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Solution to the StrongCP Problem: Supersymmetry with Parity
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We find that supersymmetry with parity can solve the str@®yproblem in many cases including
the interesting cases of having the minimal supersymmetric standard model or some of its extensions
below the Planck, grand unified theory, and intermediate scales, as well as for the case where we have
a low-energy supersymmetric left-right model. Predictions emerge for some @Rholating phases
in these supersymmetric models.

PACS numbers: 11.30.Er, 12.60.Cn, 12.60.Jv, 13.40.Em

The smallest dimensionless parameter in the standard In this Letter we show that if the MSSM [8] is
model is the strongCP phase,d = # + ArgDet(M)  extended to include parity (which can then be broken
where /3272 is the coefficient of theFF term in to MSSM at any scale betweeMsysy and the Planck
the QCD Lagrangian and/ is the quark mass matrix. scaleMp;), a new solution to the strongP problem is
Experimental bounds on the electric dipole moment of thebtained. Further the small SUSY phase problem is also
neutron imply that? = 107°. There is no symmetry by automatically solved. An important prediction emerges
which @ can be made naturally small (or zero) at the levelthat there are no phases in the ratio of the Higgs vacuum
of the standard model, and this has been called the strorexpectation values (VEVS), B, A, or m;,, of MSSM.

CP problem. We also study the solution for the low-energy SUSY left-
Two elegant solutions have been proposed. If the upight symmetric model.
guark were massless or if there wereldl) Peccei- Strong CP problem with parity—To be specific we

Quinn (PQ) symmetry [1], thel® can be rotated away. include parity by extending the standard model to the left-
However, the up quark seems to be massive, and the P@ht symmetric model S2);, X SUQ2)gr X SU(3) X
symmetry leads to an axion which is severely constrained/(1)z—, [9]. The matter spectrum consists of the usual
by experiments. Other solutions like spontanedi® quarks and leptonsQ;(2,1,3,1/3), 07(1,2,3,—1/3),
violation or the Nelson-Barr mechanism [2] require heavyL;(2, 1,1, —1), andL; (1,2, 1, 1) wherei is the generation
quarks. Solutions based on spontaneBusgolation have index and runs from 1 to 3. One or more (indexed by
so far required mirror families [3] ofCP symmetry a) bidoublet Higgs fields$,(2,2,1,0) are introduced to
as well [4]. While none of the existing solutions is break the theory down to electromagnetism. Thg
completely ruled out, nevertheless a solution to the strongre each represented Ryx 2 complex matrices while
CP problem continues to occupy our minds. the doublet quark and lepton fields yX 1 column

In the supersymmetric extension of the standard modeijectors. Under paritx — —x, Q; < O, L; « L{",
not only has no new solution to the strod@ problem and ¢, < ﬂ Invariance under parity of the Yukawa
been found, but also a new problem gets generated—-term (h{;Q; ¢,Qf + H.c) implies thath; = hj;, ie.,
namely, the small supersymmetric (SUSY) phase probthe Yukawa matrix is Hermitian. The mass matrix
lem [5]. Even if the strongCP problem were solved, is the product of the Yukawa matrix and the VEVs
for example, by the PQ symmetry, direct contributions(¢,). Therefore the quark mass matrix will have a real
to the dipole moment of the neutron constrain manydeterminant if we can prove that the matricgs,) are
other CP violating phases in the theory which could bereal. This would then lead to a solution of the strong
a priori of the order 1. Also the Nelson-Barr mecha- CP problem since the coupling of the parity odd
nism does not seem to generalize to the supersymmetrit/327> FF term is zero due to parity.
extension of the standard model even with universal soft (¢,) are determined by minimizing the Higgs potential
SUSY breaking terms at the Planck and grand unified theand can be naturally real only if all the coupling constants
ory (GUT) scales [6]. Thus solutions to the stro6®  involving ¢, in the Higgs potential are real. We begin
problem based on spontanedt violation or the Nelson- by making an important observation that term involving
Barr mechanism have not been extended to minimal supeonly ¢, are the formm,,, Trd>;f bby Map Tr(rzcz)grzm),
symmetric standard model (MSSM) and this is groundsetc. (in general traces of products¢f, ¢!, ¢!, andr).
for serious concern. From an experimental point of viewBy comparing every term and its Hermitian conjugate, it
while the MSSM is very predictive on things such as theis easy to see that invariance und¥ip, < ¢.}) implies
Higgs mass, it does very poorly on the important questiorthat all the constants:,;,, wq», €tc. are real. If we have
of additional CP phases. At least two new independentadditional gauge singlet Higgs fields, such that under
phases in the, B, u, andm, /, terms are expected and so P < o, then all coupling constants of terms involving
far there is no theoretical prediction on their values [7]. ¢, ando will also be real.
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In order to breallU (2)r X U(1)p—; toU(1)y atascale as it stands this model will break., spontaneously
My (which can be anywhere betwe#fy, and the Planck unlessR parity is broken by giving the sneutrino a VEV
scale Mp;), we need to introduce Higgs triplet (< [10]. We would like to keepR parity unbroken, so as
2 traceless matrices) or doublet fields namely, eithenot to introduce the complex phases in the lepton sector
A(3,1,1,2),A¢(1,3,1,=2)or y(2,1,1,1), x(1,2,1, 1) and make the problem more complicated. This is another
such that undePA — A", y — y“" and give a VEV to reason to consider nonminimal models. From now on we
the right-handed fields. There will be coupling terms be-will interchangeably useé for ¢, since the generalization
tweeng, andA° or y¢. Terms of the formA[Tr(Act x to more than one doublet is now obvious. Also, in
ANTr(mapI mpa) + THAYA) Tr(radpfm20p))] are in-  the following we will not explicitly write the squark or
variant underP, and A can be complex. We note that slepton fields as their VEVs are zero.
this complex term is the source of the strafif problem Case 2: Breaking to MSSM singlet—In order to
in left-right symmetric theory. solve the u problem [8], MSSM with a singletr has

If there is supersymmetry, as we shall see, these ternmseen considered previously in the literature. A discrete
coupling A¢ to ¢, with complex coupling constants are Z; symmetry ¢,o, Q,0°,L,L¢ — ¢2"/3(¢$, 0, Q, OF,
naturally absent. Therefore no complex numbers appedr, L¢) prevents the direci term. We will show that
in the minimization equations that determine the vacuun8USY left-right symmetric theory can naturally break to
expectation values ap,. Consequently¢,) are real and this low-energy theory with zero tree-level stromgP
we are led to a solution to the strokddP problem. Thus phase. The most general left-right symmetric superpo-
parity requires that the Yukawa matrix is Hermitian andtential is
SUSY makes it possible for the Higgs VEVs to be real, and — _
together they lead to a Hermitian quark mass matrix which W = MTrA°A" + M TrAA
has a real determinant. The rest of this Letter analyzes the + Blhg TrACAS + hz TrAA)
tree level and loop effects of the solution in SUSY left-right T 3
models [10—12] spontaneously breaking to MSSM. We TSB) F hooTinap nd + A7, (2)
pay particular attention to the interesting case of havingyhere £(g) is any cubic polynomial, and undet;,
the constrained minimal supersymmetric standard mode{ Ac _, e27B(A,AY), A, AC — e 27/3(A,A), and
below the GUT scale as well as the case of the low-energy _, B. Under parityc — ot and3 — BT. The soft

SUSY left-right model. It should also be noted that sincésysy breaking terms can have their most general form
a Hermitian Yukawa coupling matrix has complex ele-consistent with parity an@;. F terms are obtained by
ments that permit the usual Cabibbo-Kobayashi-Maskawgyking the partial derivative o with respect to each of

(CKM) phase, in all the models considered in this Letterihe fields in the superpotential (denoted heredby, so
the CP violation in the kaon system is explained exactly hat

as in the standard Weinberg-Salam model.

Tree level solutions: SUSY with parity. 2

_ oW
Case 1: Minimal left-right modek-The superpotential Vi =% 9A; (3)
for the minimal model is given by [10-12] y
W = MTrADS + M*TrAD + pay Trrad  macbs . It is easy to see that there are solutions ¥or ~ Mgygy

such thatA¢,A° = My and ¢, o are less thaMgysy.
1) This implies that we can break the theory down to
There is no coupling between th¥ and the¢,. This MSSM + singlet at a high scald’z. Once again since
is the case even for the most general soft SUSY breakinthere is no coupling terms between thé and ¢ fields,
terms since they are given by the most general analytithe coupling constants in the Higgs potential &t the
cubic polynomials in the scalar fields of the theory. Sinceterms which containp are real due to parity. Likewise,
these have the same form a8 (but with arbitrary all coupling constants for terms involving are also real.
coefficients), there is no coupling betwedi and ¢,  Thus(¢) and(o) are naturally real and there is no strong
in these terms either. Th® terms only involve real CP phase at the tree level. A point to note is that this
gauge coupling constants. As explained abqvg, and model has not been considered in Ref. [10]. Therefore
coupling constants of the quadratic soft SUSY breakinghe result of that paper does not apply and there can
terms involving¢, are all real due to parity. Henadl  be Q. conserving and parity breaking vacuuma without
coupling constants in the Higgs potential wherevgr  needingR-parity breaking. This is because a complex
occurs are real. Thu&p,) is naturally real and at the hg leads to a complex VEV foigB, thereby breaking
tree level there is no strongP problem. parity. The quarticF term in ¢ stabilizes theQ.,, con-
We would like to preserve this nice feature of theserving vacuum.

minimal model while extending to nonminimal models. Case 3: Breaking to MSSM-We introduce singlet
The main reasons to extend the models are that we nedthey could be in general triplet or other fields too) fields
to break the left-right symmetric theory to MSSM at a«, B, and y. Under parity they go to their Hermitian
high scale and so wieaveto introduce other fields. Also, conjugate fields. The most general super potential is
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given by tions [14] to run the above coupling constants to the TeV
W = hya TrAAS + hg B TrAAS + m, n scale. Our results foI.Iow. o .
“ 3 3 pP 3 " ayT meBY Result 1: Constrained minimal supersymmetric stan-
Ty + e’ + L7+ pay TIT2g, 2y dard model—If the soft SUSY breaking terms come
+ (Atermsg, (4) from a supergravity sector, there are further constraints
where in order to prevent couplings betweds and that soft SUSY breaking terms can satisfy [15]. These

& in the F term, we have imposed a discrete Symme_constraints both can be derived from some super-gravity
try (D) such tha{ty A A — e273(y A, A @, B — theories and can be motivated by low energy flavor phe-

¢~ 27/3(a, B) and the rest of the fields are invariant nomenology. We will first consider the most constrained
The singl’ets allow us to break th&l/(3) X SU(2); X "MSSM that has received the maximum attention with
SU2)r X U(1)z_, symmetry at a high scaIeMR§ to the following universality conditions at the supergravity

MSSM. This is important and can be checked by writ-(SUGRA) breaking (or Planck) scale:

ing out all the F terms obtained by differentiatingy A;‘]gd = Ah;‘j’d, m=Bu,
with each and every field. The crucial point is that there
are solutions fo; = 0, with the singlets and the right- M = My, = My = my. 8

handed fieldslonepicking up VEVs. m, andmg set the
scale forMy > Msysy, My. Once again all coupling
constants in terms whereveér occurs are real, and hence
(¢) is real and there is no stron@P problem. In order
to avoid the bound/y = Msysy/f of Ref. [13] we can
introduceB — L = 0 triplet fields w, w¢ such that under

Now using Eq. (7) it is easy to see thaf B, and m,,
are real. The quadratic scalar masses are also universal
and real. Therefore the only complex phase in the theory
is the standard model CKM matrix phase. It is easy to
see using the two-loop renormalization group equations
iy ) (RGE) of Ref. [14] that every coupling constant (coupling
Do, o, — e 7/3(w, »¢). This does not change the re- matrix) and its Hermitian conjugate evolve according
sult that<¢> is real. . to the same RGE if the above conditions are met.
This case has the advantage over case 2 since the dignerefore Hermitian matrices remain Hermitian and real
crete symmetries (parity as well as the discrete symmetny, ,jings remain real. Thus at the weak scale the Yukawa

D) can be bfo'@” at a high scale.so that domain wall$ g squark matrices are Hermitian. The Higgs doublet
associated with the breakdown of discrete symmetries Cbupling constants are all real, and the gluimino

be inflated away. and W-ino mass terms are real. Hence the expectation

We have shown three illustrated cases where there is\?alue of H and H is real, and the quark mass matrix is
natural solution to the strongP problem at the tree level. 4 o and the strong,P phase is zero. In this case

Other nonminimal models can be easily accommodated, ifhq |5p effects at the weak scale will induce a negligibly
a similar manner. Novy we will study the loop effects. ¢ 4] strongCP phase consistent with << 10~%, and
hTh% co_mpler;te SOIEUIOH'_” M.’ﬁ E> Msusy, Mw then e have the solution to the stror@P problem. Note
the effective theory below/ will by SUSY_SU.(Z)L X that we have implicitly assumed tha#z is approximately
SU(3) X U(1) (and in particular in case 3 it will be the equal to the SUGRA breaking scale () and we will
MSSM) The MSSM Superpotentlal and the soft SUSYreIaX this condition later (See result 3)
breaking terms arf given by [8,14,15] . Result 2: With universality only for gaugines.There
W = uH"H + h{;0] HuS + h,QlHd{, (5) are supergravity models where only some but not neces-
_ T U AT 1y d AT~ sarily all universality conditions are predicted. Also in
Vs = mH I{ jr AijQi I{”f ~+ AijQi {{Ndf string theory we may have nonuniversal terms [16]. The
+ M3GG + My W W + MyYY only universality condition that is really needed for us is
+ quad. scalar masses (6)  that of gaugino phases, namely,

WhgreG and Wy are the gluino and left-handed gaugino ArgMs = ArgM»; = ArgMog = ArgMp_; . (9)
(W-ino), respectively, and where the standard model ) ) ) .

Higgs doubles are denoted B§(2,1,1) andH(2, 1, —1). We will not assume any other unlversallty condition and
These doublets are the light elements of the bidouble?® the rest of the soft SUSY breaking terms can be
fields ¢,. Because of parity and since we have shown thageneral. Even in this case, and using Eq. (7), it is easy
all couplings in terms containing, are real (in cases 1, 2, 0 see that the RGE preserve the Hermitian and real
and 3 above even aftex‘ picks up VEV), the following nature of the respective coupling constants and therefore,

boundary conditions emerge #ft: just as in result 1 it follows that there is no strong
. ; ” d ” CP problem. In addition to supergravity models already
=R hij = hii s hij = hji s included in the first result, such a universality condition

A, = Aﬁ* A?’j = A;?i*, m=m", can be obtained from models where the gaugino mass

. term ratios depend only on real numbers like the structure
M; =M. (7)  constants of the gauge groups [16]. It can also happen
We now use the two-loop renormalization group equadue to an underlying grand-unified group.
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Result 3: Bound ori¥-ino phase, accessible strong without having to introduceCP as a good symmetry of
CP.—Parity relates only the left and the righv-ino  the Lagrangian.
phases but does not set them to zero. If instead of at In conclusion, we have shown that supersymmetry
Mp, SU(2)x is broken at an intermediate scaltr then  with parity can solve the strongP problem in many
even if W-ino phases are real afp, they will pick up a cases including the interesting cases of having the MSSM
complex value from the complex terms in thesector, or some of its extensions below the Plank, GUT, and
due to the renormalization group running frobfip; to  intermediate scales, as well as for the case where we have
Mp. This phase will in turn give rise to a gluino phase a low-energy SUSY left-right model. The small SUSY
because while the left-handédf-ino contributes to the phase problem is also solved in these models.
renormalization group running froM, to My, the right- | thank P.K. Kabir and P.Q. Hung for discussions.
handedW-ino does not. Both effects are at the two-loopThe work was supported by the U.S. Department of
level [14]. Hence the gluino mass term picks up a phas&nergy under Grant No. DE-AS05-89ER40518.
of the order(1/167%)*(1/167r%)?8, which is abouti0~°8
whereé are typical phases in th& terms. This resultant
strong CP phase is consistent with current experimental
bounds, and at the same time is reasonably exciting for
T venf the Pianck Soale unersaliy condiions on the - 321508 (World Scentiic, Singapore, 1955).
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