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Solution of the Strong CI' Problem by Color Exchange
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We present a new way to solve the strong CP problem in models with a spontaneously broken CP
invariance. It is simpler than existing non-Peccei-Quinn approaches. It predicts the existence of
light (i.e. , weak scale) colored Higgs bosons which could be seen in colliders.
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In this Letter we propose a new way of solving the
strong CP problem. ' The two key ingredients of our
approach are that (I) CP invariance is spontaneously
broken, and (2) light colored scalar fields mediate the
CP-nonconserving interaction.

One of us (A.Z.) proposed recently the introduc-
tion into the standard SU(3) S SU(2) II U(1) theory
of an SU(2)-singlet scalar field X, thus allowing Yu-
kawa couplings such as dz Cd& X, dz Csz X, and sz Csz X.
The field X has to transform as 6' under color in order
for the couplings to be symmetric in family. This pro-
posal was part of a program to look for new physics
in the scalar sector of the standard theory.

It was also suggested that X exchange could gen-
erate a AS = 2, CP-nonconserving interaction. A simi-
lar suggestion was made independently by Nieves8 who
constructed a specific model at the SU(3) S SU(2)
S U(l) level. We note, however, that the spontane-

ous breaking of CP invariance at the weak scale leads
to a nasty domain-wall problem. We thus propose
models at the grand-unified level instead, counting on
inflation to resolve the domain-wall problem.

The central point of this paper is that the color-
exchange approach "naturally" solves the strong CP
problem. In our approach, the entire quark-mass ma-
trix (and not only its determinant) is real at tree level.
This idea was first proposed some time ago by one of
us (S.B.) and Seckel, ' who were unable to implement
it in a technically natural way, however. Indeed, the
vital element missing in Ref. 10 is the existence of
light colored scalars, a point which will be discussed in
detail below.

We impose CP invariance on the Lagrangean so that
the Yukawa couplings are real at tree level. Thus the
tree-level quark-mass matrix M0"' is completely real.
[The phase of the vacuum expectation value (VEV) of
the Weinberg-Salam doublet P is meaningless and may
be chosen to be real by a global hypercharge rotation. ]
Note that this is a consequence of there being only one

Were there two or more, their VEV's could and
would have CP-nonconserving relative phases that
would show up in the tree-level quark-mass matrix.

The tree-level value of OQCD is also zero by CP invari-
ance; thus

0'"' = 0. "" + arg detM'"ee = 0QCD 0
Most remarkably, as we will see, the quantum

numbers of X are such that the one-loop correction to
the phase of the quark-mass matrix vanishes identical-
ly. A small two-loop correction is generated, and for a
certain range of parameters, this correction may be
detectable by electric-dipole-moment measurements.

CP nonconservation in the X-exchange process
d+d X s+s can come either from the X propa-
gator or from the X-quark vertex. In the first case,
there must be more than one X, or else the propagator
is real by Hermiticity.

We now construct grand-unified models to illustrate
these two possibilities. The moment that we mention
grand unification (GU), we are faced with the hierar-
chy problem, of course. In line with standard practice,
we will have to simply decree that certain components
of a grand multiplet are light (i.e., with mass
&( MG„) while other components are heavy (i.e. ,

with mass —Mo„). Both of our models are based on
SU(5) with fermions of each family in 10L + 5L.

In model 3, the Higgs bosons are in 50, 24tt, 15H,
and RHs (A,B = 1, 2, . . .). We decree that the SU(2)
doublet in 5H and the color-6 X in each of 15H are
light, while the rest are all heavy. Here R can be any
representation containing an SU(3) SU(2) U(l)
singlet. CP invariance is broken spontaneously by the
VEV of the singlet components of R, which can have
nontrivial relative phases. This CP nonconservation
will be communicated to the entire Higgs sector
(through couplings such as A„ttcD15"'15~Re'RD). In
particular, the propagator of the light color-6's, X,
will be CP nonconserving.

[A particularly economical choice, given essentially
by Nieves, involves taking RH to be just an SU(5)
singlet which transforms as RH —RH under CP.
The coupling (io.15 "15 R +H.c.), with cr real and
B~3, generates CP nonconservation when R~ ac-
quires a VEV. ]

SU(5) allows the Yukawa coupling

f~~ (10~t C IOnt. ) 5H + g~n (10~t C 5nt. ) 5H + h~n (5~L C 5nL ) 15 (2)
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Here m and n label generations.
Writing h2/M2 for the measure of CP nonconserva-

tion in the X propagator (here b, is essentially the ima-
ginary part of A„zzD(R ') (R ), M is the average
mass squared of the X, and h q~ and h22 are some com-
binations of the h» and h22 ), we find that the experi-
mental value of the e parameter in the EL-Lq system
requires I

(h h /M )(5 /M ) —3x10 GeV (3)

0 =O~FD = arg detM0

(We can use either the vacuum-insertion method or
the bag model to estimate the matrix element
(&p I ds dlt sit sit I &p) .)

It is not unreasonable to imagine the couplings h~„
to be of the same order as the standard Higgs cou-
plings g „. Thus with h11 —g11 = 2X 10, h22—

g22
—=SX10 4, and A2/M:—10 ', Eq. (3) gives

!
M =550 GeV. We note that this model can accom-

r

~ ~gnI~Imhmn
hM..—~ 4 2647r M

(4)

Roughly then (with the assumption that phases of di-
agonal components of M0 dominate),

modate "maximal" CP nonconservation, b, 2/M2—o(1).
How big does 8 come out to be in such a model?

Either chirality or group theory guarantees that there is
no one-loop diagram that contributes to H. For in-
stance, at the SU(5) level the 15H has to be emitted
and absorbed to have CI' nonconservation. The
quark-mass terms always involve the 101, but the
15H's do not couple to the 10L. The lowest-order
graph that contributes to the CP-nonconserving part of
the quark-mass matrix involves two loops as shown in
Fig. 1 ~ Crudely, it is of order

1 X nl Im mn (3 1Q 15 G V 2)g h'h
6417 „l m gnn, h 11 22,

g Ih'h
(5 10 14) g gnl lm mn M

g„„h11h22 300 GeV (5)

(where QFD refers to quantum flavor dynamics).
With h „—g „, the term n = l = m =3 dominates

the sum, and I h 331'/h 1 1 h 22 is of' order mt, /
mdm, —2&10. For ~ near unity and M near 300
GeV, this would give 0 —10, corresponding to an
electric dipole moment of" —5 x 1Q 25 e cm as com-
pared to the current bound'2 of (2.3+2.3) &&10

e ' crn.
In model 8, we take the same particle content as in

model A with these changes: There is only one 1SH,
the RH" are taken to be a singlet lH, and we add
some number of 11 fermions. Thus this model is
more economical than model A. The coupling
i71H15HSHSH can become CP nonconserving when

1Ir acquires a vacuum-expectation value. The CP non-
conservation shows up in one-loop order as indicated
in Fig. 2, generating a phase in the effective h „.

Equations (3) and (4) still apply with 5 /M, which
measures the CI' nonconservation in the X propagator

in model A, replaced by arg(ht'1h22), which measures
the CP nonconservation in the X vertices in model B.
Again the lowest-order graph that contributes to 0 is
Fig. 1. The estimate in Eq. (5) is still valid if we re-
place (b, 2/M2) by arg( hl' h „).

Let us try to put the approach suggested above in
historical perspective. The various approaches to the
strong CP problem are charted in Table I. Virtually all
successful models based on spontaneously broken CP
invariance have been based on having Mt2 complex at
tree level, so as to generate a sufficiently large e
through the Kobayashi-Maskawa mechanism, and yet
having detM0 real at tree level to make 0 sufficiently
small. This requires a special form for M0. The sim-
plest and most satisfactory of these models are those
of the type discovered by Nelson. ' A simpler ap-

I

to 5L 5L

FIG. 1. The lowest-order contribution to 0™ in the models
described in the text comes from such two-loop diagrams.

+ l5„
I

FIG. 2. An effective CP-nonconserving piece of the
(5L CSL ) 15H vertex comes from this diagram in model B in
the text.
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TABLE I. Chart of various ways to solve the strong CP
problem. The arrow indicates the approach in this paper,
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FIG. 3. If X is colorless, it will generally be forced to have
a VEV by X @ terms in the Higgs potential which cannot be
ruled out by symmetries since diagrams such as this must
exist.
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proach would seem to be to have M0 completely real
at tree level and have e generated through some non-
Kobayashi-Maskawa mechanism such as a 4S = 2

Higgs boson exchange. This was first suggested in
Ref. 10. That paper, however, only considered the
case in which the Higgs bosons X which mediated the
superweak force were color-singlet, weak doublets like
the steinberg-Salam Higgs bosons. This leads to a fa-
tal difficulty. Such X will naturally acquire a VEV
when SU(2) S U(1) breaks. Such a VEV must contri-
bute, of course, to M0. And, since the VEV of the or-
dinary Weinberg-Salam doublet, hatt, and that of X will
(naturally) have a CP-nonconserving relative phase,
M0 will be complex at tree level and 0» 10-'. At-
tempts to protect X from acquiring a VEV by imposi-
tion of symmetries are futile as shown in Ref. 10. The
essence of the argument is simple: Both tt and X cou-
ple to the quarks. Therefore, diagrams like Fig. 3 ex-
ist, and therefore, it cannot be possible to rule out
terms like X @ in the Higgs potential, which will in-
duce (X) e0.

The idea that we put forward here is essentially that
of Ref. 10 with the crucial difference that the X here
are taken to be colored. Obviously, the difficulty en-
countered there does not occur here: As long as color
is unbroken, (X) = 0 and cannot contribute to M0.

The crucial feature of this model is that all phases
are drained from M0 at tree level, thus severing the
link between 0 and e until two-loop order.

A model which has some similarities to the present
idea was proposed by Masiero, Mohapatra, and Pec-
cei. In their left-right model OQFDw0 even at tree
level; however, it is of order (MN /MN )2, the ratio
of the squares of scales of the breaking of SU(2)L and
SU(2)R, which is itself, of course, a technically unna-

tural hierarchy. In common with the present mechan-
ism their model has the features that M0 as a whole is
nearly real, and that the 4S = 2, superweak, CP-
nonconserving force is mediated by color-6 fields.
(See Table I.)

Since our mechanism requires the existence of light
colored scalars, we must look at the effect ' on sin Ow.
Introduction of one light scalar in a (6, 1, ——, ) of
SU(3) SU(2) S U(1) will change sin20w by —0.02.
This is tolerable, but perhaps makes sin Hw a little
small for comfort. With two such light (6, 1, ——', )
representations as in model A (or a unified version of
Nieves's model), 8 (sin Hw) = —0.04, which gives
sin Hw too small. However, one can improve matters
if in the 15H both the (6, 1, ——', ) and the (1,3,1) are
light [the (3, 2, —, ) can cause proton decay and must be
superheavy]. Then 6 (sin28w) = —0.0077 for each
such 15H.

As a first concluding remark, we emphasize that the
preceding models are only meant as illustrations of a
very general mechanism, the key ingredients of which
are three: (1) CP a spontaneously broken symmetry;
(2) a light colored scalar to mediate a superweak force;
(3) a single Weinberg-Salam doublet (or some other
assumption) that ensures that OoF'n ——0. Obviously
these requirements are not very restrictive and can be
satisfied in a wide class of theories.

The second remark regards baryon- and lepton-
number-nonconserving effects. As is well known,
the minimal SU(5) conserves B —L because of a glo-
bal symmetry with quantum numbers X (IOL ) = 1,
X(5L) = —3, and X(58) = —2. This symmetry is
preserved in our models with X(15~)= 6. If desired,
one can also readily break B —L by a cubic Higgs
coupling p5~5~15H. This violates B —L by two units
and generates a neutron-antineutron oscillation matrix
element, M„„-, of order

M„„-—htt(g ) pM /M M (6)

(where M and M5 are the masses of X and the color
triplet in 5~). It has been emphasized23 that with
scalar fields transforming as color 6 one can construct
a model with observable n-n oscillation without exces-

2255



VOLUME 55, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NOVEMBER 1985

sive proton decay. The breaking of 8 —L also allows
the appearance of neutrino Majorana masses, the
mechanism being that the (5H) induces a vacuum ex-
pectation value for the field which is a (1,3,1) of
SU(3) S SU(2) S U(1) contained in the 15H. The
neutrino Majorana masses are of order p h „
&& (5H) /M, „;~1„. If M,„;~,« is around 10'5 GeV, then
M„comes out typically fairly small tM„=—( h t t/

gtt) [p/(10' GeV)1x 10 eVI. However, with a
large value of p [which is probably required by Eq. (6)
to give observable n no-scillationsj, one could also get
observable neutrino masses. On the other hand, if the
(1,3,1) of Higgs bosons is light as suggested above to
get a better fit for sin20w, then p had better be zero
(e.g. , by the global symmetry), or else M„willi be far

too large.

The third remark is that a characteristic feature of
the models described here is that CP nonconservation
is absent in the D-D system as has been noted in-

dependently by Nieves.
Fourthly, the color-6 field, X, may be produced in

pairs by a gluon in hadronic collisions. Once pro-
duced, the X may grab two quarks to form a new class
of hadron (Xqq ) with mass of order of hundreds of
gigaelectronvolts. If h33 is the largest coupling, as we
have assumed, then these hadrons will tend to decay
rapidly into the bottom channel. Abandoning our
theoretical prejudice that the X mass is weak scale, we
can also speculate on the phenomenology of new had-
rons of the form (Xdd), (Xdu), (Xuu), and so forth
with masses in the tens of gigaelectronvolt range
and whose decays into channels such as ( ssuu )
= (K E ) and (sbuu ) = (B K ) provide striking
signatures. In this case, according to Eq. (3), the
couplings hi& and h22 would have to be smaller by a
factor of 10 than what we had stated. 0 would be
smaller by a factor of 10 .

Finally, one might consider making such a model
supersymmetric. Several potential difficulties would
have to be dealt with. Since there are two light Higgs
doublets, H and H', one would have to ensure that the
phase of p, (in pHH') was sufficiently small. At tree
level this would be the guaranteed by CP invariance.
Also one must worry about the phases of the masses
of the fermionic partner of the X (X) and about
gluino-quark couplings. The color-6 fermion, X, could
be of use in condensing to generate the weak scale.
These questions are being investigated.
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