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CP phases in correlated production and decay of neutralinos
in the minimal supersymmetric standard model
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We investigate the associated production of neutralinose1e2→x̃1
0x̃2

0 accompanied by the neutralino lep-

tonic decayx̃2
0→x̃1

0l 1l 2, taking into account initial beam polarization and production-decay spin correlations
in the minimal supersymmetric standard model with generalCP phases but without generational mixing in the
slepton sector. The stringent constraints from the electron EDM on theCP phases are also included in the
discussion. Initial beam polarizations lead to threeCP-even distributions and oneCP-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 to theCP phases. In addition,
the production-decay spin correlations lead to severalCP-even observables such as lepton invariant mass
distribution, and lepton angular distribution, and one interestingT-odd (CP-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 constraining theCP
phases with the EDM constraints.

PACS number~s!: 14.80.Ly, 12.60.Jv, 13.85.Qk
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I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! @1#
is a well-defined quantum theory of which the Lagrang
form is completely known, including the generalR-parity
preserving, soft supersymmetry~SUSY! breaking terms. The
full MSSM Lagrangian has 124 parameters—79 real para
eters and 45CP-violating complex phases@2#. The number
of parameters in the MSSM is very large compared to 19
the standard model~SM!. Therefore, many studies@3# on
possible direct and indirect SUSY effects have been mad
making several assumptions and investigating the varia
of a few parameters. Recently, it has, however, been sh
@4# that limits on sparticle masses and couplings are v
sensitive to the assumptions and need to be re-evalu
without making any of the simplifying assumptions that ha
been standard up to now.

Despite the large number of phases in the model a
whole, only twoCP-odd rephase-invariant phases, stemm
from the chargino and neutralino mass matrices, take pa
the chargino and neutralino production processes@5#. In light
of this aspect, phenomenological analyses with the comp
parameter set are not much more difficult than those with
real parameter set in the chargino or neutralino systems
cidentally, theCP phases are constrained indirectly by t
electron or neutron electric dipole moment~EDM! and may
be small, but the indirect constraints@3# on its actual size
depends strongly on the assumptions taken in those anal
As a matter of fact, many recent works@6# have shown that
the constraints could be evaded without suppressing theCP
phases of the theory. One option@7# is to make the first two
0556-2821/2000/61~7!/075004~20!/$15.00 61 0750
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generations of scalar fermions rather heavy so that one-
EDM constraints are automatically evaded. This case can
naturally explained by the so-called effective SUSY mod
@8# where de-couplings of the first and second genera
sfermions are invoked to solve the SUSY flavor chang
neutral current~FCNC! and CP problems without spoiling
naturalness. Another possibility is to arrange for partial c
cellations among various contributions to the electron a
neutron EDM’s. Following the suggestions that the pha
do not have to be suppressed, many important works on
effects due to theCP phases have been already reported;
effects are very significant in extracting the parameters in
SUSY Lagrangian from experimental data@4#, estimating
dark matter densities and scattering cross sections@9# and
Higgs boson mass limits@10#, CP violation in theB andK
systems@11#, and so on.

If the scale of the SUSY breaking is around 1 TeV
prefered by fine-tuning arguments in the Higgs sector, m
sparticles are expected to be produced at future collid
such as the Fermilab Tevatron upgrade, the CERN La
Hadron Collider~LHC!, or future e1e2 colliders proposed
by DESY, KEK and SLAC. Among the sparticles, non
colored supersymmetric particles such as neutralinos, cha
nos and sleptons are relatively light in most superymme
theories. WithR-parity invariance, charginos and neutra
nos, the mixtures of the gauginos and higgsinos, are p
duced pairwise ine1e2 collisions, either in diagonal or in
mixed pairs. At the CERNe1e2 collider LEP2 @12#, and
potentially even in the first phase ofe1e2 linear colliders
~see e.g. Ref.@13#!, the charginox̃1

6 and the neutralinosx̃1,2
0

may be, for some time, the only chargino and neutral
©2000 The American Physical Society04-1
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states that can be studied experimentally in detail. Furth
more, as they are expected to be lighter than the gluino
in most scenarios lighter than the squarks and sleptons, t
lighter chargino and neutralino states could be first obser
in future experiments ate1e2 colliders. On the other hand
the heavier chargino and neutralino states may require
second-phasee1e2 linear colliders with a c.m. energy o
about 1.5 TeV.

In light of the previous generic arguments and aspe
concerning the sparticle spectrum, one of the most promis
SUSY processes for investigating a wide region of the SU
parameter space is the associated production@14,15# of neu-
tralinos ine1e2 collisions:e1e2→x̃1

0x̃2
0. Although in gen-

eral chargino production@16,17# is favored by larger cross
sections, sizable cross sections for the neutralino process
be expected in certain regions of the parameter space. M
over, it might be possible to discover SUSY by neutrali
production if charginos are not accessible.

If neutralinos as new particles are discovered, its cl
identification can be enhanced by utilizing beam polarizat
and the complete investigation of the neutralino decays@18#.
Polarized electron beams have been shown to play a cri
role in disentangling SUSY parameters in chargin
neutralino- and sfermion-pair productions ine1e2 colli-
sions. However, those works have mainly considered lon
tudinal electron polarization. Recently, an intensive study
obtain high positron polarization has been made. In this lig
we study the case where the polarization of both electron
positron beams can be freely manipulated, and we inve
gate if the highly polarized electron-positron beams can p
vide a powerful diagnostic tool for determining SUSY p
rameters in the associated neutralino-pair product
Angular distributions and angular correlations of the dec
products as well as neutralino decay widths and branch
ratios can give valuable additional information on their co
position from gaugino and Higgsino components. Certain
one can infer the spin of the new particles from decay an
lar distributions with complete spin correlations of the d
caying particle. Moreover, the identification of neutralin
can be very much solidified by ascertaining the Majora
character of the neutralinos@15#. This has been demonstrate
to be possible by means of the energy distributions of
decay leptons if the neutralinos are produced in collisions
polarizede1e2 beams. The angular distributions of the d
cay products might, however, offer the possibility to pro
the Majorana property although polarized beams are
available. Furthermore, the angular distributions of the fi
leptons are suitable observables for studyingCP violation in
the MSSM@19#.

After the mixed pairx̃1
0 and x̃2

0 is produced, the secon

lightest neutralinox̃2
0 decays to two fermions and the lighte
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neutralino, which is assumed to be the lightest supersymm
ric particle ~LSP! as in the context of supergravity-inspire
models. Since leptons among fermions are most clea
identified at high-performance detectors, one of the m
promising modes for the associated production and seq
tial decays of neutralinos will be

e1e2→x̃1
0x̃2

0

u→x̃1
01 l 1l 2 .

So, in the present paper we give a comprehensive ana
through initial beam polarizations and spin correlations
tween production and decay to investigate the effects of
CP phases and the other SUSY parameters in the assoc
production and decay of the neutralinos in the MSSM w
generalCP phases but without generational mixing. In doin
the analysis, it will be meaningful to include the stringe
constraints from the electron EDM measurements on theCP
phases. Instead of performing full scans over the phases
real SUSY parameters, we take two typical scenarios to s
press the electron EDM constraints or to allow a large sp
of the CP phases while satisfying the electron EDM co
straints. The choice of two scenarios will be made afte
global study of the dependence of the electron EDM on
relevant parameters in the MSSM. In each scenario, the n
tralino mass spectrum, threeCP-even and oneCP-odd ob-
servables using initial beam polarizations, the neutralino
larization vector and several distributions observable in
laboratory frame are presented and discussed.

The organization of the paper is as follows. In Sec. II w
describe the supersymmetric flavor-preserving mixing p
nomena in a general parametrization scheme without gen
tion mixing; selectron left-right mixing, chargino mixing an
neutralino mixing, and identify the relevantCP phases. Sec
III is devoted to the discussion of the constraints by the el
tron EDM on theCP phases and Sec. IV to the associat
production of neutralinos with polarized beams and the
troduction of usefulCP-even andCP-odd observables
which are extracted by controlling the initial beam polariz
tion. In Sec. V we describe in detail the possible dec
modes and branching ratios of the second-lightest neutra
In Sec. VI, we explain how to obtain the fully spin-correlate
distributions of the associated production and decays of
neutralinos and study the impact of theCP phases on vari-
ous angular correlations. Conclusions are given in Sec. V

II. SUPERSYMMETRIC FLAVOR
CONSERVING MIXINGS

If flavor mixing among sleptons is neglected, the ma
matrix of selectrons is given by
M ẽ
2
5S m̃ẽL

2
1me

21mZ
2cos 2b~sW

2 21/2! 2me~Ae* 1m tanb!

2me~Ae1m* tanb! m̃ẽR

2
1me

22mZ
2cos 2bsW

2
D . ~1!
4-2
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The first term of the diagonal elements is the soft scalar m
term evaluated at the weak scale, and the second is the
squared of the the corresponding electron~dictated by
SUSY!, and the last comes from theD term. The trilinear
term Ae causing left-right mixing is due to the soft-breakin
Yukawa-type interaction, andm is the supersymmetric
Higgsino mass parameter describing the mixing of t
Higgs doublets. tanb is the ratiov2 /v1 of the vacuum ex-
pectation values of the two neutral Higgs fields which bre
the electroweak gauge symmetry. The selectron mass ei
states can be obtained by diagonalizing the above mass
trix with a unitary matrix Ue such that UeM ẽ

2
Ue

†

5diag(mẽ1

2 ,mẽ2

2 ). We parametrizeUe so that

Ue5S cosue 2sinuee
2 ife

sinuee
ife cosue

D , ~2!

where 2me(Ae1m* tanb)5ume(Ae1m* tanb)ue2 ife and
we choose the range ofue and fe so that 0<ue<p and
2p/2<fe<p/2.

In supersymmetric theories, the spin-1/2 partners of theW

bosons and the charged Higgs bosons,W̃6 and H̃6, mix to
form chargino mass eigenstatesx̃1,2

6 . The chargino mass ma

trix is given in the (W̃2,H̃2) basis by

MC5S M2 A2mWcosb

A2mWsinb m
D , ~3!

which is built up by the fundamental SUSY parameters;
SU~2! gaugino massM2 as well as the Higgsino mass p
rameterm and the ratio tanb. Since the chargino mass ma
trix MC is not symmetric, two different unitary matrice
acting on the left- and right-chiral (W̃,H̃) states are neede
to diagonalize the matrix:

UL,RS W̃2

H̃2 D
L,R

5S x̃1
2

x̃1
2D

L,R

, ~4!

so thatURM CUL
†5diag(mx̃

1
6,mx̃

2
6) with the orderingmx̃

1
6

<mx̃
2
6.

On the other hand, the neutral supersymmetric fermio
partners of theB andW3 gauge bosons,B̃ andW̃3, can mix
with the neutral supersymmetric fermionic partners of
Higgs bosons,H̃1

0 and H̃2
0, to form the mass eigenstate

Hence the physical states,x̃ i
0 , called neutralinos, are foun

by diagonalizing the 434 mass matrix

MN

5S M1 0 2mZcbsW mZsbsW

0 M2 mZcbcW 2mZsbcW

2mZcbsW mZcbcW 0 2m

mZsbsW 2mZsbcW 2m 0

D ,

~5!
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wheresb5sinb, cb5cosb, andsW ,cW are the sine and co
sine of the electroweak mixing angleuW , respectively. The
neutralino mass matrixMN is a complex, symmetric matrix
so that it can be diagonalized by just one unitary matrixN
such thatN* M NN†5diag(mx̃

1
0,mx̃

2
0,mx̃

3
0,mx̃

4
0) with the or-

deringmx̃
1
0<mx̃

2
0<mx̃

3
0<mx̃

4
0.

In CP-noninvariant theories, the gaugino massM2 ,M1
and the Higgsino mass parameterm as well as the trilinear
parameterAe can be complex. However, by reparametriz
tion of the fields,M2 can be assumed real and positive wit
out loss of generality since all other parameter choices
related to our choice by an appropriateR transformation.
Taking into account our parametrization choice, the final
of phases considered in the discussion of the electron E
and the neutralino production and decays includes
phases appearing in the chargino-neutralino sectorF1 ,Fm
and one phaseFAe

corresponding to the trilinear soft break
ing parameter relevant in the electric dipole moment cal
lation as will be discussed in the following section:

m5umueiFm, M15uM1ueiF1, Ae5uAeueiFAe. ~6!

We note that even though the off-diagonal elements of
selectron mass matrix are proportional to the small elect
Yukawa coupling, theCP phases, in particular,FAe

, play a
crucial role in determining the size of the electron ED
because every SUSY contribution to the EDM requires
chirality flip leading to dipole moments’ proportionality t
the electron massme .

III. ELECTRIC DIPOLE MOMENT OF THE ELECTRON

The electric dipole interaction of a spin-1/2 electrone
with an electromagnetic field is described by an effect
Lagrangian

LEDM52
i

2
deēsmng5eFmn . ~7!

In theories withCP-violating interactions, the electric dipol
momentde receives contributions from one loop diagram
In the MSSM, two diagrams contribute to the electron ED
in the mass eigenstate basis of all particles. They are sh
in Fig. 1 ~summation over all charginos and neutralinos
the loops is understood!.

FIG. 1. Diagrams contributing to the electron EDM;~a!
chargino-exchange contributions and~b! neutralino-exchange con
tributions.
4-3
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The Lagrangian describing thex̃6 –e-ñe interactions
without flavor mixing is

L x̃6eñ5
e

sW
ē~YeUL j 2* PL2UR j1* PR!x̃ j

2ñe1H.c., ~8!

wherePL,R5(17g5)/2, and the interaction Lagrangian d
scribing the most generalx̃0-e-ẽ interactions are given in
terms of mass eigenstates by

L x̃0eẽ52
e

A2sW

ē@Bj
aLPL1Bj

aRPR#x̃ j
0ẽa1H.c., ~9!

wherea51,2 and the couplingsBj
aL andBj

aR are given by

Bj
1L5A2YeNj 3* cosue12Nj 1* tanuWeifesinue ,

Bj
1R52~Nj 21Nj 1tanuW!cosue1A2YeNj 3eifesinue ,

Bj
2L52A2YeNj 3* e2 ifesinue12Nj 1* tanuWcosue ,

Bj
2R5~Nj 21Nj 1tanuW!e2 ifesinue1A2YeNj 3cosue ,

~10!

with the electron Yukawa couplingYe5me /(A2mWcb)
'6.431026/cb .

It is clear that the matrix elements of two unitary matric
UL andUR diagonalizing the chargino mass matrixMC are
functions of the phaseFm but not of the phaseF1. Using the
chargino-electron-sneutrino interaction, we find that
chargino contribution to the EDM for the electron throu
the diagram shown in Fig. 1~a! is

1

e
de

x̃6
5

a

4psW
2

Ye(
j 51

2 H mx̃
j
6

mñ
2 I @UL j 2* UR j1#AS mx̃

j
6

2

mñ
2 D J ,

~11!

where A(r )52(12r )22@32r 12 lnr (12r )21#. On the
other hand, the neutralino diagonalization matrixN is a func-
tion of both F1 and Fm . Using the neutralino-electron
selectron interaction, we find that the neutralino contribut
to the EDM of the electron through the diagram shown
Fig. 2~b! is

FIG. 2. ~a! The allowed region~white area! of the phaseFm and
the Higgsino mass parameterumu and~b! the allowed region~white
area! of the phasesFm and F1 against the electron EDM con
straints. The trilinear parameteruAeu is taken to be 1 TeV and its
phaseFAe

is scanned over the full allowed range.
07500
e

n

1

e
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x̃0
52

a

8psW
2 (

a51

2

(
j 51

4 H mx̃
j
0

mẽa

2 I @Bj
aLBj

aR* #BS mx̃
j
0

2

mẽa

2 D J ,

~12!

where B(r )52(12r )22@11r 12 lnr (12r )21#. Our ana-
lytical expression for the electron EDM is consistent w
that of Pokorski, Rosiek and Savoy in Ref.@6# although there
is a small difference in the neutralino contribution betwe
our result and that of Brhlik, Good and Kane, of which t
expression~A10! must have a negative sign in the last ter
instead of a positive sign. These results are completely g
eral except for flavor mixing and lead to the MSSM cont
bution to the electron EDM as the sum of two contribution

de5de
x̃6

1de
x̃0

. ~13!

Of course, the Kobayashi-MaskawaCP phase in the SM can
in principle contribute to the electron EDM, but it turns o
to be effective only at three-loop level so that the contrib
tion is too small to be measured.

One of the important features of the SUSY contributio
to the electron EDM is the fact that the EDM requires d
ferent chirality of the initial and final electrons. In the supe
symmetric diagrams this chirality flip can happen in tw
ways—either the exchanged selectrons change chirality
L-R mixing terms in the selectron mass matrix and couple
the gaugino component of the intermediate spin-1/2 parti
or the left- and right-handed selectrons-sneutrinos pres
their chirality and couple to the Higgsino components of t
charginos or neutralinos, respectively. As a result, all con
butions are directly proportional to the mass of the exter
electron since both theL-R mixing selectron mass term an
the Higgsino–electron-selectron~or sneutrino! coupling are
proportional to the relevant electron Yukawa couplingYe .
Another consequence of the chirality flip is the explicit pr
portionality of the contributions to the mass of the interm
diate spin-1/2 particle.

Generally, the SUSY contributions to the electro
EDM are determined by 7 real paramete
$tanb,uM1u,M2 ,umu,mẽL

,mẽR
,uAeu% and 3 CP phases

$F1 ,Fm ,FAe
%. So, in order to understand the general fe

tures of the SUSY contribution effectively, it will be nece
sary to make some appropriate specifications without sp
ing their qualitative aspects. We take a universal so
breaking selectron massmẽ for the left- and right-handed
selectrons. For six real SUSY parameters, we consider
typical scenarios where threeCP phases are left as free pa
rameters. In both scenarios, the gaugino mass unifica
condition is assumed only for the modulus of the gaug
mass parameters;uM1u5 5

3 tan2uWM2'0.5M2 and the size of
the trilinear parameteruAeu is set to 1 TeV through the pape
Such a large value ofuAeu is taken because it is difficult to
satisfy the stringent EDM constraints with a small value
uAeu. It is necessary to be careful in choosing the value
tanb, according to which various physical quantities will b
very different. The recent calculation by Chang, Keung a
Pilaftsis@20# for the Barr-Zee-type two-loop contributions t
4-4
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the EDM’s, the sbottom contributions are very much e
hanced for a large tanb @21# so that the contributions canno
be simply neglected. Therefore, for a large value of tanb we
are forced to introduce moreCP phases related with spa
ticles of the third generation in our analysis. Furthermore
will be discussed in more detail in the section for the ne
tralino decays, for a large tanb we need to include stau
left-right mixing as well as Higgs-exchange diagrams
evaluating different branching fractions of neutralino deca
On the contrary, the value of tanb<2.5 has been alread
ruled out in the supergravity-inspired model withCP invari-
ance by null results in the Higgs search experiments at L
II @22#. This experimental constraint on tanb might be loos-
ened in theCP-noninvariant theories. Postponing the d
tailed analyses related with the tanb dependence of the
EDM’s, the associated production of neutralinos and
branching ratios of neutralino decays to our next work,
simply take tanb53 in the present analysis and treat t
stau contributions on the same footing as the other slep
contributions.

With these several specifications on the SUSY para
eters, the electron EDM is determined by three real par
eters $M2 ,umu,mẽ% and three remaining phase
$F1 ,Fm ,FAe

%. The first scenarioS1, which is based on the
so-called effective SUSY model@8#, decouples selectrons b
rendering them extremely heavy without violating the na
ralness arguments, but takingM2 and umu relatively small:

S1: M25100 GeV, umu5200 GeV, mẽ510 TeV,
~14!

where 10 TeV formẽ is taken because it is large enough
suppress the selectron contributions~almost! completely. On
the other hand, in order to maintain naturalness, we t
mt̃65200 GeV andmb̃5500 GeV. As a result, the prese
electron EDM measurements@23# of udeu<4.3310227e cm
do not put any constraints on theCP phases. The secon
scenarioS2 takes a small universal soft-breaking selectr
mass, but a large value ofumu:

S2: M25100 GeV, umu5700 GeV, mẽ5200 GeV.
~15!

In this scenario, we expect that some cancellations am
theCP phases are needed to suppress the electron EDM
course, the degree of the cancellations depends on the v
of the real SUSY parameters, especially the higgsino m
parameterumu. The reason why we take a largeumu of 700
GeV is to allow a relatively large region for theCP phases
Fm andF1 while scanning the phaseFAe

from 0 to 2p. The

FIG. 3. Five mechanisms contributing to the production of n

tralino pairs ine1e2 annihilation,e1e2→x̃ i
0x̃ j

0 .
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fact that the allowed region of two phases increases withumu
has been pointed out in the work by Brhlik, Good and Ka
@6#.

We display in Fig. 2~a! the allowed range ofFm versus
umu at 95% confidence level in the scenarioS2 for other
phases sampled randomly within their allowed ranges. T
overall trend clearly shows that for larger values ofumu it is
much easier to satisfy the electron EDM limits and any va
of umu larger than 650 GeV allows the full range ofFm .
Figure 2~b! shows the allowed region at 95% confiden
level for the phasesFm and F1 in the scenarioS2 with
umu5700 GeV. Note that near the region forF15p the
phaseFm can take any value. Our analysis concentrates
the correlated associated production and decay of neutra
mainly related to theCP phasesFm andF1 but not to the
phaseFAe

. For this purpose, Fig. 2~b! will serve as the basic
platform for the contour plots of all the physical observab
such as production cross sections, total cross sections o
correlated process, the branching ratios, and so on.

IV. ASSOCIATED PRODUCTION OF NEUTRALINOS

A. Production helicity amplitudes

Although we are mainly interested in one production p
cesse1e2→x̃2

0x̃1
0, we discuss in this section the associat

production of every combination of neutralino-paire1e2

→x̃ i
0x̃ j

0 @ i , j 51 –4# on a general footing. Note that th
chirality mixing of scalar electrons are determined by t
very small electron Yukawa coupling proportional to th
electron mass much smaller than the collider c.m. ene
~500 GeV! under consideration by a factor of about 106.
Therefore, the selectron left-right chirality mixing can b
safely neglected in the associated production of neutrali
so that the trilinear termAe does not play any role in the hig
energy process unlike the case for the electron EDM. In
approximation, the production processe1e2→x̃ i

0x̃ j
0 is gen-

erated by the five mechanisms shown in Fig. 3:s-channelZ
exchange,t-channelẽL,R exchanges, andu-channelẽL,R ex-
changes. The transition matrix element, after an appropr
Fierz transformation of theẽL,R exchange amplitudes

T~e1e2→x̃ i
0x̃ j

0!5
e2

s
Qab

i j @ v̄~e1!gmPau~e2!#

3@ ū~ x̃ i
0!gmPbv~ x̃ j

0!#, ~16!

can be expressed in terms of four generalized bilin
charges, classified according to the chiralitiesa,b5L,R of
the associated electron and neutralino currents

QLL
i j 51

DZ

sW
2 cW

2 S sW
2 2

1

2DZi j 2DuLgLi j , ~17!

QLR
i j 52

DZ

sW
2 cW

2 S sW
2 2

1

2DZi j* 1DtLgLi j* ,

-

4-5
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QRL
i j 51

DZ

cW
2

Zi j 1DtRgRi j ,

QRR
i j 52

DZ

cW
2

Zi j* 2DuRgRi j* ,

with s-, t-, and u-channel propagators and the couplin
Zi j , gLi j andgRi j :

DZ5
s

s2mZ
21 imZGZ

,

DtL,R5
s

t2mẽL,R

2 ,

DuL,R5
s

u2mẽL,R

2 , ~18!

with s5(pe1pē)
2, t5(pe2px̃

i
0)2 andu5(pe2px̃

j
0)2. And,

the combinationsZi j , gLi j andgRi j of the neutralino diago-
nalization matrix elementsNi j

Zi j 5
1

2
@Ni3Nj 3* 2Ni4Nj 4* #,

gLi j 5
1

4sW
2 cW

2 ~Ni2cW1Ni1sW!~Nj 2* cW1Nj 1* sW!,

gRi j5
1

cW
2

Ni1Nj 1* , ~19!

satisfy the Hermiticity relations reflecting theCP relations

Zi j 5Zj i* , gLi j 5gL ji* , gRi j5gR ji* , ~20!

so that, if theZ-boson widthGZ is neglected in theZ-boson
propagatorDZ , the bilinear chargesQab

i j also satisfy the
same relationsQab

i j 5Qab
j i * with t and u interchanged in the

propagators. The relation is very useful in classifyi
CP-even andCP-odd observables in the following.

All physical observables~which can be constructed an
measured through the production process! are expressed in a
simple form by 16 so-called quartic charges@24# which con-
tain important dynamical properties of the process and
expressed in terms of the bilinear chargesQab

i j . These quar-
tic charges are classified according to their transforma
properties under parity as follows:

„a… Eight P-even terms:

Q1
i j 5

1

4
@ uQRR

i j u21uQLL
i j u21uQRL

i j u21uQLR
i j u2#, ~21!

Q2
i j 5

1

2
R@QRR

i j QRL
i j * 1QLL

i j QLR
i j * #,
07500
re
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Q3
i j 5

1

4
@ uQLL

i j u21uQRR
i j u22uQRL

i j u22uQLR
i j u2#,

Q4
i j 5

1

2
I @QRR

i j QRL
i j * 1QLL

i j QLR
i j * #,

Q5
i j 5

1

2
R@QRR

i j QLR
i j * 1QLL

i j QRL
i j * #,

Q6
i j 5

1

2
I @QRR

i j QLR
i j * 1QLL

i j QRL
i j * #,

Q7
i j 5R@QRR

i j QLL
i j * #,

Q8
i j 5R@QRL

i j QLR
i j * #.

„b… Eight P-odd terms:

Q18
i j 5

1

4
@ uQRR

i j u21uQRL
i j u22uQLR

i j u22uQLL
i j u2#,

Q28
i j 5

1

2
R@QRR

i j QRL
i j * 2QLL

i j QLR
i j * #,

Q38
i j 5

1

4
@ uQRR

i j u21uQLR
i j u22uQRL

i j u22uQLL
i j u2#,

Q48
i j 5

1

2
I @QRR

i j QRL
i j * 2QLL

i j QLR
i j * #,

Q58
i j 5

1

2
R@QRR

i j QLR
i j * 2QLL

i j QRL
i j * #,

Q68
i j 5

1

2
I @QRR

i j QLR
i j * 2QLL

i j QRL
i j * #,

Q78
i j 5I @QRR

i j QLL
i j * #,

Q88
i j 5I@QRL

i j QLR
i j * #. ~22!

We note that these 16 quartic charges comprise the m
complete set for any fermion-pair production process
e1e2 collisions when the electron mass is neglected. On
other hand, the quartic charges defined by an imaginary
of the bilinear-charge correlations might be nonvanish
only when there are complexCP-violating couplings or/and
CP-preserving phases like rescattering phases or fi
widths of the intermediate particles. So, if there are
CP-preserving phases, non-vanishing values of these qu
charges signalCP violation in the given process.

Defining thex̃ i
0 production angle with respect to the ele

tron flight direction byQ, the helicity amplitudes can be
determined from Eq.~16!. Electron and positron helicities
are opposite to each other in all exchange amplitudes, bu
x̃ i

0 and x̃ j
0 helicities are less correlated due to the non-z

masses of the particles; amplitudes with equal neutralino
licities must vanish only}mx̃

i , j
0 /As for asymptotic energies
4-6
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Denoting the electron helicity by the first index, thex̃ i
0 and

x̃ j
0 helicities by the remaining two indices, the helicity am

plitudesT(s;l i ,l j )52pa^s;l il j& are given by

^1;11&52@QRR
i j A12h1

2 1QRL
i j A12h2

2 #sinQ,

^1;12&52@QRR
i j A~11h1!~11h2!

1QRL
i j A~12h1!~12h2!#~11cosQ!,

^1;21&51@QRR
i j A~12h1!~12h2!

1QRL
i j A~11h1!~11h2!#~12cosQ!,

^1;22&51@QRR
i j A12h2

2 1QRL
i j A12h1

2 #sinQ,
~23!

for the right-handed electron beam, and

^2;11&52@QLR
i j A12h1

2 1QLL
i j A12h2

2 #sinQ,

^2;12&51@QLR
i j A~11h1!~11h2!

1QLL
i j A~12h1!~12h2!#~12cosQ!,

^2;21&52@QLR
i j A~12h1!~12h2!

1QLL
i j A~11h1!~11h2!#~11cosQ!,

^2;22&51@QLR
i j A12h2

2 1QLL
i j A12h1

2 #sinQ,
~24!

for the left-handed electron beam, whereh6

5l1/2(1,v i
2 ,v j

2)6(v i
22v j

2) with v j
25mx̃

i
0

2
/s and l(x,y,z)

5x21y21z222xy22yz22zx. The explicit form of the
production helicity amplitudes have been obtained by
so-called 2-component spinor technique of Ref.@25#. If the
arguments are not specified, the notationl stands for
l(1,v i

2 ,v j
2) in the following.

B. Neutralino mass spectrum and production cross section

1. Neutralino masses

Before investigating various dynamical distributions
the neutralino processes, it will be worthwhile to see
dependence of the neutralino masses and of the gaugino
tent of the two light neutralino states on theCP phases in
two scenariosS1 andS2. Figure 4 shows the mass spectru
of the neutralinosx̃1,2

0 on the plane of theCP phasesFm and
F1 in the two scenarios;~a! S1 ~upper figures! and ~b! S2
~lower figures!. Except for the region aroundFm50,2p in
S1, the second-lightest neutralino massmx̃

2
0 is ~almost! in-

dependent ofF1 in both S1 andS2, while the lightest neu-
tralino massmx̃

1
0 exhibits a very strongly correlated depe

dence on theCP phases. Note thatmx̃
1
0 becomes maximal a

non-trivial values ofFm andF1 in S1 with umu5200 GeV.
This feature leads immediately to the conclusion thatmx̃

1
0 is
07500
e

e
on-

strongly affected by a small value ofumu, while mx̃
2
0 is es-

sentially determined by the SU~2! gaugino massM2. Com-
bined with the electron EDM constraints shown as the sh
owed region in Fig. 1, the massmx̃

1
0 becomes smaller as th

CP phasesF1 andFm approach the off-diagonal line on th
plane, which implies that the mass is a function of the s
Fm1F1 of two CP phase to a very good approximation.

Since the phaseF1 is related with the gaugino part whil
the phaseFm with the Higgsino part, the size of their con
tributions will be strongly dependent on the size of t
gaugino~or Higgsino! contents of the neutralino states. S
we present in Fig. 5 the gaugino contentsX1 andX2 of the
lightest and second-lightest neutralinosx̃1

0 andx̃2
0 defined by

X15uN11u21uN12u2,

X25uN21u21uN22u2, ~25!

with respect to the phaseFm while the phaseF1 is scanned
over its full allowed range in the scenarios~a! S1 and~b! S2.
As expected,x̃1

0 has larger gaugino contents thanx̃2
0. Cer-

tainly, the gaugino content in the scenarioS2 is almost 100%
due to the large value ofumu5700 GeV compared to the
gaugino massesuM1u andM2. ForFm aroundp, the gaugino
contents are almost insensitive to the phaseF1. On the con-
trary, in the region ofFm50,2p, the gaugino contents ar
very sensitive to the phaseF1. This feature is partially re-
sponsible for the fact that in the scenarioS1, the neutralino
masses are strongly dependent on the phaseF1 aroundFm
50,2p.

2. Production cross section

One of the important distributions in the production pr
cesse1e2→x̃ i

0x̃ j
0 is the differential cross section average

FIG. 4. Neutralino mass spectrum;~a! mx̃
1
0 and ~b! mx̃

2
0 on the

$Fm ,F1% plane in the scenariosS1 ~upper part! and S2 ~lower
part!.
4-7
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over the initial beam polarizations. This unpolarized diffe
ential production cross section is given by taking the aver
or sum over the initial or final helicities:

ds

d cosQ
~e1e2→x̃ i

0x̃ j
0!5

pa2

32s
l1/2( u^s;l il j&u2.

~26!

Carrying out the sum, one finds the following expression
the differential cross section in terms of the scattering an
Q and the quartic charges:

ds

d cosQ
~e1e2→x̃ i

0x̃ j
0!5

pa2

8s
l1/2$@42~h12h2!2

1~h11h2!2cos2Q#Q1
i j

14A~12h1
2 !~12h2

2 !Q2
i j

14~h11h2!cosQQ3
i j %. ~27!

Figure 6 shows the dependence of the production cross
tion on the scattering angleQ and on theCP phases
$Fm ,F1% in the scenario~a! S1 and~b! S2 for a given c.m.
energy of 500 GeV. Several interesting features are note

Two distributions are forward-backward symmetr
which is due to the Majorana property of the neutralin
This symmetry property can be traced back to the fact
the quartic chargeQ3

i j is directly proportional to cosQ and
the quartic chargesQ1,2

i j are forward-backward symmetri
due to the Majorana relationuQaL,R

i j (Q)u5uQaR,L
i j (p2Q)u

wherea5L,R stands for the electron chirality.
The cross sections in the scenarioS2 with small selectron

masses are much larger in size than those in the scenariS1
with very large selectron masses. This reflects the fact
the t- and u-channel selectron exchanges become domin
for small selectron masses so that the production cross
tions are very much enhanced. One additional crucial rea
for the enhancement is that two neutralino states are m
gaugino-dominated in the scenarioS2 than in the scenario
S1.

FIG. 5. Gaugino contents of the two lightest neutralino statesx̃1
0

andx̃2
0 with respect to theCP phaseFm with the phaseF1 scanned

over its full range in~a! S1 and~b! S2. The open circles are forx̃1
0

and the filled diamonds forx̃2
0.
07500
-
e

r
le

c-

:

.
at

at
nt
c-

on
re

The cross sections due to the selectron exchanges
smaller in the forward-backward directions in contradicti
with a naive expectation of forward-backward peaking ph
nomena due tot- and/or u-exchanges. The reason is th
while theQ3

i j contribution is suppressed in the scenarioS1 it
is comparable in size with the other contributions with o
posite sign in the scenarioS2. Therefore, in the forward and
backward directions, there exist a large cancellation am
separate contributions.

The production cross section is more sensitive to theCP
phases in the scenarioS2 than in the scenarioS1; the abso-
lute production rate is much larger and the change due
different phases is larger as well in the scenarioS2. So, we
can expect in the scenarioS2 that the cross section itself ca
allow for a good determination of the phases.

On the other hand the contours of the total product
cross sections for the associated production of neutral
e1e2→x̃1

0x̃2
0 are displayed in Fig. 7 on the plane of th

phases$Fm ,F1% for a given energy of 500 GeV and for tw
SUSY parameter sets of the scenarios~a! S1 and~b! S2. The
total production cross section is of the order of 1 fb in t
scenarioS1 while it is of the order of 100 fb in the scenari
S2. In the scenarioS1, the cross section is large when th
phaseF1 is aroundp and the phaseFm is aroundp/2 and
3p/2. However, the cross section in the scenarioS2 in-
creases as the phasesFm andF1 approach the central poin
$p,p% along the diagonal as well as off-diagonal lines.

C. Initial beam polarizations

1. Spin-spin correlations

At future e1e2 colliders, it is expected that highly longi
tudinally polarized electron and/or positron beams are av
able. On the other hand, it is uncertain if high transvers
polarized beams can be easily obtained unlike conventio
e1e2 circular colliders. Nevertheless, it is interesting
investigate the effects of the longitudinal and transve
polarizations of the initial beams for the determinations
the fundamental SUSY parameters. So, in this section,
introduce a general formalism to describe the polarizat
effects of the initial beams for any production process. He

FIG. 6. Dependence of the differential production cross sec

of the processe1e2→x̃2
0x̃1

0 on the scattering angleQ in the sce-
narios~a! S1 and~b! S2 for five combinations of the values of tw
CP phasesFm andF1.
4-8
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FIG. 7. Dependence of the
production cross sections(e1e2

→x̃2
0x̃1

0) on the $Fm ,F1% plane
in ~a! the scenarioS1 and~b! the
scenarioS2 for five combinations
of the values of twoCP phases
Fm andF1.
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the extremely small electron and positron massesme
55.131024 GeV) compared to thee1e2 collision energy
of the order of 100 GeV allows us to have a very mu
simplified formalism. Neglecting the electron mass rend
the positron helicity opposite to the electron helicity in a
theory preserving electronic chirality as shown before. Le
consider the neutralino-pair production processe1e2

→x̃ i
0x̃ j

0 , which is nothing but the process under consid
ation. For the sake of convenience we introduce a brac
notation for all the helicity amplitudes Mss̄:l il j

5ds,2s̄^s:l il j& which is guaranteed by the electron
chirality invariance and which enables us to obtain a sim
form of the polarization-weighted squared matrix element

S i j 5
1

4
~12PLP̄L!(

l il j

@ u^1:l il j&u21u^2:l il j&u2#

1
~PL2 P̄L!

4 (
l il j

@ u^1:l il j&u22u^2:l il j&u2#

1
PTP̄T

2
cos~a1ā !(

l il j

R@^1:l il j&^2:l il j&* #

1
PTP̄T

2
sin~a1ā !(

l il j

I @^1:l il j&^2:l il j&* #,

~28!

wherePL( P̄L) andPT( P̄T) denote the degree of longitudina
and transverse polarization of the electron~positron!, and
a(ā) the direction of each transverse polarization with
spect to a given reference plane, for which the scatte
plane is chosen in most cases. The pictorial description of
azimuthal angles is given in Fig. 8. We emphasize that
formalism can be applied to anye1e2 collision process pre-
serving electronic chirality with an apporiate choice of re
erence frame to define the azimuthal angle parametersa and
ā.
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The longitudinal and transverse polarizations and the
muthal angles for the transverse polarizations are related
der CP transformations as follows:

PL↔2 P̄L ,

PTcosa↔ P̄Tcosā,

PTsina↔ P̄Tsinā, ~29!

while the production helicity amplitudes are related und
CP transformations as

^s:l il j& i j ↔^s:2l j ,2l i& j i , ~30!

where the subscripti j means for the production of a particl
x̃ i

0 and an anti-particlex̃ j
0 according to our spinor conven

tions. Denoting S̄j i as the CP-conjugate polarization-
correlated distribution ofS i j , one can construct aCP-even

distribution 1
2 (S i j 1S̄j i ) and a CP-odd distribution 1

2 (S i j

2S̄j i ). If no CP-preserving phases are involved or any
them are negligible in a given process, one can find that
CP-odd distribution is proportional to the last term of th
distribution in Eq.~28!, while the CP-even distribution is
composed of the other three terms.

FIG. 8. Configuration of transverse polarization vectors in

center-of-mass frame. The azimuthal anglesa and ā denote the
orientation of the polarization vectors with respect to a refere
plane, for which the scattering plane is chosen.
4-9
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2. Two additional CP-even observables

Neglecting theZ-boson width (GZ'2.5 GeV), which is
very small compared to the collision energies under con
eration, the distribution~28! provides us with threeCP-even
observables; one of them is the unpolarized part which
been discussed before and the other two terms can be
tracted by taking an appropriate polarization correlati
Longitudinal polarization yields a differential left-right~LR!
asymmetryALR

ALR5
1

4N (
l il j

@ u^1;l il j&u22u^2;l il j&u2#, ~31!

with the normalization corresponding to the unpolarized p

N5
1

4 (
l il j

@ u^1;l il j&u21u^2;l il j&u2#. ~32!

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

ALR5$@42~h12h2!21~h11h2!2cos2Q#Q81
i j

14A~12h1
2 !~12h2

2 !Q82
i j

14~h11h2!cosQQ83
i j %/N, ~33!

with, correspondingly, the expression for the normalizatio

N5@42~h12h2!21~h11h2!2cos2Q#Q1
i j

14A~12h1
2 !~12h2

2 !Q2
i j 14~h11h2!cosQQ3

i j .

~34!

It will be straightforward to extract the integrated left-rig
asymmetry experimentally with the expectation that hig
longitudinally polarized beams are available at futuree1e2

linear colliders. Certainly, the extraction efficiency depen
linearly on the degree of electron and positron polarizat
obtainable at thee1e2 collisions.

The other transverse-polarization dependent term can
separated by allowing transverse polarization and setting
gitudinal polarization to zero. Note that the transverse term
dependent on the sum of two azimuthal anglesa and ā,
which must be sorted out by using a weight functi
A2cos(a1ā). This projection requires that the scatterin
plane is experimentally determined event by event. Firs
all, the neutralino massesmx̃

2
0 and mx̃

1
0 are expected to be

measured with good precision through identifying the mi
mal and maximal values for the lepton invariant mass in
leptonic decayx̃2

0→x̃1
0l 1l 2. The determined masses and t

four-momentum of two final leptons enable us to determ
only the polar angle between thex̃2

0 flight direction and the

x̃1
0 flight direction in the laboratory frame. Certainly, if th

c.m. energy is so large that neutralino masses are neglig
the neutralino direction can be identified with the direction
the two-lepton momentum. However, for a moderate c
energy, it is not possible to completely determine thex̃2

0
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scattering angle. Nevertheless, this distribution will affect
final two-lepton distribution partially so that it is not usele
to investigate the dependence of the observable on the S
parameters. TheCP-even observablePT obtained through
the angular projection procedure is given by

PT[
1

A2N (
l il j

R@^1;l il j&^2;l il j&* #

522A2l
Q5

i j

N sin2Q. ~35!

The upper figures in Fig. 9 exhibit the LR asymmetriesALR
and the lower ones theCP-even observablesPT for the pro-
duction of the associated pairx̃2

0 andx̃1
0 as a function of the

scattering angleQ at a c.m. energy of 500 GeV in the sc
narios ~a! S1 and ~b! S2 for five combinations of theCP
phases$Fm ,F1%. We note that these two observables a
also more sensitive to theCP phases in the scenarioS2 than
in the scenarioS1. However, the sensitivity of the LR asym
metry ALR to theCP phases is not strong, so that the asy
metries are not very useful in determining the phases. On
other hand, as discussed before, theCP-even observable
which is more sensitive to the phases, is not easy to ext
experimentally. Therefore, we may conclude that these
observables are not so powerful in determining the phase
both scenarios, while satisfying the constraints from the e
tron EDM measurements.

3. One CP-odd observable

CP violation arises in the existence of nontrivial comple
couplings in the Lagrangian. In the associated production
the neutralinosCP violation is reflected in the complex pro
duction amplitudes. First of all, we find that in every diag
nal production of neutralinos the production amplitude
purely real with theZ-boson width neglected, and it leads
no CP-violation.

Like the CP-even observablePT , the only T-odd term
PN , which is CP-odd in the absence of anyCP-even re-
scattering phases like theZ-boson width, can be separated b
allowing transverse polarization and setting longitudinal p
larization to zero withA2sin(a1ā) as a projection angula
function. As a result, one can obtain aCP-odd observable
PN as

PN[
1

A2N (
l il j

I @^1;l il j&^2;l il j&* #

522A2l
Q86

i j

N sin2Q. ~36!

One can check with the definition of the quartic chargeQ86
i j

that if theZ-boson width is neglected, theT-odd observable
PN may be non-zero only foriÞ j since for i 5 j all the
bilinear charges are real.

In CP-noninvariant theories the quartic chargeQ86
i j ,

which is non-vanishing foriÞ j , can be expressed in terms o
4-10
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FIG. 9. Dependence of the
left-right asymmetryALR and the
transverse distributionPT on the
scattering angleQ in ~a! the sce-
narioS1 and~b! S2 for five com-
binations of the values of twoCP
phasesFm andF1. The upper two
figures are forALR and the lower
two figures forPT .
t
e

fo
s

f
ude

e-
ence

e

ob-
and
rge

the

ion
gate
we
o-
-

two Jarlskog-typeCP-odd rephasing invariants@26# of the
diagonalization matrixN. In order to elaborate on this poin
further, we present the explicit form of the quartic charg
assuming a realZ-boson propagator the quartic chargeQ86

i j

is given by

Q86
i j 5

DZ

2sW
4 cW

4 @sW
2 ~DtL2DuL!I~Zi j gLi j* !

2~sW
2 21/2!~DtR2DuR!I~Zi j gRi j* !#. ~37!

Two combinations of the couplings,I(Zi j gLi j* ) and
I(Zi j gRi j* ), are rephase-invariant. Using the expressions
Zi j , gLi j andgRi j , we can rewrite the two combinations a

I~Zi j gRi j* !5
1

2cW
2 @I~Ni3Nj 3* Ni1* Nj 1!2I~Ni4Nj 4* Ni1* Nj 1!#,

I~Zi j gLi j* !5
1

8sW
2 cW

2 @I~Ni3Nj 3* N8 i2* Nj 28 !

2I~Ni4Nj 4* Ni2* Nj 28 !#, ~38!

where the primed matrix elementsNi18 and Ni28 are related
with the diagonalization matrix elementsNi1 and Ni2
through

Ni18 5cWNi11sWNi2 , Ni28 52sWNi11cWNi2 . ~39!

From the expressions~37! and~38!, we can draw the follow-
ing consequences:
07500
;

r

Both I(Zi j gRi j* ) and I(Zi j gLi j* ) require the existence o
gaugino and Higgsino components and a different magnit

of two Higgsino components of thex̃ i
0 and x̃ j

0 states. This
latter requirement means that tanb should be different from
unity.

The distribution is forward-backward asymmetric, b
cause the angular dependence is determined by the differ
DtL,R2DuL.R .

Due to the large suppression in thet- and u-channel se-
lectron exchanges, theT-odd asymmetry is very small in th
scenarioS1. Moreover, the asymmetryPN is very small in
the scenarioS2 as well. This suppression is because the
servable requires a sizable mixing between gaugino
Higgsino states, but the mixing is very small due to the la
value of umu compared to the gaugino massesM2 and uM1u.

As a whole, these features lead to the conclusion that
T-odd observablePN is not useful in measuring theCP
phases directly in both scenariosS1 andS2 suggested by the
analysis for the electron EDM constraints.

4. Neutralino polarization vector

Neutralinos are spin-1/2 particles and their polarizat
can be measured through their decays. Before we investi
the possible neutralino decays in detail, in this section
study neutralino polarization directly in the production pr
cesse1e2→x̃2

0x̃1
0 with unpolarized initial beams. The polar

ization vector PW i j 5(P L
i j ,P T

i j ,P N
i j ) of the produced neu-

tralino x̃ i
0 is defined in the rest frame in which the axisẑiL

is in the flight direction of x̃ i
0 , x̂iT rotated counter-
4-11
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clockwise in the production plane, andŷ5 ẑ3 x̂iN of the
decaying neutralinox̃ i

0 . Accordingly, the componentP L
i j de-

notes the component parallel to thex̃ i
0 flight direction in the

c.m. frame,P T
i j the transverse component in the producti

plane, andP N
i j the component normal to the productio

plane. These three polarization components can be expre
by helicity amplitudes in the following way:

P L
i j 5

1

4 (
s56

$u^s;11&u21u^s;12&u2

2u^s;21&u22u^s;22&u2%/N,

P T
i j 5

1

2
RH (

s56
@^s;11&^s;21&*

1^s;22&^s;12&* #J Y N,

P N
i j 5

1

2
IH (

s56
@^s;22&^s;12&*

2^s;11&^s;21&* #J Y N. ~40!

The longitudinal, transverse and normal components of
x̃ i

0 polarization vector can be easily obtained from the p
duction helicity amplitudes. Expressed in terms of the qua
charges, they read

P L
i j 54$2~12v i

22v j
2!cosQQ81

i j 14v iv jcosQQ82
i j

1l1/2@11cos2Q2~v i
22v j

2!sin2Q#Q83
i j %/N,

P T
i j 528$@~12v i

21v j
2!Q81

i j 1l1/2Q83
i j cosQ#v i

1~11v i
22v j

2!v jQ82
i j %sinQ/N,

P N
i j 58l1/2v jsinQQ4

i j /N, ~41!

where the reduced massesv i
25mx̃

i
0

2
/s. The longitudinal and

transverse components areP-odd andCP-even, and the nor-
mal component isP-even andCP-odd.

The normal polarization component can only be genera
by complex production amplitudes. Non-zero phases
present in the fundamental SUSY parameters ifCP is broken
in the supersymmetric interaction. Also the non-zero wid
of the Z boson and loop corrections generate non-triv
phases; however, the width effect is negligible for high e
ergies as mentioned before, and the effects due to radia
corrections are small as well. So, the normal componen
effectively generated by the complex SUSY couplings.
the selectron-exchange contributions can be ignored in
scenarioS1, theCP-odd quartic chargeQ4

i j simplifies to

Q4
i j 5

uDZu2

cW
4 sW

4 S sW
2 2

1

4DI~Z i j
2 !. ~42!
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Since the presently measured value ofsW
2 is 0.2315@27# very

close to 0.25, the quartic chargeQ4
i j is extremely suppresse

in the scenarioS1. However, in the scenarioS2, the quartic
charge can be relatively large without such a big suppres
as shown in Fig. 10. In this case, the normal polarization
of the order of 10%, which is really sizable for non-trivia
CP phases and very sensitive to theCP phases$Fm ,F1%.
So, it is expected to give stringent constraints on the pha
Fm . These strong constraints will be explicitly demonstrat
in the following.

V. NEUTRALINO DECAYS

A. Decay density matrix

Assuming the lightest neutralinox̃1
0 to be the lightest su-

persymmetric particle~LSP!, several mechanisms contribu
to the leptonic decays of the neutralinox̃ i

0 ( i>2):

x̃ i
0~qi !→x̃1

0~q0!1 l 2~q!1 l 1~ q̄!.

In particular, the leptonic three body decay of the seco
lightest neutralino,x̃2

0→x̃1
0l 1l 2, is known to be very impor-

tant because the end point of the lepton invariant mass
tribution gives us direct information on the mass differen
betweenx̃2

0 and x̃1
0, which provides us with a stringent con

straint on MSSM parameters.
Although we will take into account only electrons an

muons for the final state leptons, let us make some comm
on the other possible leptonic decay of the second ligh
neutralino,x̃2

0→x̃1
0t1t2 @21#. Sincet is the heaviest lepton

with a much larger mass (1.777 GeV! than the other leptons
and it couples with Higgs bosons with the strength prop
tional to tanb, the branching fraction of this leptonic deca
mode can be very different depending on the value of tab
and the Higgs mass spectrum. Actually, the mode is kno

FIG. 10. Dependence of thex̃2
0 normal polarizationP N

21 on the
scattering angleQ in the scenarioS2 with relatively light selectron
masses and a large value ofumu5700 GeV for five combinations of
the values of theCP phasesFm andF1.
4-12
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to be very much enhanced due to the Higgs exchange
large tanb @21#. Furthermore, the polarization oft can be
observed through the decay distributions, which strongly
pend on the parentt polarization@28#.

Because of the missing tau neutrinos, one would not
able to measure the invariant mass of two tau leptons exp
mentally. Nevertheless thet polarization or the invarian
mass of the twot jets might be seen in future collider ex
periments. We note that int→r or a1 decays, the final vec
tor meson carries a substantial part of the parentt momen-
tum, therefore the smearing of the distribution is less sev
than for decays intop6, m ande. Let us give several com
ments on the tau decay mode. First of all, fort̃, the effects of
the Yukawa couplings and slepton left-right mixing could
very important for large tanb. Their leading contribution
flips the chirality of thet lepton@29#. Secondly, for the three
body decays, studying the correlation of two tau decay d
tributions would reveal the helicity flipping and conservin
contributions separately. Thirdly, staus could be lighter th
the other sleptons for various reasons. The running of s
soft SUSY breaking masses from the Planck scale and
left-right mixing could enhance decays intox̃1

0t1t2. Experi-
mental consequences of such scenarios have recently
widely discussed. Also models with lighter third generati
sparticles have been naturally constructed without cau
the flavor changing neutral current problem. The three b
decay branching ratio and the decay distribution might
different from those for leptons in the first two generation
Since the study of the decayx̃2

0→x̃1
0t1t2 in addition to the

other leptonic modes could be an important handle to id
tify such models, we plan to present a detailed investiga
about all these interesting features in the near future.

The diagrams contributing to the processx̃ i
0→x̃1

0l 1l 2

with l 5e, m are shown in Fig. 11 for the decay into lepto
pairs. Here, the exchanges of the neutral Higgs bosons~re-
placing theZ boson! are neglected since the couplings to t
light first and second generation SM leptons are very sm
In this case, all the components of the decay matrix elem
are of the left-right current3current form which, after a
simple Fierz transformation, may be written for lepton fin
states as

D~ x̃ i
0→x̃1

0l 2l 1!

5
e2

s8
Dab@ ū~ x̃1

0!gmPau~ x̃ i
0!#@ ū~ l 2!gmPbv~ l 1!#,

~43!

FIG. 11. Neutralino decay mechanisms; the exchange of
neutral Higgs bosons are neglected because of the tiny elec
Yukawa coupling.
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with the generalized bilinear charges for the decay am
tudes:

DLL51
DZ8

sW
2 cW

2 S sW
2 2

1

2DZ1i2Du8LgL1i ,

DLR51
DZ8

cW
2

Z1i1Dt8RgR1i ,

DRL52
DZ8

sW
2 cW

2 S sW
2 2

1

2DZ1i* 1Dt8LgL1i* ,

DRR52
DZ8

cW
2

Z1i* 2Du8RgR1i* , ~44!

where the chiralitiesa/b stand for thex̃1
0/ l 2 chiralities, the

s8-, t8-, andu8-channel propagatorsDZ8 , Dt8L,R andDu8L,R

are defined in the same way as those for the production
cess, and the couplingsZi j , gLi j , andgRi j are given in the
section for the production helicity amplitudes. The Mand
stam variables s8,t8,u8 are defined in terms of the
4-momenta ofx̃1

0, l 2 and l 1, respectively, as

s85~q1q̄!2, t85~q01q̄!2, u85~q01q!2. ~45!

The decay distribution of a neutralino with polarization ve
tor nm is

uDu2~n!524~ t82mx
i
0

2
!~ t82mx

1
0

2
!~N12N3!24~u82mx

i
0

2
!

3~u82mx
1
0

2
!~N11N3!28mx̃

i
0mx̃

1
0s8N228~n•q̄!

3@mx̃
i
0~mx̃

1
0

2
2u8!~N181N38!1mx̃

1
0~mx̃

i
0

2
2t8!N28#

18~n•q!@2mx̃
i
0~mx̃

1
0

2
2t8!~N182N38!

1mx̃
1
0~mx̃

i
0

2
2u8!N28#216mx̃

1
0^qinqq̄&N4 , ~46!

where nm is the x̃ i
0 spin 4-vector and ^qinqq̄2&

[emnrsqi
mnnqrq̄s. Here, the quartic charges$N1 to N4%

and$N18 to N38% for the neutralino decays are defined by

N15
1

4
@ uDRRu21uDLLu21uDRLu21uDLRu2#, ~47!

N25
1

2
R@DRRDLR* 1DLLDRL* #,

N35
1

4
@ uDLLu21uDRRu22uDRLu22uDLRu2#,

N45
1

2
I @DRRDLR* 1DLLDRL* #,

e
on
4-13
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N185
1

4
@ uDRRu21uDRLu22uDLRu22uDLLu2#,

N285
1

2
R@DRRDLR* 2DLLDRL* #,

N385
1

4
@ uDRRu21uDLRu22uDRLu22uDLLu2#.

If needed, the polarization of the final neutralinox̃ j
0 can be

incorporated in a straightforward manner although the de
distribution will be more complicated in its form.

For the subsequent discussion of the angular correlat
between two neutralinos, it is convenient to determine
decay spin density matrixrll8;DlDl8

* . In general, the de-
cay amplitude for a spin-1/2 particle and its complex con
gate can be expressed as

D~l!5Gu~q,l!, D* ~l8!5ū~q,l8!Ḡ, ~48!

with the general spinor structureG and Ḡ5g0G†. Then we
use the general formalism to calculate the decay density
trix involving a particle with four momentumq and massm
by introducing three space-like four vectorsnm

a (a51,2,3)
which together withq/m[n0 form an orthonormal set:

gmnnm
a nn

b5gab, gabnm
a nn

b5gmn , ~49!

where gmn5diag(1,21,21,21) and gab5diag(1,21,21,
21) with a,b5$023%. A convenient choice for the explici
form of na is in a coordinate system where the direction
the three-momentum of the particle isq̂5(sinu,0,cosu) ly-
ing on thex-z plane:

n15~0,cosu,0,2sinu!, n25~0,0,1,0!,

n35
1

m
~ uqW u,Eq̂!. ~50!

Then in this reference frame,n1,2,3 describe transverse, no
mal and longitudinal polarization of the particle.

With the four-dimensional basis of normal four-vecto
$n0,n1,n2,n3%, we can derive the so-called Bouchiat-Mich
formula @30#

u~q,l!ū~q,l8!5
1

2
@dll81g5n” atl8l

a
#~q”1m!, ~51!

which can be used to compute the squared, normalized d
density matrixrll8

rll8[
D~l!D* ~l8!

(
l

uD~l!u2
5

1

2 Fdll81
Ya

X
tl8l

a G ~52!

whereta (a51,2,3) are the Pauli matrices and the four
nematic functionsX andYa (a51,2,3)
07500
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X528~ t82mx
i
0

2
!~ t82mx

1
0

2
!~N12N3!

28~u82mx
i
0

2
!~u82mx

1
0

2
!~N11N3!216mx̃

i
0mx̃

1
0s8N2

Ya5216~na
•q̄!@mx̃

i
0~mx̃

1
0

2
2u8!~N181N38!

1mx̃
1
0~mx̃

i
0

2
2t8!N28#116~na

•q!

3@2mx̃
i
0~mx̃

1
0

2
2t8!~N182N38!1mx̃

1
0~mx̃

i
0

2
2u8!N28#

232mx̃
1
0^qin

aqq̄&N4 , ~53!

with na (a51,2,3) three vectors forming the polarizatio
basis for the decaying spin-1/2 particle.

B. Branching ratios

Since the reconstruction of the neutralino-pair product
depends on the efficient use of the neutralino decay mode
is necessary to estimate the branching fraction of each de
mode. Since we assume that the lightest neutralino is
LSP and we are interested only in the decay of the seco
lightest neutralinox̃2

0, we can classify the decay modes
follows:

x̃2
0→Z* x̃1

0 ,H* x̃1
0→x̃1

0l 1l 2,x̃1
0qq̄,

x̃2
0→ l l̃ * ,nñ* ,qq̃* →x̃1

0l 1l 2,x̃1
0qq̄. ~54!

Besides, if the massmx̃
1
6 is smaller than the neutralino mas

mx̃
2
0, the lightest charginox̃1

6 can enter the neutralino deca

chain via x̃2
0→x̃1

6W7* ,x̃1
6H7* . Concerning the neutralino

decays, there are several aspects worthwhile to be c
mented on:

For the first and second generation fermions, the Hig
exchange diagrams are suppressed unless tanb is very large.

The experimental bounds on the Higgs particles are v
stringent so that the two-body decaysx̃2

0→Hx̃1
0 and x̃2

0

→H6x̃1
7 are expected to be not available or at least stron

suppressed.
The lightest chargino and the second-lightest neutrali

are almost degenerate in the gaugino-dominated param
space so that the charged decays such asx̃2

0→x̃1
6l 7n will be

highly suppressed.
Nevertheless, we calculate the leptonic branching fr

tionsB(x̃2
0→x̃1

0l 1l 2) fully incorporating all the possible de

cay modes of the neutralinox̃2
0 while neglecting the Higgs-

exchange contributions for a small tanb53. In our
numerical analysis, we assume 200 GeV for a common s
breaking slepton mass and 500 GeV for a common s
breaking squark mass. Figure 12 showsB(x̃2

0→x̃0l 1l 2) for
l 5e or m in the scenarios~a! S1 and~b! S2. We find that the
branching fractions are very sensitive toF1 only around
Fm50,2p in the scenarioS1, while it depends very strongly
on F1 andFm on ~almost! the whole space of the phases
4-14
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FIG. 12. Contours of the

branching fraction B(x̃2
0

→x̃1
0l 1l 2) for l 5e or m on the

$Fm ,F1% plane in the scenarios
~a! S1 and~b! S2.
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the scenarioS2. Furthermore, the branching fractionB(x̃2
0

→x̃1
0l 1l 2) is very much enhanced in the scenarioS2 be-

cause the slepton-exchange contributions coming ma
from the gaugino components of the neutralinos beco
dominant, due to small slepton masses, while the large v
of umu suppresses the Higgsino components. Conseque
the branching ratio of the leptonic decay of the second lig
est neutralinox̃2

0→x̃1
0l 1l 2 is very sensitive to the values o

the underlying parameters, in particular, theCP phases.

VI. SPIN AND ANGULAR CORRELATIONS

A. Correlations between production and decay

In this section, we provide a general formalism to d
scribe the spin correlations between production and de
for the processe1e2→x̃ i

0x̃ j
0 followed by the sequential lep

tonic decayx̃ i
0→x̃1

0l 2l 1. For the sake of convenience, w
do not consider the initial beam polarization, which can ho
ever be easily implemented. Formally, the spin-correla
distribution is obtained by taking the following sum over t
helicity indices of the intermediate neutralino statex̃ i

0 by
folding the decay density matrix and the production mat
formed with production helicity amplitudes:

(
corr

[p2a2(
ll8

(
l̄

(
s

^s:ll̄&^s:l8l̄&* rll8

52p2a2FSunp1
Y3

X
P1

Y1

X
V1

Y2

X
V̄G ~55!

where the functions of the scattering angleQ are given in
terms of the production helicity amplitudes by

Sunp5
1

4 (
s56

@ u^s;11&u21u^s;12&u2

1u^s;21&u21u^s;22&u2#,
07500
ly
e

ue
ly,
t-

-
ay

-
d

P5
1

4 (
s56

@ u^s;11&u21u^s;12&u2

2u^s;21&u22u^s;22&u2#,

V5
1

2 (
s56

R$^s;21&^s;11&*

1^s;22&^s;12&* %,

V̄5
1

2 (
s56

I$^s;21&^s;11&*

1^s;22&^s;12&* %. ~56!

Notice that the above combinations are directly related w
the polarization vector of the neutralinox̃ i

0 as follows:

P L
i15

P
Sunp

, P T
i15

V
Sunp

, P N
i15

V̄
Sunp

. ~57!

Combining production and decay, we obtain the full
correlated 6-fold differential cross section

ds

dF
5

pa2b

8s
SunpB~ x̃ i

0→x̃1
0l 2l 1!

3@11PzP L
i11PxP T

i11PyP N
i1#, ~58!

where

Px5
Y1

X
, Py5

Y2

X
, Pz5

Y3

X
, ~59!

with the phase space volume element dF
5dcosQdx1dx2dcosu1df1df12. The angular variableu1 is
the polar angle of thel 2 in the x̃ i

0 rest frame with respect to
the original flight direction in the laboratory frame, andf1
the corresponding azimuthal angle with respect to the p
duction plane, andf12 is the relative azimuthal angle ofl 1

along thel 2 direction with respect to the production plan
4-15
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On the other hand, the opening angleu12 between thel 2 and
l 1 is fixed once the lepton energies are known. The picto
description of the kinematical variables is presented for
decayx̃2

0→x̃1
0l 1l 2 taking the specific neutralinox̃2

0 in Fig.
13. The dimensionless parametersx1 andx2 denote the lep-
ton energy fractions

El 25
mx̃

2
0

2
x1 , El 15

mx̃
2
0

2
x2 , ~60!

with respect to the neutralino massmx̃
i
0 divided by a factor

of two. The kinematically-allowed range for the variables
determined by the kinematic conditions

0<Q<p,

0<u1<p, 0<f1<2p, 0<f12<2p,

0<x1,2<12r 21, ~12x1!~12x2!>r 21,

x11x2>12r 21, ~61!

FIG. 13. Configuration of momenta in thee1e2 c.m. frame for
the associated production of neutralinos and in the rest frame o

decaying neutralinox̃2
0.
07500
l
e

where r 215mx̃
1
0

2
/mx̃

2
0

2
, and the masses of the final-state le

tons are neglected.

B. Total cross section of the correlated process

The total cross section for the correlated processe1e2

→x̃1
0x̃2

0→x̃1
0(x̃1

0l 2l 1) is given by integrating the differentia
cross section~58! over the full range of the 6-dimensiona
phase space. More simply, the cross section is given as
multiplication of the integrated production cross secti
s(e1e2→x̃2

0x̃1
0) and the branching fraction B(x̃2

0

→x̃1
0l 1l 2) because the correlation effects are washed

after integration over the phase space volume.
The total cross section is displayed in Fig. 14 as the c

tour plots on the plane of twoCP phases$Fm ,F1% in two
scenarios~a! S1 and ~b! S2. First of all, we note that the
total cross section in the scenarioS1 is very small. By defi-
nition, the scenarioS1 has extremely large selectron mass
so that only theZ-exchange diagram involving only th
Higgsino content of the neutralinos contributes. Howev
the Higgsino content of the neutralinos is at most 40% and
most cases 20% forx̃2

0 while it is at most 20% and in mos

cases 10% forx̃1
0. Therefore, it is naturally expected to hav

a strongly-suppressed cross section in the scenario. On
other hand, the total cross section is very much enhance
the scenarioS2, mainly due to large gaugino content an
small selectron masses which contribute to the cross sec
through thet- andu-channel exchanges. So, we can conclu
that it is possible to have a relatively large cross section if
Higgsino content of the neutralinos is large or the slep
masses are small@5#.

Quantitatively the scenarioS1 will present a few events
of the neutralino process for an integrated luminosity of
order of 100 fb21 while the scenarioS2 give a few thousand
events for the same integrated luminosity. So, a good pr
sion measurement of the relevant SUSY parameters migh
performed in the scenarioS2 at future high luminositye1e2

collider experiments such as TESLA, while it might be d
ficult in the scenarioS1. As can be read from the figures, th
cross section increases as the phaseF1 approachesp in both

he
l
d

FIG. 14. Contours of the tota
cross section of the associate
production of neutralinose1e2

→x̃2
0x̃1

0 followed by the sub-

sequential decayx̃2
0→x̃1

0l 1l 2 on
the plane of two phasesFm and
F1 in the scenarios~a! S1 and~b!
S2. Here,l is eithere or m.
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FIG. 15. Two-lepton invariant mass distributions of the correlated production processe1e2→x̃1
0x̃2

0→x̃1
0l 1l 2 in the scenarios~a! S1 and

~b! S2 for five combinations of the values of twoCP phasesFm andF1.
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scenarios. However, the dependence of the cross sectio
the phaseFm is very different in two scenarios. In the sc
nario S2, the cross section increases monotonically asFm
approachesp, but it becomes maximal at a non-trivial valu
of Fm between 0 (2p) andp in the scenarioS1.

Compared with the dependence of the neutralino ma
on theCP phases displayed in Fig. 4, the cross section
be larger for larger neutralino masses and vice versa for q
large region of theCP phases. This implies that within th
range allowed in the scenarios the signals with larger ma
can have more possibility of being detected while those w
smaller masses may escape detection. In this sense, f
high luminosity experiments can give constraints on theCP
phases simply by putting the upper limits on the event ra

C. Dilepton invariant mass distributions

The invariant mass of two final-state leptonsmll , which
is nothing but the square root of the Mandelstam variab
As8,

mll 5As85mx̃
2
0Ax11x2211r 21, ~62!

is a Lorentz-invariant kinematical variable so that it is ea
to reconstruct by measuring the energies of two final-s
leptons@31#. Furthermore, the distribution for the invaria
massmll is independent of the specific production proce
for the decaying neutralino. This factorization is due to t
fact that the invariant mass does not involve any angu
variables describing the decays so that the polarization of
decaying neutralino is not effective.

Figure 15 shows the two-lepton invariant mass distrib
tion in the scenarios~a! S1 and ~b! S2. This distribution
must reflect the two-lepton invariant mass distribution of
neutralino decayx̃2

0→x̃1
0l 1l 2 itself multiplied by the total
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production cross sections(e1e2→x̃2
0x̃1

0). As shown before,
the leptonic branching ratio is very sensitive to the values
the underlying SUSY parameters. We find that the distrib
tion of the invariant massmll of the final-state two leptons is
sensitive to the theCP phases as well. First of all, the en
point of the maximal invariant mass is strongly dependent
theCP phases so that after all the real parameters are de
mined, the measurement of the end point will provide
with a very good handle to determine theCP phases. As one
can notice from Fig. 15, the sensitivity is larger in the sc
narioS1 with a smallumu parameter, which is more compa
rable to the value ofM2 than in the scenarioS2. It clearly
implies that the effect of theCP phases is enhanced fo
comparable gaugino and Higgsino parameters.

In passing, we note that since it is independent of
production mechanism, the lepton invariant mass distribut
can be an important tool for studying supersymmetric m
els even at hadron colliders because of its clean signat
This point has been in detail explored by Nojiri and Yama
@31# by investigating the parameter dependence of the dis
bution of the three body decayx̃2

0→x̃1
0l 1l 2 at the CERN

LHC.

D. Lepton angular distribution in the laboratory frame

In this section, we give numerical results for the angu
distributions of l 2 with respect to the electron beam ax
computed with complete spin correlations between prod
tion and decay. Unlike the invariant mass distribution, t
lepton angular distribution is crucially dependent on t
production-decay spin correlations. Moortgat-Pick and Fr
@14# have found in their detailed study that the effect of t
spin correlations for the lepton angular distribution amou
up to 20% for lower energies and the shape of the lep
angular distribution is very sensitive to the mixing in th
4-17
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FIG. 16. Lepton angular distributions of the correlated processe1e2→x̃1
0x̃2

0→x̃1
0(x̃1

0l 1l 2) in the scenarios~a! S1 and~b! S2 for five
combinations of the values of twoCP phasesFm andF1.
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the
gaugino sector and to the value of the slepton mass. Th
points can be confirmed by comparing two results displa
in Fig. 16. In the scenarioS1 ~left figure! with large selec-
tron masses, the lepton angular distribution is forwa
backward symmetric and larger in the forward-backward
rection. On the other hand, in the scenarioS2 the angular
distribution is forward-backward asymmetric, maximal ne
cosul250 but suppressed in the forward-backward dire
tions. Furthermore, the size of the lepton angular distribut
and the forward-backward asymmetry depends ra
strongly on theCP phases.

E. Triple momentum product

So far, we concentrate mainly on theCP-even
production-decay correlated observables which depend
the CP phases only indirectly. However, the initial electro
momentum and two easily-reconstructible final-state lept
allows us to construct aT-odd observable

OT5pW e•~pW l 23pW l 1!. ~63!

with l 5e,m. This T-observableOT @19# can be finite if there
exist non-vanishingCP-violating orCP-preserving complex
phases in the amplitude for the correlated process. If
neglect the heavy particle widths, theT-odd observable can
be utilized to directly measure theCP phases or to constrai
them.

Due to the general property of theT-odd observable, we
know that it should be given a linear combination of t
CP-odd quartic chargesQ4

21 and D4. Note that in the sce-
narioS1 with large slepton masses, both of them are prop
tional to a small suppression factor (sW

2 21/4) as noticed in
Eq. ~42!. Therefore, theT-odd observable as well as the ele
tron EDM can not give any significant constraints on theCP
phases in the scenarioS1. On the other hand, since the sle
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ton exchanges give a large contribution in the scenarioS2,
there might be a relatively large value of theT- (CP-!odd
observable for non-trivial phases. Furthermore, since the
damental structure of the electron EDM determined by
CP phases will be very different from that of theT-odd
observable, twoCP-odd quantities will play a complemen
tary role in constraining theCP phases. In order to make
concrete comparison of them, we explore the exclusion
gion by theT-odd observable on theCP phases in the sce
nario S2. Since we cannot estimate the precise system
uncertainties mainly related with the detection quality, w
neglect the systematic uncertainties but take into acco
only the statistical errors. In this case, the boundaries of
excluded region of theCP phasesFm andF1 at theNs-s
level for a given integrated luminosity satisfy the relation

E Ldt5
Ns

2

2

^O T
2&2^O T&2

u^O T&u2s tot

~64!

where ^X&[*X(ds tot /dF)dF/s tot over the total phase
space volumeF. In determining the exclusion area we tak
into account two possible combinations of two final-sta
leptons; (e2,e1) and (m2,m1), which is responsible for the
factor 2 in the denominator.

Figure 17 exhibits the excluded area of theCP phases by
the electron EDM measurements at 95% confidence le
~shaded region! and by theT-odd observableOT ~hatched
region! at 2-s level with an integrated luminosity of 200
fb21. One can clearly notice their complementarity ro
played by two independentCP-odd quantities. TheT-odd
observable enables us to exclude all the range ofFm for
most values ofF1 except forF150,p,2p. In addition, they
are complementary in the sense that the electron EDM is
indirect physical quantity determined at a very low energ
which does not need to observe SUSY particles but
4-18
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T-odd observableOT is a direct observable to measure t
SUSY CP phases exclusively, which however requires p
ducing neutralinos directly. So, we conclude that through
investigations theT-odd observable can be a very efficie
and complementary quantity in constraining or determin
the CP phases if the lightest and second lightest neutrali
are pair-produced and unless the sleptons are too heavy

VII. CONCLUSIONS

In this paper, we have investigated the associated pro
tion of neutralinose1e2→x̃1

0x̃2
0 accompanied by the neu

tralino leptonic decayx̃2
0→x̃1

0l 1l 2, taking into account ini-
tial beam polarization and production-decay spin correlati
in the minimal supersymmetric standard model with gene
CP phases but without generational mixing in the slep
sector. The stringent constraints by the electron EDM on
CP phases have been also included in the discussion o
effects of theCP phases.

First of all, we have described possible flavo
preserving—selectron, chargino and neutralino—mixings
the MSSM with generalCP phases without generationa
mixing and applied them to the evaluation of the electr
EDM to investigate its dependence on the phases. As a
sult, we have identified two typical scenarios; one has la
selectron masses of the order of 10 TeV and the other r
tively light selectron masses of 200 GeV and a lar
Higgisino mass parameter. The first scenario allows the
range for theCP phasesFm and F1 relevant to the neu-
tralino process while the second scenario allows a fin
space for theCP phases. Employing the allowed space as
platform for further investigations of the neutralino pr

FIG. 17. Excluded region of the phases$Fm ,F1% by the elec-
tron EDM constraints~shadowed region! and by the triple product
measurements with the integrated luminosity of 200 fb21 at the
95% confidence level.
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cesses, we have obtained several interesting results, w
can be summarized as follows.

The production cross section and the branching fracti
of the leptonic neutralino decays are very sensitive to theCP
phases. As a result, the total cross section is very sensitiv
the CP phases.

If the electron-positron masses are neglected, the in
longitudinal and transverse polarizations of the initial ele
tron and positron beams lead to threeCP-even distributions
and oneCP-odd distribution, which can be studied indepe
dently of the details of the neutralino decays. While they
sensitive to the real SUSY parameters, those observa
especially, theT- (CP-! odd observablePN is ~almost! in-
sensitive to theCP phases in both scenarios.

The production-decay spin correlations lead to seve
CP-even observables. Among them we have studied
two-lepton invariant mass distribution, the lepton angu
distribution, and one interestingT-odd (CP-odd! triple prod-
uct of the initial electron momentum and two final lepto
momenta. On the whole, we have found that the distributi
are sensitive to theCP phases in the scenarioS2 with rela-
tively light selectrons and large gaugino contents of the n
tralinos.

We have presented the exclusion region of theCP phases
Fm andF1 by theT-odd (CP-odd! observable with the as
sumed integrated luminosity of 200 fb21 at 2-s level. In
comparison with the constraints from the electron ED
measurements, the constraints from theT-odd observable is
complementary in that it constrains very strongly the ph
F1.

To conclude, the associated production of neutralin
e1e2→x̃2

0x̃1
0 followed by the leptonic x̃2

0 decays x̃2
0

→x̃1
0l 1l 2 is expected to be one of the cleanest SUSY p

cesses to allow for a detailed investigation of the physics
to theCP phases in the MSSM. Therefore, if the neutralin
are produced at futuree1e2 colliders, the colliders will
make it possible to measure or constrain the SUSY par
eters andCP phases and so provide a complementary ch
for the existence ofCP violation in the MSSM in the neu-
tralino sector.
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G. Altarelli, T. Sjöstrand, and F. Zwirner, Report No. CERN
96-01.

@13# For reviews, see for example E. Accomandoet al., Phys. Rep.
299, 1 ~1998! and references therein.

@14# G. Moortgat-Pick and H. Fraas, Phys. Rev. D59, 015016
~1999!.

@15# A. Bartl, H. Fraas, W. Majerotto, and B. Mo¨sslacher, Z. Phys.
C 55, 257 ~1992!; S.T. Petcov, Phys. Lett.139B, 421 ~1984!;
S.M. Bilenky, E.C. Christova, and N.P. Nedelcheva, Bulg.
Phys.13, 283 ~1986!.

@16# A. Leike, Int. J. Mod. Phys. A3, 2895~1988!; M.A. Diaz and
S.F. King, Phys. Lett. B349, 105~1995!; 373, 100~1996!; J.L.
Feng and M.J. Strassler, Phys. Rev. D51, 4661 ~1995!; 55,
1326~1997!; G. Moortgat-Pick and H. Fraas,ibid. 59, 015016
~1999!.

@17# S.Y. Choiet al., Eur. Phys. J. C7, 123 ~1999!; G. Moortgat-
Pick and H. Fraas, Phys. Rev. D59, 015016~1999!; Eur. Phys.
J. C9, 521 ~1999!; 9, 549~E! ~1999!.

@18# S. Ambrosanio and B. Mele, Phys. Rev. D52, 3900~1995!.
@19# Y. Kizukuri and N. Oshimo, Phys. Lett. B249, 449 ~1990!.
@20# D. Chang, W.-Y. Keung, and A. Pilaftsis, Phys. Rev. Lett.82,

900 ~1999!.
@21# H. Baer, C. Chen, M. Drees, F. Paige, and X. Tata, Phys. R

Lett. 79, 986 ~1997!; 80, 642~E! ~1998!; Phys. Rev. D58,
075008~1998!; 59, 055014~1999!.

@22# L3 Collaboration, M. Acciarriet al., Report Number CERN-
EP-99-080, 1999; DELPHI Collaboration, P. Abreuet al., Re-
port number CERN-EP-99-077, 1999 and references there

@23# E.D. Commins, S.B. Ross, D. DeMille, and B.S. Regan, Ph
Rev. A 50, 2960 ~1994!; K. Abdullah et al., Phys. Rev. Lett.
65, 2347~1990!.

@24# L.M. Sehgal and P.M. Zerwas, Nucl. Phys.B183, 417 ~1981!.
@25# K. Hagiwara and D. Zeppenfeld, Nucl. Phys.B274, 1 ~1986!.
@26# C. Jarlskog, Phys. Rev. Lett.55, 1039~1985!; Z. Phys. C29,

491 ~1985!.
@27# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!.
@28# Y.S. Tsai, Phys. Rev. D4, 2821~1971!: T. Hagiwara, S.-Y. Pi,

and A.I. Sanda, Ann. Phys.~N.Y.! 106, 134~1977!; A. Rougé,
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