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We systematically study the connection betweenP, C, and strongCP in the context of both
nonsupersymmetric and supersymmetric left-right theories. We find that the solution to the s
CP problem requires both supersymmetry and parity breaking scales to be around the weak
[S0031-9007(97)04761-3]
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There are two possible ways of solving the strongCP
problem. The first is the dynamical relaxation mechanis
such as the celebrated Peccei-Quinn symmetry which p
motes the strongCP phase into a dynamical variable [1]

The second idea is to utilize some discrete symme
[2–4] to make the strongCP phase vanish at the tre
level. It then becomes calculable in perturbation theo
and a viable solution to the problem requires that the
perturbative corrections be below the experimental up
limit. The most appealing candidates for this job are t
fundamental space-time symmetries: parity (P) and time
reversal (CP).

Rather natural candidates are left-right (LR) symmet-
ric theories [5] which provide a framework for the spo
taneous breakdown of parity. Furthermore,CP can be
spontaneously broken even in the minimal version
these theories [6]. In addition they can be embedd
in SO(10) grand unified theories (GUTs), which are t
minimal truly unified models of quarks and leptons.
this letter, we focus our attention on these natural can
dates for the solution of the strongCP problem, both in
ordinary and supersymmetric versions [7].

It is well known that the strongCP problem contains
two aspects, that is the smallness ofuQCD , the coefficient
of the FF̃ term, and the smallness ofuQFD  ArgDetM,
where M is the mass matrix of colored fermions.
is highly suggestive to use parity since it implies bo
uQCD  0 andM  My which in turn givesuQFD  0.

This would be sufficient if parity were an exac
symmetry of nature. However, parity must be brok
and the real challenge in these theories is to ke
u ; uQCD 1 uQFD small to all orders in perturbation
theory. Without supersymmetry this is an impossib
task. Essentially, the problem is that the requirement
weak CP violation destroys the hermiticity of the quar
mass matrices already at the tree level which induc
in general, largeuQFD . Another way to see it is to
note that the constraint of parity invariance alone allo
for complex couplings in the Higgs potential which lea
to complex vacuum expectation values (VEVs) for t
Higgs fields and thereby destroy the hermiticity of th
quark mass matrices even at the tree level. Recently
has been argued [7] that making the left-right symmet
0031-9007y97y79(24)y4744(4)$10.00
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model supersymmetric leads to a Higgs potential, whe
all coupling parameters are real thus giving us aCP-
conserving vacuum. Furthermore, the perturbative on
loop contributions toū can be shown to be small unde
certain circumstances [8,9].

These observations have inspired us to revisit the
persymmetric left-right (SUSYLR) model and carefull
discuss under what circumstancesū in this model is guar-
anteed to be acceptably small. We find that supersymm
try and parity symmetry by themselves are not sufficie
to control the one loop contributions. One needs char
conjugation invariance (C) for the purpose. It then turns
out that in general the hermiticity of the quark mass m
trices can only be preserved at the expense of weakCP
violation, thus making the theory unrealistic. We find on
exception: low scale of parity breakingMR and parity
breaking achieved only through nonrenormalizable o
erators. In this case the smallness ofū is achieved by
a soft violation ofCP and is controlled by the small ratio
of MRyMPlanck. We find it rather interesting that the re
quirement of smallness of the strongCP phase requires an
experimentally accessible scale of parity restoration. T
is the major new result of our paper.

In order to set the framework for our discussion w
first analyze the essential features of parity and cha
conjugation and their role in the strongCP problem.

No supersymmetry.—We start with the minimal
left-right symmetric theory based on the gauge gro
SUs2dL 3 SUs2dR 3 Us1dB2L 3 P and the following
fermionic content:

QL 

µ
u
d

∂
L

s2, 1, 1y3d, QR 

µ
u
d

∂
R

s1, 2, 1y3d ,

LL 

µ
n

e

∂
L

s2, 1, 21d, LR 

µ
n

e

∂
R

s1, 2, 21d , (1)

with gauge quantum numbers spelled out in brackets.
Under parity these fields transform as usual

QL $ QR ; LL $ LR , (2)

and similarly under charge conjugation

QL $ sQcdL ; CQ̄T
R ; LL $ sLcdL ; CL̄T

R . (3)

We will stick to the somewhat conservative assumpti
that there are no new quarks and leptons. It should
© 1997 The American Physical Society



VOLUME 79, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 DECEMBER 1997

i

le

w
o

ry

it

r

y

e

e
t

Y
e

s

lex

s
ary
e
f

eric

es
the
sent
e

tic
nds

at
e

os.
fi-

in
that

-
the

cy

t

ion
(
el
the
an
mentioned that if this assumption is relaxed it is possible
construct viable models based on parity only which pred
calculably smallu [10–12]. Similarly, with additional
fermions, one can use bothP andC symmetries andCP
can be used to exchange the two SU(2) groups [13].

With the above fermion content the field that pro
vides quark and lepton masses is the Higgs bidoub
f s2, 2, 0d, which under parity transforms asf $ fy.
Keeping in mind eventual SO(10) embedding, we allo
a sign ambiguity in the charge conjugation transformati
of f,

f $ fT . (4)
The imposition of parity and the gauge symmet

determine the Yukawa couplings,
Ly  hqQ̄LfQR 1 hl L̄LfLR , (5)

to be Hermitian i.e.,
hq  hy

q ; hl  hy
l . (6)

Clearly, since the quark mass matrices are given by
Mq  hqkfl , (7)

they will be Hermitian if and only ifkfl is real (kfl real
obviously preserves parity). Butkfl can be real only if
the Higgs potential isCP conserving. Here lies the crux
of the problem. Now,h is either real or complex. If
it is real thenkfl must be complex in order forCP to
be broken, in which caseMq cannot be Hermitian. If,
on the other hand,h is complex then unfortunately there
are complex couplings in the Higgs potential andkfl
itself becomes complex, destroying again the Hermitic
of Mq.

Let us demonstrate this in some detail. Consider fi
the minimal case with a single bidoubletf. It is a simple
exercise to show that the potential which depends onf

only has all the couplings real due to parity symmetr
However, in order to break SUs2dR symmetry at the scale
MR ¿ MW we need other Higgs fields,xL andxR, which
are nontrivial representations under SUs2dL and SUs2dR ,
respectively. The troublesome couplings in the schema
representation are

sax
y
L xL 1 bx

y
RxRdfyf 1 H.c.. (8)

Parity imposes onlya  bp so that a is, in general,
complex. Only if one imposescharge conjugation on top
of parity are these couplings made real. As we will se
this additional requirement ofC invariance in addition
to parity happens also in the supersymmetric versio
Now, however,kfl must be complex in order to have
nonvanishing weakCP violation sinceC invariance also
makes the Yukawa couplings real. The hermiticity ofMq

required forū to vanish is then lost.
One could imagine a possible way out along the lin

of Ref. [8]. Suppose that there are two bidoublets wi
opposite transformation properties underC

f1 ! fT
1 , f2 ! 2fT

2 . (9)
This implies thath1  hT

1 and real, andh2  2hT
2 and

purely imaginary. In the context of SO(10),f1 would
to
ct

-
t,

n

y

st

.

tic

,

n.

s
h

belong to 10-dimensional representation andf2 to 120-
dimensional representation. It is noteworthy that in SUS
one must have at least two bidoublets in order to hav
nonzero quark mixing angles.

Now the quark mass matrices become

Mq  h1kf1l 1 h2kf2l . (10)

Notice thatkf2l ! 2kf2lp underCP, so that realkf2l
breaksCP invariance. Obviously if bothkfli are real,M
is Hermitian and complex. This would guarantee weakCP
violation without the strong one. At this point, all seem
well since, as before, the interaction terms between thefs
in the potential are real. However, again there are comp
couplings, withxL andxR fields of the type,

isax
y
L xL 1 bx

y
RxRdf1f2 1 H.c. (11)

Parity imposesb  2ap, and charge conjugation make
a real. Obviously, the presence of both real and imagin
couplings in the potential will render the VEVs of th
bidoublets complex. This in turn kills the hermiticity o
the mass matrices and implies a strongCP phase already at
the tree level. We should stress that this problem is gen
and does not depend on the choice ofx fields, i.e., whether
they are doublets, triplets or higher representations.

In supersymmetry it is the superpotential that defin
the theory, and one might hope that at least at
renormalizable level such dangerous terms may be ab
[7]. However, the issue is more subtle and now w
discuss it in detail.

Supersymmetry.—It is well known that in supersym-
metry one needs at least two bidoublets to get realis
fermion mass matrices so that the above scenario fi
here its natural place. There are, however, newCP prob-
lems in supersymmetry: The relevant one for us is th
the masses of gauginos are complex in general. HerP
and C again play a fundamental role:P makes gluino
mass real but not the masses of the left and right win
At the one-loop level, these complex masses lead to a
nite but unacceptable contribution toū of orderay4p. In
Ref. [8], one appeals to SO(10) grand unified extension
order to make these masses real. The point is simply
parity and charge conjugation suffice:P makes gluino
mass real, andP and C ensure the same for weak gaug
ino masses. Thus we impose both of them and study
consequences.

Interestingly enough, we find that complete consisten
of the theory requires that theWR mass must be in the
TeV range.

Let us go back to Eq. (9). In the minimal left-righ
model with the seesaw [14] mechanism, thex fields are
taken to be tripletsD and Dc under SUs2dL and SUs2dR

groups, respectively [15]. Of course, anomaly cancellat
in supersymmetry requires the doubling of such fieldsD

andDc). It is easy to see that at the renormalizable lev
there are no such dangerous complex couplings in
superpotential. The problem is that in this model there c
4745
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be no spontaneous breakdown of left-right symmetry a
if the theory is augmented by the parity-odd gauge sing
field, this gets cured at the expense of the breakdown
electromagnetic charge invariance [16]. The way out
this impasse is either to include more Higgs fields [16,1
or to resort to nonrenormalizable dimension four term
in the superpotential [7]. In either case, one necessa
generates the imaginary couplings described above.

Now we discuss these cases step by step starting w
the renormalizable superpotential.

(a) If one addsB-L neutral tripletsV and Vc, one
finds a consistent and realistic theory with a possibili
of phenomenologically interesting lowB-L scale without
the need for the parity-odd singlet [17]. However, in th
theory the new terms in the superpotential (we are on
schematic here in notation; for exact expressions see [1

iaVf1f2 1 ibVcf1f2 , (12)

are of the type discussed above and thusa  2b real.
Next, it can be shown thatVc VEV is real. The terms in
the superpotential which are relevant are the couplings
the right-handed triplet fields,

W  mDfTrsDDd 1 TrsDcDcdg

1 afTrsDVDd 1 TrsDcVDcdg . (13)

It can be easily seen thatC and P render the above
couplings real. In theP breaking and electromagnetic
charge preserving vacuumkDl  kDl  kVl  0 and
kVcl  MRdiags1, 21d with MR being a real number

MR 
mD

a
. (14)

This induces the imaginarym-type effective mixing
term betweenf1 and f2, thus making it impossible
to keep both bidoublet VEVs real. This just as in th
nonsupersymmetric case, destroys the hermiticity of t
quark mass matrices.

(b) Alternatively, one can work withoutV fields,
assuming that there are nonrenormalizable terms in
superpotential to achieve the spontaneous breakdown
parity. Again, one can do without the parity-odd single
[18]. In this case, the analog of the mixing ofV andf

fields (14) is achieved through following thed  4 terms
in the superpotential,

i
a

MPl
DDf1f2 1 i

b

MPl
DcDcf1f2 . (15)

Again a  2b is real. Now clearly the complex mixing
term betweenf1 andf2 is suppressed byMR

MPl
. It is easy

to see that the relative phase between thef1 andf2 VEVs
can be controlled by the same suppression factor. It i
simple exercise to show that the strongCP phase is of
order

u 
M2

R

mSMPl
, (16)

where mS is the scale of SUSY breaking in the ligh
4746
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particle sector of the theory. At this level, clearly thi
parameter is completely undetermined.

On the other hand, in this version of the theory, th
splitting of the bidoublets is achieved through the abo
d  4 terms and thus, besides the usual two light double
of the minimal supersymmetric standard model (MSSM
above the scaleM2

RyMPl, there will appear the other two
doublets. It has been shown in Ref. [8] that the runnin
of the Yukawa couplings belowMR quickly generates
sizeableu when four doublets are present.

Thus one is forced to the low parity breaking sca
scenario. One way to get this is to introduce a parit
odd singlet superfields [16]. In this case, in order
not to introduce complex couplings in the superpotenti
an additional parity-even singletX is needed. Namely,
a parity-odd singlet has imaginary couplings with th
bidoublets, and thus one must ensure that its VEV
imaginary also. This can be achieved if one chooses
superpotential for the singlets of the form,

Ws  Xsas2 1 M2d , (17)

wherea andM2 are real by parity.
One can also obtain a desired pattern of symm

try breaking using only nonrenormalizable operator
as long as the neutrino Yukawa couplings satis
f # 1022 2 1023 andmS ø MR ø 1 TeV. Namely, in
this case the nonrenormalizable terms should lower t
energy, at the parity broken extremum, to be the minimu
of the potential. The couplingsf, due to running between
the scaleMU of assumed universality of soft terms an
the scale of right-handed neutrinosMnR

, cause the differ-
ence between the VEVsy  kDcl andy  kDcl,

y2 2 y2 ø
f2

16p2
ln

µ
MU

MnR

∂
m2

S . (18)

We find that the condition for the parity breaking an
electric charge conserving minimum is

g2

2
sy2 2 y2d2 ,

mD

MPl
y2y2 (19)

for a range of values of parameters that character
the nonrenormalizable terms in the superpotential. T
condition onf noted above follows from this inequality.

Next, in order to breakCP, we need nonzero (and
real) VEVs of both bidoublets. This can happen only
there is a mixing term betweenf1 and f2. This term
(real due to parity) breaksC softly. This result is a
reflection of a general theorem regarding the impossibil
of spontaneousCP violation in the supersymmetric mode
with four Higgs doublets [19]. If one does want to stic
to spontaneous violation, this is easily achieved with tw
singlets, as in the above example. In the presence of t
soft C-breaking term, one expects finite contributions
the phase of the left and right gaugino masses. There
no one-loop contributions to such phases. If they ari
at the two- or higher-loop level, their contribution to th
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Q is #a3ys4pd3 which is of order1029 and is therefore
small. Also we repeat that there is a one-loop contributi
to quark masses due to the soft SUSY breaking terms t
has already been evaluated in Ref. [9] and is shown tha
can be at about the1029 to 10210 level.

The main implication of our work is the low scale o
parity breaking, necessary for the solution to the stro
CP problem. Let us briefly comment on the implica
tions of this model for neutrino masses. The smallne
of the neutrino masses in our model is of course guara
teed by the seesaw mechanism. As far as the values
the neutrino masses are concerned, it depends on the
cise model for the Dirac neutrino masses in the theory.
order for the neutrino masses to be below the upper e
perimental bounds, one must assume the neutrino Di
mass terms as an order of magnitude or so smaller th
the charged lepton masses. This, in turn, implies thatnm

and nt have to decay, and both thent and nm can de-
cay only through the exchange of the neutral compone
of the left-handed tripletD [20] rapidly enough to satisfy
necessary cosmological constraints. This scenario is p
nomenologically completely consistent and has interesti
predictions of rarem decays andM-M conversions. An-
other possibility for being in accord with cosmological lim
its on neutrino masses is to suppress the neutrino Di
mass terms as a higher order loop effect [21]. The mod
in this case has to be supplemented by the addition of
tra color triplet fields coupling to quark fields, which doe
not affect the discussion of the strongCP problem given
above.

It is well known that in left-right models with low
MR , there are tree level neutral Higgs contribution
to the flavor changing neutral current effects. Prese
observations require that the mass of these neutral Hig
bosons must be more than 5 TeV or so. Since the
masses are proportional toMR, this is consistent with our
result that putsMR also in the same TeV range.

Since our results heavily depend on the imposition
charge conjugation on top of parity it is natural to consid
the SO(10) GUT extension ofLR models. Namely, in
SO(10), charge conjugation is an automatic gauge symm
try; and, furthermore, as we remarked before, our cho
of the C-transformation properties of bidoublets woul
simply imply thatf1 lies in the 10-dimensional represen
tation, andf2 lies in the 120-dimensional representation
On the other hand, it is hard, if not impossible, to achie
low MR in the supersymmetric SO(10), at least in th
minimal version of the theory.

In conclusion, we stress that this is a natural solutio
to the strongCP problem since lowMR scale (ordermS)
can be achieved naturally in the process of minimizatio
of the potential. Consistency with the hierarchy proble
suggests then thatMR is of a few orders of TeVs. We
find it rather appealing that the smallness ofu in left-
right symmetric theories is linked to both supersymmet
n
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and MR being at the low scale. This provides to dat
the strongest theoretical motivation for a low massWR,
which has long been of great phenomenological an
experimental interest.
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