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Relaxation of the dynamical gluino phase and unambiguous electric dipole moments
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We propose a new axionic solution of the strongCP problem with a Peccei-Quinn mechanism using the
gluino rather than quarks. The spontaneous breaking of this new global U~1! at 1011 GeV is related to the
supersymmetry breaking scale of 1 TeV~replacing them parameter with a composite field operator! and results
in the MSSM~minimal supersymmetric standard model! with R parity conservation. In this framework, electric
dipole moments become calculable without ambiguity.

PACS number~s!: 11.30.Er, 12.60.Jv, 14.80.Mz
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CP nonconservation is a fundamental issue in parti
physics. We know thatCP is not conserved inK-K̄ mixing
~i.e., eÞ0) @1# and in K decay~i.e., e8Þ0) @2#. However,
only an upper limit (0.63310225e cm! exists for the electric
dipole moment~EDM! of the neutron@3#. This may not be so
bothersome until we realize that the currently accep
theory of strong interactions, i.e., quantum chromodynam
~QCD!, actually violatesCP through the instanton-induce
term @4#

Lu5uQCD

gs
2

64p2 emnabGa
mnGa

ab , ~1!

wheregs is the strong coupling constant, and

Ga
mn5]mGa

n2]nGa
m1gsf abcGb

mGc
n ~2!

is the gluonic field strength. The value ofuQCD must then be
less than 10210 in magnitude~instead of the expected orde
of unity! to account for@5# the nonobservation of the neutro
EDM. This is known as the strongCP problem.

Another fundamental issue in particle physics is sup
symmetry. It allows us to solve the hierarchy problem so t
our effective theory at the electroweak energy scale (MW) is
protected against large radiative corrections. However,
requires the scale of soft supersymmetry breaking (MSUSY)
to be not much higher thanMW .

In the following we address the question of how t
strongCP problem is to be solved in the context of supe
symmetry. We find that it can be achieved with a new ki
of axion @6,7# which couples to the gluino rather than
quarks. In a natural implementation of this idea, we find t
the breaking of supersymmetry must be related to the ax
with the m parameter replaced by a composite field opera
containing the axion.

In our framework, theuQCD contribution to any quark
EDM is canceled exactly by the minimization of the dynam
cal gluino phase. Hence the calculation of EDM’s
the minimal supersymmetric standard model~MSSM! be-
comes unambiguous. The possibility of cancellati
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@8# among other differentCP nonconserving contributions
@9# to EDM’s can now be pursued without fear of contrad
tion.

With the addition of colored fermions, the paramet
uQCD of Eq. ~1! is replaced by

ū5uQCD2Arg DetMuMd23 ArgMg̃ , ~3!

whereMu and Md are the respective mass matrices of t
charge52/3 and charge521/3 quarks, andMg̃ is the mass
of the gluino. The famous Peccei-Quinn solution@6# is to
introduce a dynamical phase to the quark masses which
relaxesū to zero. The specific realization of this requires
axion @7# which is ruled out experimentally@10#. Two other
axionic solutions have been proposed which are at pre
consistent with all observations. The Dine-Fischle
Srednicki-Zhitnitskii~DFSZ! solution @11# introduces a sin-
glet scalar field as the source of the axion but its mixing w
the doublet scalar fields which couple to the quarks is v
much suppressed. The Kim-Shifman-Vainshtein-Zakha
~KSVZ! solution @12# introduces new heavy quarks so th
the axion does not even couple directly to the usual qua
Neither scheme requires supersymmetry.

In the context of supersymmetry however, it is clear th
the simplestand most naturalthing to do is to attach the
axion to the gluino rather than to the quarks in Eq.~3!. Be-
cause of the structure of supersymmetry, all other super
ticles will be similarly affected. This is then a very stron
hint that it may have something to do with the breaking
supersymmetry. As shown below with our proposed sing
complex scalar fieldS, whose phase contains the axion, ce
tain soft supersymmetry breaking parameters~gaugino
masses andA terms! are of orderu^S&u2/M Pl , whereM Pl
;1019 GeV is the Planck mass. Hence a value of 1011 GeV
for u^S&u, which is allowed by astrophysical and cosmolog
cal constraints, would implyMSUSY;1 TeV. Other soft su-
persymmetry breaking parameters~sfermion masses andB
terms! are assumed to be also of order 1 TeV.

It is known @13# that a continuous globalU(1)R symme-
try @14# can be defined for the MSSM. The quark (Q̂,ûc,d̂c)
and lepton (L̂,êc) chiral superfields haveR511 whereas
©2000 The American Physical Society01-1
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the Higgs (Ĥu ,Ĥd) chiral superfields and the vector supe
fields haveR50. The superpotential

Ŵ5mĤu•Ĥd1huQ̂•Ĥu ûc1hdQ̂•Ĥd d̂c1heL̂•Ĥd êc

~4!

has R512 except for them term ~which hasR50). In
the above, the Yukawa couplingshu,d,e are non-Hermitian
matrices in flavor space. The resulting Lagrangian
then invariant only with respect to the usual discreteR parity,
i.e.,

R[~21!3B1L12J, ~5!

where B is baryon number,L lepton number, andJ spin
angular momentum, henceR is even for particles and odd fo
superparticles.

We now propose to makeU(1)R an exact global symme
try of the supersymmetric Lagrangian, as well as that of
the supersymmetric breaking terms. We introduce the c
posite operator

m~Ŝ![
1

M Pl
~Ŝ!2, ~6!

where the singlet superfieldŜ hasR511. Our model is then
defined by the new superpotential

Ŵ5m~Ŝ!Ĥu•Ĥd1ms
2m~Ŝ!1huQ̂•Ĥu ûc1hdQ̂•Ĥd d̂c

1heL̂•Ĥd êc, ~7!

which hasR512, thus yielding a supersymmetric Lagran
ian which is invariant underU(1)R . The so-calledm prob-
lem in the MSSM may then be solved ifu^S&u;1011 GeV
~which is of course an assumption in itself!, because the
scale ofm(S) is u^S&u2/M Pl which is of order 1 TeV instead
of the typical grand unification scale of 1016 GeV. We now
add the following set of supersymmetry breaking ter
which are also invariant underU(1)R :

DL5um~S!u2@Q̃†YQQ̃1ũc†Yuũc1d̃c†Ydd̃c1L̃†YLL̃

1ẽc†Yeẽ
c#1$m~S!†@kuQ̃•Hu ũc1kdQ̃•Hd d̃c

1keL̃•Hd ẽc#1H.c.%1um~S!u2@yuuHuu21yduHdu2

1~kmHu•Hd1H.c.!#1$m~S!†@k3l̃3
al̃3

a1k2l̃2
i l̃2

i

1k1l̃1l̃1#1H.c.%, ~8!

wherel̃3
a is the gluino octet,l̃2

i the SU(2)L gaugino triplet,

andl̃1 theU(1)Y gaugino singlet. The parametersk1,2,3 and
km are complex, whereasyu,d are real. The matricesYQ,L
andYu,d,e are Hermitian, whereasku,d,e are non-Hermitian.
The terms proportional toum(S)u2 are of course invarian
underU(1)R by themselves, so their coefficients are not n
essarily of orderum(S)u2. Here we must make the addition
11190
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s
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assumption that the underlying mechanism of supersym
try breaking is such thatm(S) acts as a kind of ‘‘messenger’
field.

The LagrangianDL describes the interaction ofm(S)
with sfermions, Higgs doublets, and gauginos only. Ho
ever, a complete description of our model requires the s
interactions of the singlet to be specified as well. The p
singlet contributionms

2m(Ŝ) in Ŵ is allowed by the symme-
tries of the model and the mass parameterms

2 is a priori
arbitrary. Through theF-term contributions, this induces
positive mass-squared parameter for the singlet:mF

2

[4ms
4/M Pl

2 . However, interactions at higher energies at
near the Planck scale can provide an additional mass-squ
parameterm0

2 as well as a quartic couplingls . Hence the
effective potential for the singlet takes the formVs

5Ms
2uSu21lsuSu4 with Ms

2[m0
21mF

2 . Since the Higgs
doublets have vanishingR charges, the electroweak breakin
cannot have any effect on the fate ofU(1)R . The only
way to break it is to allow the singlet to develop a nonva
ishing vacuum expectation value. This can happen o
when Ms

2,0 so thatvs
252Ms

2/2ls . SincemF
2 is positive,

m0
2 should be negative enough to induce a negativeMs

2 .
This implies thatms

2 cannot be as large asM Pl
2 as it would

leaveU(1)R unbroken; henceums
2u;um0

2u;vs
2 is the optimal

choice. The singlet field could then be expanded arou
vs as

S~x!5
1

A2
@vs1s~x!#eiw(x), ~9!

where w(x) is the corresponding Nambu-Goldston
boson @15# which has a strictly flat potential, ands(x)
is a real scalar field with a mass of ordervs . It is clear
from the above that ourU(1)R plays the role of what
is usually calledU(1)PQ @6#. Whereas the conventiona
U(1)PQ applies to the usual quarks and leptons, o
U(1)PQ applies only to the superparticles, and the glui
is the only colored fermion having a nonvanishingU(1)PQ
current:

Jm
5,g̃5l āgmg5la, ~10!

where we have used the four-component notation:la

5(l̃3
a ,l̃3

ā). Now the gluino also contributes to the color cu

rent with respect to whichJm
5,g̃ has a nonvanishing quantum

anomaly:

]mJm
5,g̃5

6gs
2

64p2
emnabGa

mnGa
ab . ~11!

SinceJm
5 couples tow as]mwJm

5 , the effective QCD vacuum
angle takes the form

ū5uQCD16w~x!, ~12!

where the nondynamical phases in the quark mass mat
and the phase of the complex constantk3 can be included in
1-2
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uQCD by a chiral rotation. In close analogy with the KSV
scenario@12#, our w(x) also receives a potential from th
instanton background so as to develop a vacuum expecta
value which enforcesū[0 @i.e., ^w&52uQCD/6], to all or-
ders in perturbation theory. Rather than the quarks, it is t
the gluino which realizes the Peccei-Quinn mechanism
solving the strongCP problem.

The axion,a[vs@w(x)2^w&#, has a mass and lifetim
given by

ma;mp

f p

f a
, t~a→2g!;S mp

ma
D 5

t~p→2g!, ~13!

where its decay constantf a is equal tovs/6. Our axion is not
a DFSZ axion@11# as it does not couple to quarks and le
tons; it is also not a KSVZ axion@12# as it does not couple to
unknown colored fermion multiplets beyond the MSS
spectrum. We may call it thegluino axion @16# as it is in-
duced by promoting the masses of the gauginos to local
erators.

Let us choosevs /A2;1011 GeV, which is in the middle
of the range of 109 to 1012 GeV allowed by astrophysical an
cosmological bounds@17# on f a . The effective theory below
vs is then a replica of the MSSM with the effectivem pa-
rameter

me f f5
vs

2

2M Pl
e2 iuQCD/3;103 GeV3e2 iuQCD/3, ~14!

which is the right scale for supersymmetry breaking. T
seesaw mechanism for them parameter results from the in
troduction of the composite operator given by Eq.~6! into
the theory, the dynamics of which are presumably dicta
by physics at or near the Planck scale. On the other hand
scale of them parameter is fixed by the astrophysical a
cosmological bounds on the axion decay constantf a which
gives ~or receives! a meaning to~from! the intermediate
scalevs @18#.

The low-energy effective theory is the softly broke
MSSM with R parity conservation. Indeed, after replacin
the effectivem parameter@Eq. ~14!# and^w&52uQCD/6 into
the effective Lagrangian@Eq. ~8!#, we obtain

L MSSM
so f t 5Q̃†MQ

2 Q̃1ũc†Muc
2 ũc1d̃c†Mdc

2 d̃c1L̃†ML
2L̃

1ẽc†Mec
2 ẽc1$AuQ̃•Hu ũc1AdQ̃•Hd d̃c

1AeL̃•Hd ẽc#1H.c.%1MHu

2 uHuu21MHd

2 uHdu2

1~me f fBHu•Hd1H.c.!1$M3l̃3
al̃3

a1M2l̃2
i l̃2

i

1M1l̃1l̃11H.c.%, ~15!

which is nothing but the soft supersymmetry-breaki
part of the MSSM Lagrangian. It is in fact this part of th
Lagrangian that possesses all sources ofCP violation
through the complexA parameters, the gaugino mass
11190
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andme f f itself. The explicit expressions for the mass para
eters in Eq.~15! read as follows. The gaugino masses a
given by

M35uk3ume f f* , M25k2me f f* , M15k1me f f* , ~16!

which are not necessarily universal. The soft masses for
Higgs sector are given by

MHu

2 5yuume f f
2 u, MHd

2 5ydume f f
2 u,

me f fB5ume f fu2S 8ms
2

vs
2

1kmD , ~17!

and are responsible for electroweak symmetry breaking, w
similar expressions for the mass-squared matrices of the
mion fields. In particular, sincems

2/vs
2 is of order unity, theB

parameter is also of the same scale. Finally theA parameters
are given by

Au5me f f* ku , Ad5me f f* kd , Ae5me f f* ke , ~18!

which do not have to be proportional tohu , hd , andhe of
Eq. ~7! as in the constrained MSSM.

As noted before, all mass scales of the MSSM Lagrang
@Eq. ~15!# are fixed in terms ofume f fu. More than this, the
phase ofme f f , i.e., 2uQCD/3, contributes universally to al
mass parameters which are complex. However, the phas
the gaugino masses as well as those of theA andB terms also
depend on thek parameters. Hence if the flavor structure
these matrices is not the same as those of the usual qu
and leptons, then theCP violation in flavor-changing pro-
cesses is a powerful probe@19# into this sector of the effec-
tive theory. In the calculation of electric dipole moments d
to supersymmetry@9#, theseCP phases can be considered
they are without worrying about whether there is an ad
tional contribution fromū.

In conclusion, we have presented in the above a nat
solution to one hierarchy problem, i.e., whyū is so small~the
strongCP problem! and related it to another hierarchy pro
lem, i.e., whym is 1 TeV and not 1016 GeV ~them problem!.
The primary difference between our approach and previ
other attempts@20# lies in the fact that the gaugino mass
are specifically promoted here to local operators given
m(Ŝ). Indeed, finite bare mass terms for the gauginos wo
automatically break theU(1)PQ symmetry, making it impos-
sible for the relaxation ofū to zero. As it is,̂ S& serves two
important purposes: its magnitude determines the scale
supersymmetry breaking and its phase solves the strongCP
problem.

Let us summarize our proposal.
~i! We work in the framework of supersymmetry an

identify U(1)PQ asU(1)R which contains the usualR parity
as a discrete subgroup.

~ii ! We require the supersymmetric Lagrangian and
supersymmetry breaking terms to be invariant underU(1)R .
1-3
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~iii ! We implement this with the composite operat
m(Ŝ)[(Ŝ)2/M Pl where Ŝ is a singlet superfield havingR
511.

~iv! The spontaneous breaking ofU(1)R generates an ax
ion and relaxes the effective QCD vacuum angleū to zero,
using the dynamical gluino phase, thus solving the stro
CP problem.

~v! The existing astrophysical and cosmological boun
on the axion decay constantf a implies a supersymmetry
breaking scale of 1 TeV.
11190
g

s

~vi! The effective Lagrangian at low energy is that of t
MSSM with R parity conservation. Them problem is solved
once^S&; f a is assumed.

~vii ! Sinceū50 in this consistent supersymmetric theor
electric dipole moments can be calculated unambiguou
from the other explicitCP violating terms of the MSSM.

D.A.D. acknowledges the hospitality of the UCR Physi
Department, where this work was initiated. The research
E.M. was supported in part by the U. S. Department of E
ergy under Grant No. DE-FG03-94ER40837.
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