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We investigate the associated production of neutralos™ —»}j’}}g accompanied by the neutralino lep-
tonic decay}ga}(l’l *1~, taking into account initial beam polarization and production-decay spin correlations
in the minimal supersymmetric standard model with gen€falphases but without generational mixing in the
slepton sector. The stringent constraints from the electron EDM oiCthghases are also included in the
discussion. Initial beam polarizations lead to th@¥e-even distributions and on@P-odd distribution, which
can be studied independently of the details of the neutralino decays. We find that the production cross section
and the branching fractions of the leptonic neutralino decays are very sensitive@éthhases. In addition,
the production-decay spin correlations lead to sev€rBleven observables such as lepton invariant mass
distribution, and lepton angular distribution, and one interesthagld (C P-odd) triple product of the initial
electron momentum and two final lepton momenta, the size of which might be large enough to be measured at
the high-luminosity future electron-positron collider or can play a complementary role in constraini@grthe
phases with the EDM constraints.

PACS numbeps): 14.80.Ly, 12.60.Jv, 13.85.Qk

[. INTRODUCTION generations of scalar fermions rather heavy so that one-loop
EDM constraints are automatically evaded. This case can be
The minimal supersymmetric standard modd5SM) [1] naturally explained by the so-called effective SUSY models
is a well-defined quantum theory of which the Lagrangian[8] where de-couplings of the first and second generation
form is completely known, including the genergiparity  sfermions are invoked to solve the SUSY flavor changing
preserving, soft supersymmett$USY) breaking terms. The neutral currenf FCNC) and CP problems without spoiling
full MSSM Lagrangian has 124 parameters—79 real paramnaturalness. Another possibility is to arrange for partial can-
eters and 4% P-violating complex phase®]. The number cellations among various contributions to the electron and
of parameters in the MSSM is very large compared to 19 imeutron EDM’s. Following the suggestions that the phases
the standard modelSM). Therefore, many studief8] on do not have to be suppressed, many important works on the
possible direct and indirect SUSY effects have been made b§ffects due to th€ P phases have been already reported; the
making several assumptions and investigating the variatiogffects are very significant in extracting the parameters in the
of a few parameters. Recently, it has, however, been showiUSY Lagrangian from experimental daft], estimating
[4] that limits on sparticle masses and couplings are venflark matter densities and scattering cross secti@hsnd
sensitive to the assumptions and need to be re-evaluatddi99s boson mass limitgl0], CP violation in theB andK

without making any of the simplifying assumptions that haveSystemg11], and so on. o
been standard up to now. If the scale of the SUSY breaking is around 1 TeV as

Despite the large number of phases in the model as grefered by fine-tuning arguments in the Higgs sector, many
whole, only twoC P-odd rephase-invariant phases, Stemmingspartlcles are expected to be produced at future colliders
from the chargino and neutralino mass matrices, take part ifuch as the Fermilab Tevatron lipqrade,. the CERN Large
the chargino and neutralino production proce$sésin light Hadron Collider(LHC), or futuree™e™ colliders proposed
of this aspect, phenomenological analyses with the compleRY DESY, KEK and SLAC. Among the sparticles, non-
parameter set are not much more difficult than those with th&0lored supersymmetric particles such as neutralinos, chargi-
real parameter set in the chargino or neutralino systems. 1f10S and sleptons are relatively light in most superymmetry
cidentally, theCP phases are constrained indirectly by the theories. WithR-parity invariance, charginos and neutrali-
electron or neutron electric dipole mome®EDM) and may ~NOS, the mixtures of the gauginos and higgsinos, are pro-
be small, but the indirect constraini8] on its actual size duced pairwise ire"e” collisions, either in diagonal or in
depends strongly on the assumptions taken in those analysé@ixed pairs. At the CERNe"e™ collider LEP2[12], and
As a matter of fact, many recent worf®] have shown that potentially even in the first phflse ef e linear colllgers
the constraints could be evaded without suppressingthe (see e.g. Ref13)), the chargingy; and the neutralino;yz{g2
phases of the theory. One optipr] is to make the first two may be, for some time, the only chargino and neutralino
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states that can be studied experimentally in detail. Furthemeutralino, which is assumed to be the lightest supersymmet-
more, as they are expected to be lighter than the gluino andc particle (LSP) as in the context of supergravity-inspired
in most scenarios lighter than the squarks and sleptons, thoseodels. Since leptons among fermions are most cleanly
lighter chargino and neutralino states could be first observeitlentified at high-performance detectors, one of the most
in future experiments a e~ colliders. On the other hand, promising modes for the associated production and sequen-
the heavier chargino and neutralino states may require thial decays of neutralinos will be
second-phase® e~ linear colliders with a c.m. energy of
about 1.5 TeV. et e’—f;(g}g
In light of the previous generic arguments and aspects L0+~
concerning the sparticle spectrum, one of the most promising xatl
SUSY processes for investigating a wide region of the SUSY_ | ) ) )
parameter space is the associated produgfigri5 of neu- So, in th_e_present paper we give a comprehenswe_ analysis
. L L. ~0~0 . through initial beam polarizations and spin correlations be-
tralinos ine" e~ collisions:e™e™ — x7x5. Although in gen-

| charai ductiofl6. 17 is d by | tween production and decay to investigate the effects of the
eral chargino productiofl6,17 is favored by larger cross CP phases and the other SUSY parameters in the associated

sections, sizable cross sections for the neutralino process ¢ B duction and decay of the neutralinos in the MSSM with
be expected in certain regions of the parameter space. Mor%—

L . : . —_generalCP phases but without generational mixing. In doing
over, |t_m|g.ht be p_ossmle to dlscover_SUSY by neutralmothe analysis, it will be meaningful to include the stringent
production if charginos are not accessible.

. . . . constraints from the electron EDM measurements orCtRe
If neutralinos as new particles are discovered, its clea

identification can be enhanced by utilizing beam polarizatio hases. Instead of performing full scans over the phases and
and the complete investigation of the neutralino dedags eal SUSY parameters, we take two typical scenarios to sup-

) ... _press the electron EDM constraints or to allow a large space
Polarized electron beams have been shown to play a crmc%f the CP phases while satisfying the electron EDM con-

LOelﬁtrzlarl}noqlssgéag?gprgior?-uii\r{ E?éﬁg%ﬁ;smme_ nglrlgmo"straints. The choice of two scenarios will be made after a
pair p .global study of the dependence of the electron EDM on the

sions. However, those works have mainly considered longi: . )
y Yrelevant parameters in the MSSM. In each scenario, the neu-

tudinal electron polarization. Recently, an intensive study tq .. =~ spectrum, thra@P-even and one P-odd ob-

obtain high positron polarization has been made. In this Ilght?ervables using initial beam polarizations, the neutralino po-

we _study the case where the polarlz_atlon of both e'GCtTO” anflrization vector and several distributions observable in the
positron beams can be freely manipulated, and we |nvest||- .

. . : . aboratory frame are presented and discussed.
gate if the highly polarized electron-positron beams can pro- The organization of the paper is as follows. In Sec. Il we

vide a powerful dlagnostl_c tool for de“?‘rm'”'r?g SuUsY Pa” Jescribe the supersymmetric flavor-preserving mixing phe-
rameters in the associated neutralino-pair production;

L . nomena in a general parametrization scheme without genera-
Angular distributions and angular correlations of the deca;&ion mixing: selectron left-right mixing, chargino mixing and

products as well as neutralino decay widths and branchin : - ; g
. . " . . . eutralino mixing, and identify the releva@tP phases. Sec.
ratios can give valuable additional information on their com- . : ) '
Il is devoted to the discussion of the constraints by the elec-

position from gaugino and Higgsino components. Certainly .
one can infer the spin of the new particles from decay angu‘Eron EDM on theCP phases and Sec. IV to the associated

lar distributions with complete spin correlations of the de-?rgodduucﬁ:jonn g: Ziiﬁrﬁlgg?e\\’/vgg Z%ISEZS?OgsaC%Z;cg;E} i in-
caying particle. Moreover, the identification of neutralinos '

can be very much solidified by ascertaining the Majoran which are extracted by controlling the initial beam polariza-

character of the neutraling$5]. This has been demonstratedat'on' In Sec. V we deS(_:rlbe in detail the_ possible dec_ay
to be possible by means of the energy distributions of th odes and branching ratios of the second-lightest neutralino.

decay leptons if the neutralinos are produced in collisions o d?s?r(iet?ﬁtivc:H\;v%fi(hpéagégggatt% gbt?c')gltj;ﬁ;ﬁlIglfg'g;%rrgliﬁcet%e
polarizede*e™ beams. The angular distributions of the de- P y

cay products might, however, offer the possibility to provenﬁ:t;“nﬁ;ra;;jrr::%rfgeérgﬁgﬁtsgntsﬁiephilseensigns\éir"v”
the Majorana property although polarized beams are not 9 ’ 9 o
available. Furthermore, the angular distributions of the final

leptons are suitable observables for study@ig violation in Il. SUPERSYMMETRIC FLAVOR
the MSSM[19]. CONSERVING MIXINGS

; =0 ~0 ; L. .
After the mixed pairy; and x; is produced, the second f flavor mixing among sleptons is neglected, the mass
lightest neutraling¢5 decays to two fermions and the lightest matrix of selectrons is given by

FréLJr mZ+m2cos 28(sj—1/2)  —mg(A% + tanp)
M== . (1)
—My(Ag+ u*tanp) m§R+ m2— m2cos 28s3,
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The first term of the diagonal elements is the soft scalar mas:
term evaluated at the weak scale, and the second is the mag
squared of the the corresponding electr@dictated by
SUSY), and the last comes from thHB term. The trilinear
term A, causing left-right mixing is due to the soft-breaking
Yukawa-type interaction, andu is the supersymmetric
Higgsino mass parameter describing the mixing of two
Higgs doublets. tag is the ratiov, /v, of the vacuum ex-
pectation values of the two neutral Higgs fields which break

v
(b)
the electroweak gauge symmetry. The selectron mass eigen- gz 1. Diagrams contributing to the electron EDMg)

states can be obtained by diagonalizing the above rznass Méhargino-exchange contributions afty neutralino-exchange con-
trix with a unitary matrix U, such that UsMZUL  tributions,

= diag(mg1 ,mgz). We parametrizeJ, so that

wheresg=sing, cz=cosp, andsy,Cy are the sine and co-
sine of the electroweak mixing anglgy, respectively. The
=1 . " , 2) neutralino mass matrid1y is a complex, symmetric matrix
Sin f€ 7 COS0e so that it can be diagonalized by just one unitary maldix
such thatN* M NNT=diag(m~<lJ,m;(g,m;(g,m;(2) with the or-

cosf, —sinf.e 'Ye

where —mg(Ag+ u*tanB) =|my(As+ u*tang)|e % and _

we choose the range df, and ¢, so that 0<f.<m and  deringmyo=rmyos<npo=nmo.

—72< p<l2. In CP-noninvariant theories, the gaugino mads,M,
In supersymmetric theories, the spin-1/2 partners ofthe and the Higgsino mass paramejeras well as the trilinear

bosons and the charged Higgs bosdfs, andH*, mix to ~ parameterA, can be complex. However, by reparametriza-

form chargino mass eigenstat:eﬁ The chargino mass ma- tion of the fieldsM, can be assumed real and positive with-
L . ~ e 2 out loss of generality since all other parameter choices are
trix is given in the W~ ,H ™) basis by

related to our choice by an approprigRetransformation.
M J2mycos 5 Taking into account our parametrizat_ion choice, the final set
_ 2 w 3) of phases considered in the discussion of the electron EDM
¢ V2mysing o ’ and the neutralino production and decays includes two
phases appearing in the chargino-neutralino seétpr® ,
which is built up by the fundamental SUSY parameters; theand one phas# ,_ corresponding to the trilinear soft break-
SU(2) gaugino masvl, as well as the Higgsino mass pa- jng parameter relevant in the electric dipole moment calcu-
rameteru and the ratio ta. Since the chargino mass ma- |ation as will be discussed in the following section:
trix Mc is not symmetric, two different unitary matrices
acting on the left- and right-chiraV{,H) states are needed w=|ul€®,  Mi=|M,|d%, A=|A]d®. (6)
to diagonalize the matrix:
We note that even though the off-diagonal elements of the
W~ }}1‘ selectron mass matrix are proportional to the small electron
ULr = ) (4) Yukawa coupling, theCP phases, in particularbAe, play a
LR LR crucial role in determining the size of the electron EDM
because every SUSY contribution to the EDM requires a
chirality flip leading to dipole moments’ proportionality to

X1

so thatUgM CU[=diag(m;(lr,m;(2r) with the orderingm;(l:

LS the electron massi,.
On the other hand, the neutral supersymmetric fermionic
partners of theB andW? gauge b050n5E and\7V3, can mix Ill. ELECTRIC DIPOLE MOMENT OF THE ELECTRON

with the neutral supersymmetric fermionic partners of the The electric dipole interaction of a spin-1/2 electren

Higgs bosonsH; and Hj, to form the mass eigenstates. yith an electromagnetic field is described by an effective
Hence the physical stateg?, called neutralinos, are found Lagrangian
by diagonalizing the X4 mass matrix

| —
My Lepw=— Edee‘f”“v?se':;w : (7)
My 0 MzCeSw  MzSpSw In theories withC P-violating interactions, the electric dipole
_ 0 M, MzCgCw  —MzSpCw momentd, receives contributions from one loop diagrams.
N - MzCaSw  MzCaCw 0 — ' Inthe MSSM, two diagrams contribute to the electron EDM
ToSaS Cmasac _ 0 in th_e mass eigenstate basis of all partlcles. They are shc_)wn
ZoBEW ZopEW K in Fig. 1 (summation over all charginos and neutralinos in

(5) the loops is understood
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FIG. 2. (a) The allowed regiorfwhite area of the phaseb , and
the Higgsino mass parameter| and(b) the allowed regioriwhite
area of the phasesb, and ®; against the electron EDM con-
straints. The trilinear parametgh | is taken to be 1 TeV and its
phase(DAe is scanned over the full allowed range.

The Lagrangian describing th@™—e-v, interactions
without flavor mixing is

e— -~
ﬁ}te;: gve(YeU’LCJZPL_U;]IPR)XJ Ve‘l" HC, (8)
whereP r= (17 ys)/2, and the interaction Lagrangian de-

scribing the most generag}®-e-e interactions are given in
terms of mass eigenstates by

e — ~
——€[BP +B"Prlxe, +H.c.,

\/ESW

wherea=1,2 and the couplingB}" andB" are given by

9)

L06e= —

B}"=V2YN%c080.+ 2N tan by,€ ?esin b,

J

B}R=—(Nj+Njstanfy,) cosfe+ \2YNj3€ ?esin b,
B2t = — \2YNe  ?esin O+ 2N 7 tan 6,,cos0,

BZR=(Nj,+Njstan6y,)e ' %esin e+ \2YN;5c086,,
(10

with the electron Yukawa couplingl.= me/(\/imwcﬁ)
~6.4x10 %/cg.

It is clear that the matrix elements of two unitary matrices
U, andUg diagonalizing the chargino mass matyiX are
functions of the phas# , but not of the phasé,. Using the

chargino-electron-sneutrino interaction, we find that the
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where B(r)=2(1-r) [1+r+2Inr(1—r)"']. Our ana-
lytical expression for the electron EDM is consistent with
that of Pokorski, Rosiek and Savoy in RE8] although there
is a small difference in the neutralino contribution between
our result and that of Brhlik, Good and Kane, of which the
expressior(A10) must have a negative sign in the last term
instead of a positive sign. These results are completely gen-
eral except for flavor mixing and lead to the MSSM contri-
bution to the electron EDM as the sum of two contributions:
de=d¥ +dX’. (13)
Of course, the Kobayashi-Maskaw phase in the SM can
in principle contribute to the electron EDM, but it turns out
to be effective only at three-loop level so that the contribu-
tion is too small to be measured.

One of the important features of the SUSY contributions
to the electron EDM is the fact that the EDM requires dif-
ferent chirality of the initial and final electrons. In the super-
symmetric diagrams this chirality flip can happen in two
ways—either the exchanged selectrons change chirality via
L-R mixing terms in the selectron mass matrix and couple to
the gaugino component of the intermediate spin-1/2 patrticle,
or the left- and right-handed selectrons-sneutrinos preserve
their chirality and couple to the Higgsino components of the
charginos or neutralinos, respectively. As a result, all contri-
butions are directly proportional to the mass of the external
electron since both thke-R mixing selectron mass term and
the Higgsino—electron-selectrdor sneutring coupling are
proportional to the relevant electron Yukawa couplivig.
Another consequence of the chirality flip is the explicit pro-
portionality of the contributions to the mass of the interme-
diate spin-1/2 particle.

Generally, the SUSY contributions to the electron
EDM are determined by 7 real parameters
{tanB,[M [, My, |u|,me ,ne, |All} and 3 CP phases
{®1,P,,Pp}. So, in order to understand the general fea-

tures of the SUSY contribution effectively, it will be neces-
sary to make some appropriate specifications without spoll

chargino contribution to the EDM for the electron through "9 their qualitative aspects. We take a universal soft-

the diagram shown in Fig.(8) is

2
nm- +

N

2
v

M
—5Z[U{}UrjilA
m

v

a

Ye

|=

1d;‘i
—dY = > ,
€ 41y, 1

(11)

where A(r)=2(1-r)"?[3=r+2Inr(1-r)"1]. On the
other hand, the neutralino diagonalization mabltiis a func-

breaking selectron mass; for the left- and right-handed
selectrons. For six real SUSY parameters, we consider two
typical scenarios where thréeP phases are left as free pa-
rameters. In both scenarios, the gaugino mass unification
condition is assumed only for the modulus of the gaugino
mass parametergiyl ;| = tar?,,M,~0.5M, and the size of

the trilinear parametgdA| is set to 1 TeV through the paper.
Such a large value dfA.| is taken because it is difficult to
satisfy the stringent EDM constraints with a small value of

tion of both ®; and ®,.

Using the neutralino-electron- |A|. It is necessary to be careful in choosing the value of

selectron interaction, we find that the neutralino contributiontanB, according to which various physical quantities will be
to the EDM of the electron through the diagram shown invery different. The recent calculation by Chang, Keung and
Fig. 2(b) is Pilaftsis[20] for the Barr-Zee-type two-loop contributions to
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e X e 2 e %  fact that the allowed region of two phases increases |yith
B AR A has been pointed out in the work by Brhlik, Good and Kane
. ) [6].
7 LR LR We display in Fig. 23) the allowed range o, versus
D VOVPVIN |u| at 95% confidence level in the scena@ for other
et Xy et X7 et XJ  phases sampled randomly within their allowed ranges. The

overall trend clearly shows that for larger values pf it is
FIG. 3. Five mechanisms contributingtg the production of neu-mch easier to satisfy the electron EDM limits and any value
tralino pairs ine*e~ annihilation,e*e”— x{x} . of |u| larger than 650 GeV allows the full range df, .
Figure Zb) shows the allowed region at 95% confidence
the EDM,S, the sbottom contributions are very much en'|eve| for the phaseg)lu and (I)l in the scenariaS2 with
hanced for a large tgf [21] so that the contributions cannot |,|=700 GeV. Note that near the region fdr,= the
be simply neglected. Therefore, for a large value of3ame  phased, can take any value. Our analysis concentrates on
are forced to introduce mor€P phases related with spar- the correlated associated production and decay of neutralinos
ticles of the third generation in our analysis. Furthermore, agnainly related to theC P phasesP,, and®, but not to the
will be discussed in more detail in the section for the ”eu‘phase@Ae. For this purpose, Fig.(B) will serve as the basic

tralino decays, for a large tgh we need to include stau platform for the contour plots of all the physical observables

Ie\}‘t -Ingrt]itn mé)r;fn? ﬁf b\;venll hailri I;l;ggt? _iXChfa: getrd;iar\]grgms Msuch as production cross sections, total cross sections of the
evalualing dirtere anching fractions ot neutralino decays,, .o ateq process, the branching ratios, and so on.

On the contrary, the value of tgh<2.5 has been already
ruled out in the supergravity-inspired model wittP invari-
ance by null results in the Higgs search experiments at LEP V. ASSOCIATED PRODUCTION OF NEUTRALINOS
[l [22]. This experimental constraint on t@nmight be loos-
ened in theCP-noninvariant theories. Postponing the de-
tailed analyses related with the tBndependence of the  Although we are mainly interested in one production pro-
EDM's, the associated production of neutralinos and thecesse™e™— yaxJ, we discuss in this section the associated
branching ratios of neutralino decays to our next work, weproduction of every combination of neutralino-pair e~
simply tak_e t::_lrﬁ:3 in the present _analysis and treat the_,’)“(iO;(? [i,j=1-4] on a general footing. Note that the
stau contributions on the same footing as the other sleptoghrality mixing of scalar electrons are determined by the
contributions. o very small electron Yukawa coupling proportional to the
With these several specifications on the SUSY paramglectron mass much smaller than the collider c.m. energy
eters, the electron EDM is determined by three real paramsog Ge\j under consideration by a factor of about®10
eters {M2,|M|,”Te}_ and three remaining phases Therefore, the selectron left-right chirality mixing can be
{®1,D,,Dp ). The first scenaridl, which is based on the gafely neglected in the associated production of neutralinos
so-called effective SUSY modg8], decouples selectrons by so that the trilinear term, does not play any role in the high
rendering them extremely heavy without violating the natu-energy process unlike the case for the electron EDM. In this
ralness arguments, but takihg, and|u| relatively small: approximation, the production procesée*e;(?}“(? is gen-
S1: M,=100 GeV, |u|=200 GeV, my=10 TeV, erated by the five Techanisms shown in Figsraflannelz
(14) exchanget-channele_r exchanges, and-channele,_ g ex-
changes. The transition matrix element, after an appropriate

where 10 TeV fomr; is taken because it is large enough 10 Fierz transformation of the, r exchange amplitudes
suppress the selectron contributidatmos) completely. On ’

A. Production helicity amplitudes

the other hand, in order to maintain naturalness, we take . ~o~0 e? o _
m-==200 GeV andnp=500 GeV. As a result, the present T(e'e —xi Xi)ngaﬁ[U(e )7uPou(e )]
electron EDM measuremenf&3] of |d.|<4.3x10 ?’ecm B

do not put any constraints on tt@P phases. The second x[u(x?) yMPBv(}]Q)], (16)

scenarioS2 takes a small universal soft-breaking selectron

mass, but a large value 6fi|: can be expressed in terms of four generalized bilinear

S2: M,=100 GeV, |u|=700 GeV, mz=200 GeV charges, classified according to the chiralitie=L,R of
’ 2 A ' € (15)' the associated electron and neutralino currents

In this scenario, we expect that some cancellations among B D, 1

the CP phases are needed to suppress the electron EDM. Of Ql =+ ﬂ< S\ZN— E) Zi;—Dyl0uij » (17)
course, the degree of the cancellations depends on the values Swlw

of the real SUSY parameters, especially the higgsino mass

parametefu|. The reason why we take a large| of 700 ) D 1

GeV is to alloyv a relati'vely large region for tH@P phases Qlr=— 5 22 (S\ZN— > Z}j + DtLg’L*ij ,

@, and®, while scanning the phask,_from 0 to 2. The Swlw
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ij Dz ij:EH 24 Q42— QU [2— Q2]
Qr =+ —ZZ” + DrORij » Q3 4 QL. Qrr QrL Qcrl“l,
Cw

B D |]:_I 1] |J*+ 1] 1] %
QHR:__QZZ:]_DURQEH! Qs 2 [QrrQRL T QLLQLR ]

Cw
with s, t-, and u-channel propagators and the couplings Q'5'=§R[QgR lr+QULQEET
Zjj, 9Quij andgg;;:
Dz:; EZEI[QHR Ur +QULQRL ],
s—mz+im,I';’
7=RIQrrQLL ],
s
Pur=i T §=RIQk QA1
eLR
(b) Eight P-odd terms:
Dyir=—— (19 1
T ueme )= ZUQRAZ QR 2~ 1QURIP~ QUL I,

with s= (petPe)®, 1= (PeP5)* andu=(pe—pxo)* And, I
the combinationsZ;;, g,;; andgg; of the neutralino diago- 2 - ER[QRR L~ QUQLr ],
nalization matrix elementhl;;

1 3=~ [1QRr*+IQURIZ—1QR*—QLLI%1,
Zij=§[Ni3NT3_Ni4N?4], 4

1 . . 4IJ:§I[QHR Rt —QULQUR]
ILij =3 5 (Ni2CwT NizSw) (Nj5Cw+ Njysw),
4s3c3,

. {1 SRIQkQIA Lkt
Orij=— NiNj1, (19
Cw j_ 1 [Qll Qi — Qi Qii*
5 =-7 Q _Q ’
satisfy the Hermiticity relations reflecting ti@&P relations ° 2 RRELR HEERE
Zi=2%, 9uj=0li» Orij=9Rji- (20 Q7" =I[QRrQI ],
so that, if theZ-boson widthl’; is neglected in th&-boson I=7Ql QUX1. (22)
propagatorD,, the bilinear chargeQL{B also satisfy the
same re|ationQiC{ﬁZQJi* with t andu interchanged in the We note that these 16 quartic charges comprise the most

af . . . .
propagators. The relation is very useful in classifyingcomplete set for any fermion-pair production process in

CP-even andCP-odd observables in the following. e*e” collisions when the electron mass is neglected. On the
All physical observablegwhich can be constructed and Other hand, the quartic charges defined by an imaginary part
measured through the production proges® expressed in a of the bilinear-charge correlano_ns r_nlght be_nonvanlshlng
simple form by 16 so-called quartic charg@d] which con-  only when there are comple&P-violating couplings or/and
tain important dynamical properties of the process and ar& P-preserving phases like rescattering phases or finite
expressed in terms of the bilinear char@;‘sg. These quar- Widths of the intermediate particles. So, if there are no

tic charges are classified according to their transformatiorf® P-Preserving phases, non-vanishing values of these quartic
properties under parity as follows: charges signaC P violation in the given process.

(a) Eight P-even terms: Defining they! production angle with respect to the elec-
tron flight direction by®, the helicity amplitudes can be
i 1o i i i determined from Eq(16). Electron and positron helicities
ij_ — ij |12 ] 12 i |12 ] |12 h v )
Q1 4[IQRRI QU+ QR +IQLRI)  (21) are opposite to each other in all exchange amplitudes, but the
X andx{ helicities are less correlated due to the non-zero
Qij _ }R[Qij i +Qij i masses of the particles; amplitudes with equal neutralino he-
272 RRYRL T <LL*LR D licities must vanish onlyxm;(o_/\/g for asymptotic energies.
1]
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Denoting the electron helicity by the first index, th@ and
X; helicities by the remaining two indices, the helicity am-
plitudesT(o;\i ,\j)=2ma(o;\j\;) are given by

(+1++)=—[QhpV1- 7% + Q4 V1~ »’Isin®,
(+i+-)=-[QhrV(1+ 7)1+ 7)

+QRV(1—7,)(1—7_)](1+cos0),

(+;—+)=+[QrV(1—7)(1—7)

+QRV(1+ 7,)(1+ 7_)](1—cos0),

(+:= =)=+ Qa1 7"+ Qh1- 7 ]sinG,

(23)
for the right-handed electron beam, and
(=i++)=—[QlrV1- 7 + Q1= #*]sine,
(=i+=)=+[QlrV(1+ 7)1+ 7-)
+QUV(I=7) (1= 7 )](1-cosO),
(== +)=-[QV(1-7)(1-7)
+QUV(L+ 7)) (1+7)](1+cos®),
(== =)=+ [QlV1- 72 + Q1= 7% ]sinG, »
4
for the left-handed electron beam, wheren.

=NA(Lwf ,0f) * (0f - of) with of=mds andA(x,y,2)

=x2+y2+ 72— 2xy—2yz—2zx. The explicit form of the
production helicity amplitudes have been obtained by th
so-called 2-component spinor technique of R@g]. If the
arguments are not specified, the notatian stands for
ML ) in the following.

B. Neutralino mass spectrum and production cross section
1. Neutralino masses

Before investigating various dynamical distributions in
the neutralino processes, it will be worthwhile to see th
dependence of the neutralino masses and of the gaugino ¢
tent of the two light neutralino states on tliEP phases in
two scenariosS1 andS2. Figure 4 shows the mass spectrum
of the neutralinog , on the plane of th€ P phasesb , and
@, in the two scenariosia) S1 (upper figuresand (b) S2
(lower figures. Except for the region around,= 0,27 in
S1, the second-lightest neutralino masg0 is (almos} in-
dependent ofb, in bothS1 andS2, while the lightest neu-
tralino massm;o exhibits a very strongly correlated depen-

dence on theC P phases. Note tham;(g becomes maximal at

non-trivial values of®, and®, in S1 with |u|=200 GeV.

This feature leads immediately to the conclusion ﬂn@f is

€
0]
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FIG. 4. Neutralino mass spectruita) o and (b) Mo on the
{®, P4} plane in the scenarioS1 (upper paft and S2 (lower
pard.

strongly affected by a small value ¢fi|, while Mo is es-

sentially determined by the SP) gaugino masd,. Com-
bined with the electron EDM constraints shown as the shad-
owed region in Fig. 1, the mass, o becomes smaller as the

CP phasesb, and®, approach the off-diagonal line on the
plane, which implies that the mass is a function of the sum
®,+ P, of two CP phase to a very good approximation.

Since the phas®, is related with the gaugino part while
the phaseb,, with the Higgsino part, the size of their con-
tributions will be strongly dependent on the size of the
gaugino(or Higgsing contents of the neutralino states. So,
we present in Fig. 5 the gaugino contests and X, of the

Sightest and second-lightest neutralingsand? defined by

X1=|Ngq >+ [Nggl?,

X=[Nay|?+|Npl?, (25)
with respect to the phask,, while the phaseb, is scanned
over its full allowed range in the scenari@ S1 and(b) S2.
As expectedy? has larger gaugino contents thg8. Cer-
trz]i_inly, the gaugino content in the scena$® is almost 100%
due to the large value dfu|=700 GeV compared to the
gaugino massg#,| andM,. For®,, aroundm, the gaugino
contents are almost insensitive to the phdse On the con-
trary, in the region ofP,=0,27, the gaugino contents are
very sensitive to the phask;. This feature is partially re-
sponsible for the fact that in the scena&i, the neutralino
masses are strongly dependent on the pldasaround® ,
=0,27.

2. Production cross section

One of the important distributions in the production pro-
cesse*e” — [y is the differential cross section averaged
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(a) Scenario 1

(b) Scenario 2

(a) Scenario 1
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(b) Scenario 2
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FIG. 6. Dependence of the differential production cross section
of the procese e — xJx} on the scattering angl® in the sce-
narios(a) S1 and(b) S2 for five combinations of the values of two
CP phasesb,, and®;.

FIG. 5. Gaugino contents of the two lightest neutralino st}ﬁes
andy with respect to th€ P phased , with the phaseb; scanned
over its full range in(@) S1 and(b) S2. The open circles are f(irg
and the filled diamonds foy>.

over the initial beam polarizations. This unpolarized differ- The cross sections due to the selectron exchanges are
ential production cross section is given by taking the averagemaller in the forward-backward directions in contradiction
or sum over the initial or final helicities: with a naive expectation of forward-backward peaking phe-
nomena due td- and/or u-exchanges. The reason is that
while theQY contribution is suppressed in the scenatioit

is comparable in size with the other contributions with op-
posite sign in the scenari®?. Therefore, in the forward and
backward directions, there exist a large cancellation among

Carrying out the sum, one finds the following expression forS€Parate contributions.

the differential cross section in terms of the scattering angle 1 N€ Production cross section is more sensitive toGiie
and the quartic charges: phases in the scenar&? than in the scenarif1; the abso-

lute production rate is much larger and the change due to
different phases is larger as well in the scen& So, we
can expect in the scenar&®? that the cross section itself can
allow for a good determination of the phases.

On the other hand the contours of the total production
cross sections for the associated production of neutralinos
e"e —xJxJ are displayed in Fig. 7 on the plane of the
phaseq®, ,®,} for a given energy of 500 GeV and for two
SUSY parameter sets of the scenafi@sS1 and(b) S2. The
total production cross section is of the order of 1 fb in the
Figure 6 shows the dependence of the production cross seseenarioS1 while it is of the order of 100 fb in the scenario
tion on the scattering angl® and on theCP phases &2. In the scenariésl, the cross section is large when the
{®,,®,} in the scenarida) S1 and(b) S2 for a given c.m.  phase®, is aroundw and the phas@, is aroundn/2 and
energy of 500 GeV. Several interesting features are noted:37/2. However, the cross section in the scenas® in-

Two distributions are forward-backward symmetric, creases as the phaség and®, approach the central point
which is due to the Majorana property of the neutralinos{=,#} along the diagonal as well as off-diagonal lines.

This symmetry property can be traced back to the fact that
the quartic charg€ is directly proportional to co® and

the quartic chargeQ4, are forward-backward symmetric
due to the Majorana relatiofQ), z(0)|=[Qlg  (7—0)]
wherea=L,R stands for the electron chirality. At future e* e colliders, it is expected that highly longi-

The cross sections in the scenafi® with small selectron tudinally polarized electron and/or positron beams are avail-
masses are much larger in size than those in the scefiario able. On the other hand, it is uncertain if high transversely
with very large selectron masses. This reflects the fact thgtolarized beams can be easily obtained unlike conventional
the t- and u-channel selectron exchanges become dominaré*e™ circular colliders. Nevertheless, it is interesting to
for small selectron masses so that the production cross seivestigate the effects of the longitudinal and transverse
tions are very much enhanced. One additional crucial reasgpolarizations of the initial beams for the determinations of
for the enhancement is that two neutralino states are morthe fundamental SUSY parameters. So, in this section, we
gaugino-dominated in the scenad® than in the scenario introduce a general formalism to describe the polarization
S1. effects of the initial beams for any production process. Here,

do
d cos®

2
(76" = X0 = 2o NVZD [(ginih)|?
X 30 i
(26)

do
dcos®

2
s
STy ANYA[4— (9. —7n_)?

(ete”—xx))

+ (7, +7-)*c0$0]Q]
+4y(1-72)(1- 7)Q
+4( 7, +n-)cos®OQY}.

(27)

C. Initial beam polarizations

1. Spin-spin correlations
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the extremely small electron and positron masses ( The longitudinal and transverse polarizations and the azi-
=5.1x10"* GeV) compared to the"e™~ collision energy muthal angles for the transverse polarizations are related un-
of the order of 100 GeV allows us to have a very muchder CP transformations as follows:

simplified formalism. Neglecting the electron mass renders

the positron helicity opposite to the electron helicity in any PLe—PL,

theory preserving electronic chirality as shown before. Let us _

consider the neutralino-pair production procesSe™ Prcosa« Prcosa,

—X7x; . which is nothing but the process under consider- _ _

ation. For the sake of convenience we introduce a bracket Prsina— Prsina, (29

notation  for  all 'the. helicity amplltudesMU;mj . while the production helicity amplitudes are related under
=08, -5{0:\j\j) which is guaranteed by the electronic CP transformations as

chirality invariance and which enables us to obtain a simple
form of the polarization-weighted squared matrix element as (TNNpij= (o =N, = N)ji (30

where the subscripj means for the production of a particle
1 — 70 and i-particle/® di i -
) ) x; and an anti-particley; according to our spinor conven
Eij:Z(l_PLPL)E [ NP+ (= n 2] 5 = . o
Nikj tions. Denoting 3; as the CP-conjugate polarization-
— correlated distribution ok;; , one can construct &P-even

P —-P o ey o
+¥ D [N 2= (= A1 distribution 3(2;+3;) and aCP-odd distribution 3 (3;;
M —3ji). If no CP-preserving phases are involved or any of
P-P. o them are negligible in a given process, one can find that the
+ T2 Tcoga+ a)?}\ RICH NN (NN ] CP-odd distribution is proportional to the last term of the
i

distribution in Eq.(28), while the CP-even distribution is

— composed of the other three terms.

PrPr_ 3 . . *

+ 2 Sln(a-i—a))\z)\ I[<+)\|7\J><_7\|7\J> ],
iR

(28) Pr

— J— 43
whereP (P,) andP+(Pt) denote the degree of longitudinal H r/
and transverse polarization of the electr@ositron, and e - — j gt werees z

a(a) the direction of each transverse polarization with re-
spect to a given reference plane, for which the scattering

plane is chosen in most cases. The pictorial description of the K
azimuthal angles is given in Fig. 8. We emphasize that the Pr
formalism can be applied to are/ e collision process pre-
serving electronic chirality with an apporiate choice of ref-
erence frame to define the azimuthal angle parametensd

FIG. 8. Configuration of transverse polarization vectors in the

center-of-mass frame. The azimuthal angcl:esand; denote the
orientation of the polarization vectors with respect to a reference
a. plane, for which the scattering plane is chosen.
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2. Two additional CP-even observables scattering angle. Nevertheless, this distribution will affect the

Neglecting theZ-boson width [,~2.5 GeV), which is final two-lepton distribution partially so that it is not useless
very small compared to the collision energies under consid© investigate the dependence of the observable on the SUSY

eration, the distributiori28) provides us with thre€ P-even ~ Parameters. Th€P-even observablé>r obtained through

observables: one of them is the unpolarized part which ha1® @ngular projection procedure is given by
been discussed before and the other two terms can be ex-

tracted by taking an appropriate polarization correlation. _ 1 YN N x N\
Longitudinal polarization yields a differential left-righitR) Pr= \/ENMEM RLUCEMAD(=NA) ]
asymmetryA g

ij

. =22\ = sirto. (35)

ALR= 77 2 [|<+§)\i7\j>|2_|<_;7\i7\J>|2]’ 3D o
4/\/’>\i)\j

. o _ _ The upper figures in Fig. 9 exhibit the LR asymmetigeg
with the normalization CorreSpondlng to the UnpOIanzed parbnd the lower ones th@ P-even Observab|e§_l_ for the pro-

duction of the associated payh andx? as a function of the

N= 1 > [ NN P+ (= nng) 2] (32)  scattering angl® at a c.m. energy of 500 GeV in the sce-
ik narios (a) S1 and(b) S2 for five combinations of the&CP

ghases{CD «®1}. We note that these two observables are

also more sensitive to theéP phases in the scenar&? than

in the scenarics1. However, the sensitivity of the LR asym-

=

The LR asymmetry can readily be expressed in terms of th
quartic charges,

ALr=1{[4— (7. —7_)2+ (7, + n,)zcosZ@]Q’ilj metryALR to theCP phases_ is not strong, so that the asym-
metries are not very useful in determining the phases. On the
+4V(1-73)(1-72)Q'} other hand, as discussed before, thB-even observable,
-~ which is more sensitive to the phases, is not easy to extract
+4(n,+7-)cosOQ'3}/N, (33 experimentally. Therefore, we may conclude that these two

. ) ) ~_ observables are not so powerful in determining the phases in
with, correspondingly, the expression for the normalization poth scenarios, while satisfying the constraints from the elec-

. tron EDM measurements.
N=[4—(n:—1_)?+(n,+7_)?cos0O]Q!

+4\(1-75)(1—7°)Q3 +4(n, + n_)cosOQY .
(34)

3. One CP-odd observable

CP violation arises in the existence of nontrivial complex
couplings in the Lagrangian. In the associated production of
the neutralino<C P violation is reflected in the complex pro-
duction amplitudes. First of all, we find that in every diago-
nal production of neutralinos the production amplitude is
Spurely real with theZ-boson width neglected, and it leads to

It will be straightforward to extract the integrated left-right
asymmetry experimentally with the expectation that highly
longitudinally polarized beams are available at futafe™
linear colliders. Certainly, the extraction efficiency depend -
linearly on the degree of electron and positron polarizatiod'® € P-violation.
obtainable at the* e~ collisions. Like f[he _CP-even o_bservablé?T, the only T-odd term
The other transverse-polarization dependent term can blen - Wh'Ch IS CP'O.dd in the absence of angP-even re-
separated by allowing transverse polarization and setting lor:catering phases like tizeboson width, can be separated by
gitudinal polarization to zero. Note that the transverse term ig\llowmg transverse polarization and setting longitudinal po-

dependent on the sum of two azimuthal angJesand; larization to zero With\/Esin(cH—;) as a projection angular
which must be sorted out by using a weight func’tionfunction. As a result, one can obtainGP-odd observable

J2cos@+a). This projection requires that the scattering’ N 2

plane is experimentally determined event by event. First of 1

all, the neutralino Masses;o and o are expected to be pNE\/_— > ZLH NN NN )*]
measured with good precision through identifying the mini- 2N XX,

mal and maximal values for the lepton invariant mass in the 1ij

leptonic decay3— x91 1~. The determined masses and the =—2{2\ Tesinz. (36)
four-momentum of two final leptons enable us to determine

only the polar angle between thg flight direction and the One can check with the definition of the quartic cha@el

X3 flight direction in the laboratory frame. Certainly, if the that if the Z-boson width is neglected, tiEodd observable

c.m. energy is so large that neutralino masses are negligiblgs, may be non-zero only foi#j since fori=j all the
the neutralino direction can be identified with the direction ofpjlinear charges are real.

the two-lepton momentum. However, for a moderate c.m. |n CP-noninvariant theories the quartic char 'g
energy, it is not possible to completely determine f\k& which is non-vanishing for# j, can be expressed in terms of

075004-10



CP PHASES IN CORRELATED PRODUCTION AND. . ..
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FIG. 9. Dependence of the
left-right asymmetryA g and the
transverse distributioP; on the
scattering anglé® in (a) the sce-
narioS1 and(b) S2 for five com-
binations of the values of twG@ P
phasesb , and®,. The upper two
figures are forA g and the lower
two figures forP-.

Both Z( Zj;gr;j) and Z(Z;;gf;;) require the existence of

diagonalization matridN. In order to elaborate on this point gaugino and Higgsino components and a different magnitude

further, we present the explicit form of the quartic charge
assuming a reaf-boson propagator the quartic char@é}

is given by

Dz
4 4
2syCw

Q'Y=

[s(De— Dy Z(Z07)

—(sy—12)(Dir—DyR)Z( 295 ]-

Two combinations of the couplingsI(Zijgfij) and
I(Zi,-g’,;ij), are rephase-invariant. Using the expressions fo
Zij» Ouij andggjj, we can rewrite the two combinations as

1
I(Zijg’ﬁij) = _Z[I(NiSNjksN}klel) _I(Ni4Nj*4Ni*1Nj1)].
2Cy

1
(205 = B—[I(Ni3N]k3N,r2Nj,2)

swev

—Z(NisNJNEN{L) T,

where the primed matrix elementy; and N/, are related
with the diagonalization matrix elementhl;; and N;,

through

N/;=cwNi1+swNiz,

From the expression87) and(38), we can draw the follow-

ing consequences:

N/,=—swNi; +CcyNi,.

unity.

‘of two Higgsino components of theY andx{ states. This
latter requirement means that tarshould be different from

The distribution is forward-backward asymmetric, be-
cause the angular dependence is determined by the difference

DtL,R_ DuL.R'

37)

Due to the large suppression in theand u-channel se-
lectron exchanges, theBodd asymmetry is very small in the
scenarioS1. Moreover, the asymmetry is very small in
};he scenarias?2 as well. This suppression is because the ob-
servable requires a sizable mixing between gaugino and
Higgsino states, but the mixing is very small due to the large
value of| x| compared to the gaugino massés and|M,|.

As a whole, these features lead to the conclusion that the
T-odd observablePy is not useful in measuring th€P

phases directly in both scenari§$ andS2 suggested by the
analysis for the electron EDM constraints.

4. Neutralino polarization vector

(39

Neutralinos are spin-1/2 particles and their polarization

can be measured through their decays. Before we investigate
the possible neutralino decays in detail, in this section we

study neutralino polarization directly in the production pro-
cessete” — xYx$ with unpolarized initial beams. The polar-

(39

ization vector P=(P, P, PJ) of the produced neu-
tralino x? is defined in the rest frame in which the azif_

is in the flight direction of x°, X||T rotated counter-
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clockwise in the production plane, and=zxX||N of the Normal Polarization in Scenario 2
decaying neutraling? . Accordingly, the componer®! de- 0.3 ' ' '
notes the component parallel to tﬁ% flight direction in the
c.m. frame,P{ the transverse component in the production bl =TI
i i 0.2 |/ e N7
plane, andPy the component normal to the producton —  ~ 7 = TT==mTz=s 3
plane. These three polarization components can be expresse fi )
by helicity amplitudes in the following way: 0.1 f I iy l%
—~ B e (/2,7
’ 1 , , T S b (m, w2)
Pi=7 3 {loi++)P+[(or+ ) e N
. 2 . 2 00 ____________________ /]
LG e 2
pi=1r > o+ + ) o —+)* —0.1 . . .
T2 A ’ -1.0 -0.5 0.0 0.5 1.0
cos®

+<cr:——><cr:+—>*]}//v,

FIG. 10. Dependence of thg) normal polarizatiorP2! on the
scattering angl® in the scenari&s2 with relatively light selectron

1 masses and a large value|gf] = 700 GeV for five combinations of
PY= EZ{ 2 [(o;— =)o +—)* the values of theCP phasesb,, and®,.
Since the presently measured vqlus@fis 0.231527] very
—(o++ ) o= +)*] N. (40 close to 0.25, the quartic char@] is extremely suppressed

in the scenariaS1. However, in the scenaris2, the quartic

The longitudinal, transverse and normal components of th&€harge can be relatively large without such a big suppression

}io polarization vector can be easily obtained from the pro_as shown in Fig. 10. In this case, the normal polarization is

duction helicity amplitudes. Expressed in terms of the quartic(é]c the order of 10%, which is really sizable for non-trivial
charges, they read P phases and very sensitive to td® phaseg® , ,P,}.

So, it is expected to give stringent constraints on the phases
Pi_j —4{2(1- wiz_ wf)cos@Q’! +4winCOS®QriZj _CI),L. These strong constraints will be explicitly demonstrated
i in the following.
+ MY 1+c080 — (0!~ w)siPO]Q"I}/N,
B s i V. NEUTRALINO DECAYS
ij_ — W2+ /|j+ 1 rij )
Pi=-8{[(1-wi+0))Q"{ +1"*Q"3c0s0]w A. Decay density matrix
2_ ) w;Q'Nsi . . o~ :
+(1+oi— o)) 0;Q'2}sinO/N, Assuming the lightest neutraling® to be the lightest su-
persymmetric particléLSP), several mechanisms contribute

N =8\ 2w;sinOQ}/N, 41 ~
Py w;sin®Qa/. 4D to the leptonic decays of the neutraligd (i=2):

where the reduced masse8= m)%ds. The longitudinal and
I

XC(@)—=X3(g0)+17 (@) +17(q).
transverse components @&edd andC P-even, and the nor-
mal component i$-even andC P-odd. In particular, the leptonic three body decay of the second

The normal polarization component can only be generateglyhtest neutralinox3— x2 *1~, is known to be very impor-

by complex production amplitudes. Non-zero phases argynt pecause the end point of the lepton invariant mass dis-
present in the fundamental SUSY parametefsHis broken  yihytion gives us direct information on the mass difference

in the supersymmetric interaction. Also the non-zero width ~0 ~0 . . . .
i .. betweeny; and x;, which provides us with a stringent con-
of the Z boson and loop corrections generate non-trivial” .
straint on MSSM parameters.

phases; however, the width effect is negligible for high en- Although we will take into account only electrons and

ergies as mentioned before, and the effects due to radiative .

corrections are small as well. So, the normal component iqiuons for the flnal.state Ieptqns, letus make some Commems

effectively generated by the complex SUSY couplings AN the other possible leptonic decay of the second lightest

. . “'0 "'0 — . . .

the selectron-exchange contributions can be ignored in thBeutralino,x,— x77" 7~ [21]. Sincer is the heaviest lepton

scenarioS1, theCP-odd quartic charg®!! simplifies to with a much larger mass (1.777 Ggthan the other leptons
and it couples with Higgs bosons with the strength propor-
tional to tang, the branching fraction of this leptonic decay

(s\z,\,— Z)I(Z‘Zj)' (42 mode can be very different depending on the value ofgtan

and the Higgs mass spectrum. Actually, the mode is known

Qi4j_|DZ|2

CSw
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with the generalized bilinear charges for the decay ampli-

>

o
I
3

tudes:
es X2 w
. - D, 1
z £ ‘e et 1433 X2 D=+ So— > Z3i =Dy 9u1is
Swlw
Al Al I ,
z
FIG. 11. Neutralino decay mechanisms; the exchange of the D gr=+ —221i+DtngR1i,
neutral Higgs bosons are neglected because of the tiny electron Cw
Yukawa coupling.
. D 1
to be very much enhanced due to the Higgs exchanges at Dg. =— Z |2 _Z|lz4D., g’
. h 2 2 |°w 2 1i t'LYLLi
large tang [21]. Furthermore, the polarization af can be SwCw

observed through the decay distributions, which strongly de-
pend on the parent polarization[28]. ;

Because of the missing tau neutrinos, one would not be Drr=—— 21~ DurOR1i (44)
able to measure the invariant mass of two tau leptons experi- Cw
mentally. Nevertheless the polarization or the invariant
mass of the twor jets might be seen in future collider ex- Where the chiralities/ 8 stand for the)(lll chiralities, the
periments. We note that in—p or a; decays, the final vec- S'-, t'-, andu’-channel propagato®;, D/ randD, g
tor meson carries a substantial part of the paremtomen-  are defined in the same way as those for the production pro-
tum, therefore the smearing of the distribution is less severeess, and the couplings;, g,;;, andgg;; are given in the
than for decays inter™, u ande. Let us give several com- section for the production helicity amplitudes. The Mandel-

ments on the tau decay mode. First of all, fothe effects of ~Stam variabless’,t’,u’ are defined in terms of the

the Yukawa couplings and slepton left-right mixing could be4-momenta ofy$, 1~ andl ™, respectively, as
very important for large taB. Their leading contribution o o
flips the chirality of ther lepton[29]. Secondly, for the three s'=(q+q)? t'=(go+q)% u'=(go+q)% (45

body decays, studying the correlation of two tau decay dis-
tributions would reveal the helicity flipping and conserving The decay distribution of a neutralino with polarization vec-
contributions separately. Thirdly, staus could be lighter tharior n* is

the other sleptons for various reasons. The running of stau

soft SUSY breaking masses from the Planck scale and stayD|?(n)= —4(t’—mip)(t’—mio)(Nl—N3)—4(u’ —mi_o)
left-right mixing could enhance decays iri@r+ 7. Experi- ' ' '

mental consequences of such scenarios have recently been X(u’—mio)(NlJr N3)—8m;(_om;(<1)s’N2—8(n~a)
widely discussed. Also models with lighter third generation ! '
sparticles have been naturally constructed without causing ><[m~0(m~2-o—u’)(Ni+ N§)+m~o(mgo—t’)N§]
the flavor changing neutral current problem. The three body N X
decay branching ratio and the decay distribution might be 2 N ,

y g Y 9 +8(n- ) —mye(meo—t') (N —N3)

different from those for leptons in the first two generations.

Since the study of the decag)— x>+ 7~ in addition to the

other leptonic modes could be an important handle to iden-
tify such models, we plan to present a detailed investigation o
about all these interesting features in the near future. where n, is the }P spin 4-vector and (ginqa,)

The diagrams contributing to the proce,sg—u(OI*I =€,,,0,4/'N"q°q’. Here, the quartic chargefN; to N}
with =e, u are shown in Fig. 11 for the decay into lepton and{N; to N3} for the neutralino decays are defined by
pairs. Here, the exchanges of the neutral Higgs bos$anas
placing theZ boson are neglected since the couplings to the 1 ) 5 ) )
light first and second generation SM leptons are very small. N, = Z[|DRR| +[DLl*+[Drul*+[DirlI7], (47)
In this case, all the components of the decay matrix elements
are of the left-right current current form which, after a

+myg(meo—u’)Nz]— 16mo(cinac)Ng,  (46)

1
simple Fierz transformation, may be written for lepton final N,= ER[DRRD’[RJr D, Dx.].
states as
DOP=Xo711) 1
Xl N3= Z[|DLL|2+|DRR|2_|DRL|2_|DLR|2]1

e? . o
= ;DQB[U(X?) PP (X J[U(1 ) y,P o (1)1,

1
(43) Ny= EI[DRRD’CR+DLLD§L]1
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o1 X=—8(t"—mZo)(t" —mZo)(N;— Ng)
N1:Z[lDRR|2+|DRL|2_|DLR|2_|DLL|2]1 Xi gt s

' 2 r_ 2 _ )
—8(u —mXio)(u —mxg)(Nl+N3)—16rnXiom;(tl)s N,

1
Ny= ER[DRRD’L(R_DLLD,F;LL — 2 , ,
Y8=—18n% g)[myo(mio—u’)(Ny+N3)

, 1 - 2 ’ '
N3= Z[lDRR|2+|DLR|2_|DRL|2_|DLL|2]- +mxg(m}io—t N3] +16(n%-q)

2 ’ r_ NI 2 ’
If needed, the polarization of the final neutraliﬁ@ can be X[—m;(io(m}(l)—t )(N; N3)+m;(2(m;(:3 u")Nz]

incorporated in a straightforward manner although the decay —

distribution will be more complicated in its form. —32mo(qin*q )Ny, (53
For the subsequent discussion of the angular correlations

between two neutralinos, it is convenient to determine thevith n® (a=1,2,3) three vectors forming the polarization

decay spin density matri,,.~D, D}, . In general, the de- basis for the decaying spin-1/2 particle.

cay amplitude for a spin-1/2 particle and its complex conju-

gate can be expressed as B. Branching ratios

_ _ Since the reconstruction of the neutralino-pair production
D(N)=Tu(g,N), D*(N')=u(g,\")T, (48  depends on the efficient use of the neutralino decay modes, it
o is necessary to estimate the branching fraction of each decay
with the general spinor structuf@ andT=+°T'". Then we mode. Since we assume that the lightest neutralino is the
use the general formalism to calculate the decay density ma-SP and we are interested only in the decay of the second-
trix involving a particle with four momenturg and massn  |ightest neutralinoy, we can classify the decay modes as
by introducing three space like four vectmg (a=1,2,3) follows:
which together withg/m=n° form an orthonormal set: ~ — o —
Xo—Z* X3, H* X3—x31*1~ X3qa,
ghnand=g?"  gupnind=g,,, (49

0 Tx T S0 - 0ga
where g#’=diag(1-1,—1,—1) and g?°=diag(1-1,—1, Xo= T wv*,dg" =il 1~ xida, (54

—1) with a,b={0~-3}. A convenient choice for the explicit pggjdes, if the massy; - is smaller than the neutralino mass
form of n? is in a coordinate system where the direction of

the three-momentum of the particle ds=(sin 6,0,c0s6) ly- e, the lightest charng(l can enter the neutralino decay

ing on thex-z plane: chain viay3—x; W**,x; H™*. Concerning the neutralino
] 5 decays, there are several aspects worthwhile to be com-
=(0,co0s0,0,~sin#), n“=(0,0,1,0, mented on:
For the first and second generation fermions, the Higgs-
n3:£(|ﬁ| Eq (50) exchange diagrams are suppressed unles8 tarery large.

The experimental bounds on the Higgs particles are very
stringent so that the two-body decay§—HY? and x3

—H*x; are expected to be not available or at least strongly
suppressed.
The lightest chargino and the second-lightest neutralinos

Then in this reference frama}?2 describe transverse, nor-
mal and longitudinal polarization of the particle.

With the four-dimensional basis of normal four-vectors
{n°%nt,n% n%, we can derive the so-called Bouchiat-Michel

formula [30] are almost degenerate in the gaugino-dominated parameter
space so that the charged decays sucf9as x; |~ v will be
— .1 aa highly suppressed.
u(a,Mu(q,h)= 5L+ ysh i, 1(@+m), (5D Nevertheless, we calculate the leptonic branching frac-

t|onsB(X2—>X I *17) fully incorporating all the possible de-

which can be used to compute the squared, normalized dec%&y modes of the neutralm;@z while neglecting the Higgs-
density matrixp, exchange contributions for a small t8&3. In our
numerical analysis, we assume 200 GeV for a common soft-
breaking slepton mass and 500 GeV for a common soft-
OREESE breaking squark mass. Figure 12 sha(g3— x°l *17) for

X I =e or u in the scenario&) S1 and(b) S2. We find that the
branching fractions are very sensitive 4@, only around
wherer® (a=1,2,3) are the Pauli matrices and the four ki- ® ,= 0,27 in the scenari&l, while it depends very strongly
nematic functionsX andY? (a=1,2,3) on®,; and® , on (almos} the whole space of the phases in

7 Ti Y (52)

DIND*(\') 1 ya
pPwET =50t
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(a) Scenario 1 (b) Scenario 2
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the scenariaS2. Furthermore, the branching fractid®( x>

—X%*17) is very much enhanced in the scenafd be-
cause the slepton-exchange contributions coming mainly ) )
from the gaugino components of the neutralinos become —[o =)= = =),
dominant, due to small slepton masses, while the large value

P=3 3 [oit )P+ loi+ )P

1
72

of |u| suppresses the Higgsino components. Consequently, :E VSR
the branching ratio of the leptonic decay of the second light- v 2 (,Zi R N )
est neutralingeo— x21 *1~ is very sensitive to the values of o= Yot +—)*)

the underlying parameters, in particular, &® phases. o 7 '

— 1
V= > > (o, —+ )Xo+ +)*
VI. SPIN AND ANGULAR CORRELATIONS o==

A. Correlations between production and decay +(o;— =)o+ —)*}. (56)

In this section, we provide a general formalism 0 de-nice that the above combinations are directly related with
scribe the spin correlations between production and dec o ~ )
e polarization vector of the neutrahaé’ as follows:

for the procesgte” —>}'(i°}"(? followed by the sequential lep-
tonic decayy’— x3I~|*. For the sake of convenience, we L P Y LV
do not consider the initial beam polarization, which can how- Py =3 Pt =5 PN -y (57)
ever be easily implemented. Formally, the spin-correlated unp unp unp

Combining production and decay, we obtain the fully-

distribution is obtained by taking the following sum over the

helicity indices of the intermediate neutralino staf by  correlated 6-fold differential cross section
folding the decay density matrix and the production matrix

formed with production helicity amplitudes: do  mwa?p ~0 ~o_
P y amp @szunp@()ﬁo*ﬁ' 1)
— 2 2 R NI\ * . ) )
gr =7a g« ; ; (AN (TN N X[1+P,PIL+ PP+ PP, (58)
Y Y Y where
=20207 S it P+ < V+ —zﬁ (55)
X X X
Y Y3 Y3
PX_Y’ Py_?’ PZ_Y’ (59)

where the functions of the scattering an@¥eare given in )
terms of the production helicity amplitudes by with  the phase space volume element ® d
=dcos®dx;dx,dcosh;dd,d¢p,,. The angular variabl®; is

the polar angle of thé™ in the}}? rest frame with respect to
the original flight direction in the laboratory frame, agd

the corresponding azimuthal angle with respect to the pro-
duction plane, andb,, is the relative azimuthal angle of
+{o;— )+ {o;— =), along thel ~ direction with respect to the production plane.

1
Sup=7 2 [Koit )P [(or+ )2
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FIG. 13. Configuration of momenta in tleg’ e~ ¢.m. frame for

PHYSICAL REVIEW B1 075004

wherer ;= m~)2~(o/m§(o, and the masses of the final-state lep-
1 2

tons are neglected.

B. Total cross section of the correlated process

The total cross section for the correlated process™
— ¥ =X3(x%1"17) is given by integrating the differential
cross section(58) over the full range of the 6-dimensional
phase space. More simply, the cross section is given as the
multiplication of the integrated production cross section
o(ete—=x9x9) and the branching fraction B(xs
H}glﬂ‘) because the correlation effects are washed out
after integration over the phase space volume.

The total cross section is displayed in Fig. 14 as the con-
tour plots on the plane of tw@ P phaseq®,,®,} in two
scenarios(a) S1 and(b) S2. First of all, we note that the

the associated production of neutralinos and in the rest frame of thgyta| cross section in the scenaid is very small. By defi-

decaying neutraling.

On the other hand, the opening anglg between thé™ and

nition, the scenari®&l has extremely large selectron masses
so that only theZ-exchange diagram involving only the
Higgsino content of the neutralinos contributes. However,

I " is fixed once the lepton energies are known. The pictoriathe Higgsino content of the neutralinos is at most 40% and in
description of the kinematical variables is presented for th?nost cases 20% fo}‘z’ while it is at most 20% and in most

decayys— xJI 71~ taking the specific neutraling) in Fig.
13. The dimensionless paramet&isandx, denote the lep-
ton energy fractions

My M
TXl, E|+=—X2, (60)

E|—: 2

with respect to the neutralino masspo divided by a factor
|

cases 10% fox{. Therefore, it is naturally expected to have

a strongly-suppressed cross section in the scenario. On the
other hand, the total cross section is very much enhanced in
the scenariaS2, mainly due to large gaugino content and
small selectron masses which contribute to the cross section
through thet- andu-channel exchanges. So, we can conclude
that it is possible to have a relatively large cross section if the
Higgsino content of the neutralinos is large or the slepton

of two. The kinematically-allowed range for the variables ismasses are sméd].

determined by the kinematic conditions
0=0O=m,
O0<6O,<m, O0Os¢;<2w, O0=<¢,<2m,
O=x15=1-r21, (1=X)(1=Xa)=T2,
X1+ Xo=1—T5q, (61

(a) Scenario 1

Quantitatively the scenari61 will present a few events
of the neutralino process for an integrated luminosity of the
order of 100 fby ! while the scenari&2 give a few thousand
events for the same integrated luminosity. So, a good preci-
sion measurement of the relevant SUSY parameters might be
performed in the scenariS2 at future high luminositg e~
collider experiments such as TESLA, while it might be dif-
ficult in the scenarisl. As can be read from the figures, the
cross section increases as the phhgsapproachesr in both

(b) Scenario 2

R N | RS
Je ] mun] Sh W
u5010%fb
15F § aunn +6010%m “ooOg %@_ 1.8 |° y § FIG. 14. Contours of the total
b 5 I ny _-: > cross section of the associated
e S e I|"|-|.. [y production of neutralinose*e”
§~ T " *:i '-‘ 4l —Xx3x? followed by the sub-
' .y 5 0 & * sequential decay5— x511~ on
b® oo M ‘B s f the plane of two phase® , and
[© o % " '™ [ é’ ] Q@ p . P M
0.5 +% 8 O@ooO T S e S o O@ooo @, in the scenario$a) S1 and(b)
%% o @O@OO & cs g | 82. Here,| is eithere or .
L S T Li 0
0 0.5 1 1.5 2 1.5 2
o, /n
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\ (a) Scenario 1 . (b) Scenario 2
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FIG. 15. Two-lepton invariant mass distributions of the correlated production prete§s—>}}$(g—>x(l’l *1~ in the scenarioga) S1 and
(b) 82 for five combinations of the values of tWoP phasesb , and®,.

scenarios. However, the dependence of the cross section @Roduction cross sectian(e* e~ — y2x?). As shown before,
the phaseb , is very different in two scenarios. In the sce- the |eptonic branching ratio is very sensitive to the values of
nario 82, the cross section increases monotonicallyl8s  the underlying SUSY parameters. We find that the distribu-
approachesr, but it becomes maximal at a non-trivial value tjon of the invariant massy, of the final-state two leptons is
of ®, between 0 (2r) and in the scenariaS1. sensitive to the th€ P phases as well. First of all, the end
Compared with the dependence of the neutralino massgspint of the maximal invariant mass is strongly dependent on
on theCP phases displayed in Fig. 4, the cross section cafhe CP phases so that after all the real parameters are deter-
be larger for larger neutralino masses and vice versa for quitgyined, the measurement of the end point will provide us
Iarge region of theCP phaseS. This Implles that within the with a very good handle to determine t6é phases_ As one
range allowed in the scenarios the signals with larger massesn notice from Fig. 15, the sensitivity is larger in the sce-
can have more pOSS|b|I|ty of being detected while those Witmario S1 with a Sma”|M| parameter, which is more compa-
smaller masses may escape detection. In this sense, futiigple to the value oM, than in the scenaris2. It clearly
high luminosity experiments can give constraints on@®  jmplies that the effect of the€P phases is enhanced for
phases simply by putting the upper limits on the event rateomparable gaugino and Higgsino parameters.
In passing, we note that since it is independent of the
C. Dilepton invariant mass distributions production mechanism, the lepton invariant mass distribution
The invariant mass of two final-state leptoms , which can be an important toql for studying supgrsymmetr!c mod-
is nothing but the square root of the Mandelstam variable€!s even at hadron colliders because of its clean signature.

7 This point has been in detail explored by Nojiri and Yamada
' [31] by investigating the parameter dependence of the distri-
m=s'= MoV Xp— 14Ty, (62  bution of the three body decayd—x2I*1~ at the CERN
LHC.

is a Lorentz-invariant kinematical variable so that it is easy
to reconstruct by measuring the energies of two final-state D. Lepton angular distribution in the laboratory frame
leptons[31]. Furthermore, the distribution for the invariant | this section, we give numerical results for the angular
massm; is independent of the specific production processjjstributions of| ~ with respect to the electron beam axis
for the decaying neutralino. This factorization is due to thecomputed with complete spin correlations between produc-
fact that the invariant mass does not involve any angulafion and decay. Unlike the invariant mass distribution, this
variables describing the decays so that the polarization of thRypton angular distribution is crucially dependent on the
decaying neutralino is not effective. production-decay spin correlations. Moortgat-Pick and Fraas
Figure 15 shows the two-lepton invariant mass distribu{14] have found in their detailed study that the effect of the
tion in the scenariosa) S1 and(b) S2. This distribution  spin correlations for the lepton angular distribution amounts
must reflect the two-lepton invariant mass distribution of theup to 20% for lower energies and the shape of the lepton
neutralino decaﬁ(ge;(‘ﬂ*l* itself multiplied by the total angular distribution is very sensitive to the mixing in the
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(a) Scenario 1 (b) Scenario 2
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FIG. 16. Lepton angular distributions of the correlated proegss — yIx9—x9(x%1*17) in the scenarioga) S1 and(b) S2 for five
combinations of the values of twGP phasesb, and®;.

gaugino sector and to the value of the slepton mass. Thesgn exchanges give a large contribution in the scen&gip
points can be confirmed by comparing two results displayedhere might be a relatively large value of tfie (CP-)odd

in Fig. 16. In the scenari&l (left figure) with large selec-  observable for non-trivial phases. Furthermore, since the fun-
tron masses, the lepton angular distribution is forwarddamental structure of the electron EDM determined by the
backward symmetric and larger in the forward-backward di-CP phases will be very different from that of tHE-odd
rection. On the other hand, in the scenafip the angular observable, twaC P-odd quantities will play a complemen-
distribution is forward-backward asymmetric, maximal neartary role in constraining th€P phases. In order to make a
cosf-=0 but suppressed in the forward-backward direc-concrete comparison of them, we explore the exclusion re-
tions. Furthermore, the size of the lepton angular distributionyion by theT-odd observable on th€ P phases in the sce-
and the forward-backward asymmetry depends rathepario S2. Since we cannot estimate the precise systematic

strongly on theCP phases. uncertainties mainly related with the detection quality, we
neglect the systematic uncertainties but take into account
E. Triple momentum product only the statistical errors. In this case, the boundaries of the

th€ P-even excluded region of th€P phasesP, and®, at theN,-o

So far, we concentrate mainly on level f ; int ted luminosit tisfy th Iati
production-decay correlated observables which depend off V&! Tor a given integrated luminosity sa isfy the relation

the CP phases only indirectly. However, the initial electron 5 5 )
momentum and two easily-reconstructible final-state leptons J rdt= & (071 —(07) (64)
allows us to construct @-odd observable 2 (OD)o0r
Or=pe (PI-XPj+). (63 where (X)=[X(do/d®)dD/o, over the total phase
space volumeb. In determining the exclusion area we take
with | = e, u. This T-observableDy [19] can be finite if there  into account two possible combinations of two final-state
exist non-vanishin@ P-violating or C P-preserving complex |eptons; € ,e*) and (u~,« "), which is responsible for the
phases in the amplitude for the correlated process. If Weactor 2 in the denominator.
neglect the heavy particle widths, tieodd observable can Figure 17 exhibits the excluded area of (D@ phases by
be utilized to directly measure tf@P phases or to constrain the electron EDM measurements at 95% confidence level
them. (shaded regionand by theT-odd observabled; (hatched
Due to the general property of tieodd observable, we region at 2o level with an integrated luminosity of 200
know that it should be given a linear combination of thefb_l_ One can clearly notice their complementarity role
CP-odd quartic chargeQ3' and D,. Note that in the sce- played by two independer€ P-odd quantities. Thel-odd
nario S1 with large slepton masses, both of them are proporobservable enables us to exclude all the rangabgf for
tional to a small suppression factcx\z,\(— 1/4) as noticed in  most values ofp, except for®,=0,7,27. In addition, they
Eq.(42). Therefore, th&-odd observable as well as the elec- are complementary in the sense that the electron EDM is an
tron EDM can not give any significant constraints on @i indirect physical quantity determined at a very low energy,
phases in the scenar&l. On the other hand, since the slep- which does not need to observe SUSY particles but the
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Excluded area [2—-6] cesses, we have obtained several interesting results, which
2.0 . : can be summarized as follows.
A The production cross section and the branching fractions

of the leptonic neutralino decays are very sensitive taaRe

158 phases. As a result, the total cross section is very sensitive to

D /n
|

VIl. CONCLUSIONS

the CP phases.
B tron and positron beams lead to thi@®-even distributions
05 XM sensitive to the real SUSY parameters, those observables,
| | The production-decay spin correlations lead to several

distribution, and one interestingodd (C P-odd) triple prod-
measurements with the integrated luminosity of 200%flat the  are sensitive to th€ P phases in the scenari? with rela-

We have presented the exclusion region of@e phases

ducing neutralinos directly. So, we conclude that through ougomparison with the constraints from the electron EDM
the CP phases if the lightest and second lightest neutralinogp, .

—x3*1~ is expected to be one of the cleanest SUSY pro-
11— are produced at future™e™ colliders, the colliders will
in the minimal supersymmetric standard model with genera, or the existence o€ P violation in the MSSM in the neu-

If the electron-positron masses are neglected, the initial
longitudinal and transverse polarizations of the initial elec-
1.0 . -

[ T T and oneC P-odd distribution, which can be studied indepen-
dently of the details of the neutralino decays. While they are
especially, thel- (CP-) odd observabléPy is (almos} in-

v sensitive to theC P phases in both scenarios.
0.0 L . CP-even observables. Among them we have studied the
0.0 05 (1317(;t 1.5 20 two-lepton invariant mass distribution, the lepton angular
w
FIG. 17. Excluded region of the phasgb,, ,®,} by the elec-  uct of the initial electron momentum and two final lepton
tron EDM constraint§shadowed regionand by the triple product momenta. On the whole, we have found that the distributions
95% confidence level. tively light selectrons and large gaugino contents of the neu-
tralinos.
T-odd observableDr is a direct observable to measure theg , and®; by the T-odd (CP-odd) observable with the as-
SUSY CP phases exclusively, which however requires pro-sumed integrated luminosity of 200 th at 2 level. In
investigations ther-odd observable can be a very efficient measurements, the constraints from Thedd observable is
and complementary quantity in constraining or determiningcomplementary in that it constrains very strongly the phase
are pair-produced and unless the sleptons are too heavy.  To conclude, the associated production of neutralinos
e"e"—yxdx) followed by the leptonicys decays x3
In this paper, we have investigated the associated producesses to allow for a detailed investigation of the physics due
o o n TKE  BasSi o measure or consiran e SUSY para
P P ysp %ters andC P phases and so provide a complementary check
CP phases but without generational mixing in the Sleptontralino sector.

sector. The stringent constraints by the electron EDM on the
CP phases have been also included in the discussion of the
effects of theCP phases.
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the MSSM with generalCP phases without generational able comments. S.Y.C. would like to thank Manuel Drees for
mixing and applied them to the evaluation of the electronuseful suggestions and helpful discussions for the present
EDM to investigate its dependence on the phases. As a ravork and also thank Francis Halzen and the Physics Depart-
sult, we have identified two typical scenarios; one has largenent, University of Wisconsin—Madison where part of the
selectron masses of the order of 10 TeV and the other relawork has been carried out. The work of H.S.S and W.Y.S
tively light selectron masses of 200 GeV and a largewas supported in part by the Korea Science and Engineering
Higgisino mass parameter. The first scenario allows the fulFoundation(KOSER through the KOSEF-DFG large col-
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