real determinant of the tree-level
mass matrix in a natural way.

Some examples of unified theories which fulfill the
requisite requirements have been published long ago. '

All of these examples were somewhat contrived. Here
we shall present what we consider the most elegant class
of such axion-free solutions. It is based on the choice of
grand-unified-theory (GUT) group as E(6), and relies on
some group-theoretic niceties peculiar to this exceptional
group. Incidentally, it is the only such solution that fits
closely in the philosophy of the heterotic superstring.

According to the model-building rules expounded in
Ref. 1, the theory must contain a real representation of
exotic fermions additional to that of the standard model,
and the Yukawa couplings to the Weinberg-Salam dou-
blet must involve only the usual quarks and leptons. Soft
(spontaneous) CP violation occurs only by vacuum ex-
pectation values (VEV's) coupling the usual to the exotic
fermions.

These requirements are simple to satisfy in E(6). For
the three families of quarks and leptons we shall use
three 27's of E(6). In the Higgs sector we shall consider
only 27's and the adjoint 78. More than one 27 is neces-
sary to break unwanted symmetries and the 78 is needed
to break SU(5). Within our class of models, some will
avoid even the 78 altogether.

The Higgs potential for the 78 of Higgs fields p' is
(a, b = 1-78)

V(@')=M 8,t, @'@ +Ah, hb, d@'@ @'@".

For the 27 of Higgs fields (jt' it is (a =1-27)

V(p') = lt 'ttt p. +X(y'y. ) 2+X (y'gpss "d.~„+H c ). .

(2)

Cross terms are also possible:

V(27, 78) -~.e.tt 'y. + 7(T.) '~.yt'y.

+([(T,)'sd~" @,ttp, ttppg„+H. c.] . (3)

The decomposition of the 27 fermions under E(6)
SU(5) is (F denotes complex family, R denotes real

exotics)

27 = (6,2) + (15, I )

= (5+ 1,2) + (10+5, I )

= Wa + gl + P + ga ~

(5)

(6)

(7)

where K, L =1-5 of SU(5) and i =1,2 of SU(2). Let us
identify a family as (Vrtri+y )F and the exotics as
(Vrtr2+ Vr")tt. With the same notation for the scalars p',

we shall break the E(6) to the standard-model group by
giving VEV's to the p;; we then break SU(2)t. xU(1)y
by the doublet contained in ptr2. By noticing that the
Yukawa couplings have the form

Vttci titL& e (9)

it is clear that the VEV (&~2) couples F Fbut not FR--
or R-R.

Soft spontaneous CP violation is accomplished by giv-

27 = (10+5 )F + (5+5+ I + I ) tt

and for each family we may take the final twelve states
as the additional real representation of exotic fermi-
ons. Under E(6) SU(6) x SU(2) ~ SU(5) x SU(2)
[SU(5) is the Georgi-Glashow SU(5)l one has
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ing a complex VEV to p2 which couples

(io)

Y'= —,
' Y——', 8, the 16 becomes

16 =1+5+10
With this arrangement, the determinant of the quark
mass matrix is real. At the tree level, this means that

8QEn+ OQFn 0 (where QFD denotes quantum flavor
dynamics). In loop diagrams, there are nonzero contri-
butions to 8 but these can easily be consistent with the
bound e(10 ' imposed by the neutron electric dipole
moment. Supersymmetry can make the corrections even

smaller, as discussed later.
The above example uses the canonical embedding of

the SM in E(6). It is also possible to give a natural solu-
tion of strong CP with the "flipped" embeddings. Un-
like the canonical embedding, these will no longer need
an adjoint @, of Higgs fields. We consider five such
flipped examples.

(i) We may flip the SU(5) so that each family is con-
tained in a 16 of SO(10) but now with the et.

+ and vR

exchanged relative to the usual SU(5) embedding.
Specifically in terms of SU(3)cxSU(2)LxU(1)j with

27 (I, 1)y j + [(3,1)—j/3+ (1,2) —j/2+ (3, 1)—2/3+ (1,2)

while

=(1,1)+[(3,1)-2/3+(1, 2) - j/2]

+ [(1,1)jj+(3, 1)j/3+ (3,2) j/6], (i2)

10 5+5 . (i3)

We give a real VEV to the doublet within the 5 of Eq.
(13) and a complex spontaneous CP-violating VEV to
the (1,1)p in Eq. (12). At this point one needs either an
adjoint 78 of Higgs in E(6) or to use the four-
dimensional superstring constriction to break E(6) to
the appropriate subgroup. In either case, the theory with

flipped SU(5) has natural strong CP conservation.
(ii) There is a doubly flipped model in which the

embedding of SU(3)c x SU(2)t. x U(1)j, with Y" a
combination of the U(1) in E(6) that is not in SO(10)
with the two U(1)'s inside SO(i0) [unlike case (i) where
the U(1) j, was entirely inside SO(10)]. In this case the
charges are
F

+ [(1,I )p + [(3,I ) j/3+ (1,2) j/2]+ [(3,2) j/6+ (3, I ) j/3+ (1, 1 )p ]] . (14)

In this, we identify F and R fermions as indicated. The
VEV's are in the components of the scalar corresponding
to the two (1,1)p pieces and to the doublet (1,2) —j/2

which breaks SU(2)LxU(I)j. The (1,1)p in the 10 of
the usual SU(5) may have a CP-violating VEV. As in

the case (i) above, the breaking can be achieved only if
E(6) is broken to an appropriate rank-6 subgroup as in

the four-dimensional superstring, or we must alterna-
tively add an adjoint 78 of Higgs fields, which does not

spoil the solution.
(iii)-(v) There are three types of "isoflipped" E(6)

models and we have checked that all of these also satis-
fy the requirements of natural strong CP conservation.
We shall give only one example; the others are similar.

Here the idea is that the embedding is E(6) &SU(5)
xSU(2)LxU(1)"' where U(1)"' is contained in SU(6)
of E(6) &SU(6) x SU(2)1. There are three independent
choices of U(1)"' identification. In one case the 27 con-
tains

(5,2) = (3,2) j/6+ (1,2) j/p+ (1,2) —j/2,

(1,2) = (1,2) )g,

(10,1)=(3,1)—2/3+ (3,1)j/3+ (3, 1)—j/3+ (I, 1)p

(5, 1)= (3, 1)j/3+ (1,1)p + (1,1)+ j .

We identify the F and R fermions as indicated. The
VEV's are in the components of the scalar corresponding
to the (1,1)p in (10,1) (real), the (l, l)p in (5, 1) (CP
violating), and the (1,2)j/2 in (5,2) (real). Again this

type of symmetry breaking is consistent with the four-

dimensional superstring.
The above analysis shows how to find natural strong

CP conservation at tree leve! in E(6) GUT's and in

superstring-inspired flipped SU(5) models.
At loop level the situation is more subtle and related to

the usual gauge-hierarchy discussion. We have assumed
that certain Higgs scalar components have nonzero
VEV's and that all others have zero VEV's. In general,
if we arrange the former to be true in an otherwise gen-
eric Higgs potential, then the latter may not be true for
all of the parameter space. This would have the effect of
ruining the naturalness of our scheme. But this is not
the appropriate argument since in the usual discussions
of superheavy and light VEV's from the same Higgs po-
tential (the gauge-hierarchy problem) it is usually postu-
lated that there exists some region of parameter space
(perhaps "almost nowhere") where the required gauge
hierarchy can be obtained, even at tree level. At loop
level, it is similarly postulated that retuning of parame-
ters is possible which can maintain the hierarchy.

For the natural solution of strong CP that we have dis-
cussed, one should be allowed equal license. If we can
arrange the tree-level Higgs potential, for some limited
domain of parameter space such that only those scalar
components have a VEV that has been postulated (and
all others are zero), then this is allowable. In the loop
expansion we may postulate the possibility of retuning
such that the arrangement of the VEV's remains stable
under perturbation theory. This is exactly analogous to
the situation with regard to the hierarchy problem.
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In general, one expects loop diagrams to be small in

any case, if the Yukawa and Higgs couplings are
suSciently small. ' In supersymmetrized generalizations,
loop corrections to OQCD are even more suppressed. In
fact, the mechanism we have discussed becomes more
natural in a supersymmetrized GUT. To avoid giving
unwanted VEV's even at tree level in E(6) we have
tuned certain Higgs-boson self-couplings to zero; in the
supersymmetric case this is more natural because radia-
tive corrections are strongly suppressed (the coupling
remaining zero in the absence of supersymmetry break-
ing).

This last remark about supersymmetry leads us natu-
rally to the subject of superstring phenomenology. Such
schemes, in general, involve a subgroup of E(6) in four
spacetime dimensions. The most appealing such schemes
are based on flipped models. 3 Despite the number of
articles in Ref. 3 on single hyperflipped SU(5), we feel
that not enough work has been done on the very exciting
topic of flipped physics from the superstring because,
among other things, the all important topic of strong CP
has not been fully explored. Our present discussion has
brought a new class of strong CP-conserving
hyperflipped and isoflipped models within our grasp,
all of which are a priori as interesting as Aipped
SU(5) x U(l ).
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