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Electric dipole moments do not require theCP-violating phases of supersymmetry to be small

Michal Brhlik, Gerald J. Good, and G. L. Kane
Randall Laboratory of Physics, University of Michigan, Ann Arbor, Michigan 48109

~Received 3 November 1998; published 27 April 1999!

We report the first fully general numerical calculation of the neutron and electron dipole moments, including
the seven significant phases. We find that there are major regions in the parameter space where none of the
phases are required to be small, contrary to the conventional wisdom. The electric dipole moments do provide
useful constraints, allowing other regions of parameter space to be carved away. We keep all superpartner
masses light, and so agreement with experimental limits arises purely from interesting relations among soft
breaking parameters.@S0556-2821~99!02811-8#

PACS number~s!: 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

The general parametric structure of the minimal sup
symmetric standard model~MSSM! includes a large numbe
of CP-violating phases. Their presence has largely been
nored in phenomenological analyses because of severe
straints imposed on individual phases by the experime
upper limits for electron and neutron electric dipole mome
~EDM’s! if other phases are set to zero. These limits wo
generally constrain the phases considered individually to
less than 1022 unless the mass parameters are pushed
yond the TeV scale@1#. Recently, it has been emphasiz
@2#, however, that cancellations between different terms c
tributing to the dipole moments can allow for values of t
phases very different from zero even when the superpar
masses are relatively light. Since this can have impor
consequences@3# for extraction of the parameters in the s
persymmetric~SUSY! Lagrangian from experimental data
for calculation of dark matter densities and scattering cr
sections, for baryogenesis, for Higgs boson limits, and m
it is rather important to study the problem of constraints
the complex phases without making any unnecessary sim
fying assumptions based on theoretical prejudice. To pu
differently, the phases may or may not actually be small.
must find out from data, without making assumptions t
lead to excluding regions of parameter space where par
eters are large.If the phases are large, they affect ma
CP-conserving quantities throughout particle physics;
it is even more important to proceed carefully. T
phases can only be large if certain approximate relati
among soft breaking parameters hold; these relations
be checked in future experiments. The relevant relations
not fine-tuned, but are quite reasonable, with vario
soft breaking parameters related in size and sign to one
other.

Some important results have already been reported in
literature. Ibrahim and Nath have presented@2# some of the
formulas needed in the analysis and calculated the EDM’
the framework of minimal supergravity model. Falket al. @4#
have analyzed the case of two phases and confirmed
analysis of Ibrahim and Nath; they also applied it to t
calculation of neutralino relic density and detection ra
Some similar results were reported in Ref.@3# and phenom-
0556-2821/99/59~11!/115004~10!/$15.00 59 1150
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enological consequences ofCP-violating phases in the
MSSM were studied in@5#.

In this paper we want to address this issue in its entirety
order to establish a connection between the usual param
of the MSSM Lagrangian and ranges of the phases allow
by experimental data on the electric dipoles. We work
the framework of the simplest possible model, neglect
the flavor mixing but avoiding any assumptions abo
unification of the soft breaking parameters. We use lig
superpartner masses; so apart from relations among
breaking parameters the resulting EDM’s would be ve
large.

II. PHASE STRUCTURE OF THE FULL MSSM

We define the MSSM to be the supersymmetric the
with the same particles as the standard model~SM! plus their
superpartners, the SM gauge group, two Higgs doublets,
conservedR parity.

The MSSM Lagrangian@6,7# depends on a total of 126
parameters and it includes three well-known sources ofCP-
violating phases. The first is related to the two Higgs do
blets present in the model since both them parameter in the
superpotential and the soft breaking parameterb can be com-
plex and their phases are denotedwm and wb respectively.
Three more phases,w1 , w2, andw3, enter through the com
plex masses of the gauginos associated with the stan
gauge groups. Finally, most of the phases originate in
flavor sector of the Lagrangian, in either the scalar soft m
matrices mQ,ū,d̄,L,ē

2 or the trilinear matricesau,d,e . The
mass matrices are Hermitian so only off-diagonal ter
can be complex but the trilinear matrices are general 333
matrices, allowing for the diagonal entries to also be co
plex.

The impact of the phases associated with the off-diago
terms on experimental observables is suppressed by the
mechanism which is required to suppress the existenc
large flavor changing neutral effects and for the purpose
this study all these phases can be neglected; if some of t
matter, it will only strengthen our results. We assume that
the scalar soft mass matrices and trilinear parameters
flavor diagonal and that the complex trilinear terms are p
portional to the corresponding Yukawa couplingsaf
©1999 The American Physical Society04-1



es
in

he
ho
i-
y
s.
t

e

fa
e
s

ak
s

t
br
ue
tio

o
m
i
w
o

e
al
tu
e

a
d
n

d

na
a
a

t in
ing

ter
ip
nt

a-

e
ay

ive
led

n

ra-

le

ex-
the

ffi-
s of

a
te to
r a
her

the
dels

a

MICHAL BRHLIK, GERALD J. GOOD, AND G. L. KANE PHYSICAL REVIEW D59 115004
5yfAfe
iwAf, wherewAf

are the relevant phases.1

It is important to realize that not all of the listed phas
are physical. Above the electroweak symmetry break
scale, the Lagrangian possesses two partialU(1) symmetries
which can be promoted to full symmetries by treating t
dimensionful parameters as spurions charged under t
symmetries@7#. Under anR symmetry the Grassmann var
ableu ( ū) is charged11(21) and therefore this symmetr
distinguishes between component fields of the superfield
the charge of a chiral superfield isr, its scalar componen
field f transforms underR symmetry with charger, the fer-
mionic field c has charger 21 and the auxilaryF scalar
field possesses charger 22. In order to preserve theR in-
variance of the superpotential it is convenient to choosr
51 for the matter superfields andr 50 for the Higgs super-
fields. The advantage of this choice is also clear from the
that R symmetry defined in this way is not broken in th
process of electroweak symmetry breaking. The vector
perfields are not charged underR symmetry, and so only the
gaugino component fieldl (l̄) obtains a charge of11
(21). It is clear that to preserveR symmetry as a full sym-
metry of the superpotential and also of the soft SUSY bre
ing terms in the Lagrangian,m, Af and the gaugino masse
Mi have to be charged under theR symmetry.

The whole MSSM Lagrangian with the exception of them
term in the superpotential and theb soft breaking term is also
invariant under a Peccei-Quinn~PQ! symmetry. This sym-
metry transforms the Higgs fields with charge22 and the
matter fieldsQ,ū,d̄,L,ē with charge11. Again, if m andb
are treated as spurions, full symmetry is restored above
electroweak scale. Below this scale, the PQ symmetry is
ken as the Higgs fields acquire vacuum expectation val
Physical observables can only depend on such combina
of parameters which are invariant under all symmetries
the Lagrangian. For the unbroken theory we have two sy
metries and therefore two conditions, allowing us to elim
nate two phases. When electroweak symmetry is broken
are left with only one unbroken symmetry, but the phase
b, which is related to the phase of the Higgs vacuum exp
tation values~VEV’s!, can be absorbed into the physic
Higgs fields by appropriate redefinition. It is therefore na
ral to takeb ~and the VEV’s! to be real and set one mor
phase to be zero. We prefer in this paper to takew250, thus
explicitly violating reparametrization invariance but one h
to keep in mind that all other parameter choices are relate
our choice by anR transformation. A fully reparametrizatio
invariant approach toCP-violation in SUSY theories will be
discussed elsewhere@8#. Our numerical results do not depen
in any way on this simplification.

Taking into account our parametrization choice, the fi
set of phases considered in the discussion of the electron
neutron electric dipole moments includes three phases
pearing in the chargino-neutralino-gluino sector, namelyw1 ,

1In further text we take~unless explicitly stated otherwise! all the
dimensionful parameters to be real and positive; their phases
always written explicitly.
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w3 and wm , and four phaseswAu
, wAd

, wAt
and wAe

corre-
sponding to the trilinear soft breaking parameters relevan
the dipole moment calculation as discussed in the follow
section. As we will see below, even thoughau , ad , ae are
proportional to small Yukawa couplings, their phases en
because contributions to the EDM’s require a chirality fl
leading to dipole moments’ proportionality to the releva
mass.

III. ELECTRIC DIPOLE MOMENT CALCULATION

The electric dipole interaction of a spin-1/2 particlef with
an electromagnetic field is described by an effective L
grangian

LEDM52
i

2
df f̄ s

mng5f Fmn . ~3.1!

In theories withCP-violating interactions, the electric dipol
df receives contributions from loop diagrams. The best w
to account for such contributions is to use the effect
theory approach in which the heavy particles are decoup
at some large scaleQ and the full theory is matched with a
effective theory including a full set ofCP-violating operators
@9–11#. If we restrict ourselves to dimension 5 and 6 ope
tors, the effective Lagrangian takes the form

Le f f5(
i 51

3

Ci~Q!Oi~Q! ~3.2!

where theCi(Q) are Wilson coefficients evaluated at sca
Q, and theOi are the three considered operators

O152
i

2
f̄ smng5f Fmn , ~3.3!

O252
i

2
f̄ smng5Taf Gmn

a , ~3.4!

O352
1

6
f abcGmr

a G n
brGls

c emnls.

~3.5!

It is obvious that all three operators contribute when the
ternal fermionic particles are quarks, while in the case of
electronC2

e andC3
e are identically zero.

Supersymmetric models contribute to the Wilson coe
cients at the one loop level and they include several type

graphs as shown in Fig. 1. Chargino (C̃), neutralino (Ñ) and
gluino (g̃) loops where the second particle in the loop is
scalar superpartner, either a slepton or a squark, contribu
C1 andC2 coefficients depending on whether a photon o
gluon is radiated. Charginos and neutralinos interact eit

through their gaugino (l) or Higgsino (H̃) components and
the sfermions are represented by their left or right (L, R)
chiral components. The contributions can be calculated at
electroweak scale since a typical SUSY scale in most mo
re
4-2
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is of the same order of magnitude. For the gluino loop c
tribution to the quark EDM the matching gives

C1
qk2g̃

~Q!52
2

3

eaS

p (
i 51

6

Im~D i
qk2g̃

!
mg̃

mi
2

BS mg̃
2

mi
2D ,

~3.6!

C2
qk2g̃

~Q!5
gSaS

4p (
i 51

6

Im~D i
qk2g̃

!
mg̃

mi
2

CS mg̃
2

mi
2D .

~3.7!

The neutralino and chargino loops contribute both to
electron and quark electric dipole moments and one find

C1
f k2Ñ

~Q!5
ea

4p sin2uW

Qf(
i 51

6

(
j 51

4

Im~D i j
f k2Ñ

!
mÑj

mi
2

BS mÑj

2

mi
2 D ,

~3.8!

C2
qk2Ñ

~Q!5
gSg2

16p2 (
i 51

6

(
j 51

4

Im~D i j
qk2Ñ

!
mÑj

mi
2

BS mÑj

2

mi
2 D

~3.9!

and

C1
f k2C̃

~Q!52
ea

4p sin2uW
(
i 51

6

(
j 51

2

Im~D i j
q2C̃!

mC̃j

mi
2

3FQf8BS mC̃j

2

mi
2 D 1~Qf2Qf8!AS mC̃j

2

mi
2 D G ,

~3.10!

FIG. 1. One and two loop Feynman diagrams contributing to
calculation of the electric dipole moments in the MSSM. T

graphs involve exchange of gluinosg̃, charginosC̃, neutralinosÑ

and corresponding flavors of sfermionsf̃ . Charginos and neutrali

nos interact either through their gaugino (l) or Higgsino (H̃) com-
ponents and the sfermions are represented by their left or rightL,
R) chiral components. The gluon and photon line can originate
any internal leg carrying corresponding charge.
11500
-

e

C2
qk2C̃

~Q!52
gSg2

16p2 (
i 51

6

(
j 51

2

Im~D i j
qk2C̃

!
mC̃j

mi
2

BS mC̃j

2

mi
2 D .

~3.11!

In Eqs.~3.7!–~3.12!, mi are the masses of the correspondi
scalar particle running in the loop andA, B and C are the
loop functions obtained by integrating out the heavy partic
in the loop. These functions, together with the vertexD func-
tions calculated in our phase parametrization, can be fo
in the Appendix.Qf denotes the electric charge of the exte
nal fermion andQf8 is the charge of internal sfermion whe
different fromQf .

The gluonic operatorO3 obtains a contribution from the
top-quark–top-squark loop with a gluino exchange as sho
in Fig. 1 and one has

C3
f ~Q!523aSmtS gS

4p D 2

Im~D2
u32g̃

!
mt̃ 1

2
2mt̃ 2

2

mg̃
5

3HS mt̃ 1

2

mg̃
2 ,

mt̃ 2

2

mg̃
2 ,

mt
2

mg̃
2D , ~3.12!

where the loop functionH can be found in the Appendix.
The Wilson coefficients then have to be evolved from t

decoupling scaleQ down below the chirality breaking scal
Lx using the renormalization group equations~RGE’s! in
order to account for resummation of the logarithmic corre
tions. So far, only QCD corrections for quark operator W
son coefficients have been estimated@12# for RGE evolution
down from the electroweak scale toLx , giving

Ci
q~Lx!5h iCi

q~Q!, ~3.13!

whereh1.1.53 andh2.h3.3.4. All other corrections are
neglected in our calculation. At the low scale, theCP-
violating operatorsOi have to be projected on the electr
dipole operator to evaluate their contribution to the nume
cal value of the electric dipole. This is a complicated ta
since the chirality breaking scaleLx51.18 GeV is very
close to the QCD scale and perturbative methods are
reliable in this region. The best thing one can do at presen
to use naive dimensional analysis@13# which yields

df5C1
f ~Lx!1

e

4p
C2

f ~Lx!1
eLx

4p
C3

f ~Lx!. ~3.14!

Finally, since the neutron is a composite particle, one ha
use a phenomenological neutron model to calculate the n
tron EDM from the moments of the constituting quark
From the simpleSU(6) quark model one obtains

dn5
1

3
~4dd2du!, ~3.15!

wheredd anddu are the EDM’s of the down and up quark
respectively.

e

n

4-3
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One of the important features of the contributions to
EDM is the fact that the effective Lagrangian in Eq.~3.1!
requires different chirality of the initial and final particles.
the supersymmetric diagrams this can happen in two way
either the exchanged squark or slepton change chirality
L-R mixing terms in the sfermion mass2 matrices and couple
to the gaugino component of the intermediate spin-1/2 p
ticle, or theL and R sfermions preserve their chirality an
couple to the Higgsino components of charginos or neutr
nos. As a result, all contributions are directly proportional
the mass of the external particle since both theL-R mixing
sfermion mass term and the Higgsino-fermion-sfermion c
pling are proportional to the relevant Yukawa coupling. A
other consequence of the chirality flip is the explicit prop
tionality of the contributions to the mass of the intermedi
spin-1/2 particle.

IV. CONSTRAINTS ON THE PHASES

As already mentioned, we present a numerical treatm
of the electric dipole moment calculation, with the main e
phasis on the cancellations between various contribution
the Wilson coefficients. This allows large values of t
phases to give contributions consistent with the experime
bounds on the values of the electric dipole moment of b
the electron and the neutron. Current experimental limits
the neutron require that@14#

udnu,1.1310225 e cm ~4.1!

and, for the electron@15#,

udeu,4.3310227 e cm ~4.2!

at 95% confidence level.
We start our analysis by choosing a simple set of MSS

parameters which leads to a fairly light spectrum of the
perpartners while still keeping the general set of the se
relevantCP-violating phases,w1 , w3 , wm , wAu

, wAd
, wAt

andwAe
, which we consider. Since our results do not assu

heavy spectrum suppression of theCP-violation effects, they
are fairly general in the sense that increasing the masse
the superpartners can only broaden the effect of the can
lation between different contributions to the electric dipo
moment. The resulting ranges of the phases for differ
spectra will differ quantitatively from our examples but th
general observation that the phases indeed do not have
small will still remain valid. To simplify the set of param
eters we assume that the squark and slepton soft masse
the trilinear soft parameters are flavor diagonal. We also t
the diagonal entries of these matrices to be universal fo
three generations and neglect any splitting between up-
and down-type right-handed squark masses. Similarly,
the sneutrinos we consider a single universal soft mass fo
three flavors. The trilinear parameterA is assumed to be no
only flavor universal but also the same for both sleptons
squarks. As a result, we are left with the following set of s
parameters in the scalar flavor sector:mñ , ml̃ L

, ml̃ R
mq̃L

,

mq̃R
and A. We do not assume any relation between
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gaugino masses other than takingM1,M2,M3. Unless
stated otherwise, all of our calculations consistently emp
a common set of parameters shown in Table I

We have varied them sufficiently to show that our resu
are qualitatively unchanged for significant regions of the
parameters.

A. Electron EDM

Let us now concentrate on discussing the cancella
mechanism in the two cases of the EDM calculation. T
electron EDM limits are more constraining than the neutr
EDM limits and are also simpler to study since there are o
two large contributions. The electron EDM calculation i
volves only the chargino and neutralino contribution to t
C1 Wilson coefficient corresponding to the electric dipo
moment operator and only three phases enter the calcula
namelywm , w1 andwAe

. Since the neutralinos are mixture

of both U(1) andSU(2) gauginos and both neutral Higgs
nos, the neutralino contribution includes both types of chir
ity flipping processes — from the gaugino exchange w
L-R slepton mixing as well as from the process wi
gaugino-Higgsino mixing and requiring no chirality flip i
the slepton sector. On the other hand, chargino exchange
only proceed through the latter channel since the charg
SU(2) gaugino component only couples to left-hand
fields. In order for a cancellation between these two con
butions to occur, certain conditions have to be met.

The first condition requires that the two contributio
have opposite sign over at least a subset of the phase pa
eter space. In fact, this requirement is automatically satis
for contributions coming from the gaugino-Higgsino mixin
diagrams. These contributions, involving both charginos a
neutralinos, depend onwm and have opposite sign over th
whole range ofwm due to the fact that them parameter enters
the neutralino and chargino mass matrices with oppo
phase. This ‘‘fortunate’’ feature can be traced back to
antisymmetry of theSU(2) metrice appearing in the super
potential.

The neutralino contribution of this type could in princip
also depend onw1, which would upset the exact anticoinc
dence of the signs. In practice, the dominant part of the c
tribution comes from theSU(2) gaugino-Higgsino mixing
and the effect ofw1 is constrained to a shift in the phase
the neutralino contribution from the gaugino-Higgsino inte
action. The gaugino-gaugino diagram for the neutralino c
tribution, unlike the gaugino-Higgsino diagrams, involv
L-R mixing in the selectron sector. The imaginary part of t
the relevant phase dependent term is

TABLE I. Standard set of parameters~values at EW scale!.

M1575 GeV mñ5185 GeV
M2585 GeV ml̃ L

5195 GeV
M35250 GeV ml̃ R

5225 GeV
m5450 GeV mq̃L

5340 GeV
A5250 GeV mq̃R

5360 GeV
tanb51.2 mA5300 GeV
4-4
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ImS mLR
2

mLL
2

N1 j* 2D .2
1

mẽ
2 me@Aesin~w11wAe

!

1m tanb sin~wm2w1!#, ~4.3!

wheremLR
2 andmLL

2 are elements of the selectron mass m
trix. In order for this expression to have the oposite sign
the chargino contribution, which is negative for 0,wm,p
and positive forp,wm,2p, various possibilities occur de
pending on the relative sizes ofAe andm tanb. For example,
in the two limiting cases whereumutanb@uAeu and uAeu
@umutanb, we get in terms of the phases that, modulo 2p,
we have to imposewm2w1;2wm andw11wAe

;2wm re-
spectively. In general this contribution is opposite in sign
the chargino one over a significant part of parameter spa

The second condition of cancellation requires t
chargino and neutralino contributions to be of the same m
nitude. In the chargino sector, the gaugino-Higgsino mix
involves only one type of gaugino while in the neutralin
sector there are two gaugino states and therefore the
ments of the neutralino diagonalizing matrixN generally
yield smaller imaginary parts than the elements of
chargino matricesU,V. Moreover, the chargino contributio
is enhanced due to larger values of theA(x) loop function as
compared to theB(x) function in the neutralino expression
This comes from the fact that the photon in the chargino lo
diagram is emitted from the fermionic leg of the correspon
ing diagram as opposed to the scalar leg in the neutra
diagram. Both these effects decrease the relative magni
of the neutralino contribution compared to the chargino c
tribution. On the other hand, in the neutralino case
gaugino-gaugino contribution can balance some of the
ference between the two contributions. For that to happe
is important that the relative size of the chargino-Higgs
contribution decrease and the relative size of the gaug
gaugino contribution increase, which can be achieved by
creasingm. That brings us back to the first condition of o
posite sign which can be satisfied forumu tanb@uAeu if w1
;p.

As a result, for suitable combinations of the dimension
parameters an almost exact cancellation can occur for
whole range ofwm as exemplified in Fig. 2a. In this plot w
chosem5700 GeV in addition to our standard set of para
eters andw1 was set to be equal top. The values ofwAe

were varied randomly, leading to the result that the value
the neutralino contribution and of the total dipole mome
form bands of non-zero width, while the chargino contrib
tion is independent ofwAe

. It is clear from the plot, however

that virtually all values ofwm would be allowed for this
particular set of parameters depending only on a suita
choice of thewAe

value range. This is also significant b

causewAe
is otherwise irrelevant not only in the neutro

EDM calculation but also in most other phenomenologi
considerations. Later figures show effects of varyingm. Note
that without cancellations one would have to have each c
tribution reduced by;1022; i.e., each phase would have
be &1022, as in the usual result.
11500
-
o

e.

g-
g

le-

e

p
-
o
de
-
e
f-
it

o-
-

l
he

-

of
t
-

le

l

n-

Thus we see that the strong constraint from the elect
EDM limit is naturally satisfied over a significant part of th
parameter space, though not all of it. The neutralino a
chargino contributions can automatically have opposite s
and the same magnitude for most of thewm range when the
mass parameters are in certain ratios depending on the o
phases. Although not all the values of the total electron ED
in Fig. 2a satisfy the experimental constraint, they all f
within a band of values less than 12 times the 1s upper
bound on the electron EDM magnitude. Therefore t
amount of tuning, which can be taken as the ratio of
actual bandwidth to the 2s experimental margin, is about
in this case. That is significantly less than the tuning fact
of 100 and more required by constraining the values of
phases to be less than 102. While the cancellations do requir
related magnitudes of some parameters, and could thu
interpreted as a fine-tuning, we think that the required m

FIG. 2. Illustration of the cancellation mechanism in the ED
calculation. See the discussion in the text. Frame~a! includes the
contributions to the electron dipole moment arising from neutral
and chargino loops contributions to theC1 Wilson coefficient for
varying wm , w1;p and values ofwAe

sampled randomly. A stan
dard set of parameters~see text! with m5700 GeV was used.
Frame ~b! shows the neutron EDM contribution from the gluin
loop graph projection intoC1 and C2(g̃1, and g̃2!, from the
chargino loop contribution toC1(C̃1) and from the gluino–top-
quark–top-squark graph contributing through the purely gluonic
erator Wilson coefficientC3(G). In this case, the standard set
parameters is adopted withm5300 GeV, w3;p and wAq

;0 for
q5u,d,t. In both cases the natural cancellations can give a tota
order the experimental limits for most or all ofwm . If the cancel-
lation effects were not included one would conclude that all pha
would have to be of order 1022 to not exceed the experimenta
limits.
4-5
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relations are typically the kind of relations that might arise
a theory of the soft breaking parameters, and are likely to
a clue to the form of the theory. The resulting relations
predictions that can be tested in other experiments.

To put it in another way, there are two ways to satisfy t
electron EDM constraints. One possibilty is that the pha
are small or zero as a result of some presently unkno
mechanism. Alternatively, the phases could be large, and
masses could have certain approximate ranges of reaso
values. The relevant signs would automatically give
needed cancellation, which need not have happened. The
alternatives lead to very different predictions for many oth
observables. The naturalness of the cancellation that oc
leads us to consider the solution with large phases serio
enough to convince us to analyze the full parameter sp
and to study the resulting predictions, which we will repo
on later.

B. Neutron EDM

Next we turn to the neutron EDM, where cancellations
easier to obtain. First of all, all three operators in Eq.~3.2!
receive contributions from the MSSM one loop diagra
involving quarks as incoming and outgoing particles. T
gluino-squark diagram projects on bothO1 and O2 opera-
tors, and the contribution of the relevant Wilson coefficie

C1
qk2g̃ and C2

qk2g̃ to the EDM is numerically comparable

The contribution ofC2
qk2g̃ is seemingly suppressed by th

factor of e/4p in Eq. ~3.15! compared toC1
qk2g̃ , but that is

compensated by enhancements from the factor ofgS /e, and
mainly from the loop functionC(x) in the matching condi-
tions ~3.7! and~3.8!. This is again a consequence of the fa
that the gluino leg in the diagram can emit gluons but

photons. The chargino loopC1
qk2C̃ contribution is typically

of the same order as the gluino loop contributions wh

C2
qk2C̃ contributes negligibly since in this case thegS /e en-

hancement alone does not overcome the suppression

e/4p. Both neutralino contributions fromC1
qk2Ñ andC2

qk2Ñ

can be safely neglected in the neutron dipole analysis. R
sons similar to those for the electron case lead to a supp

sion ofC1
qk2Ñ compared toC1

qk2C̃ , but in the quark case thi
effect is more pronounced since the squarks are typic
heavier than the sleptons and they have fractional char

Correspondingly, the contribution fromC2
qk2Ñ is even

smaller than that fromC1
qk2Ñ . This effectively reduces the

number of phases by eliminatingw1 as one of the parameter
numerically relevant in the neutron EDM calculation.

As in the electron case, it is necessary that the charg
contribution be opposite in sign to the sum of the other th
contributions for the cancellation to occur. The gluino co
tribution exhibits the same behavior as the gaugino par
the neutralino contribution in the electron case and Eq.~4.3!
transforms into
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ImS mLR
2

mLL
2

G* 2D .2
1

mẽ
2 mq@Aqsin~w31wAq

!

1m f ~b!sin~wm2w3!#, ~4.4!

whereAq5Au ,Ad and f (b)5cotb, tanb for up and down
type quarks respectively. The contribution from the pure g
onic operator, on the other hand, depends only onw3 , wm
andwAt

as far as phases are concerned and the role ofwm and

wAt
is again determined by the relative size ofmcotb andAt .

This implies thatw3 and wm are the crucial phases in th
EDM calculation. In order to demonstrate the cancellation
a practical example, in Fig. 2b we setw3 equal top and take
all three trilinear parameter phases to be consistent with z
All these choices are enforced within a small variati
around the central value, leading to a non-zero width of
gluino and pure gluonic contribution. In addition we choo
m5300 GeV so that it is comparable in magnitude toAq
5250 GeV and the off diagonal squark mixing terms ge
comparable contribution from both terms in Eq.~4.4!. The
resulting sum total of the neutron EDM is consistent w
zero over a wide range ofwm . As w3 , wAu

, wAd
andwAt

are
varied this situation will persist for large but correlate
ranges of these phases. The variation withm is shown in
later figures. Similarly to the electron case, the amount
fine-tuning required to satisfy the experimental constra
can be estimated by taking the largest sizes in the resu
band to the 2s experimental bound to be around 8 or s
again considerably less than in the case without cance
tions.

C. Numerical results

The effects of the cancellation mechanism on the ran
of phases allowed by the EDM experimental limits can
explored by varying all phases randomly for a given set
mass parameters and plotting the allowed points projecte
planes in the phase parameter space. In Figs. 3 and 3b
show the allowed regions for the standard parameter set
m5450 GeV in thewm-w1 andwm-w3 planes, respectively
The solid circles signify the points allowed by electron ED
constraints and the open circles stand for those allowed
the neutron EDM limits. Thew1 dependence has little sig
nificance as far as the neutron constraints are concer
while in the electron casew1 has to be correlated withwm in
order to satisfy the limits. Only a selected band of the valu
of wm is allowed by the electron constraints and the neut
constraint imposes a correlation between the values ofw3
and wm within this band. Still, when these conditions a
satisfied, values ofwm very different from 0 orp are al-
lowed. All values ofw1 and w3 can occur while the EDM
limits are respected.

In Fig. 4 we display the same results as in Fig. 3 but
take m560 GeV. The range ofwm is constrained by both
electron and neutron limits in this case, and the interval
lowed by both is significantly narrower than in the previo
case. Nevertheless, all values ofw1 and w3 are permitted
again.
4-6
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It is important to see how the range of allowed values
wm depends onm becausewm plays a crucial role in the
electron as well as in the neutron EDM calculation. Fig.
displays this range for both calculations with the stand
parameter set and varyingm. The overall trend shows tha
for larger values ofm it is easier to satisfy the EDM limits
Theb frame shows the effects ofAe variation on the electron
EDM constraints whenm5450 GeV. Similarly, in Fig. 6 we
examined the dependence of the allowedwm range on an
overall scaling parameterx which rescales all the dimension
ful parameters in the standard set andm5450 GeV accord-
ing to the formulaM 85xM. It is interesting to note that in
order to allow the full range ofwm one has to go to fairly
large parametersx.4 while the same effect can be obtain
by raisingm to be larger than 450 GeV.

Finally, in Figs. 7a and 7b we plot the lightest neutrali
mass vswm and w1 respectively for the standard parame
set andm varied from 50 GeV to 800 GeV. The neutralin
masses can vary quite dramatically in the allowed regi
and this fact substantially affects phenomenological obs
ables at colliders and cosmological implications of the sup
symmetric model.

We have chosen one particular value of tanb51.2 for our
presentation of the cancellation mechanism, but we have

FIG. 3. Plots of regions allowed by the electron~solid circles!
and neutron~open circles! EDM limits in thewm2w1 plane~a! and
thewm-w3 plane~b!. A value ofm5450 GeV was chosen togethe
with the standard parameter set and all phases were sampled
domly. Regions satisfying both electron and neutron EDM lim
are shown as overlaps of the regions allowed by the individ
constraints.
11500
f

a
d

r

s
v-
r-

x-

amined the general case. If tanb is increased to larger val
ues, the mechanism is still in place if other conditons d
cussed in this section are satisfied but the magnitude
individual contributions~e.g. the chargino and neutralin
contribution in the electron case! increases. The effect of th
cancellation remains qualitatively the same and large va
of the phases can be achieved.

V. CONCLUSION

We have shown that the role of the cancellation mec
nism in the calculation of the electron and neutron elec
dipole moments within the general framework of the MSS
including a non-restricted set ofCP-violating phases has cru
cial consequences for the range of individual phases. E
with a light sparticle spectrum, phases can have values v
different from zero and still satisfy experimental bounds
the values of the electron and neutron EDM’s.

A trivial but possible way to avoid constraints from th
dipole moment measurements is the traditional one tha
supersymmetric phases are equal to zero or unnatu
small. This would require the existence of some presen
unknown mechanism which would ensure that there is n
ligible CP violation in the SUSY breaking sector of th
MSSM Lagrangian. On the other hand, we have found t
the phases may be large while certain approximate relat
hold among the mass parameters and phases, resultin
cancellations in the calculation of the electron and neut
EDM. These relations could in principle also come from

an-

l

FIG. 4. Same as Fig. 3, but form560 GeV and the standard se
of parameters. Again, all phases were varied randomly.
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theory of SUSY breaking predicting the exact form of t
soft SUSY breaking sector in the Lagrangian. We ha
shown in this paper that the latter possibility is legitima
and the ultimate decision between the two alternati
should be made based on experimental measurements.

We have presented a study of the constraints impose
the phases by electron and neutron EDM data for some

FIG. 5. Frame~a! shows variation of thewm allowed region with
m for the standard set of parameters and other phases sam
randomly. The values ofA5Ae5Au5Ad5At were also varied
from 2500 GeV to 500 GeV. Open~solid! circles denote points
allowed by the neutron~electron! EDM limit. Frame ~b! demon-
strates variation of thewm range allowed by the electron EDM
limits with the values ofA for m5450 GeV.

FIG. 6. We plot the points allowed by the electron EDM limi
for parameter sets with all the mass parameters scaled byx with
respect to the standard set. All phases are sampled randomly.
11500
e

s

on
r-

ticular values of soft parameters with relatively light spect
The results exhibit general features typical for simi
choices and they show that all considered phases can
non-zero values.wm is severely constrained while othe
phases can have any value as long as certain correla
with wm are respected. The constraints on the phases rela
heavier spectra or large values ofm are considered.

The fact that phases can be non-vanishing is very imp
tant if one considers the general correspondence betwee
parameters in the supersymmetric Lagrangian and var
observables which will possibly be measured at future c
lider experiments. For example, without a determination
the phases it is not possible to measure the value of tanb. It
is also important to realize that the presence of phases h
substantial impact on the neutralino relic density calculat
and on the magnitude of the corresponding neutralino s
tering cross section for dark matter detection. If progress
supersymmetric particle physics proceeds by the histor
path, it will be essential to measure the phases to learn
form of the soft breaking Lagrangian, and thereby be led
recognize the mechanism of supersymmetry breaking.
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APPENDIX

In this appendix we summarize all the calculational d
tails necessary for evaluation of the contributions to elec
dipole moments of elementary particles in the MSSM at
one-loop level. The effect ofCP-violating phases enter
through the particular vertexD functions characteristic fo
each type of contributing diagrams. These functions dep
on the matrices diagonalizing the generally complex m
matrices of the participating supersymmetric particles.

In our parametrization, the gluino mass is complex a
can be diagonalized by a single complex numberG defined
by
p

a
a
en

t

11500
l

-
c
e

d
s

d

G* M3eiw3G215M3 , ~A1!

resulting inG5eiw3/2. Simlarly, the chargino mass matrix

MC5S M2 A2MWsinb

A2MWcosb meiwm
D ~A2!

is diagonalized by two generally complex unitary matricesU
andV so that

U*MCV215MC
diag . ~A3!

The neutralino mass matrix contains two phases,w1 andwm ,
in our parametrization
eral mass
MN5S M1eiw1 0 2MZsinuWcosb MZsinuWsinb

0 M2 MZcosuWcosb 2MZcosuWsinb

2MZsinuWcosb MZcosuWcosb 0 2meiwm

MZsinuWsinb 2MZcosuWsinb 2meiwm 0

D , ~A4!

and the diagonalization matrixN satisfies

N21*MNN5MN
diag . ~A5!

Finally, the scalar superpartners of the three families of fermions in the standard model obtain masses through a gen
matrix

Mũ,d̃,ẽ5S mQ,Q,L
2 1mu,d,emu,d,e

† 1DL1 au,d,e
† vu,d,d2meiwmvd,u,u1

au,d,evu,d,d2me2 iwmvd,u,u1 mū,d̄,ē,
2

1mu,d,e
† mu,d,e1DR1D ~A6!
no
e a

y,

ex
where DL5MZ
2(T32Q sinuW

2 )cos 2b and DR

5MZ
2Q sinuW

2 cos 2b, andvu , vd are the VEV’s of the two
neutral Higgs fields coupling to the up-type and down-ty
particles respectively. The parameters in bold print are
33 matrices, generally complex as discussed in the m
text. The mass matrix in Eq.~A6! can be diagonalized by
pair of 336 matrices relating the interaction and mass eig
states

f̃ i
L5G ( f ) i j

L f̃ j
diag ~A7!

f̃ i
R5G ( f ) i j

R f̃ j
diag ~A8!

for each type of fermion and all familiesi 51,2,3. Our nota-
tion distinguishes between the three types of sfermions,ũ d̃

andẽ, and individual flavor states are numbered according
the family number, so, for example, theũ3

L field corresponds
to the left-handed top squark field.
e
3
in

-

o

The gluino vertex function reflects the fact that the glui
is a pure gaugino and the only possible way to produc
chirality changing effective vertex is to make use ofL-R
squark mixing and get

D i
qk2g̃

5G (q)ki
R G (q)ki

L* G* 2 ~A9!

with no summation implied overi and q5u,d. The neu-
tralino vertex function can be obtained in a similar wa
giving

D i
f k2Ñj5$A2 tanuWQN1 j* G (q)ki

R 2l fNh j* G (q)ki
L %

3$2A2@ tanuW~Q2T3!N1 j* 1T3N2 j* #G (q)ki
L*

1Nh j* G (q)ki
R* % ~A10!

where lu5mu /A2MWsinb, ld ,e5md,e /A2MWcosb, and
h53 for h5d,e andh54 for f 5u. It is obvious from the
structure of the function that the neutralino effective vert
4-9
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includes both gaugino and Higgsino interactions. Finally,
chargino vertex function for individual types of particle
takes the form

D i
uk2C̃j5luVj 2* G (d)ki

L ~U j 1* G (d)ki
L* 2ldU j 2* G (d)ki

R* ! ~A11!

D i
dk2C̃j5ldU j 2* G (u)ki

L ~Vj 1* G (u)ki
L* 2ldVj 2* G (u)ki

R* !
~A12!

D i
ek2C̃j5leU j 2* Vj 1* . ~A13!

In order to make this paper self-contained, we also list
necessary loop functions coming from integrating out
supersymmetric particles in the one loop diagrams in
case of the electric and chromoelectric dipole operators@16#

A~x!5
1

2~12x!2 S 32x1
2 ln~x!

12x D ~A14!

B~x!5
1

2~12x!2 S 11x1
2x ln~x!

12x D ~A15!
e-

d

11500
e

e
e
e

C~x!5
1

6~12x!2

3S 10x2261
2x ln~x!

12x
2

18 ln~x!

12x D ~A16!

and from the two loop calculation in the case of the pur
gluonic operator@17#

H~z1 ,z2 ,z3!5
1

2E0

1

dxE
0

1

duE
0

1

dy x~12x!u
N1N2

D4
,

~A17!

where

N15u~12x!1z3x~12x!~12u!22ux@z1y1z2~12y!#

N25~12x!2~12u!21u22
1

9
x2~12u!2

D5u~12x!1z3x~12x!~12u!1ux@z1y1z2~12y!#.

The integrals in the above definition ofH can be simplified
and evaluated numerically.
.
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