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We analyze the effects & P-violating phases on the electric dipole momé@EDM) of the electron and
neutron in the constrained minimal supersymmetric model. We find that the phgsasd @A, 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 regiondvg-tig,, plane which are
excluded by considering simultaneously the experimental bounds of both electron and neutron EDM, assuming
specific values for the phases, and ¢, . [S0556-282(199)05617-9

PACS numbsfs): 13.40.Em, 11.30.Er, 11.30.Pb, 12.60.Jv

[. INTRODUCTION the soft SUSY-breaking parameters at the grand unification
(GUT) scale is assumed. Parameters of the model are the
The electric dipole moment&€DMs) of the electron and common gaugino masl,,, the common scalar mads,,
neutron are important observables for testing our ideas ahe common trilinear scalar coupling parametgs, and
CP violation. In the standard mode{SM), only one tanB=v,/v,, with v, ,being the vacuum expectation values
CP-violating phase exists in the Cabibbo-Kobayashi-of the two Higgs fields. The number of independent complex
Maskawa matrix. The predictions for the EDMs are ex-phases can be reduced to two. The masses at the electroweak
tremely small, since the first nonzero contributions arise ascale are determined by using renormalization group equa-
the two-loop level. They are several orders of magnituddions (RGE9. Such an approach to constrain the phases has
smaller than the experimental limitsl]. Therefore, the recently been used ifv] and[8].
EDMs are well suited for testing physics beyond the standard An important aspect in the calculation of the SUSY con-
model[2]. tributions to the EDMs of electrotEEDM) and neutron
In supersymmetric(SUSY) extensions of the standard (NEDM) is the fact that strong cancellations between the
model, additionalC P-violating phases are possible. More- different contributions can occur. This has been particularly
over, the first nonzero contribution to the EDM already emphasized in[9], where the NEDM and EEDM in
shows up at the one-loop level. In particular, in the minimalMSUGRA with two complex phases have been analyzed.
supersymmetric standard mod@1SSM) complex param- Due to this cancellations, the bounds on the phases are less
eters can be introduced in the mixing matrices of squarkgestrictive than those found in previous analyses. Additional
sleptons, charginos and neutralinos, therefore yielding moréonstraints on the phases originating from the cosmological
possible sources dE P violation. In weak-scale SUSY, the _bounds on _the relic d_ensny pf neutralinos have been studied
masses of the lightest supersymmetric particles are expectdd[10]- A different point of view has been presented ir1]
to be between 100 GeV and 1 TeV. In this case, the epmivhere a model with seven independent phases at the elec-
can easily be much larger then the experimental limits an({Jroweak scale has been assumed. Also in this analysis it was

yield constraints on th€ P-violating phases and on the other ound that various cancellations between different contribu-
parameters of the MSSM. The conclusion would be that ei{'r?g;r?ggg;’ ;rgdntgta;g;éi;g;if;gmﬁ of the parameter space
ther the phases are small or the masses are [8dk Other ‘ .
arguments such as the electroweak origin of the cosmologit- In ourl p"?‘peh;lgsggiyze_t;he EEEI)M ar;]d the NE%M simul-
cal baryon asymmetryBAU), however, would favor large '@n€OUsy In with complex phases, and @a,,
CP-violating phases with relatively small mas$&$ There- ~ Which are the phases of the Higgsino mass parametnd
fore, more careful analyses of the supersymmetric contributhe trilinear scalar coupling paramet&s. We use RGEs to
tions to the EDM are necessary to clarify the situation. ~ calculate particle masses, couplings, and phases at the elec-
A suitable framework for numerical calculations in SUSY troweak scale from the input parameters at the grand unified
is the constrained MSSM, also called minimal supergravitytheory(GUT) scale. We confirm the importance of cancella-

inspired mode(MSUGRA) [6]. In this model universality of ~tions. We find that quite general the cancellations occur be-
tween the two most important contributions, which are the

chargino and neutralino contribution in the case of the

*Email address: bartl@ap.univie.ac.at EEDM and the chargino and gluino contribution in the case
"Email address: garfield@hephy.oeaw.ac.at of the NEDM. Furthermore, the cancellations are only pos-
*Email address: porod@ap.univie.ac.at sible if the phasesp, and ¢, are strongly correlated, in
SEmail address: stocki@hephy.oeaw.ac.at particular for small SUSY particle masses. In this cagés
'Email address: strem@ap.univie.ac.at strongly restricted. For the NEDM, there is also the problem
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of evaluating the hadronic matrix element. We use two dif- TABLE I. Phases occurring in the mass matrices at the elec-
ferent approaches, one based on the quark-parton modepweak scale and at the GUT scale.

[12], and a second one based on the chiral quark nmiddg!
We find that the predictions for the NEDM are very different Mass matrix Electroweak scale GUT scale
for the two models used. We show the regions in the >

~— *
Mo-M 4, plane which are excluded by the experimental pumard Ay~ cotf] Phor Pu
bounds for both EDMs for specific values of the phages VE pg=ard Ag— u* tanp] Pag Pu
and @A, Finally, we also introduce an additional phasg Mg go=ard Ae— u* tang] Pay Pu
for the gluino mass parameter and study its influence. W(TVIX* 0 o
find that alsog; is strongly restricted. 0 # .
In Sec. Il we give the expressions for the various contri-M Pu Pu

butions for EEDM and the quark EDMs, including the chro-
moelectric and purely gluonic dimension-six operator. We _ ~
calculate the NEDM in terms of the quark EDMs in the two fy 7 f
different models. In Sec. Ill we determine the phases and =R '
MSSM parameters at the electroweak scale using the RGEs.
In Sec. IV we give the numerical analysis of the EDMs 7 ) _ L . ) .
within MSUGRA and a discussion of the results. AsumrnarywhereR is the unitary diagonalization matrix defined in
is given in Sec. V. Explicit forms of the mass matrices for Ed. (A8). Note thatR " depends on the phases, and ¢x
sfermions, charginos, and neutralinos, as well as the expresia the off diagonal entry of the squark mass matrix; see Eq.
sions for the RGEs are given in the Appendices. (A5) and Table I. The couplings are defined(a® use the
notation of[14])

(2.9

f2

fr

II. CONTRIBUTIONS TO THE EDM OF ELECTRON AND

NEUTRON Ii=— 0mVj1, (2.6a
The EDM of a spin$ particle is the coefficiend" of the 7 Te
effective operator Imi=—RmVj1tY Rszlz, (2.6b
Le=—(i12)d g, fFH". 2D 15I= —RE U Y REF U, (2.69
We calculate the supersymmetric contributions to the EDMs ~ ~ .
of electron and quarks at one-loop level. In the case of the Kmj= YedmiUj2, (2.79
electron EDM we include chargino-sneutrino and neutralino-
selectron loops. In the light quark case we include chargino- k§”.=0, (2.7b

squark, neutralino-squark, and gluino-squark loops. For the
chromoelectric dipole moments of quarks we include

U _ U
chargino-squark, neutralino-squark, and gluino-squark loops, K= YaR m 12’ 279
whereas the gluonic dimension-six operator gets contribu- . T
tions from loops containing top quark, top squark, and Kmj=YuRmVj2, (2.79
gluino.
The parts of the SUSY Lagrangian that are necessary to af IrflffLJ R h&,, (2.83
calculate the one-loop contributions mentioned above are
_ - ~ - o piepf o
L5387, = 9T @ Pt DX, 22 OWeREARIG (280
hi'. =Y (sinBNg; —cosBN,;), (2.99
L1757, 97 (1 PrtKhPUX T, (2.3 HeT !
_ _ hg;=Yy(sinBN3;—cosBNz;) =h\T , (2.9p
Lo, =~ (9s/N2)an (&R 1 P
_ - he%= =Y a(coSBNg; +sinAN,;), (2.99
e (AR PG, (24
h&{'= — Ye a(cospNE; +singNj) =hf™ (2.9

whereg andgg are the electroweak and strong coupling con-

stants, respectivelyP| z=(1%9°)/2, a=1...8 are the £l = —[Qy Sin 26yN? +(1

gluino color indices)\? are the Gell-Mann matrices, ang; L f W

is the phase of the soft-breaking gluino mass. To simplify the —20Q; sinZGW)NZI.]/( \/E coséy), (2.10a
notation the quark and squark color indices are suppressed.

The scalar fieldd, andfg are linear combinations of the fij:[Qf sin 20WN1j+(—2Qfsin29W)N2j]/(\/§COSGW),
mass eigenstatds ,: (2.10h
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my (2) ! ®
Y= ———, (2.113
JV2my sinB o Ny !
//, €, 4 \\\
e,qg ! V\oe,g e, q e, q
Me g vt %0, 8 A A
Yeq= —=— . (2.11b XA N
\/5 m,y COSB Nle Lo

Q; andY; are electric and Yukawa couplings of the fermion FIG. 1. The Feynman diagrams that contribute to the EDMs.

f, 6y is the Weinberg angle, and t@+ v, /v, is the ratio of
the Higgs vacuum expectation valugsandv,. U andV are Im[Lmg]=1Im[Yy V‘szl(U”R m~ YaUj2R )]

the unitary matrices which diagonalize the chargino mass = (1/2)Y,([1—(—1)™cos 263]Im[U ,V ]
matrix, Eq.(B1). N,; is the unitary matrix which diagonal- S

izes the complex symmetric neutralino mass matrix, Eq. +Yq4(—1)™sin 265 Im[U;,V,,€'¢d]), (2.16
(C9). For diagonalizing we use the singular value decompo-

sition. and

A generic form for the one-loop EDM of spin-1/2 par- o Uk
ticles due to exchange of fermions and scalar particles haén[r = ImLYqU JZR 1(V11R ~YuVi2R)]

been worked out if15]. Extensions of the EDMs to the full _ __1\m /.

electric and weak dipole moment form factors for the top = (12 ¥a([(1=(~1)Tcos 2 ]IMU;5Vjq]

guark have been given iri6]. A non-vaninshing EDM de- +Yy(—1)"sin 26 Im[UjZV]-Ze“PE]). (2.17
mands a change in chirality of the external fermion and in-

volves the imaginary parts of the couplings. In the following B. Neutralino contribution

we give the complete analytic expressions for the individual
one-loop contributions. We have compared our results witq)
[9,11] and found agreement. y

The neutralino contribution to the fermion EDM is given

4 2 m"o Mo

A. Chargino contribution Edi O E f j
_ e o e X 87-rn2 = L 2
The chargino contribution to the EDM of the fermibis SIn“Ow fm [
given by (2.18
2 m2. where
cdb = S im[T, ]i QB[ — 1)™sin 267 Im[ ((h{ )%= f{  fR)e
+ ’
e X' Amsirtly mie1 Jm%,n m¥2r,n 7/mk (—=1)Msin mL((h(y) Lfrive 1]
, = (1= (=1)"cos )ImLh{f (¥
m-~ +
X.
+(Qi— QA —-| |, (2.12 —(1+(—1)™cos 265)Im[h/  fF,]. (2.19

f/
C. Gluino contribution

wherea=e?/(4m) ande=gsin 6. f' is the isospin partner  The gluino contribution to the quark EDM is given by
of f in the SU2) doublet. Neglecting the mass of the external

fermions(in our case electron, up, down, and strange quark 1 20 2 - - me
the functions A and B have the simple foifit5] Ed~3= -3 kgl |m[e'¢3R32REI];§QqB FZQ
Ay Ay
A(r) ! (3 +2|m) (2.13 2 2
rN=———(3-r+-—— . nm-
2 —r/’ a ) g,
2(1-r) 1-r =—SSII’](<,D3 ¢7)sin 2%; (—1)k—§QqB( —5‘) ,
=1 m- m=
Ak o]
2rinr (2.20
B(ry=———|1+r+ . ) ) )
2(1—r)? 1-r where as=gs/4m andmy is the gluino mass.
(2.19
D. Quark chromoelectric dipole moment and gluonic
The first and second terms in E@.12 are due to the Feyn- dimension-six operator
man (_1|agr?msf Fig.(&) and Ft',g' 1b), respectively. The ex- The quark chromoelectric dipole moment is defined as the
pressions Iy, ] are given by coefficientd? in the effective operator
IM[T51=1mLYeUj2V1]6m (2.19 Le=—(il2)d%0,, > (\32)qG3+". (2.21)
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The chromoelectric dipole moment has also chargino, neu- (1) The relativistic quark-parton model. In this model, the

tralino, and gluino contributions. They are given [®}

2 e+ .+
~ o X
d5;+=—g+ S mre =Bl —- |,
A7 Sirf By mj=1 ms, ms,
(2.22
2 4 ~
Q9 — s E 7 EB T
X 87TS|n20Wm k=1 mkm% mg ’
(2.23
and
2 2
A Osa : T 1 my
- 3, e | 7
Ak o8
s NV ~)sin2#§ (—1 g
8w FaPT s m |\
[*1% Ay
(2.29
where
C(r)=3A(r)—(1/3)B(r). (2.2H

The Wilson coefficientdg of the CP-violating gluonic
dimension-six operator is defined through
L=~ (1/6)dsG,,aG Gl fapc. (2.26

The leading nontrivial contribution tdg in the MSSM is

given by a two-loop diagram involving top quark, scalar top

quark, and gluind9,17]:

2 2 2
3aggmy my, — Mg, ”*t My, m

dG——sm(pt sin 26; s—H —2 — -
3272 my mg my My

(2.27

The definition of the two-loop functioid can be found in
[17].

E. EDM of electron and neutron

contributions of the quarks to the NEDM are given in terms
of quantities A, [12], which are measured in polarized
lepton-nucleon scattering:
d"= 75(A,d9+ AgdU+ A dS), (2.29
where the individual quark contributions are again given in
terms of chargino, neutralino, and gluino contributions
a— g9 9 9
d dX++dX0+ dg. (2.30
As already stated, th&, are the measured contributions of
the quarkq to the spin of the proton; to use them for the
neutron we have taken advantage of a simple isospin rela-
tion. For definiteness we use the values given in RE):
A,=0.746, A4=—0.508, andA;=—0.226. The QCD cor-
rection factor »F takes into account that the quark EDM
analysis is done at the electroweak scale and hence has to be
evolved down to the hadronic scale with the help of RGEs.
We usenF=1.53 as given in Ref.19].

(2) The chiral quark model. This model is based on the
effective chiral quark theory given in R€fL3]. The contri-
bution of the quark EDMs to the NEDM is given by the
nonrelativisticSU(6) coefficients

d"=(4/3)d9—(1/3)d". (2.30
The quark EDMs in this model are given by contributions of
all quark and gluon operatof$o leading order inxg) with
the proper dimensional rescaling. This yields

e . ~ ~
= E(g9 9 49 c_— g9 9 449
dq—n(dx++dxo+dg)+ 47T(o|X++dXo+dg)
eAgp
G
7 ds. (2.32

7%, 7%, and7® are the QCD correction factors due to RGEs,
whereasAgg is the scale of chiral symmetry breaking in
QCD; we usenf=1.53[19], °= n®=3.4(as used if9]),
andAgg=1.19 GeV[13].

IIl. DETERMINATION OF THE MSSM PARAMETERS
AND PHASES

The formulas for the EDMs, when evaluated in the
MSSM with complex parameters in its most general form,

Having defined the contributions from the individual contain too many free parameters. In order to study the con-
Feynman diagrams, we can now write down the total EDMstraints of the EDMs on the phases and mass parameters we
of the electron as the sum of neutralino and chargino contrihave to reduce the number of free parameters by further the-

butions:

e_A¢ N
d —dX++dX0. (2.28

In order to obtain the EDM of the neutron in terms of the
quark EDMs, a specific description of the neutron as quark

oretical assumptions. Therefore, we assume universality con-
ditions for gaugino, sfermion, and Higgs mass parameters
and the trilinear couplings:

MO::MEi=M[i=M5i=M5i=Mgi=mHl=mH2,
(3.1

bound state is needed. Throughout this paper we use two

different approaches.

M1:=M;=M,=Ms, (3.2
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Ag=A.=Ay=A, (3.3 TABLE II. Value§ of the.phases at the electroweak scale for
: : : M, real and Ag=iA imaginary at the GUT scale wheA

at the GUT scaléM g1 [6], wherei=1,2,3 is the generation =XMyp,.

index. We determine the parameters at the electroweak scale

with the help of the RGEs as given j&0]. X aly-0ssw ealy-ossa) PAg PAe
At the electroweak scale the following parameters can b@ 1 —0.007(0) —0.021(-0.018) —0.0278 —0.142

complex: the trilinear couplingé , the gaugino mass pa- 1 —~0.075(0) —0.203(-0.177) —0.271 —0.960

rametersM,, and the Higgs parametersandB. The prod- 10 -0.644(0) —-1.236(-1.190) —1.207 -—1.501

uct uB and the gaugino mass paramekdr can be made

real by redefinition of the field$u| andB are determined by

requiring the correct electroweak symmetry breaking: loop results are given in Appendix)DWith agyr=1/24 and
Mgur=2.38X10'® GeV we get

(Mf, +ATy)—(mf_+ATytar’g

2 2 2
|M|2: tanzﬁ_l _Emé’ MEZMO+O.52|V|1,2, (3.63
(3.4 MZ=M2+0.15M2,,, (3.6
— 2 2 2 H
2uB=(my +mp + 2|u|*+ AT+ AT,)sin 23, ME:M§+6.7M§,2, (3.60
(3.9 Q
where AT, , denote the leading one-loop corrections to the M%=M%=M§+ 6.2Mf/21 (3.60
tadpole equations stemming from top, scalar top, bottom, and
shottom contributiong20—22. The phase of, ¢, remains M;=M'=0.4IM 4, (3.79
a free parameterp,, can be specified at any scale, because it
does not evolve with the corresponding RGE up to two loops M,=M=0.82My,, (3.7b
[23]. In order to determine the phases at the electroweak
scale we assuml,,, real, andA, and x complex at the M3=2.8My), (3.79
GUT scale. Note that at one-loop level only the phase differ-
ence between the phasesA&f and My, is physically rel- Ar=(1-Yy)Ao—2Myp, (3.8a
evant. We summarize the complex phases entering the mass
matrices in Table . y
We use the following procedure for determining the soft Auz(l_ 5) Ao= 28y, (3.8
SUSY-breaking parameters at the electroweak scale. We
specify the gauge couplings, t8n and the Yukawa cou- Ag=Ay—3.6M ), (3.80
plings of the third generation at the electroweak scale. We
taker, Mo, M 1/2 at MGUT with Eqs(31)—_(33) as bound- AEZAO_ 0.7™M 1/2 (38@

ary conditions. The RGEs are given in tb& scheme. We

evolve the RGESs for the gauge couplings at two-loop levelVnere y varies between 0.85 and 1 for4@ns>1. Equa-
from Q=m, to Q=M g which is determined by the con- t1ONS (3.68—(3.6d are only valid for the first and second

dition g;=g,. We evolve the RGEs for the Yukawa cou- generation. Note that Eq$3.89—(3.8d have strong impli-

plings at the one-loop level, because they enter the RGEs &@tions for theA parameters at the t_alectr_oweak scgle. If one
the gauge couplings at two-loop level. We take into account2kes: for exampleM,, real andA, imaginary,Ao=iA, at
threshold effects by including step functions for the coeffi-Mcut then one obtains the values given in Table II.

cients of the beta functionsee, e.g.[20]). For simplicity

we assume that there is no mixing between the generations. IV. EDM ANALYSIS WITHIN MSUGRA

We then evolve the RGEs for the soft SUSY-breaking pa-
rameters fromMgyt to m;. The mass parameteM; are
decoupled from the RGEs M;(Q) =Q is satisfied. We cal-
culate|u| andB by requiring correct electroweak symmetry
breaking Eqgs(3.4) and(3.5). The corrections are sensitive to
the relative phases between tAeparameters ang.. This 0 e . N 0
phase dependence may chamgé by a few GeV, which is  [1] ar265|d | <dgyp=4.3x107%" e cm and|d"|<dg,,=1.1
in the range of the error expected by neglecting the other<10 “” e cm.

In this section we investigate the EDM of electron and
neutron in the framework of MSUGRA with complex pa-
rameters. As outlined in Sec. lll, this model is completely
specified by six parameterdvy,M,|Aq|,tanB and the

ph::lS@Sc,oA0 and ¢, . The experimental bounds obtained in

contributions to the one-loop corrected tadpd®$,22. we ~ For the EEDM we have two supersymmetric contribu-
iterate the complete procedure until the parameters vary led¥ns stemming from neutralino and chargino exchange, Figs.
than 1%. 1(a) and XIb), respectively. The chargino contribution de-

For the discussion in the next section it is convenient ta?€nds explicitly on the phase, ; the dependence oma
have the following approximations for the parameters at thecomes only through the RGEs and is very weak. The neu-
electroweak scale at harithe exact formulas for the one- tralino contribution depends explicitly ap, and e, . In the

073003-5



A. BARTL et al. PHYSICAL REVIEW D 60 073003

My [TeV]
15

dio/de Pu mpo T
0

NNy
SRR
SN
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0 ﬁw«q@a

FIG. 2. Ratio of the neutralino contributicﬂ’f;[J and the experi-

mental limit dg,,, of the electron EDM as a function of the phases My, [TeV]
¢, and ®a,: The MSUGRA parameters aM =150 GeV,M, ] ]
=200 GeV,|Ay =450 GeV, and ta=3. FIG. 3. Boundaries of the areas in thg,-M 4, plane excluded

by the electron EDM, for the phasqs%: m/2, and ¢, = —0.54

) ) .~ (solid ling), ¢,=—0.31 (dashed ling ¢,=—0.18 (dotted line,
major part of the parameter space the chargino contributiog = —0.1 (dashed-dotted line The areas to the left of the corre-
dominates. The reasons are as follo{sThe loop function  sponding lines are excluded. The MSUGRA parameters|Age
A(r), Eg. (2.13, entering in the chargino contribution, is =3M, and tan3=3. In the grey area the condition of radiative
larger tharB(r), Eq.(2.14), which enters the neutralino con- electroweak symmetry breaking is not satisfied.
tribution. (ii) The neutralino contribution is proportional to
the selectron mixing angle sir#2 which is usually rather

small.
. e . I cluded. As can be seen, the parametdis=120 GeV and

In Fig. 2 we Sh.OWd}O’ the ngutrglmo contribution of the M1,=160 GeV are allowed and give relatively light SUSY
EEDM, as a function of th€ P-violating phaseg, andea,  particle masses (for illustration: me=58 GeV, my=
with the other parameters fixedM,=150 GeV, M4, =106 GeV, nm, =157 GeV, my =160 GeV, mg =163
=200 GeV, |Ag|=450 GeV, and tag=3. As can be e 1 2
seen, the neutralino contribution alone already exceeds t
experimental limit. The calculated EEDM is below the ex-
perimental limit only if cancellations between chargino and
neutralino contributions occur. In this case the EEDM de- . _
pends significantly on the phagg,_ if either [¢,[<[¢, | or predicted (i.e., m>398 GeV, m=>764 GeV,
|Ag|=|u|tang. In the first case the chargino contribution is >1170 GeV, mg >1073 GeV, mg >1171 GeV). The
small because it is proportional to sif), therefore, the neu- bending in the dotted line fop,=—0.18 is caused by the
tralino contribution can be of the same order of magnitude asancellation mechanism between chargino and neutralino
the chargino contribution. In the second case the relevargontributions. The gray area is excluded, because the condi-
phase in the neutralino contribution is determined by thdion of radiative electroweak symmetry breaking is not sat-
off-diagonal element of the selectron mixing matrix Eq. isfied.
(A5). In the MSUGRA model the absolute value pf is Up to now we have only considered the EEDM. Now we
fixed by the condition of radiative electroweak symmetryconsider the EEDM and the NEDM simultaneously. Taking
breaking Eq.(3.4). It turns out thaf x| has always roughly into account also the experimental upper limit on the nEDM
the same order of magnitude [ in the parameter region Will enlarge the excluded parameter region. The predicted

considered. Note that the neutralino contribution depends notalue for the NEDM depends strongly on the neutron model
only on the phase ofKe— M* tang), Eq. (A5), but also which relates the NEDM to the EDM of its constituents. To

directly on ¢, via the neutralino mixing matrix, as can be demonstrate this fact we calculate the NEDM in the quark-
seen in Eqgs(2.19, (2.990—(2.11B. parton model and in the chiral quark model as described in
Due to the cancellation mechanism between chargino angec. Il E. Also for the NEDM to satisfy the experimental
neutralino contribution it is not straightforward to conclude bounds it is necessary that strong cancellations between the
which MSUGRA parameter values and phases are excludedifferent contributions occur.
by the experimental upper bound of the EEDM. To answer Another way to show the systematics of these cancella-
this question we show in Fig. 3 the regions in fg-M,, tions is to plot the allowed region in the,-¢, plane. In the
plane that are allowed by the experimental limit on theFigs. 4, 5, and 8 we consider rather small MSUGRA param-
EEDM for different values of the phasg, . In doing so we  eters: My=150 GeV, M,=200 GeV, |Ao|=450 GeV,
have takenpAoz /2, which is the maximal phase difference and tan3=3. In all PuPa, plots (Figs. 4, 7, and B the

betweenM,,, and A, at the GUT scale, tad=3, and|A allowed values of the phases are within the small bands be-
=3My. For example, choosing,= —0.1, the region in the tween the lines. In Figs. 4, 6, 7, and 8 we discuss the EEDM

Mo-M 4, plane to the left of the dashed-dotted line is ex-

h%ev. Takinge,=—0.54, only values of M,,,,M) to the
right of the solid line are allowed which, for example, means
M1,=0.9 TeV if Mg=1.5 TeV orM,=15 TeV if M,
=0.7 TeV. In this case rather heavy SUSY particles are
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Quark-Parton Model Chiral Quark Model My [TeV] Quark-Parton Model My [TeV]  Chiral Quark Model

7/10 J(a) nnnnnnnn - 7 w/10F T 15F z ‘ T 1.5F ‘ i

/20 - & {1 =j/20 .

@, e | 1.0F ™ 1.0k

0 4 0~
—7/20 | | —nj20} 0.5F 0.5
—7/10 h . d —n/10h . d .
-T  -7/2 0 n/2 ki =T -2 0 n/2 T L5
Pay P4y My, [TeV] My [TeV)
FIG. 4. Bands in thep,-¢a; plane allowed by the electron FIG. 6. Boundaries of the areas in tMy-M, plane allowed

EDM (dotted ling and neutron EDMsolid ling). The MSUGRA  simultanously by the electron EDM and the neutron EDM. The
parameters arbl,=150 GeV,My,=200 GeV,|Ao|=450 GeV, neutron EDM is calculated in the quark-parton mo@gland in the
and tan3=3. 1_'he neut_ron EDM is calculated in the quark-parton chiral quark model(b). The phases are chosen ag = — /10
model (@) and in the chiral quark mod¢b). (dashed lines ¢n = /5 (dotted liney, ¢ = /2 (dashed-dotted
lines), and¢,, = — /10 (thin lines, ¢, = — /30 (thick lines. The
together with the NEDM. As can be seen from the dottedareas to the left and below the corresponding lines are excluded.
lines for the allowed region of the EEDM in Figs(a# and  The MSUGRA parameters ar@é\o|=3M, and tan3=3. In the
4(b), ¢, is bounded|¢,|<0.1, whereasp,  is essentially  grey area the condition of radiative electroweak symmetry breaking

unrestricted. However, the two phases have to be strongll§ not satisfied. In@ the whole parameter region is excluded for

correlated: for everypa ,¢, can only vary in an interval ¢u=—7/10pa, =~ 7/10 ande, = — /10pp = 7/5 .

A¢,=0.01. Taking into account only the chargino contribu- _ _ ]

tion, one would obtain the restrictidip,,|<0.01. one can see, in this case only a very small region of the
In Fig. 4@ we show the experimentally allowed regions Parameter space is not excluded by experimgnt{<0.01

for the EEDM and the NEDM, calculated in the quark-parton@nd|@a |<0.15. (All phases have to be understood modulo

model. For the parameters chosen and the measured spin)

densities of the protori18] A,=0.746A,4=—0.508, and In Figs. 5a) and §b) we demonstrate the cancellation

A¢=-0.226, the allowed band in the,-¢a  plane of the effects that play an essential role in the calculation of the

NEDM lies within the allowed band of the EEDM. In this NEDM. We choose the relatiop,, = — (/30)sing, , which

case the NEDM is more restrictive. For the values of the spiguarantees that the NEDM calculated in the quark-parton
densities taken, the NEDM and the EEDM have oppositenodel satisfies the experimental bound. We show the differ-
signs. In Fig. 4b) we plot the allowed band in the ,-¢», ~ ent contributions to the NEDM for the same parameters as in

plane of the NEDM, calculated in the chiral quark model, Fig- 4@. In Fig. 5@ we show the corresponding chargino,

and compare it to the EEDM. They have the same sign. A§eutralino, and gluino contributions. As can be seen, there is
a strong cancellation between chargino and gluino contribu-

tions: each of the two contributions is approximately 18

@,/d:’“’ , , e/ dexy , , times bigger than the whole NEDM. In Fig(t§ we show
@ . 3r(b)
/NP \ g
10} \ \ o / /50 F " " 9
st/ Y // \ i 77N £\ /
o \ o\ . S ’x/ /
) D /"\ 7 \\/ AN ———— 7
A NN s
-10f \ / \\ /’l 1 2f N/ Pu 1/
BN N 1 s 0
e —r/2 ) Y4, /2 7 - —n/2 I 04, /2 % i

—/100

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

= —(77/30)sin<pA0. The MSUGRA parameters aM,=150 GeV, —7/50 h . . d

My,=200 GeV, |A)|=450 GeV, and ta=3. (@) shows the ooz 0, 4\ /2 7

chargino contributiorni?(+ (dashed ling neutralino contributionnl)g(0

(dotted ling, gluino contributiond® (dashed-dotted line and the FIG. 7. Bands in thep,-¢a plane allowed by the electron

whole neutron EDMI" (solid line). (b) shows the up quark contri- EDM (dotted ling and neutron EDM(solid line). The MSUGRA
bution d¥ (dashed ling down quark contributiomd® (dotted ling, parameters areMy=150 GeV, M,,=200 GeV, |Ay=Mq
strange quark contributiod® (dashed-dotted ling and the whole =150 GeV, and ta@=3. The neutron EDM is calculated in the
neutron EDMd" (solid line). quark-parton model.
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/10 - strongest cancellation effects are found r¢¢0|=w/2 and
- sign<pAo=—sign<pM. This is also observed ifll]. If ®a,
—d% p3=0 and ¢, have the same sign, the exclusion is more or less
/20 - d% o3 =m[10 - independent of,.

Our numerical investigation of the NEDM includes the
contributions of the one-loop gluino, chargino and neutralino
exchange diagrams for the electric dipole operators. In the
chiral quark model we also include the chromoelectric dipole
operators and the contribution of the purely gluonic
dimension-six operator. In the following we want to discuss
qualitatively which contributions are important to understand

Pu
0

-/20

pd Ny ) the behavior of the NEDM and its dependence on the
i Rezzz MSUGRA parameters.
—-m/10 & - - o The dominant contributions to the NEDM come from the
-T /2 0 o /2 T chargino and gluino exchange diagrams of the quark EDMs.
4o It is remarkable that the chargino contribution is almost in-

FIG. 8. Bands in thep,-¢,, plane allowed by the electron dependent of the phas,eAO. This is due to the fact that the
EDM (dotted lineg and neutron EDM, calculated in the quark- S€cond terms of Eq$2.16) and(2.17) are suppressed by the
parton model, fokp;=0 (solid liney, ¢3= /10 (dashed linesand ~ Yukawa couplingsY, 4 which are very small for light
©3= /5 (dashed-dotted lingsThe MSUGRA parameters aMd,  quarks. The gluino contribution, E2.20, depends on both
=150 GeV,M,,=200 GeV,|A;|=450 GeV, and ta=3. phases,¢, and Pay; since it is proportional to the off-

diagonal element of the squark mass matrim, (A
the up, down, and strange quark contributions to the NEDM— ,.* ®(3)), [see Eqs(Al) and (A5)]. The neutralino con-
Again, cancellations between the individual quark contribu-tributions to the quark EDMs are very small in contrast to the
tions occur. It turns out, that the strange quark contribution i€EEDM.
the most important one, as noted[it2]. Therefore, it may In the chiral quark model the down quark contribution is
turn out that an accurate measurement of the NEDM can alsthe most important one, because the EDM is proportional to
become a test of the spin structure of the neutron in th¢4d,—d,). Moreover, for the chargino contribution we have
quark-parton model. Yq4=(mg/my)tanBY = 6Y, if tan 3=3. The gluino contri-

In the chiral quark model the cancellations occur for uppution to the down quark is proportional tmglm[Ag
and down quark separately. There are large cancellations be-;* tang], whereas the up quark EDM contains the factor
tweend—g+ and dg, betweend”, andd:, and also between m,Im[A,—u* cotg]. Taking into account thdi| and|A,|
the resulting sums of this cancellatiorsee Eq(2.32]. The have the same order of magnitude, we make the following
purely gluonic dimension-six operator does not exceed th@bservations: The down quark EDM depends mainly.on
experimental limit by itself, however, it can further reduce The up quark EDM is dominated by the term proportional to
the total NEDM. For the EEDM the cancellation betweenA, and is suppressed by a facten(/mg)cots compared to
chargino and neutralino contribution exhibits the same bethe down quark term.

havior as shown in Fig.(8), where the neutralino contribu- ~ The chromoelectric contributionsee Sec. Il Dare sup-
tion in the EEDM plays the same role as the gluino contri-pressed by a facta/(4) compared to the electric dipole
bution in the NEDM. operator and, in general, they are less important. In the case

In Figs. §a) and &b) we show the regions in thd,-M,,  where My>M 4, the loop functionC, Eq. (2.25, entering
plane which are excluded by simultanous consideration oﬁg, Eqg. (2.24, can compensate this suppression factor
the experimental limits on EEDM and NEDM. Figuréabis  g_/(4). It also turns out that the contribution of the purely

for the quark-parton model and Fig(ks is for the chiral  glyonic dimension-six operator is very small in the param-
quark model. In both plots we choose the following valueseter region considered.

for the phasesp, = — /10 (dashed lines ¢a = /5 (dot- In order to see how the restrictions gn ande, depend

ted lines, o5 = /2 (dashed-dotted lingse, = — /10 (thin  on the other parameters we also discuss a scenario with
lines), and ¢,=—m/30 (thick lines. Only values of |Ag|=M,. In Fig. 7 we show regions in the ,-¢a, plane,
(M12,Mp) to the right of the corresponding lines are al- gllowed by the experimental bounds on EEDM and NEDM
lowed by EEDM and NEDM simultanously. In Fig.(® in this case. We calculate the NEDM in the quark-parton
there are only four lines, because for,=—7/100s =  model with|Ao|=M,=150 GeV and the other parameters
—m/10 and ¢, = — W/lO,(pAO=7T/5 the parameter region as in Fig. 4a). We find that the phaseﬁA0 is less important
My,M,<1.5 TeV is excluded by experiment. The quark- than in the previous scenaripd,|=3M,). The allowed val-
parton model is in general more restrictive than the chiraues ofe, are reduced roughly by a factor 1/3 compared to
quark model. However, in the quark-parton model muchFig. 4(a), thereby suggesting a linear dependence of the al-
smaller pairs of mass parameters are allowed, for examplewed values onA,| keeping the other parameters fixed.
My=150 GeV andM,,=200 GeV. As can be seen, the Furthermore, the value of taheffects the results in a similar
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way, because it enters in the off-diagonal element of therojects no. P10843-PHY and no. P13139-PHY, and by
sfermion mixing matrix, Eqs(A1)—(A6). This element is “Acciones Integradas.” We are grateful to E. Christova, J.

only important for the gluino contribution to the NEDM and Ellis, W. Grimus, and W. Majerotto for very useful discus-

the neutralino contribution to the EEDM. As can be seen insions.

Fig. 7, the bands in th¢M—goAO plane, allowed by the EEDM

and the NEDM in the quark-parton model, overlap similarly APPENDIX A: SFERMION MASS MATRIX
as in Fig. 4a).

In order to study the restrictions imposed by the univer-
sality conditions at the GUT scale, we modify the universal-
ity condition for the gaugino mass parameters, BR). We 5 fLL
still assumeM ;,:=M ;=M ,=|Mj,|, but introduce an addi- Mi=1 51,2 E: , (A1)
tional phasep; for the mass parametéf ; at the GUT scale. fLr frr
We show in Fig. 8 the bands in tlz@—cpAo plane, allowed by

the EEDM and the NEDM in the quark-parton model, where

we take forgs the values 07/10, andw/5. We take the other 2 _ g2 3_ . 2 2
parameters as in Fig.(d. The EEDM depends op; only MfLL M+ (Ti= Qs sii?6y)cos 28mz +mi, - (A2)
via the RGEs, therefore, this dependence is very weak. Com- ) ) . ) )

paring the band of the EEDNtlotted ling with the bands of Mz =Mgit Qs Sin? 6y, cos 28m3+mg , (A3)
the NEDM for values ofp5 different from zero, one can see

that ¢4 is strongly restricted by experiment. A further possi- M2 = mi|A;— u* O(B)] (A4)
bility would be to introduce an additional phagg for the fir '

U(1) gaugino mass parameter;. This phase will enter the .

EEDM and the NEDM. It is expected that will change the gi=ard A~ u* O (B)], (AS)
restrictions onps in a similar way as the phaseAO changes with

the restrictions orp,, .
We have compared our numerical results with those of cotB for T3=1
[9], where the EEDM and the NEDM in the chriral quark b
model are calculated. We have done this in the range of 0(B)= t 3 1 (AB)
parameters where no color or charge breaking minima within ang for Ty=- 2"
our RGE scheme have occurred. We have found good agree-
ment with Fig. 2 of the first paper d9] and with Figs. The eigenvalues are given by
2(a)—2(e) of the second paper ¢B]. We have found quali-
tative agreement with Figs.(®, 3(b), and 3d) within the gmi 2:(M~f2 +M~f )F \/(M?Z —M% )2+4(M~f2 )2,
expected numerical uncertainties. ' L RR Lt RR LR (A7)

The sfermion mass matrices are given by

where

V. SUMMARY

We have studied the EEDM and the NEDM in the frame- _ o o
work of MSUGRA with complex parameters. We have [T < fu el?¢icost; e (¢ sing;
found that ¢, is strongly restricted by the experimental |~ =R = —eli2¢iging: e (11D¢i cosg:) | F
bounds. Moreover, we have found that the phasgsand f2 f 1\ fr
¢, have to be strongly correlated, in particular for small (A8)

values of the SUSY mass parameters, so that strong cancethere ¢7 is given in Eq.(A5) and

lations between the different contributions occur. For the ex-

perimentally allowed values of the EEDM, the chargino con- - M% M~f —m?
tribution has to be cancelled by the neutralino contribution. cosfi= ‘R<0, sing=———=0,
The NEDM is dominated by the chargino and gluino contri- A A
butions. The predictions for the NEDM depend very sensi-

tively on the model which is used for the neutron. We have A2=(M~f )2+ (m3— M;z )2. (A9)
used the quark-parton model and the chiral quark model to R t

calculate the NEDM. We have presented parameter regions

in the Mo-My, plane which are excluded by simultanous APPENDIX B: CHARGINO MASS MATRIX
consideration of the experimental bounds on the EEDM and The chargino mass matrix

the NEDM for different values of the phases, and ¢, .

with m2<m2. We parametrize the mixing matriR | so that

fL

fr

-, M myy/2 sing

ACKNOWLEDGMENTS X —
| mw2 cosB 7

(B1)

This work has been supported by the “Fonds zur
Forderung der wissenschaftlichen Forschung” of Austria,can be diagonalized by the biunitary transformation
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2
U™ MY Ve = B (B2) 2 agytMi); (8 3 1
jaVlapVkB— < — 2 _ _ _
Mg, (D =Mo+ —7——| 3fa(O)+ 5 T2(0+ z5Ta(D) |,
whereU andV are unitary matrices such tha;r are posi- (D6)
tive and M <y

Ao
A)=——c———
APPENDIX C: NEUTRALINO MASS MATRIX ©1+6Y(0)F(D)
We defineN,; as the unitary matrix which makes the My Hat) - 6Y(0)H (1) ©7)
complex symmetric neutralino mass matrix diagonal with vz T 1+6Y,(0)F(t))’
positive diagonal elements:
1
N, MaﬁNﬂk—m oélk, (C1 Au() =5 (Aot A1) = MyH4 (1), (D8)
wheremyo<mio for j<k. In the basiq24]
i k agytMy;2( 16, . 7.
o Ad()=Ao— — | Zis()+3]a(t)+ 7gia(V) |,
Yo={—iy,—iZ,H3H"}, (C2 (DY)
the complex symmetric neutralino mass matrix has the form
Ac(t) =R~ “GLM”(sj O+ 2] (t)) (D10)
m maz O 0 e 0 477 2 5 1 1
M;(O _ maz mE mZ O W|th
ap 0 my, pusin28 —ucos2B|’
0 0 —ucos2B —usin2p t=In(Mgyr/Q)? (D1D)
(C3
where aguT
= 4 b, (D12
=M sir? 6+ M’ co by,
M coS 6+ M’ sir 6 (C4) f.(t) ! (1 ! (D13
n;=M co Si , (t=—|1-————],
g W W COB T (a+it)?
m,,=Sin 6, cosfy(M—M").
iO=1757 (D14)
APPENDIX D: SOLUTIONS OF THE ONE-LOOP RGEs Bi
The solutions of the one-loop RGEss given in20]) for
the soft SUSY-breaking parameters are given by V() = t( ) (D15)
(4m)?’
M () =2 (DY)
LAt E()= (14 B3) ¥ B3(1+ 1) *P2(1+ By1) ¥,
(D16)
agytM1;, 6
ME (D=M5+ 4—“—f1(t> (D2) t
& F(t)zf E(s)ds, (D17)
0
2
agutMip( 3 3
M%l(t)=M(2J+T(Efz(t)JrEfl(t) , (D3) .
1('[)_ ( 3 Ja(t)+3j2(t)+ 15]1(0)
2 D18)
agutMi, (8 2 (
M?,jl(t)=M3+ T(gfs(tH 1_5f1(t))a (D4)
Ha(t) =tE(t) = F(1), (D19
2
2 2 acutM 1, whereb;=11, b,=1, andb;=—3. Some of the equations
M, (D=Mo+ —4 = ( fs(U+ 15 (t)) B9 can be found if25).
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