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Electron and neutron electric dipole moments in the constrained MSSM

A. Bartl,1,* T. Gajdosik,2,† W. Porod,1,‡ P. Stockinger,1,§ and H. Stremnitzer1,i

1Institut für Theoretische Physik, Universita¨t Wien, A-1090, Vienna, Austria
2Institut für Hochenergiephysik der O¨ sterreichischen Akademie der Wissenschaften, A-1050, Vienna, Austria

~Received 18 March 1999; published 1 September 1999!

We analyze the effects ofCP-violating phases on the electric dipole moment~EDM! of the electron and
neutron in the constrained minimal supersymmetric model. We find that the phaseswm and wA0

have to be
strongly correlated, in particular for small values of the SUSY mass parameters. We calculate the neutron
EDM in two different models, the quark-parton model and the chiral quark model. It turns out that the
predictions are quite sensitive to the model used. We show parameter regions in theM0-M1/2 plane which are
excluded by considering simultaneously the experimental bounds of both electron and neutron EDM, assuming
specific values for the phaseswm andwA0

. @S0556-2821~99!05617-9#

PACS number~s!: 13.40.Em, 11.30.Er, 11.30.Pb, 12.60.Jv
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I. INTRODUCTION

The electric dipole moments~EDMs! of the electron and
neutron are important observables for testing our ideas
CP violation. In the standard model~SM!, only one
CP-violating phase exists in the Cabibbo-Kobayas
Maskawa matrix. The predictions for the EDMs are e
tremely small, since the first nonzero contributions arise
the two-loop level. They are several orders of magnitu
smaller than the experimental limits@1#. Therefore, the
EDMs are well suited for testing physics beyond the stand
model @2#.

In supersymmetric~SUSY! extensions of the standar
model, additionalCP-violating phases are possible. Mor
over, the first nonzero contribution to the EDM alrea
shows up at the one-loop level. In particular, in the minim
supersymmetric standard model~MSSM! complex param-
eters can be introduced in the mixing matrices of squa
sleptons, charginos and neutralinos, therefore yielding m
possible sources ofCP violation. In weak-scale SUSY, th
masses of the lightest supersymmetric particles are expe
to be between 100 GeV and 1 TeV. In this case, the ED
can easily be much larger then the experimental limits
yield constraints on theCP-violating phases and on the oth
parameters of the MSSM. The conclusion would be that
ther the phases are small or the masses are large@3,4#. Other
arguments such as the electroweak origin of the cosmol
cal baryon asymmetry~BAU!, however, would favor large
CP-violating phases with relatively small masses@5#. There-
fore, more careful analyses of the supersymmetric contr
tions to the EDM are necessary to clarify the situation.

A suitable framework for numerical calculations in SUS
is the constrained MSSM, also called minimal supergrav
inspired model~MSUGRA! @6#. In this model universality of
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the soft SUSY-breaking parameters at the grand unifica
~GUT! scale is assumed. Parameters of the model are
common gaugino massM1/2, the common scalar massM0,
the common trilinear scalar coupling parameterA0, and
tanb5v2 /v1, with v1,2 being the vacuum expectation value
of the two Higgs fields. The number of independent comp
phases can be reduced to two. The masses at the electro
scale are determined by using renormalization group eq
tions ~RGEs!. Such an approach to constrain the phases
recently been used in@7# and @8#.

An important aspect in the calculation of the SUSY co
tributions to the EDMs of electron~EEDM! and neutron
~NEDM! is the fact that strong cancellations between
different contributions can occur. This has been particula
emphasized in@9#, where the NEDM and EEDM in
MSUGRA with two complex phases have been analyz
Due to this cancellations, the bounds on the phases are
restrictive than those found in previous analyses. Additio
constraints on the phases originating from the cosmolog
bounds on the relic density of neutralinos have been stud
in @10#. A different point of view has been presented in@11#
where a model with seven independent phases at the e
troweak scale has been assumed. Also in this analysis it
found that various cancellations between different contri
tions occur, and that in large regions of the parameter sp
the phases are not necessarily small.

In our paper we analyze the EEDM and the NEDM sim
taneously in MSUGRA with complex phaseswm and wA0

,

which are the phases of the Higgsino mass parameterm and
the trilinear scalar coupling parameterA0. We use RGEs to
calculate particle masses, couplings, and phases at the
troweak scale from the input parameters at the grand uni
theory~GUT! scale. We confirm the importance of cancell
tions. We find that quite general the cancellations occur
tween the two most important contributions, which are t
chargino and neutralino contribution in the case of t
EEDM and the chargino and gluino contribution in the ca
of the NEDM. Furthermore, the cancellations are only p
sible if the phaseswm and wA0

are strongly correlated, in

particular for small SUSY particle masses. In this casewm is
strongly restricted. For the NEDM, there is also the probl
©1999 The American Physical Society03-1
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of evaluating the hadronic matrix element. We use two d
ferent approaches, one based on the quark-parton m
@12#, and a second one based on the chiral quark model@13#.
We find that the predictions for the NEDM are very differe
for the two models used. We show the regions in
M0-M1/2 plane which are excluded by the experimen
bounds for both EDMs for specific values of the phaseswm
and wA0

. Finally, we also introduce an additional phasew3

for the gluino mass parameter and study its influence.
find that alsow3 is strongly restricted.

In Sec. II we give the expressions for the various con
butions for EEDM and the quark EDMs, including the chr
moelectric and purely gluonic dimension-six operator. W
calculate the NEDM in terms of the quark EDMs in the tw
different models. In Sec. III we determine the phases
MSSM parameters at the electroweak scale using the RG
In Sec. IV we give the numerical analysis of the EDM
within MSUGRA and a discussion of the results. A summa
is given in Sec. V. Explicit forms of the mass matrices f
sfermions, charginos, and neutralinos, as well as the exp
sions for the RGEs are given in the Appendices.

II. CONTRIBUTIONS TO THE EDM OF ELECTRON AND
NEUTRON

The EDM of a spin-12 particle is the coefficientdf of the
effective operator

LE52~ i /2!df f̄ g5smn f Fmn. ~2.1!

We calculate the supersymmetric contributions to the ED
of electron and quarks at one-loop level. In the case of
electron EDM we include chargino-sneutrino and neutrali
selectron loops. In the light quark case we include chargi
squark, neutralino-squark, and gluino-squark loops. For
chromoelectric dipole moments of quarks we inclu
chargino-squark, neutralino-squark, and gluino-squark loo
whereas the gluonic dimension-six operator gets contr
tions from loops containing top quark, top squark, a
gluino.

The parts of the SUSY Lagrangian that are necessar
calculate the one-loop contributions mentioned above ar

L f̄ x̃
k
0 f̃ m

5g f̄~amk
f̃ PR1bmk

f̃ PL!x̃k
0 f̃ m , ~2.2!

L f 8x̃
k
1 f̃ m

5g f̄8~ l mk
f̃ PR1kmk

f̃ PL!x̃k
1 f̃ m , ~2.3!

Lq̄g̃q̃m
52~gs /A2!q̄la~e( i /2)w3R m1

q̃* PR

2e2( i /2)w3R m2
q̃* PL!g̃aq̃m , ~2.4!

whereg andgs are the electroweak and strong coupling co
stants, respectively,PL,R5(17g5)/2, a51 . . . 8 are the
gluino color indices,la are the Gell-Mann matrices, andw3
is the phase of the soft-breaking gluino mass. To simplify
notation the quark and squark color indices are suppres
The scalar fieldsf̃ L and f̃ R are linear combinations of th
mass eigenstatesf̃ 1,2:
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S f̃ 1

f̃ 2
D 5R f̃S f̃ L

f̃ R
D , ~2.5!

where R f̃ is the unitary diagonalization matrix defined
Eq. ~A8!. Note thatR f̃ depends on the phaseswm andwA0

via the off diagonal entry of the squark mass matrix; see
~A5! and Table I. The couplings are defined as~we use the
notation of@14#!

l m j
ñ 52dm1Vj 1 , ~2.6a!

l m j
ũ 52R m1

ũ* Vj 11YuR m2
ũ* Vj 2 , ~2.6b!

l m j
ẽ,d̃52R m1

ẽ,d̃* U j 11Ye,dR m2
ẽ,d̃* U j 2 , ~2.6c!

km j
ñ 5Yedm1U j 2* , ~2.7a!

km j
ẽ 50, ~2.7b!

km j
ũ 5YdR m1

ũ* U j 2* , ~2.7c!

km j
d̃ 5YuR m1

d̃* Vj 2* , ~2.7d!

am j
f̃ 5R m1

f̃* f L j
f̃ 1R m2

f̃* hR j
f̃ , ~2.8a!

bm j
f̃ 5R m1

f̃* hL j
f̃ 1R m2

f̃* f R j
f̃ , ~2.8b!

hL j
u 5Yu~sinbN3 j2cosbN4 j !, ~2.9a!

hR j
u 5Yu~sinbN3 j* 2cosbN4 j* !5hL j

u* , ~2.9b!

hL j
e,d52Ye,d~cosbN3 j1sinbN4 j !, ~2.9c!

hR j
e,d52Ye,d~cosbN3 j* 1sinbN4 j* !5hL j

e,d* , ~2.9d!

f L j
f 52@Qf sin 2uWN1 j* 1~1

22Qf sin2uW!N2 j* #/~A2 cosuW!, ~2.10a!

f R j
f 5@Qf sin 2uWN1 j1~22Qf sin2uW!N2 j #/~A2 cosuW!,

~2.10b!

TABLE I. Phases occurring in the mass matrices at the e
troweak scale and at the GUT scale.

Mass matrix Electroweak scale GUT scale

Mũ
2 w ũ5arg@Au2m* cotb# wA0

, wm

Md̃
2 w d̃5arg@Ad2m* tanb# wA0

, wm

Mẽ
2 w ẽ5arg@Ae2m* tanb# wA0

, wm

M x̃1 wm wm

M x̃0 wm wm
3-2
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Yu5
mu

A2mW sinb
, ~2.11a!

Ye,d5
me,d

A2mW cosb
. ~2.11b!

Qf andYf are electric and Yukawa couplings of the fermio
f, uW is the Weinberg angle, and tanb5v2 /v1 is the ratio of
the Higgs vacuum expectation valuesv1 andv2 . U andV are
the unitary matrices which diagonalize the chargino m
matrix, Eq.~B1!. Na j is the unitary matrix which diagonal
izes the complex symmetric neutralino mass matrix,
~C3!. For diagonalizing we use the singular value decom
sition.

A generic form for the one-loop EDM of spin-1/2 pa
ticles due to exchange of fermions and scalar particles
been worked out in@15#. Extensions of the EDMs to the ful
electric and weak dipole moment form factors for the t
quark have been given in@16#. A non-vaninshing EDM de-
mands a change in chirality of the external fermion and
volves the imaginary parts of the couplings. In the followi
we give the complete analytic expressions for the individ
one-loop contributions. We have compared our results w
@9,11# and found agreement.

A. Chargino contribution

The chargino contribution to the EDM of the fermionf is
given by

1

e
dx̃1

f
5

a

4p sin2uW
(

m, j 51

2

Im@Gm j
f #

mx̃
j
1

mf̃
m8

2 S Qf 8BS mx̃
j
1

2

mf̃
m8

2 D
1~Qf2Qf 8!AS mx̃

j
1

2

mf̃
m8

2 D D , ~2.12!

wherea5e2/(4p) ande5g sinuW. f 8 is the isospin partne
of f in the SU~2! doublet. Neglecting the mass of the extern
fermions~in our case electron, up, down, and strange qua!
the functions A and B have the simple form@15#

A~r !5
1

2~12r !2 S 32r 1
2 ln r

12r D , ~2.13!

B~r !5
1

2~12r !2 S 11r 1
2r ln r

12r D .

~2.14!

The first and second terms in Eq.~2.12! are due to the Feyn
man diagrams Fig. 1~a! and Fig. 1~b!, respectively. The ex-
pressions Im@Gm j

f # are given by

Im@Gm j
e #5Im@YeU j 2Vj 1#dm1 , ~2.15!
07300
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Im@Gm j
u #5Im@YuVj 2R m1

d̃ ~U j 1R m1
d̃* 2YdU j 2R m2

d̃* !#

5~1/2!Yu„@12~21!m cos 2u d̃#Im@U j 1Vj 2#

1Yd~21!m sin 2u d̃ Im@U j 2Vj 2eiw d̃#…, ~2.16!

and

Im@Gm j
d #5Im@YdU j 2R m1

ũ ~Vj 1R m1
ũ* 2YuVj 2R m2

ũ* !#

5~1/2!Yd„@12~21!m cos 2u ũ#Im@U j 2Vj 1#

1Yu~21!m sin 2u ũ Im@U j 2Vj 2eiw ũ#…. ~2.17!

B. Neutralino contribution

The neutralino contribution to the fermion EDM is give
by

1

e
dx̃0

f
52

Qf

8p

a

sin2uW
(
k51

4

(
m51

2

hmk
f

mx̃
k
0

mf̃ m

2 BS mx̃
k
0

2

mf̃ m

2 D ,

~2.18!

where

hmk
f 5~21!m sin 2u f̃ Im@„~hLk

f !22 f Lk
f f Rk

f* …e2 iw f̃#

2„12~21!m cos 2u f̃…Im@hLk
f f Lk

f* #

2„11~21!m cos 2u f̃…Im@hLk
f f Rk

f #. ~2.19!

C. Gluino contribution

The gluino contribution to the quark EDM is given by

1

e
dg̃

q
52

2as

3p (
k51

2

Im@eiw3R k2
q̃ R k1

q̃* #
mg̃

mq̃k

2 QqBS mg̃
2

mq̃k

2 D
5

as

3p
sin~w32w q̃!sin 2u q̃(

k51

2

~21!k
mg̃

mq̃k

2 QqBS mg̃
2

mq̃k

2 D ,

~2.20!

whereas5gs
2/4p andmg̃ is the gluino mass.

D. Quark chromoelectric dipole moment and gluonic
dimension-six operator

The quark chromoelectric dipole moment is defined as
coefficientd̂q in the effective operator

LC52~ i /2!d̂qq̄smng5~la/2!qGamn. ~2.21!

FIG. 1. The Feynman diagrams that contribute to the EDMs
3-3
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The chromoelectric dipole moment has also chargino, n
tralino, and gluino contributions. They are given by@9#

d̂x̃1
q

52
gsa

4p sin2uW
(

m, j 51

2

Im@Gm j
q #

mx̃
j
1

mq̃m

2 BS mx̃
j
1

mq̃m

2 D ,

~2.22!

d̂x̃0
q

52
gsa

8p sin2uW
(

m51

2

(
k51

4

hmk
q

mx̃
k
0

mq̃m

2 BS mx̃
k
0

mq̃m

2 D ,

~2.23!

and

d̂g̃
q
52

gsas

4p (
k51

2

Im@eiw3R k2
q̃ R k1

q̃* #
mg̃

mq̃k

2 CS mg̃
2

mq̃k

2 D
5

gsas

8p
sin~w32w q̃!sin 2u q̃(

k51

2

~21!k
mg̃

mq̃k

2 CS mg̃
2

mq̃k

2 D ,

~2.24!

where

C~r !53A~r !2~1/3!B~r !. ~2.25!

The Wilson coefficientdG of the CP-violating gluonic
dimension-six operator is defined through

LG52~1/6!dGGmnaGb
nrG̃rc

m f abc . ~2.26!

The leading nontrivial contribution todG in the MSSM is
given by a two-loop diagram involving top quark, scalar t
quark, and gluino@9,17#:

dG5
3as

2gsmt

32p2
sinw t̃ sin 2u t̃

mt̃ 1

2
2mt̃ 2

2

mg̃
5 HS mt̃ 1

2

mg̃
2 ,

mt̃ 2

2

mg̃
2 ,

mt
2

mg̃
2D .

~2.27!

The definition of the two-loop functionH can be found in
@17#.

E. EDM of electron and neutron

Having defined the contributions from the individu
Feynman diagrams, we can now write down the total ED
of the electron as the sum of neutralino and chargino con
butions:

de5dx̃1
e

1dx̃0
e . ~2.28!

In order to obtain the EDM of the neutron in terms of t
quark EDMs, a specific description of the neutron as qu
bound state is needed. Throughout this paper we use
different approaches.
07300
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~1! The relativistic quark-parton model. In this model, th
contributions of the quarks to the NEDM are given in term
of quantities Dq @12#, which are measured in polarize
lepton-nucleon scattering:

dn5hE~Dudd1Dddu1Dsd
s!, ~2.29!

where the individual quark contributions are again given
terms of chargino, neutralino, and gluino contributions

dq5dx̃1
q

1dx̃0
q

1dg̃
q . ~2.30!

As already stated, theDq are the measured contributions
the quarkq to the spin of the proton; to use them for th
neutron we have taken advantage of a simple isospin r
tion. For definiteness we use the values given in Ref.@18#:
Du50.746, Dd520.508, andDs520.226. The QCD cor-
rection factorhE takes into account that the quark EDM
analysis is done at the electroweak scale and hence has
evolved down to the hadronic scale with the help of RGE
We usehE51.53 as given in Ref.@19#.

~2! The chiral quark model. This model is based on t
effective chiral quark theory given in Ref.@13#. The contri-
bution of the quark EDMs to the NEDM is given by th
nonrelativisticSU(6) coefficients

dn5~4/3!dd2~1/3!du. ~2.31!

The quark EDMs in this model are given by contributions
all quark and gluon operators~to leading order inas) with
the proper dimensional rescaling. This yields

dq5hE~dx̃1
q

1dx̃0
q

1dg̃
q
!1hC

e

4p
~ d̂x̃1

q
1d̂x̃0

q
1d̂g̃

q
!

1hG
eLSB

4p
dG . ~2.32!

hE,hC, andhG are the QCD correction factors due to RGE
whereasLSB is the scale of chiral symmetry breaking
QCD; we usehE51.53 @19#, hC.hG.3.4 ~as used in@9#!,
andLSB.1.19 GeV@13#.

III. DETERMINATION OF THE MSSM PARAMETERS
AND PHASES

The formulas for the EDMs, when evaluated in th
MSSM with complex parameters in its most general for
contain too many free parameters. In order to study the c
straints of the EDMs on the phases and mass parameter
have to reduce the number of free parameters by further
oretical assumptions. Therefore, we assume universality c
ditions for gaugino, sfermion, and Higgs mass parame
and the trilinear couplings:

M0ªMẼi
5ML̃i

5MD̃i
5MQ̃i

5MŨi
5mH1

5mH2
,

~3.1!

M1/2ªM15M25M3 , ~3.2!
3-4
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A0ªAei
5Adi

5Aui
~3.3!

at the GUT scaleMGUT @6#, wherei 51,2,3 is the generation
index. We determine the parameters at the electroweak s
with the help of the RGEs as given in@20#.

At the electroweak scale the following parameters can
complex: the trilinear couplingsAf i

, the gaugino mass pa

rametersMk , and the Higgs parametersm andB. The prod-
uct mB and the gaugino mass parameterM2 can be made
real by redefinition of the fields.umu andB are determined by
requiring the correct electroweak symmetry breaking:

umu25
~mH1

2 1DT1!2~mH2

2 1DT2!tan2b

tan2b21
2

1

2
mZ

2 ,

~3.4!

2mB5~mH1

2 1mH2

2 12umu21DT11DT2!sin 2b,

~3.5!

whereDT1,2 denote the leading one-loop corrections to t
tadpole equations stemming from top, scalar top, bottom,
sbottom contributions@20–22#. The phase ofm, wm remains
a free parameter.wm can be specified at any scale, becaus
does not evolve with the corresponding RGE up to two loo
@23#. In order to determine the phases at the electrow
scale we assumeM1/2 real, andA0 and m complex at the
GUT scale. Note that at one-loop level only the phase diff
ence between the phases ofA0 and M1/2 is physically rel-
evant. We summarize the complex phases entering the m
matrices in Table I.

We use the following procedure for determining the s
SUSY-breaking parameters at the electroweak scale.
specify the gauge couplings, tanb, and the Yukawa cou-
plings of the third generation at the electroweak scale.
takeA0 , M0 , M1/2 at MGUT with Eqs.~3.1!–~3.3! as bound-
ary conditions. The RGEs are given in theDR scheme. We
evolve the RGEs for the gauge couplings at two-loop le
from Q5mZ to Q5MGUT which is determined by the con
dition g15g2. We evolve the RGEs for the Yukawa cou
plings at the one-loop level, because they enter the RGE
the gauge couplings at two-loop level. We take into acco
threshold effects by including step functions for the coe
cients of the beta functions~see, e.g.,@20#!. For simplicity
we assume that there is no mixing between the generati
We then evolve the RGEs for the soft SUSY-breaking
rameters fromMGUT to mZ . The mass parametersM j are
decoupled from the RGEs ifM j (Q)5Q is satisfied. We cal-
culateumu andB by requiring correct electroweak symmet
breaking Eqs.~3.4! and~3.5!. The corrections are sensitive t
the relative phases between theA parameters andm. This
phase dependence may changeumu by a few GeV, which is
in the range of the error expected by neglecting the ot
contributions to the one-loop corrected tadpoles@21,22#. We
iterate the complete procedure until the parameters vary
than 1%.

For the discussion in the next section it is convenient
have the following approximations for the parameters at
electroweak scale at hand~the exact formulas for the one
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loop results are given in Appendix D!. With aGUT51/24 and
MGUT52.3831016 GeV we get

ML̃
2.M0

210.52M1/2
2 , ~3.6a!

MẼ
2.M0

210.15M1/2
2 , ~3.6b!

MQ̃
2 .M0

216.7M1/2
2 , ~3.6c!

MŨ
2 .MD̃

2 .M0
216.2M1/2

2 , ~3.6d!

M15M 8.0.41M1/2, ~3.7a!

M25M.0.82M1/2, ~3.7b!

M3.2.82M1/2, ~3.7c!

At.~12y!A022M1/2, ~3.8a!

Au.S 12
y

2DA022.8M1/2, ~3.8b!

Ad.A023.6M1/2, ~3.8c!

Ae.A020.7M1/2, ~3.8d!

where y varies between 0.85 and 1 for 40.tanb.1. Equa-
tions ~3.6a!–~3.6d! are only valid for the first and secon
generation. Note that Eqs.~3.8a!–~3.8d! have strong impli-
cations for theA parameters at the electroweak scale. If o
takes, for example,M1/2 real andA0 imaginary,A05 iA, at
MGUT then one obtains the values given in Table II.

IV. EDM ANALYSIS WITHIN MSUGRA

In this section we investigate the EDM of electron a
neutron in the framework of MSUGRA with complex pa
rameters. As outlined in Sec. III, this model is complete
specified by six parameters:M0 ,M1/2,uA0u,tanb and the
phaseswA0

and wm . The experimental bounds obtained

@1# are udeu<dexpt
e 54.3310227 e cm and udnu<dexpt

n 51.1
310225 e cm.

For the EEDM we have two supersymmetric contrib
tions stemming from neutralino and chargino exchange, F
1~a! and 1~b!, respectively. The chargino contribution d
pends explicitly on the phasewm ; the dependence onwA0

comes only through the RGEs and is very weak. The n
tralino contribution depends explicitly onwm andwA0

. In the

TABLE II. Values of the phases at the electroweak scale
M1/2 real and A05 iA imaginary at the GUT scale whenA
5xM1/2.

x wAt
uy50.85(1) wAu

uy50.85(1) wAd
wAe

0.1 20.007 (0) 20.021 (20.018) 20.0278 20.142
1 20.075 (0) 20.203 (20.177) 20.271 20.960
10 20.644 (0) 21.236 (21.190) 21.207 21.501
3-5
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major part of the parameter space the chargino contribu
dominates. The reasons are as follows:~i! The loop function
A(r ), Eq. ~2.13!, entering in the chargino contribution,
larger thanB(r ), Eq.~2.14!, which enters the neutralino con
tribution. ~ii ! The neutralino contribution is proportional t
the selectron mixing angle sin 2uẽ, which is usually rather
small.

In Fig. 2 we showdx̃0
e , the neutralino contribution of the

EEDM, as a function of theCP-violating phaseswm andwA0

with the other parameters fixed:M05150 GeV, M1/2
5200 GeV, uA0u5450 GeV, and tanb53. As can be
seen, the neutralino contribution alone already exceeds
experimental limit. The calculated EEDM is below the e
perimental limit only if cancellations between chargino a
neutralino contributions occur. In this case the EEDM d
pends significantly on the phasewA0

if either uwmu!uwA0
u or

uAeu*umutanb. In the first case the chargino contribution
small because it is proportional to sinwm , therefore, the neu
tralino contribution can be of the same order of magnitude
the chargino contribution. In the second case the relev
phase in the neutralino contribution is determined by
off-diagonal element of the selectron mixing matrix E
~A5!. In the MSUGRA model the absolute value ofm is
fixed by the condition of radiative electroweak symme
breaking Eq.~3.4!. It turns out thatumu has always roughly
the same order of magnitude asuAeu in the parameter region
considered. Note that the neutralino contribution depends
only on the phase of (Ae2m* tanb), Eq. ~A5!, but also
directly on wm via the neutralino mixing matrix, as can b
seen in Eqs.~2.19!, ~2.9c!–~2.11b!.

Due to the cancellation mechanism between chargino
neutralino contribution it is not straightforward to conclu
which MSUGRA parameter values and phases are exclu
by the experimental upper bound of the EEDM. To answ
this question we show in Fig. 3 the regions in theM0-M1/2
plane that are allowed by the experimental limit on t
EEDM for different values of the phasewm . In doing so we
have takenwA0

5p/2, which is the maximal phase differenc

betweenM1/2 and A0 at the GUT scale, tanb53, anduA0u
53M0. For example, choosingwm520.1, the region in the

FIG. 2. Ratio of the neutralino contributiondx̃0
e and the experi-

mental limit dexpt
e of the electron EDM as a function of the phas

wm and wA0
. The MSUGRA parameters areM05150 GeV, M1/2

5200 GeV, uA0u5450 GeV, and tanb53.
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M0-M1/2 plane to the left of the dashed-dotted line is e
cluded. As can be seen, the parametersM05120 GeV and
M1/25160 GeV are allowed and give relatively light SUS
particle masses~for illustration: mx̃

1
0558 GeV, mx̃

1
6

5106 GeV, mñe
5157 GeV, mẽ1

5160 GeV, mẽ2
5163

GeV. Takingwm520.54, only values of (M1/2,M0) to the
right of the solid line are allowed which, for example, mea
M1/2*0.9 TeV if M051.5 TeV or M1/2*1.5 TeV if M0
50.7 TeV. In this case rather heavy SUSY particles
predicted ~i.e., mx̃

1
0.398 GeV, mx̃

1
6.764 GeV, mñe

.1170 GeV, mẽ1
.1073 GeV, mẽ2

.1171 GeV). The

bending in the dotted line forwm520.18 is caused by the
cancellation mechanism between chargino and neutra
contributions. The gray area is excluded, because the co
tion of radiative electroweak symmetry breaking is not s
isfied.

Up to now we have only considered the EEDM. Now w
consider the EEDM and the NEDM simultaneously. Taki
into account also the experimental upper limit on the nED
will enlarge the excluded parameter region. The predic
value for the NEDM depends strongly on the neutron mo
which relates the NEDM to the EDM of its constituents. T
demonstrate this fact we calculate the NEDM in the qua
parton model and in the chiral quark model as described
Sec. II E. Also for the NEDM to satisfy the experiment
bounds it is necessary that strong cancellations between
different contributions occur.

Another way to show the systematics of these cance
tions is to plot the allowed region in thewm-wA0

plane. In the
Figs. 4, 5, and 8 we consider rather small MSUGRA para
eters: M05150 GeV, M1/25200 GeV, uA0u5450 GeV,
and tanb53. In all wm-wA0

plots ~Figs. 4, 7, and 8!, the
allowed values of the phases are within the small bands
tween the lines. In Figs. 4, 6, 7, and 8 we discuss the EE

FIG. 3. Boundaries of the areas in theM0-M1/2 plane excluded
by the electron EDM, for the phaseswA0

5p/2, andwm520.54
~solid line!, wm520.31 ~dashed line!, wm520.18 ~dotted line!,
wm520.1 ~dashed-dotted line!. The areas to the left of the corre
sponding lines are excluded. The MSUGRA parameters areuA0u
53M0 and tanb53. In the grey area the condition of radiativ
electroweak symmetry breaking is not satisfied.
3-6
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together with the NEDM. As can be seen from the dot
lines for the allowed region of the EEDM in Figs. 4~a! and
4~b!, wm is bounded,uwmu&0.1, whereaswA0

is essentially
unrestricted. However, the two phases have to be stro
correlated: for everywA0

,wm can only vary in an interva

Dwm&0.01. Taking into account only the chargino contrib
tion, one would obtain the restrictionuwmu&0.01.

In Fig. 4~a! we show the experimentally allowed region
for the EEDM and the NEDM, calculated in the quark-part
model. For the parameters chosen and the measured
densities of the proton@18# Du50.746,Dd520.508, and
Ds520.226, the allowed band in thewm-wA0

plane of the
NEDM lies within the allowed band of the EEDM. In thi
case the NEDM is more restrictive. For the values of the s
densities taken, the NEDM and the EEDM have oppos
signs. In Fig. 4~b! we plot the allowed band in thewm-wA0

plane of the NEDM, calculated in the chiral quark mod
and compare it to the EEDM. They have the same sign.

FIG. 4. Bands in thewm-wA0
plane allowed by the electron

EDM ~dotted line! and neutron EDM~solid line!. The MSUGRA
parameters areM05150 GeV,M1/25200 GeV, uA0u5450 GeV,
and tanb53. The neutron EDM is calculated in the quark-part
model ~a! and in the chiral quark model~b!.

FIG. 5. Cancellations of the various contributions to the neut
EDM in the quark-parton model, taking the relationwm

52(p/30)sinwA0
. The MSUGRA parameters areM05150 GeV,

M1/25200 GeV, uA0u5450 GeV, and tanb53. ~a! shows the
chargino contributiondx̃1

n
~dashed line!, neutralino contributiondx̃0

n

~dotted line!, gluino contributiondg̃
n

~dashed-dotted line!, and the
whole neutron EDMdn ~solid line!. ~b! shows the up quark contri
bution du ~dashed line!, down quark contributiondd ~dotted line!,
strange quark contributionds ~dashed-dotted line!, and the whole
neutron EDMdn ~solid line!.
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one can see, in this case only a very small region of
parameter space is not excluded by experiment:uwmu&0.01
and uwA0

u&0.15. ~All phases have to be understood modu

p.!
In Figs. 5~a! and 5~b! we demonstrate the cancellatio

effects that play an essential role in the calculation of
NEDM. We choose the relationwm52(p/30)sinwA0

, which
guarantees that the NEDM calculated in the quark-par
model satisfies the experimental bound. We show the dif
ent contributions to the NEDM for the same parameters a
Fig. 4~a!. In Fig. 5~a! we show the corresponding chargin
neutralino, and gluino contributions. As can be seen, ther
a strong cancellation between chargino and gluino contri
tions: each of the two contributions is approximately
times bigger than the whole NEDM. In Fig. 5~b! we show

FIG. 6. Boundaries of the areas in theM0-M1/2 plane allowed
simultanously by the electron EDM and the neutron EDM. T
neutron EDM is calculated in the quark-parton model~a! and in the
chiral quark model~b!. The phases are chosen aswA0

52p/10
~dashed lines!, wA0

5p/5 ~dotted lines!, wA0
5p/2 ~dashed-dotted

lines!, andwm52p/10 ~thin lines!, wm52p/30 ~thick lines!. The
areas to the left and below the corresponding lines are exclu
The MSUGRA parameters areuA0u53M0 and tanb53. In the
grey area the condition of radiative electroweak symmetry break
is not satisfied. In~a! the whole parameter region is excluded f
wm52p/10,wA0

52p/10 andwm52p/10,wA0
5p/5 .

n

FIG. 7. Bands in thewm-wA0
plane allowed by the electron

EDM ~dotted line! and neutron EDM~solid line!. The MSUGRA
parameters are M05150 GeV, M1/25200 GeV, uA0u5M0

5150 GeV, and tanb53. The neutron EDM is calculated in th
quark-parton model.
3-7
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the up, down, and strange quark contributions to the NED
Again, cancellations between the individual quark contrib
tions occur. It turns out, that the strange quark contributio
the most important one, as noted in@12#. Therefore, it may
turn out that an accurate measurement of the NEDM can
become a test of the spin structure of the neutron in
quark-parton model.

In the chiral quark model the cancellations occur for
and down quark separately. There are large cancellations
tweendx̃1

n and dg̃
n , betweend̂x̃1

n and d̂g̃
n , and also between

the resulting sums of this cancellations@see Eq.~2.32!#. The
purely gluonic dimension-six operator does not exceed
experimental limit by itself, however, it can further redu
the total NEDM. For the EEDM the cancellation betwe
chargino and neutralino contribution exhibits the same
havior as shown in Fig. 5~a!, where the neutralino contribu
tion in the EEDM plays the same role as the gluino con
bution in the NEDM.

In Figs. 6~a! and 6~b! we show the regions in theM0-M1/2
plane which are excluded by simultanous consideration
the experimental limits on EEDM and NEDM. Figure 6~a! is
for the quark-parton model and Fig. 6~b! is for the chiral
quark model. In both plots we choose the following valu
for the phases:wA0

52p/10 ~dashed lines!, wA0
5p/5 ~dot-

ted lines!, wA0
5p/2 ~dashed-dotted lines!, wm52p/10 ~thin

lines!, and wm52p/30 ~thick lines!. Only values of
(M1/2,M0) to the right of the corresponding lines are a
lowed by EEDM and NEDM simultanously. In Fig. 6~a!
there are only four lines, because forwm52p/10,wA0

5

2p/10 and wm52p/10,wA0
5p/5 the parameter region

M0 ,M1/2&1.5 TeV is excluded by experiment. The quar
parton model is in general more restrictive than the ch
quark model. However, in the quark-parton model mu
smaller pairs of mass parameters are allowed, for exam
M05150 GeV andM1/25200 GeV. As can be seen, th

FIG. 8. Bands in thewm-wA0
plane allowed by the electron

EDM ~dotted lines! and neutron EDM, calculated in the quar
parton model, forw350 ~solid lines!, w35p/10 ~dashed lines!, and
w35p/5 ~dashed-dotted lines!. The MSUGRA parameters areM0

5150 GeV,M1/25200 GeV, uA0u5450 GeV, and tanb53.
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strongest cancellation effects are found foruwA0
u5p/2 and

signwA0
52signwm . This is also observed in@11#. If wA0

and wm have the same sign, the exclusion is more or l
independent ofM0.

Our numerical investigation of the NEDM includes th
contributions of the one-loop gluino, chargino and neutral
exchange diagrams for the electric dipole operators. In
chiral quark model we also include the chromoelectric dip
operators and the contribution of the purely gluon
dimension-six operator. In the following we want to discu
qualitatively which contributions are important to understa
the behavior of the NEDM and its dependence on
MSUGRA parameters.

The dominant contributions to the NEDM come from th
chargino and gluino exchange diagrams of the quark ED
It is remarkable that the chargino contribution is almost
dependent of the phasewA0

. This is due to the fact that the
second terms of Eqs.~2.16! and~2.17! are suppressed by th
Yukawa couplingsYu,d which are very small for light
quarks. The gluino contribution, Eq.~2.20!, depends on both
phases,wm and wA0

, since it is proportional to the off-

diagonal element of the squark mass matrix,mq „Aq
2m* Q(b)…, @see Eqs.~A1! and ~A5!#. The neutralino con-
tributions to the quark EDMs are very small in contrast to t
EEDM.

In the chiral quark model the down quark contribution
the most important one, because the EDM is proportiona
(4dd2du). Moreover, for the chargino contribution we hav
Yd5(md /mu)tanbYu*6Yu if tanb*3. The gluino contri-
bution to the down quark is proportional tomd Im@Ad
2m* tanb#, whereas the up quark EDM contains the fac
mu Im@Au2m* cotb#. Taking into account thatumu anduAqu
have the same order of magnitude, we make the follow
observations: The down quark EDM depends mainly onm.
The up quark EDM is dominated by the term proportional
Au and is suppressed by a factor (mu /md)cotb compared to
the down quark term.

The chromoelectric contributions~see Sec. II D! are sup-
pressed by a factorgs /(4p) compared to the electric dipol
operator and, in general, they are less important. In the c
where M0.M1/2 the loop functionC, Eq. ~2.25!, entering
d̂g̃

q , Eq. ~2.24!, can compensate this suppression fac
gs /(4p). It also turns out that the contribution of the pure
gluonic dimension-six operator is very small in the para
eter region considered.

In order to see how the restrictions onwm andwA0
depend

on the other parameters we also discuss a scenario
uA0u5M0. In Fig. 7 we show regions in thewm-wA0

plane,
allowed by the experimental bounds on EEDM and NED
in this case. We calculate the NEDM in the quark-part
model with uA0u5M05150 GeV and the other paramete
as in Fig. 4~a!. We find that the phasewA0

is less important

than in the previous scenario (uA0u53M0). The allowed val-
ues ofwm are reduced roughly by a factor 1/3 compared
Fig. 4~a!, thereby suggesting a linear dependence of the
lowed values onuA0u keeping the other parameters fixe
Furthermore, the value of tanb effects the results in a simila
3-8
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way, because it enters in the off-diagonal element of
sfermion mixing matrix, Eqs.~A1!–~A6!. This element is
only important for the gluino contribution to the NEDM an
the neutralino contribution to the EEDM. As can be seen
Fig. 7, the bands in thewm-wA0

plane, allowed by the EEDM
and the NEDM in the quark-parton model, overlap simila
as in Fig. 4~a!.

In order to study the restrictions imposed by the univ
sality conditions at the GUT scale, we modify the univers
ity condition for the gaugino mass parameters, Eq.~3.2!. We
still assumeM1/2ªM15M25uM3u, but introduce an addi-
tional phasew3 for the mass parameterM3 at the GUT scale.
We show in Fig. 8 the bands in thewm-wA0

plane, allowed by
the EEDM and the NEDM in the quark-parton model, whe
we take forw3 the values 0,p/10, andp/5. We take the other
parameters as in Fig. 4~a!. The EEDM depends onw3 only
via the RGEs, therefore, this dependence is very weak. C
paring the band of the EEDM~dotted line! with the bands of
the NEDM for values ofw3 different from zero, one can se
thatw3 is strongly restricted by experiment. A further pos
bility would be to introduce an additional phasew1 for the
U(1) gaugino mass parameterM1. This phase will enter the
EEDM and the NEDM. It is expected thatw1 will change the
restrictions onw3 in a similar way as the phasewA0

changes

the restrictions onwm .
We have compared our numerical results with those

@9#, where the EEDM and the NEDM in the chriral qua
model are calculated. We have done this in the range
parameters where no color or charge breaking minima wi
our RGE scheme have occurred. We have found good ag
ment with Fig. 2 of the first paper of@9# and with Figs.
2~a!–2~e! of the second paper of@9#. We have found quali-
tative agreement with Figs. 3~a!, 3~b!, and 3~d! within the
expected numerical uncertainties.

V. SUMMARY

We have studied the EEDM and the NEDM in the fram
work of MSUGRA with complex parameters. We hav
found that wm is strongly restricted by the experiment
bounds. Moreover, we have found that the phaseswm and
wA0

have to be strongly correlated, in particular for sm
values of the SUSY mass parameters, so that strong ca
lations between the different contributions occur. For the
perimentally allowed values of the EEDM, the chargino co
tribution has to be cancelled by the neutralino contributi
The NEDM is dominated by the chargino and gluino con
butions. The predictions for the NEDM depend very sen
tively on the model which is used for the neutron. We ha
used the quark-parton model and the chiral quark mode
calculate the NEDM. We have presented parameter reg
in the M0-M1/2 plane which are excluded by simultano
consideration of the experimental bounds on the EEDM
the NEDM for different values of the phaseswm andwA0

.
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APPENDIX A: SFERMION MASS MATRIX

The sfermion mass matrices are given by

M f̃
2
5S M f̃ LL

2
e2 iw f̃M f̃ LR

2

eiw f̃M f̃ LR

2
M f̃ RR

2 D , ~A1!

where

M f̃ LL

2
5ML f̃

2
1~TI

32Qf sin2uW!cos 2bmZ
21mf

2 , ~A2!

M f̃ RR

2
5MR f̃

2
1Qf sin2uW cos 2bmZ

21mf
2 , ~A3!

M f̃ LR

2
5mf uAf2m* Q~b!u, ~A4!

w f̃5arg@Af2m* Q~b!#, ~A5!

with

Q~b!5H cotb for TI
35 1

2 ,

tanb for TI
352

1

2
.

~A6!

The eigenvalues are given by

2m1,2
2 5~M f̃ LL

2
1M f̃ RR

2
!7A~M f̃ LL

2
2M f̃ RR

2
!214~M f̃ LR

2
!2,

~A7!

with m1
2<m2

2. We parametrize the mixing matrixR f̃ so that

S f̃ 1

f̃ 2
D 5R f̃S f̃ L

f̃ R
D 5S e~ i /2!w f̃ cosu f̃ e2~ i /2!w f̃ sinu f̃

2e~ i /2!w f̃ sinu f̃ e2~ i /2!w f̃ cosu f̃
D S f̃ L

f̃ R
D ,

~A8!

wherew f̃ is given in Eq.~A5! and

cosu f̃5
2M f̃ LR

2

D
<0, sinu f̃5

M f̃ LL

2
2m1

2

D
>0,

D25~M f̃ LR

2
!21~m1

22M f̃ LL

2
!2. ~A9!

APPENDIX B: CHARGINO MASS MATRIX

The chargino mass matrix

Mab
x̃1

5S M mWA2 sinb

mWA2 cosb m
D ~B1!

can be diagonalized by the biunitary transformation
3-9
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U j a* Mab
x̃1

Vkb* 5mx̃
j
1d jk , ~B2!

whereU andV are unitary matrices such thatmx̃
j
1 are posi-

tive andmx̃
1
1,mx̃

2
1.

APPENDIX C: NEUTRALINO MASS MATRIX

We defineNa j as the unitary matrix which makes th
complex symmetric neutralino mass matrix diagonal w
positive diagonal elements:

Na jMab
x̃0

Nbk5mx̃
j
0d jk , ~C1!

wheremx̃
j
0,mx̃

k
0 for j ,k. In the basis@24#

ca5$2 i g̃,2 i Z̃,H̃a,H̃b%, ~C2!

the complex symmetric neutralino mass matrix has the fo

Mab
x̃0

5S mg̃ maz 0 0

maz mz̃ mZ 0

0 mZ m sin 2b 2m cos 2b

0 0 2m cos 2b 2m sin 2b

D ,

~C3!

where

mg̃5M sin2uW1M 8 cos2uW ,

mz̃5M cos2uW1M 8 sin2uW , ~C4!

maz5sinuW cosuW~M2M 8!.

APPENDIX D: SOLUTIONS OF THE ONE-LOOP RGEs

The solutions of the one-loop RGEs~as given in@20#! for
the soft SUSY-breaking parameters are given by

Mi~ t !5
M1/2

11b i t
, ~D1!

MẼ1

2
~ t !5M0

21
aGUTM1/2

2

4p

6

5
f 1~ t !, ~D2!

ML̃1

2
~ t !5M0

21
aGUTM1/2

2

4p S 3

2
f 2~ t !1

3

10
f 1~ t ! D , ~D3!

MD̃1

2
~ t !5M0

21
aGUTM1/2

2

4p S 8

3
f 3~ t !1

2

15
f 1~ t ! D , ~D4!

MŨ1

2
~ t !5M0

21
aGUTM1/2

2

4p S 8

3
f 3~ t !1

8

15
f 1~ t ! D , ~D5!
07300
MQ̃1

2
~ t !5M0

21
aGUTM1/2

2

4p S 8

3
f 3~ t !1

3

2
f 2~ t !1

1

30
f 1~ t ! D ,

~D6!

At~ t !5
A0

116Yt~0!F~ t !

2M1/2S H1~ t !2
6Yt~0!H2~ t !

116Yt~0!F~ t ! D , ~D7!

Au~ t !5
1

2
~A01At~ t !2M1/2H1~ t !!, ~D8!

Ad~ t !5A02
aGUTM1/2

4p S 16

3
j 3~ t !13 j 2~ t !1

7

15
j 1~ t ! D ,

~D9!

Ae~ t !5A02
aGUTM1/2

4p S 3 j 2~ t !1
9

5
j 1~ t ! D , ~D10!

with

t5 ln~MGUT /Q!2, ~D11!

b i5
aGUT

4p
bi , ~D12!

f i~ t !5
1

b i
S 12

1

~11b i t !
2D , ~D13!

j i~ t !5
t

11b i t
, ~D14!

Yt~ t !5
ht

2~ t !

~4p!2
, ~D15!

E~ t !5~11b3t !16/3b3~11b2t !3/b2~11b1t !13/9b1,
~D16!

F~ t !5E
0

t

E~s!ds, ~D17!

H1~ t !5
aGUT

4p S 16

3
j 3~ t !13 j 2~ t !1

13

15
j 1~ t ! D ,

~D18!

H2~ t !5tE~ t !2F~ t !, ~D19!

whereb1511, b251, andb3523. Some of the equation
can be found in@25#.
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