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Simple Supersymmetric Solution to the StrongCPProblem

Rabindra N. Mohapatra and Andrija Raˇsin
Department of Physics, University of Maryland, College Park, Maryland 20742

(Received 22 November 1995)

It is shown that the minimal supersymmetric left-right model can provide a natural solution t
strongCP problem without the need for an axion, nor any additional symmetries beyond supersym
and parity.

PACS numbers: 11.30.Er, 12.60.Cn, 12.60.Jv
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Quantum chromodynamics, which is extremely suce
ful in describing strongly interacting phenomena in bo
the low as well as the high energy domain, has the w
known problem that it can lead to an uncontrolled amo
of CP violation in the flavor conserving hadronic pr
cesses. This is the strongCP problem [1]. The paramete
Q which characterizes the strength of theseCP-violating
interactions is constrained by present upper limits on
electric dipole moment of the neutron to be less th
1029 10210. The presence of such a small number in
theory indicates the existence of new symmetries bey
the standard model of electroweak and strong interacti
Three classes of spontaneously broken symmetries h
in the past, been advocated as solutions to the strongCP
problem: (i) Peccei-Quinn (PQ) U(1) symmetry [2], (
parity (or left-right) symmetry of weak interactions [3
and (iii) softly brokenCP symmetry [4]. There also ex
ist other solutions which use less transparent symme
to constrain the form of quark mass matrices into int
esting forms thereby suppressingQ to the desired leve
[5]. In the absence of any experimental evidence for
against any of these solutions, one can look for theore
criteria to reduce the number of such possibilities. O
criterion discussed in recent years is to use the lore t
unlike local symmetries, all global symmetries are brok
by a nonperturbative gravitational effect, such as bl
holes and wormholes. Since all our solutions involve n
global symmetries, one must investigate whether in
presence of these effects the solution to the strongCP
problem remains viable. In Ref. [6] it was shown th
the presently invisible axion models [7] are incompati
with the above nonperturbative effects essentially due
the fact that the PQ symmetry breaking scale in this c
must beø1010 1012 GeV. On the other hand, it wa
shown in Ref. [8] that as long as the scales ofP or CP vi-
olation are less than some intermediate scale, the non
turbative Planck scale effects do not destabilize the sec
and third solutions to theQ problem. In this Letter, we
will show that in a class of minimal supersymmetric mo
els recently discussed [9,10] in order to have automaticR-
parity conservation prior to symmetry breaking, the stro
CP parameterQ naturally vanishes at both the tree a
the one-loop level, thus providing a solution to the stro
CP problem. No additional symmetries are need for
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purpose. The only difference between earlier supers
metric (SUSY) left-right models and ours is the inclusi
of dimension 4 Planck scale induced terms, which are
general expected to be present [6]. This provides a
to ensure thatR parity remains an exact symmetry in th
theory even after the gauge symmetry is spontaneo
broken. This in combination with the constraints of p
ity invariance on the coupling parameters of the the
lead us to our result that the model provides a solu
to the strongCP problem without the need for an axio
Since the Yukawa couplings in the model are compl
the observed weakCP violation in the kaon system is ex
plained via the usual Cabibbo-Kobayashi-Maskawa ph
in the left-handedW coupling (as in the standard mode
Some additional interesting properties of the model
(i) including Planck scale effects leaves the solut
unscathed, as in Ref. [8]; (ii) unlike the minimal supe
symmetric model (MSSM) and the model of Ref. [10],R
parity is naturally conserved to all orders in1yMPl, so
that the lightest supersymmetric particle (LSP) rema
absolutely stable in this model and plays the role of c
dark matter (CDM), and (iii) the SUSY contributions
the electric dipole moment of the neutron are autom
cally suppressed, thereby curing the so-called SUSYCP
problem.

To see how parity symmetry really suppresses theQ,
let us start by noting that in an electroweak theory th
are two contributions toQ at the tree level:Q  Q 1

Arg detsMuMdd, whereQ is the coefficient of theGG̃ term
in the QCD Lagrangian induced by instanton effects, a
the second term is self-explanatory withMu andMd denot-
ing the up and down quak mass matrices. SinceGG̃ is odd
under parity, if the theory is required to be parity inva
ant, we must haveQ  0. The vanishing of the secon
term is, however, more tricky. In the nonsupersymm
ric left-right models based on the gauge group SUs2dL 3

SUs2dR 3 Us1dB2L [11], the quark masses arise from t
following gauge invariant Lagrangian:

LY  hi
abQL,aFiQR,b 1 H.c. , (1)

where Qa  sua, dad (a  1, 2, 3 for three generations
andFi are bidoublets (2,2,0). In the minimal nonsup
symmetric model, one usually considers oneF so that
© 1996 The American Physical Society



VOLUME 76, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 6 MAY 1996

th
ty

im

l i
ou

al

x-
o
d
-
rbi

is

re

n

s
,

ry,
gs

ak
be
there exists another bidoubletF̃ ; t2Fpt2 leading to two
Yukawa matriceshs1d andhs2d. Under left-right (P) sym-
metry, one assumes thatQL,a $ QR,a adnFi $ F

y
i . It

is then easy to show that parity invariance demands
hsid  hsidy. Now, if the ground state had the proper
that kFil is real (i.e., the ground state isCP conserv-
ing) then one would have Hermitian mass matrices
plying that the second term inQ above is zero. One
would then have obtainedQtree  0. Unfortunately, with-
out extra symmetries, the most general Higgs potentia
a nonsupersymmetric left-right model has complex c
plings, and therefore the vacuum state is necessarilyCP
violating. As an example consider the Higgs systemF,
sDL, DRd [12], whereDL andDR are left and right SU(2)
triplets, respectively, withB 2 L  2. In this model, all
but one scalar coupling in the Higgs potential are re
but the complex one corresponds tojljdetFseiaD

y
LDL 1

e2iaD
y
RDRd 1 H.c. which induces a complex vacuum e

pectation value (VEV). Note now that in the presence
complex VEVskFl, the mass matrix is not Hermitian an
at the tree levelQ fi 0 despite the theory being parity in
variant. One therefore needs new symmetries that fo
the above term [3].

The supersymmetric model.—As already
mentioned, the gauge group of the theory
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SUs2dL 3 SUs2dR 3 Us1dB2L with quarks and lep-
tons transforming as doublets under SUs2dL,R de-
pending on their chirality as follows: Q s2, 1,
1

1
3 d; Qcs1, 2, 2

1
3 d; L s2, 1, 21d; and Lc s1, 2, 11d.

The Higgs fields and their transformation properties a
F1,2s2, 2, 0d; Ds3, 1, 12d; Ds3, 1, 22d; Dcs1, 3, 22d; and
D

cs1, 3, 12d. The superpotential for this theory is give
by (we have suppressed the generation index)

W  hsid
q QT t2Fit2Qc 1 h

sid
l LT t2Fit2Lc

1 isfLT t2DL 1 fcLcT t2DcLcd 1 mDTrsDDd

1 mDc TrsDcD
cd 1 mijTrst2FT

i t2Fjd 1 WNR ,

(2)

where WNR denotes nonrenormalizable term
arising from Planck scale physics. Typically
WNR  slyMd fTrsDctmD

cdg2 1 other terms. Being
a Planck scale effect, it can violate parity symmet
and we assume it does. At this stage all couplin
h

sid
q,l , mij , mD, mDc , f, fc are complex with mij , f, and

fc being symmetric matrices. The terms that bre
supersymmetry softly to make the theory realistic can
written as
Lsoft 
Z

d4u
X

i

m2
i f

y
i fi 1

Z
d2u u2

X
i

AiWi 1
Z

d2u u
2
X

i

Ap
i W

y
i

1
Z

d2u u2
X
p

mlp W̃pW̃p 1
Z

d2u u
2
X
p

mp
lp

W̃p
pW̃p

p . (3)
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In Eq. (3), W̃p denotes the gauge-covariant chir
superfield that contains theFmn-type terms with the
subscript going over the gauge groups of the the
including SUs3dc. Wi denotes the various terms in th
superpotential, with all superfields replaced by their sca
components and with coupling matrices which are
identical to those inW. Equation (3) gives the mos
general set of soft breaking terms for this model.

To see howQ  0 in the model, let us choose th
following definition of left-right transformations on th
fields and the supersymmetric variableu: Q $ Qcy; L $

Lcy; Fi $ F
y
i ; D $ Dcy; D $ D

cy
; u $ u; W̃SUs2dL $

W̃p
SUs2dR

; andW̃B2L,SUs3dC
$ W̃p

B2L,SUs3dC
. With this def-

inition of L-R symmetry, it is easy to check thath
sid
q,l 

h
sidy
q,l ; mij  m

p
ij; mD  m

p
D; f  fp

c; mlSUs2dL
 mp

lSUs2dR
;

and mlB2L,SUs3dC
 mp

lB2L,SUs3dC
. From these constraints, w

see that Yukawa couplings still remain complex, where
all couplings involving only bidoublet Higgs fields are rea
This is the first step in our proof thatQ  0.

Now we are ready to look for minima of the Higg
potential to see whetherkFil have phases or not. In
discussing this, we must first recall the relevant res
y

r
t

s

t

of Ref. [10] which showed that in order for the groun
state to respect electromagnetic gauge invariance,
must break R parity, i.e., kñcl fi 0 for at least one
generation. This is not desirable for our purpose sin
the kñcl VEV will always induce the VEV ofkñl via the
leptonic Yukawa couplings. Because of these sneutr
VEVs the minimum equations generate a small phase
the bidoublet VEVs, which will upset the Hermiticity o
the quark mass matrices leading to nonzeroQ. Thus
in order to solve the strongCP problem we need to
work with the minimum wherekñcl  0. So how does
one evade the theorem of Ref. [10]? Let us recall t
the result of Ref. [10] is valid for the most gener
renormalizable superpotential of the model. Howev
if one assumes that nonperturbative Planck scale eff
can induce operators with dimension 4 or higher, t
result of Ref. [10] is easily avoided leading to th
charge conserving minimum withkñcl  0. The simplest
operator that is helpful isslyMPld fTrsDctmD

cdg2. The
main point is that in the absence of the dimension 4 ter
in the superpotential, the global minimum of the theo
not only conserves parity but also violates electric cha
conservation as soon as it breaks the gauge symmetry
3491
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kDcl fi 0) and is given bykDl  kDcl  s1y
p

2dyt1 and
similarly for kDl  kDcl  s1y

p
2dy0t1. This happens

because theD term vanishes for this charge violatin
minimum [10], whereas it is nonzero for the char
conserving one for whichkDcl  yst1 2 it2dy2 and
kDcl  y0st1 1 it2dy2. As soon as the Planck sca
terms are included, it lifts the charge violating minimu
higher than the charge conserving one for a large ra
of parameters. In typical singlet hidden sector Polo
type models, we estimatey2 2 y02 ø f2M2

SUSYy16p2

so that the charge conserving minimum occurs forf #

4ps4lmDy4yMPlM
4
SUSYd1y4. Heref is one of the leptonic

Yukawa couplings defined in Eq. (2). Forl ø 1, mD ø
y ø MSUSY ø 1 TeV, we get f # 1023. The parity
asymmetric nature of this operator is also crucial
obtaining a parity violating minimum. We also note th
l can be chosen complex, and yet the phase it induce
the VEVs being of ordery2yM2

Pl is negligible.
Having chosen the VEV withkñcl  0, let us now see

whether the VEVs of theF field are real as is neede
to solve the strongCP problem. We have carried ou
a detailed analysis of the Higgs potential and find th
at the minimum of the potential, it is indeed true. It
clear that the two-bidoublet SUSY left-right model bein
discussed is a special case of the four Higgs exten
of the minimal supersymmetric standard model as
as the doublet Higgs sector is concerned. The ques
of spontaneousCP violation in the latter case has bee
recently studied in Ref. [13], where it is shown that if
general supersymmetric model with two pairs of Hig
doublets has no complex parameters in the doublet H
sector, it cannot breakCP spontaneously for any rang
of values of the parameters of the Higgs potential. Sin
our model in the Higgs sector is a special case of th
it follows that the VEVs ofFi must be real. This then
implies that the quark mass matrices are Hermitian
thereforeQ  0 naturally at the tree level in our model.

Let us now turn to the one-loop contribution to th
quark mass matrices to see if they make any contributi
to Q. Because if the quark mass matrices lose th
Hermiticity at the one loop they will induce too larg
a value for Q. There are both Higgs and gaugin
mediated diagrams (Figs. 1 and 2, respectively). T
Higgs mediated graph contributes as follows:

dMH
q  fAijhsidMs0d

q hs jdg . (4)

Here M
s0d
q denotes the tree level contribution. Becau

of the symmetry propertym12  m21 and the reality
of mij , it follows that dMH

q is Hermitian. As far as
the gauge mediated contribution is concerned,dMG

q ~

M
s0d
q . Turning to gaugino contributions, sinceml for the

SUs2dL,R can be complex, a careful analysis is need
to see what their contribution toQ is. We find these
contributions come always in pairs for both left and rig
3492
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FIG. 1. Higgs contibution to one-loop calculation ofQ.

gauginos, and because of the constraintmlSUs2dL
 mp

lSUs2dR
derived earlier, their complex parts cancel out when
diagrams are summed up. Two typical graphs are sho
in Fig. 2. Therefore the gauge mediated contribution
also automatically Hermitian. Thus, the total one-lo
contribution toQ vanishes.

From the above discussion, we conclude that the low
order contribution toQ, if any, can arise only at the two
loop level. Its contribution toQ can be crudely estimated
to be

Q .
µ

mtmb

V 2
WK

∂
1

s16p2d2

µ
m

2
ij

M2

∂
I . (5)

For mij . 1021M, this “primitive” estimate givesQ .
4 3 1029I, where I denotes the value of the two-loo
integral. A more careful estimate will also bring in sma
mixing angles, which will further suppressQ.

An interesting point to note is that since in ou
model theB 2 L gaugino and gluino mass terms areCP
conserving, the problem of a large neutron electric dip
moment does not exist, and one has a simple resolutio
the SUSYCP problem encountered in the MSSM.

In summary, we have shown that minimal models th
combine supersymmetry and parity invariance provide
simple solution to the strongCP problem without the need
to invoke any additional symmetries. The key eleme
in our proof are (i) the transformation of supersymme
coordinateu $ u under parity, and (ii) the inclusion o
the nonperturbative Planck scale suppressed operato
the superpotential. The latter ensures that the ground s

FIG. 2. Examples of gaugino contributions to one-loop calc
lation of Q. VL,R are left and right gauginos, respectively. Th
gaugino massmlL is in general complex. There is an anal
gous graph to (b) that involves right-handed gauginos.
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of the theory conservesR parity, which in turn leads to
real vacuum expectation values of the bidoublet fields
arbitrary values of the parameters in the theory. T
together with the Hermiticity of the Yukawa coupling
generic to left-right models leads to our solution to t
strongCP problem.

This work was supported by NSF Grant No. PH
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Note added.—After this work was completed, we cam
across a paper by R. Kuchimanchi [14] which also arri
at the same result, under the assumption that all gau
masses are the same at the Planck scale.
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