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Spin correlations in the production and subsequent decay of neutralinos
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We study the processe2e1→x̃1
0x̃2

0 with the subsequent decayx̃2
0→x̃1

0l 1l 2 taking into account the com-
plete spin correlations. We give the analytical formulas for the differential cross section and present numerical
results for the lepton angular distribution and the distribution of the opening angle between the outgoing
leptons for the CERN LEP2 energy ofAs5193 GeV and forAs5500 GeV. We examine three representative
mixing scenarios in the MSSM and also study the influence of the common scalar mass parameterm0 on the
shape of the distributions. For the lepton angular distribution, the effect of the spin correlations amounts to up
to 20% for lower energies. We find that the opening angle distribution is suitable for distinguishing between
Higgsino-like and gaugino-like neutralinos. The shape of the lepton angular distribution is very sensitive to the
mixing in the gaugino sector and to the value ofm0 . For higher energies, it is also suitable for distinguishing
between Higgsino-like and gaugino-like neutralino.@S0556-2821~99!02601-6#

PACS number~s!: 12.60.Jv, 13.10.1q, 13.88.1e, 14.80.Ly
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I. INTRODUCTION

Although the standard model~SM! is extraordinarily suc-
cessful for describing the electroweak phenomena, it has
eral theoretical shortcomings. The most severe of these
ciencies, the hierarchy problem, can satisfactorily be sol
by the concept of supersymmetry~SUSY! broken at the TeV
scale. This concept received a fresh impetus by the result
in a SUSY grand unified theory~GUT! model, the measured
coupling constants evolved to high energies meet at a si
point.

The most economical candidate for a realistic SU
model with minimal gauge groupSU(3)3SU(2)3U(1)
and with minimal content of particles is the minimal supe
symmetric extension of the standard model~MSSM!. In this
paper, we consider its simplest version with the conser
quantum numberR parity. Its implications include tha
SUSY particles can only be produced in pairs and the lig
est supersymmetric particle~LSP! is stable and escapes d
tection. As usual, we assume that this particle is the ligh
neutralinox̃1

0.
Among the new particles, the charginos~the supersym-

metric partners of the charged gauge and Higgs bosons! and
the neutralinos~the partners of the neutral gauge and Hig
bosons! are of particular interest. As they are expected to
lighter than the gluino and in most scenarios lighter than
squarks and sleptons@1,2#, the next-to-lightest neutralinox̃2

0

and the lightest chargino could be first observed in fut
experiments ate1e2 colliders. In particular, the productio
of x̃1

0x̃2
0 pairs allows us to study a wide region of the SUS

parameter space. Although in general, chargino productio
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favored by larger cross sections, in certain regions of
parameter space, sizeable cross sections for the neutr
process can be expected@3#. Moreover, it might be possible
to discover SUSY by neutralino production if charginos a
not accessible.

If new particles are discovered which are possible n
tralino candidates, for a clear identification, the complete
vestigation of their decay characteristics is indispensa
Neutralino decay widths and branching ratios have b
thoroughly studied@4#. Angular distributions and angula
correlations of the decay products can give valuable ad
tional information on their composition from photino, zin
and Higgsino components.

Another interesting question is to see if angular distrib
tions of decay products allow separation of neutralino p
duction from chargino production.

Moreover, from decay angular distributions with com
plete spin correlations of the decaying particle, one can in
the spin of the new particles.

Finally, the identification of neutralinos would be com
pleted by ascertaining their Majorana character. In Re
@5, 6#, it is demonstrated that this is possible by means of
energy distributions of the decay leptons if the neutralin
are produced in collisions of polarizede1e2 beams. The
angular distributions of the decay products might, howev
offer the possibility to prove the Majorana character if pola
ized beams are not available. Furthermore, the angular
tributions of the final leptons are suitable observables
studying CP-violation in supersymmetric models@6,7#.

The above mentioned reasons motivate a study of ang
distributions in associated production of neutralinos and
subsequent decay of the next-to-lightest neutralino. Since
gular distributions depend on the polarization of the par
particles, one has to take into account spin correlations
tween production and decay.

In general, quantum mechanical interference effects
©1998 The American Physical Society16-1
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FIG. 1. Feynman graphs for production and leptonic decay.
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tween various polarization states of the parent particles
clude simple factorization of the differential cross secti
into a production factor and a decay factor@8# unless the
production amplitude is dominated by a single spin com
nent@2#. However, in Ref.@9# it is shown that the factoriza
tion property holds for particles with spin provided that su
able Lorentz invariant variables are used. But this is not
case for angular distributions of the neutralino~or chargino!
decay products in the laboratory frame. For energy distri
tions of the final particles in the laboratory frame, the sp
correlations are, nevertheless, usually ignored.

Heavy fermion production with subsequent decay w
considered in Ref.@10#. Recently, a Monte-Carlo generato
for chargino production and decay including spin corre
tions was developed in Ref.@11#.

In this paper, we calculate the cross section of the proc
e1e2→x̃1

0x̃2
0 and the subsequent direct leptonic decay,x̃2

0

01501
e-

-

e

-

s

-

ss

→x̃1
0l1l2. We give the analytical formulas of the differentia

cross section with complete spin correlations of the decay
neutralino. We study numerically the influence of these s
correlations on energy and angular distributions. The ene
distributions are independent of spin correlations. Howev
for the lepton angular distributions for lower energies, t
effect of the spin correlations amounts to up to 20%. T
shape of the lepton angular distribution is very sensitive
the mixing character in the gaugino sector and to the valu
m0 . For higher energies, it is suitable for distinguishing b
tween Higgsino- and gaugino-like neutralino. We also a
lyze the opening angle distributions and show that at low
energies they are suitable for distinguishing betwe
Higgsino- and gaugino-like neutralinos. This will allow on
to constrain the parameter space of the MSSM. We also c
sider the influence of the scalar mass parameterm0 on the
shape of distributions.
6-2
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SPIN CORRELATIONS IN THE PRODUCTION AND . . . PHYSICAL REVIEW D 59 015016
In Sec. II the general formalism is shown. In Sec. II A t
Lagrangian, couplings and Feynman diagrams are given
Sec. II B the spin-density formalism is presented, and in S
II C the kinematics is given. In Sec. III we present the fo
mulas for the differential cross section with complete s
correlations. Numerical results for the LEP2 energyAs
5193 GeV and forAs5500 GeV and a discussion are pr
sented in Sec. IV.

II. GENERAL FORMALISM

A. The Feynman diagrams

In this section we show the Feynman diagrams and g
the Lagrangian for the production process,e2(k1)e1(k2)
→x̃1

0(q1)x̃2
0(q2), and for the direct leptonic decay,x̃2

0(q2)
→x̃1

0(p1) l 1(p2) l 2(p3). The argumentsk1 ,k2 ,q1 ,q2 and
p1 ,p2 ,p3 denote the momenta of the incoming electron, p
itron, the produced neutralinosx̃1

0 ,x̃2
0 and the outgoing neu

tralino x̃1
0 and leptonsl 1,l 2 from the x̃2

0 decay. Both the
production and the decay process contain contributions f
Z0 exchange in the direct channel (s-channel! and from ẽL
andẽR exchange in the crossed channels (t-, u-channel!. We
introduce the kinematic variables:

s5~k11k2!2, s̄5~p21p3!2, ~1!

t5~k22q2!2, t̄ 5~q22p2!2, ~2!

u5~k12q2!2, ū5~q22p3!2. ~3!

Channels referring to the decay are marked by a dash.
Feynman diagrams are shown in Fig. 1.

From the interaction Lagrangian of the MSSM~in our
notation and conventions we follow closely@12#!,

L Z0l 1 l 252
g

cosuW
Zm l̄ gm~Ll PL1Rl PR!l 1H.c. ~4!

L Z0x̃
i
0x̃

j
05

1

2

g

cosuW
Zmx̄̃ i

0gm~Oi j
L PL1Oi j

RPR!x̃ j
01H.c.

~5!
ed

h

01501
in
c.

e

-

m

he

L l l̃ x̃
i
05g fli

L l̄ PRx̃ i
0 l̃ L1g fli

Rl̄ PLx̃ i
0 l̃ R1H.c.,

i , j 51,̄ ,4, ~6!

we obtain the couplings

Ll5T3l2el sin2 uW , Rl52el sin2 uW ,

f l i
L 52&S 1

cosuW
~T3l2el sin2 uW!Ni2

1el sin uWNi1D ,

f l i
R52&el sin uW~ tan uWNi2* 2Ni1* !,

Oi j
L 52 1

2 ~Ni3Nj 3* 2Ni4Nj 4* !cos 2b

2 1
2 ~Ni3Nj 4* 1Ni4Nj 3* !sin 2b,

Oi j
R52Oi j

L* .

In our casei 51, j 52 and we shall writeO12
L,R5OL,R. Here

PL,R5 1
2 (17g5), g is the weak coupling constant (g

5e/sin uW, e.0), andel andT3l denote the charge and th
third component of the weak isospin of the leptonl. Further-
more, tanb5v2 /v1, v1,2 are the vacuum expectation value
of the two neutral Higgs fields andNi j is the unitary 434
matrix which diagonalizes the neutral gaugino-Higgsi
mass matrix in the basisg̃,Z̃,H̃a

0 ,H̃b
0 . Since we disregard in

this paperCP violating phenomena, the elementsNi j of the
diagonalized matrix and the couplings can be chosen r
Then some of the neutralino mass eigenvalues may be n
tive and we shall write them in the formh imi with mi
.0,h i561 @13#. The respective amplitudes for the Fey
man diagrams are taken from Ref.@14#.

B. Spin density matrix for production and decay

The differential cross section for the productio
e2(k1)e1(k2)→x̃1

0(q1)x̃2
0(q2) and the subsequent deca

x̃2
0(q2)→x̃1

0(p1) l 1(p2) l 2(p3) is given by
ds5
1

2Al~s,me
2 ,me

2!
uTle2le1

l 1̄l1l1l2u2~2p!4d~4!~k11k22q12p12p22p3!dlips~q1 ,p1 ,p2 ,p3!, ~7!
se
ms.
be

ess
e

wheres is the cms-energy squared of the incominge2 and
e1 andl(x,y,z)5x21y21z222xy22xz22yz is the kine-
matical triangle function. All lepton masses are neglect
In Eq. ~7! le2,le1,l 1̄ and l1 ,l1 ,l2 label the helicities
of the electron, positron andx̃1

0 of the production
process and the helicities of thex̃1

0, l 1,l 2 of the
decay process, respectively. dlips(q1 ,p1 ,p2 ,p3)
5d3q1 /(2p)32q1

0
¯d3p3 /(2p)32p3

0 is the Lorentz invari-
ant phase space element of the four final particles. The
.

e-

licities le2,le1 of the initial particles are averaged becau
in this paper we consider the case of unpolarized bea
Since the polarization of the outgoing particles will not
measured, the helicities of the final particlesl 1̄ and
l1 ,l1 ,l2 have to be summed over. Therefore we suppr
these helicity indices in the following and only display th
helicity l2 of x̃2

0.
The total widthG2 of the decaying neutralinox̃2

0 is small
compared to its massm2 . Therefore the amplitudeT of the
6-3
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G. MOORTGAT-PICK AND H. FRAAS PHYSICAL REVIEW D59 015016
combined process is a coherent sum over all polariza
states of the helicity amplitudePl2 for the production pro-
cess times the helicity amplitudeDl2

for the decay proces

and a pseudopropagatorD251/(q2
22m2

21 im2G2) of x̃2
0:

T5D2Pl2Dl2
. ~8!

The amplitude squared for the combined process

uTu25uD2u2r
P

l2l28r
l

28l2

D
~9!

is thus composed from the unnormalized spin density ma

r
P

l2l285Pl2Pl28* ~10!

of the neutralinox̃2
0 and the decay matrix

r
l

28l2

D
5Dl2

D
l

28
* ~11!

for the respective decay channel. As in Fig. 2 all helic
indices, but that of the decaying neutralino are suppres
Repeated indices are summed over.

Squaring the total amplitude, one obtains interferen
terms between various helicity amplitudes. These terms
clude factorization in a production factor(l2

uPl2u2 times a

decay factor(̄l2
uDl2

u2 as for the case of spinless particle
We use the general formalism to calculate the helic

amplitudes for production and decay of a particle with fo
momentump and massm. Therefore we introduce thre
spacelike four-vectorssm

a , (a51,2,3) which together with
p/m form an orthonormal set:

FIG. 2. The amplitude squared for the combined process inc
ing spin correlations is composed by the spin density matrix for
production and the decay matrix times the pseudopropagatoD2

squared@compare Eq.~9!#.
01501
n

ix

d.

e
e-

y
-

p

m
•sa50 ~12!

sa
•sb52dab ~13!

sm
a
•sn

a52gmn1
pmpn

m2 . ~14!

A convenient choice for the explicit form ofsa is in a coor-
dinate system where the direction of the three-momentum
p̂5(sinQ cosF,sinQ sinF,cosQ) @15#:

s1m5~0,2sin F,cosF,0! ~15!

s2m5~0,cosQ cosF,cosQ sin F,2sin Q! ~16!

s3m5
1

m
~ upW u,Ep̂!. ~17!

Then in this frame of references(1),(2) and s(3) describe
transverse and longitudinal polarization of the particle.

When computing the density matrices for production a
decay, Eqs.~10!, ~11!, we make use of the Bouchiat-Miche
formulas@15#:

u~p,l8!ū~p,l!5 1
2 ~dll81g5s”asll8

a
!~p”1m! ~18!

v~p,l8!v̄~p,l!5 1
2 ~dll81g5s”asl8l

a
!~p”2m!. ~19!

In the amplitude squared@Eq. ~9!#, the spin vectorssa lin-
early enter the matricesrP @Eq. ~10!# and rD @Eq. ~11!#.
They induce by Eq.~14! the above mentioned quantum m
chanical correlations between production and decay.

C. Kinematics and phase space

We split the phase space into the one for the product
e2(k1)e1(k2)→x̃1

0(q1)x̃2
0(q2), and the one for the three

particle decay,x̃2
0(q2)→x̃1

0(p1) l 1(p2) l 2(p3). Then we ob-
tain the differential cross section in thee2e1-cms by inte-
grating over the effective mass squareds2 of the decaying
neutralinox̃2

0 @16#:

ds5
1

8Eb
2 E ds2

2p

W

~s22m2
2!21G2

2m2
2

3~2p!4d~4!~q11q22k12k2!

3
d3q1

~2p!32E1

d3q2

~2p!32E2

3~2p!4d~4!~p11p21p32q2!

3
d3p1

~2p!32Ē1

d3p2

~2p!32E1

d3p3

~2p!32E2

~20!

d-
e

6-4
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SPIN CORRELATIONS IN THE PRODUCTION AND . . . PHYSICAL REVIEW D 59 015016
with W5r
P

l2l28r
l

28l2

D
@compare Eq.~9!#. The energies of the

producedx̃1
0 ,x̃2

0 areE1 ,E2 and those ofx̃1
0 ,l 1 and l 2 from

the decay are denoted byĒ1 ,E1 and E2 . Eb is the beam
energy,m2 is the mass ofx̃2

0 and the mass ofx̃1
0 is labeled by

m1 . Finally QM2 (QM1) is the angle between the electro
beam and the outgoing negatively~positively! charged lepton
l 2 ( l 1) in the laboratory frame~Fig. 3!.

If the total width of the decaying particlex̃2
0 is much

smaller than its mass,G2!m2 , one can make the
narrow width approximation 1/@(s22m2

2)21m2
2G2

2#
'(p/m2G2)d(s22m2

2) and one obtains for the differentia
cross section in thee1e2-cms, i.e., in the laboratory frame

ds5W
1

16~2p!7

1

m2G2

uqW 2u

64Eb
3

3
E1E2dE2 sin QdQdFdV1dV2

@E22uqW 2ucosu212E2~12cosQ12!#
. ~21!

Q is the production angle ofx̃2
0, F describes the rotation

around the electron beam axis, anddV1(dV2) is the solid
angle ofl 1( l 2).

In consequence of momentum conservation, the ene
E1 is determined byE2 , the anglesu22(u21) betweenl 2

( l 1) and x̃2
0, and the opening angleQ12 between the lep-

tons:

E15
m2

22m1
222E2~E22uqW 2ucosu22!

2@E22uqW 2ucosu212E2~12cosQ12!#
. ~22!

The possible region of the lepton energyE2 depends on
the lepton decay angleu22 :

FIG. 3. Configuration of momenta in the laboratory system. T
lepton angular distribution refers toQM2 , the opening angle dis
tribution to Q12 .
01501
gy

0<E2<
m2

22m1
2

2~E22uqW 2ucosu22!
, ~23!

so thatE150, see Eq.~22!, at the upper bound.

III. ANALYTICAL FORMULAS

In this section we give the analytical expressions for th

productW5r
P

l2l28r
l

28l2

D
@compare Eq.~9!# of the density ma-

trices for the production process,e2(k1)e1(k2)
→x̃1

0(q1)x̃2
0(q2), and the direct leptonic decay,x̃2

0(q2)
→x̃1

0(p1) l 1(p2) l 2(p3). Both the production and the decay
process contain contributions fromZ0 exchange in the direct
channel and fromẽL and ẽR exchange in the crossed chan
nels @compare Fig. 1#.

The productW in Eq. ~9! is a sum of contributions from
the different production and decay amplitudes and their i
terference terms,

W5 (
ab,cd

Wab,cd , ~24!

where the first paira,b of indices refers to the production
process, and the second pairc,d refers to the decay process
The pairs~ab! and ~cd! run through all combinations of the
values Z,Lt ,Lu ,Rt ,Ru , where Z and L,R denote the ex-

changed particlesZ0 and ẽL ,ẽR and l̃ L , l̃ R , respectively. In
the case of slepton exchange, the indicest,u denote the
channel. Thus,WZLt ,RtRu

is the contribution of the interfer-

ence term to the production process fromZ0-exchange and
ẽL-exchange in the t-channel and the interference term to t

decay process froml̃ R-exchange in thet̄ -channel and

l̃ R-exchange in theū-channel~Fig. 1!.
There are altogether 121 contributionsWab,cd which can

be classified into 16 groups. We give one representative
each group and list the indices of the possible combination
The other termsWab,cd of this group are then obtained by
substituting the propagator combination according to the p
of indices@see Eqs.~65!–~70!# and by substituting momenta
and couplings and sign factors as given in Table I below
The substitutions of the momentak1 ,k2 ,p2 ,p3 and of the
couplings OL,OR,L,R also have to be performed in Eqs
~41!–~64!. In the representative term, the sign factor
m,n,v,t,y have the value11.

e

TABLE I. Substitution rules forWab,cd , see Sec. III.

Production m n v t v Couplings Momenta

ẽL→ẽR 11 21 21 11 21 OL↔OR, Le↔Re

t→u 21 11 21 11 21 OL↔OR k1↔k2

Decay

l̃ L→ l̃ R
11 11 11 11 21 ŌL↔ŌR, L̄e↔R̄e

t̄→ū 11 11 11 21 21 ŌL↔ŌR p2↔p3
6-5
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For illustration, we consider as an exampleWLtLu ,LtLt
,

which is the representative of Group 12. In order to g
the contribution of WRtRu ,LuLu

, one has to change

the propagator combination DL(t)DL(u)DL( t̄ )DL( t̄ )
→DR(t)DR(u)DL(ū)DL(ū) and one has to substitut
ẽL→ẽR in the production process and one has to substi
01501
t

te

t̄→ū in the decay process. When substitutingẽL→ẽR , one
has to change the sign factorsn,v,y and the couplings ac
cording to the first line of Table I. Moreover, when subs

tuting t̄→ū, one has to change the sign factorst,y, the cou-
plings and the momentap2→p3 according to the fourth line
of Table I.
Group 1 (1 term):

WZZ,ZZ532uDZ~s!u2uDZ~ s̄!u2$D1•P12D23•S121D22•S13%. ~25!

Group 2 (4 terms):
Production: (LtZ),(RtZ),(LuZ),(RuZ) Decay: (ZZ)

WLtZ,ZZ516DL~ t !uDZ~ s̄!u2$2m Re„DZ~s!…@D1•P21y~D23•S222D22•S23!#

1ny Im„DZ~s!…@D23•S622D22•S63#%. ~26!

Group 3 (4 terms):
Production: (LtLt),(RtRt),(LuLu),(RuRu) Decay: (ZZ)

WLtLt ,ZZ58DL
2~ t !uDZ~ s̄!u2$~k1q1!~k2q2!D12y~D23•S322D22•S33!%. ~27!

Group 4 (2 terms):
Production: (LtLu),(RtRu) Decay: (ZZ)

WLtLu ,ZZ528DL~ t !DL~u!uDZ~ s̄!u2$D1•P41yh1m1~D23•S422D22•S43!%. ~28!

Group 5 (4 terms):
Production: (ZZ) Decay: (LtZ),(RtZ),(LuZ),(RuZ)

WZZ,LtZ
516uDZ~s!u2DL~ t̄ !tˆRe„Dz~ s̄!…$P1•D32y@D4•S122D5•S13#%

2Im„DZ~ s̄!…~Re
22Le

2!OLh1m1@S72•P312S71•P32#‰. ~29!

Group 6 (16 terms):
Production: (LtZ),(RtZ),(LuZ),(RuZ) Decay: (LtZ),(RtZ),(LuZ),(RuZ)

WLtZ,LtZ
58DL~ t !DL~ t̄ !t$2m Re„DZ~s!…Re„DZ~ s̄!…@P2•D31y~D4•S222D5•S23!#

1vy Im„DZ~s!…Re„DZ~ s̄!…@D4•S622D5•S63#2n Re„DZ~s!…Im„DZ~ s̄!…Leh1m1

3@2h2m2OR~k1q1!S721h1m1OL~k1q2!S722h1m1OL~k2q2!S71#

1Im„DZ~s!…Im„DZ~ s̄!…LeO
LL̄eŌ

Rm1
2@~p2q2!S432~p3q2!S421m2

2S5#%. ~30!

Group 7 (16 terms):
Production: (LtLt),(RtRt),(LuLu),(RuRu) Decay: (LtZ),(RtZ),(LuZ),(RuZ)

WLtLt ,LtZ
54DL

2~ t !DL~ t̄ !t$Re„DZ~ s̄!…@~k1q1!~k2q2!D32y~D4•S322D5•S33!#

1v Im„DZ~ s̄!…h1m1h2m2~k1q1!S72%. ~31!

Group 8 (8 terms):
Production: (LtLu),(RtRu) Decay: (LtZ),(RtZ),(LuZ),(RuZ)

WLtLu ,LtZ
524DL~ t !DL~u!DL~ t̄ !3t$Re„DZ~ s̄!…@D3•P41yh1m1~D4•S422D5•S43!#

1v Im„DZ~ s̄!…m1
2@~k1q2!S722~k2q2!S71#%. ~32!
6-6
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Group 9 (4 terms):
Production: (ZZ) Decay: (LtLt),(RtRt),(LuLu),(RuRu)

WZZ,LtLt
58uDZ~s!u2DL

2~ t̄ !~p1p3!3$~p2q2!P11yh2m2S12%. ~33!

Group 10 (16 terms):
Production: (LtZ),(RtZ),(LuZ),(RuZ) Decay: (LtLt),(RtRt),(LuLu),(RuRu)

WLtZ,LtLt
54DL~ t !DL

2~ t̄ !~p1p3!3$2m Re„DZ~s!…@~p2q2!P22yh2m2S22#2ny Im„DZ~s!…h2m2S62%. ~34!

Group 11 (16 terms):
Production: (LtLt),(RtRt),(LuLu),(RuRu) Decay: (LtLt),(RtRt),(LuLu),(RuRu)

WLtLt ,LtLt
52DL

2~ t !DL
2~ t̄ !$~p1p3!~p2q2!~k1q1!~k2q2!1yh2m2~p1p3!S32%. ~35!

Group 12 (8 terms):
Production: (LtLu),(RtRu) Decay: (LtLt),(RtRt),(LuLu),(RuRu)

WLtLu ,LtLt
522DL~ t !DL~u!DL

2~ t̄ !$~p1p3!~p2q2!P42yh1m1h2m2~p1p3!S42%. ~36!

Group 13 (2 terms):
Production: (ZZ) Decay: (LtLu),(RtRu)

WZZ,LtLu
58uDZ~s!u2DL~ t̄ !DL~ ū!$h1m1h2m2~p2p3!P11yh1m1@~p3q2!S122~p2q2!S13#%. ~37!

Group 14 (8 terms):
Production: (LtZ),(RtZ),(LuZ),(RuZ) Decay: (LtLu),(RtRu)

WLtZ,LtLu
54DL~ t !DL~ t̄ !DL~ ū!3$2m Re„DZ~s!…@h1m1h2m2~p2p3!P21yh1m1„2~p3q2!S221~p2q2!S23…#

1ny Im„DZ~s!…h1m1@2~p3q2!S621~p2q2!S63#%. ~38!

Group 15 (8 terms):
Production: (LtLt),(RtRt),(LuLu),(RuRu) Decay: (LtLu),(RtRu)

WLtLt ,LtLu
52DL

2~ t !DL~ t̄ !DL~ ū!h1m1h2m2~k1q1!3$~p2p3!~k2q2!1y@2~p3q2!~k2p2!1~p2q2!~k2p3!#%. ~39!

Group 16 (4 terms):
Production: (LtLu),(RtRu) Decay: (LtLu),(RtRu)

WLtLu ,LtLu
522DL~ t !DL~u!DL~ t̄ !DL~ ū!h1m13$h2m2~p2p3!P41yh1m1@2~p3q2!S421~p2q2!S43#%. ~40!
re
Th
For the sake of a clear presentation of our analytical
sults, we have introduced three groups of abbreviations.
first group refers to the production process:

P15~Re
21Le

2!$OL2
@~k1q1!~k2q2!1~k1q2!~k2q1!#

1OLORh1m1h2m2~k1k2!% ~41!

P252LeO
R~k1q1!~k2q2!1h1m1h2m2LeO

L~k1k2!
~42!

P315h1m1OR~k1q2!1h2m2OL~k1q1! ~43!

P325h1m1OR~k2q2!1h2m2OL~k2q1! ~44!

P45h1m1h2m2~k1k2! ~45!
01501
-
e
and the second group refers to the decay process:

D15~R̄e
21L̄e

2!ŌL2
$~p1p3!~p2q2!

1~p1p2!~p3q2!1h1m1h2m2~p2p3!% ~46!

D225~R̄e
22L̄e

2!ŌL2
$h1m1~p2q2!1h2m2~p1p2!%

~47!

D235~R̄e
22L̄e

2!ŌL2
$h1m1~p3q2!1h2m2~p1p3!%

~48!

D35L̄e@2ŌL~p1p3!~p2q2!2ŌRh1m1h2m2~p2p3!#
~49!
6-7
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D45L̄e@ŌRh1m1~p3q2!22ŌLh2m2~p1p3!# ~50!

D55L̄eŌ
Rh1m1~p2q2!. ~51!

The third class is related to the spin correlations betw
production and decay and connects the momenta of b
subprocesses:

S125~Re
22Le

2!H h1m1OROL@~k2p2!~k1q2!2~k1p2!~k2q2!#

1h2m2OL2F ~k2q1!S 2~k1p2!1
~k1q2!~p2q2!

m2
2 D

2~k1q1!S 2~k2p2!1
~k2q2!~p2q2!

m2
2 D G J ~52!

S135~Re
22Le

2!H h1m1OROL@~k2p3!~k1q2!2~k1p3!~k2q2!#

1h2m2OL2F ~k2q1!S 2~k1p3!1
~k1q2!~p3q2!

m2
2 D

2~k1q1!S 2~k2p3!1
~k2q2!~p3q2!

m2
2 D G ~53!

S22522h2m2LeO
R~k1q1!S 2~k2p2!1

~k2q2!~p2q2!

m2
2 D

1h1m1LeO
L@~k2p2!~k1q2!2~k1p2!~k2q2!# ~54!

S23522h2m2LeO
R~k1q1!S 2~k2p3!1

~k2q2!~p3q2!

m2
2 D

1h1m1LeO
L@~k2p3!~k1q2!2~k1p3!~k2q2!# ~55!

S325h2m2~k1q1!S 2~k2p2!1
~k2q2!~p2q2!

m2
2 D ~56!

S335h2m2~k1q1!S 2~k2p3!1
~k2q2!~p3q2!

m2
2 D ~57!

S425~k2p2!~k1q2!2~k1p2!~k2q2! ~58!

S435~k2p3!~k1q2!2~k1p3!~k2q2! ~59!

S55~k1p3!~k2p2!2~k1p2!~k2p3! ~60!

S625LeO
Lh1m1@k2k1p2q2# ~61!

S635LeO
Lh1m1@k2k1p3q2# ~62!

S715L̄eŌ
R@q2k1p3p2# ~63!

S725L̄eŌ
R@q2k2p3p2# ~64!
01501
n
th

with @abcd#5emnrsambncrds.
These terms, i.e., Eqs.~52!–~64!, would be missing if we

had assumed factorization of the differential cross section
production and decay.

For a better transparency, all couplings originating fro
the decay process are marked by a dash. The indices are
in order to emphasize the symmetry betweene2 ande1 in
the initial state andl 2 and l 1 in the final state, respectively

We have introduced the following products of propag
tors and coupling constants:

DZ~s!5
g2

cos2 uW
3

1

s2mZ
21 imZGZ

~65!

DL~ t !5
g2

t2mẽL

2 3 f l1
L* • f l2

L , DR~ t !5
g2

t2mẽR

2 3 f l1
R* • f l2

R

~66!

DL~u!5
g2

u2mẽL

2 3 f l1
L
• f l2

L* , DR~u!5
g2

u2mẽR

2 3 f l1
R
• f l2

R*

~67!

and

DZ~ s̄!5
g2

cos2 uW
3

1

s̄2mZ
21 imZGZ

~68!

DL~ t̄ !5
g2

t̄ 2mẽL

2
3 f̄ l2

L* • f̄ l1
L , DR~ t̄ !5

g2

t̄ 2mẽR

2
3 f̄ l2

R* • f̄ l1
R

~69!

DL~ ū!5
g2

ū2mẽL

2 3 f̄ l2
L
• f̄ l1

L* , DR~ ū!5
g2

ū2mẽR

2 3 f̄ l2
R
• f̄ l1

R* .

~70!

IV. NUMERICAL RESULTS AND DISCUSSION

A. Scenarios

Neutralinos are linear superpositions of the photinog̃, the
Zino Z̃ and the two HiggsinosH̃a

0 and H̃b
0 . The g̃ and Z̃

components only couple to the selectrons whereas
Higgsino components couple to theZ0. The composition and
the masses of the neutralino states depend on the three S
mass parametersM ,M 8 ~sometimes also calledM2 andM1)
andm, whose values follow from the specific SUSY brea
ing mechanism, and on the ratio tanb5v2 /v1 of the vacuum
expectation values of the Higgs fields. In order to reduce
number of parameters, we shall assumeM 85 5

3 M tan2 uW as
suggested by grand unification@12#. The gaugino mass pa
rameterM is related to the gluino mass byM'0.3mg̃ @17#
and the gluino mass is roughly given bymg̃'2.4m1/2 @18#,
where m1/2 is the common gaugino mass atMGUT (M
'0.72m1/2).

The masses of the sleptons are related to the SUSY
6-8
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TABLE II. ParametersM , m and mass eigenvalues in GeV, total width ofx̃2
0 in keV. The superscripts denote the value of the scalar m

m0 .

tanb M m h1m1 h2m2 hx̃
1
1mx̃

1
1 m

l̃ L

90
m

l̃ R

90
m

l̃ L

200
m

l̃ R

200
Gx̃

2
0

90
Gx̃

2
0

200

A 2 84 2250 46 97 97 123 104 217 207 35.5 1.33
B 2 112 448 51 98 297 139 110 226 210 15.0 0.74
C 2 215 283 76 2109 97 214 114 279 228 23.6 23.7
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rametersM and tanb and to the common scalar mass p
rameterm0 at the unification point@17#:

m
l̃ L

2
5m0

210.79M21mz
2 cos 2b~20.51sin2 uW! ~71!

m
l̃ R

2
5m0

210.23M22mz
2 cos 2b sin2 uW . ~72!

In order to illustrate the influence of the neutralino mixin
and of the scalar massm0 , we shall consider three represe
tative scenarios which differ significantly in the nature of t
two lowest mass eigenstatesx̃1

0 andx̃2
0. The selectron masse

are calculated for two values of the scalar massm0 , m0
590 GeV andm05200 GeV. For the parameters of th
standard model ~SM!, we take mZ591.19 GeV,GZ
52.49 GeV, sin2 uW50.23 @19# and a51/128. We choose
tanb52. The parameters of our scenarios and the mass
genvalues of the two lightest neutralinos, the light charg
and the selectrons are given in Table II. The width of thex̃2

0

has been computed with the program of@20# ~see Table II!.
Notice that also in scenarios withm,0, the branching

ratio for the radiative decay is less than 0.5% in the exa
ined region of parameter space@21#.

The g̃ and Z̃ are mixtures of theB̃ and theW̃3 gauginos,
g̃5cosuWB̃1sinuWW̃3, Z̃52sinuWB̃1cosuWW̃3. There-
fore in Table III, the components of the neutralino states
given in the basis (g̃,Z̃,H̃a

0 ,H̃b
0) and in the basis

(B̃,W̃3 ,H̃a
0 ,H̃b

0).
In scenario Ax̃1

0 has a dominating photino compone
and x̃2

0 has a dominating zino component, whereas in s
nario B, both neutralinos are nearly equal photino-zino m
tures. In the two scenarios A and B, thex̃1

0 is almost a pure

B-ino and the neutralinox̃2
0 is nearly a pureW̃3-ino. In sce-

TABLE III. Neutralino eigenstates.

x̃1
0 x̃2

0

(g̃uZ̃uH̃a
0uH̃b

0) (g̃uZ̃uH̃a
0uH̃b

0)
A ( 1.94u2.33u2.08u2.08) (2.35u2.89u2.16u2.23)
B (1.79u2.60u1.11u1.07) (2.62u2.76u1.17u1.10)
C (2.17u1.22u2.19u1.94) (2.05u1.29u2.92u2.26)

(B̃uW̃3uH̃a
0uH̃b

0) (B̃uW̃3uH̃a
0uH̃b

0)
A ( 1.98u1.16u2.08u2.07) (1.12u2.95u2.16u2.23)
B (1.98u2.15u2.13u1.09) (2.18u2.96u2.18u2.10)
C (2.25u1.11u2.19u1.96) (2.18u1.23u1.92u1.24)
01501
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nario C, both neutralino states are dominated by stro
Higgsino components~Table III!.

For the phase space integration~chosen relative accurac
1023), we used the Monte-Carlo routine Vegas. The eva
ation was made for cms-energies ofAs5193 GeV andAs
5500 GeV.

It can be derived from@9# that the total cross sectio
factorizes, i.e., it is independent of the spin correlations. T
fact has been used in our numerical calculations as a ch
for the phase space integration and the total cross sec
are given in Table IV.

B. Lepton angular distributions

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 according to E
~52!–~64!. The angular distributions ofl 1 are obtained by
substituting cosQM2→2cosQM1 .

In order to demonstrate the significance of the spin co
lations, we compare our results with those obtained from
assumption of factorization of the differential cross sect
into production and decay. As can be seen from Figs. 4
for all mixing scenarios and both values of the scalar m
m0 , the contribution of the spin correlations has the bigg
effect in the forward and in the backward direction and va
ishes in the direction perpendicular to the beam a
(cosQM250). The contribution of spin correlations in th
forward direction has opposite sign of that in the backwa
direction. Their magnitude decreases with increasing ene

Especially for lower energies, the spin effect is sizable
scenario A with a photino-likex̃1

0 and a zino-likex̃2
0 for both

values ofm0 . ForAs5193 GeV (As5500 GeV) its magni-
tude amounts to about 20%~6%! in the forward and back-
ward direction for both values ofm0 , m0590 GeV andm0
5200 GeV, Fig. 4~Fig. 5!. In both cases the contribution o
the spin correlation is negative in the backward direction a

TABLE IV. Total cross sections fore2e1→x̃1
0x̃2

0 and subse-
quent leptonic decay,x̃2

0→x̃1
0l 1l 2 for As5193 GeV and As

5500 GeV withm0590 GeV andm05200 GeV.

s(e2e1→x̃1
0x̃2

0→x̃1
0x̃1

0l 1l 2) / f b
As5193 GeV As5500 GeV

m0590 GeV m05200 GeV m0590 GeV m05200 GeV

A 38.9 11.1 32.7 21.6
B 10.0 2.5 10.9 6.1
C 23.3 23.4 6.0 6.1
6-9
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positive in the forward direction.
A comparison with the results for the gaugino-like sc

nario B ~Fig. 6 and Fig. 7! shows how sensitively the spi
correlation effect depends on the gaugino-Higgsino mix
and on the value ofm0 . It is noteworthy that although in
both scenarios A and B, thex̃1

0 is B-ino-like and x̃2
0 is

W̃3-ino-like with, however, different phases of theW̃3-ino
and B-ino admixture. ForAs5193 GeV andm0590 GeV
~Fig. 6! the magnitude of the spin effect is only 2% in th
forward and in the backward direction whereas form0
5200 GeV ~Fig. 7! it amounts to 10%. For higher energ
As5500 GeV it is negligible~Fig. 8!.

It is remarkable that in the case of gaugino-like neutra
nos, the scalar massm0 crucially determines the shape of th
angular distributions. This is most obvious for scenario
andAs5193 GeV. For the smaller valuem0590 GeV, the
angular distribution has a maximum nearly perpendicula
the beam direction and is almost FB symmetric,AFB
520.8% ~compare Table V!. The contribution of the spin
correlations is positive in the backward direction and ne
tive in the forward direction~Fig. 6!. Increasing the value o

FIG. 4. Lepton angular distribution forAs5193 GeV in sce-
nario A for m0590 GeV with spin correlations fully taken into
account~upper solid! and for assumed factorization~upper dotted!;
for m05200 GeV with spin correlations~lower solid! and for as-
sumed factorization~lower dotted!.

FIG. 5. Lepton angular distribution forAs5500 GeV in sce-
nario A for m0590 GeV with spin correlations fully taken into
account~upper solid! and for assumed factorization~upper dotted!;
for m05200 GeV with spin correlations~lower solid! and for as-
sumed factorization~lower dotted!.
01501
-

g

-

o

-

m0 completely changes the shape of the angular distribu
and for m05200 GeV it has a minimum in the backwar
hemisphere and the forward direction is favored,AFB

515.9% ~Fig. 7!. Now the contribution of the spin correla
tions is negative in the backward direction and positive in
forward direction.

In the Higgsino-like scenario C, both production and d
cay are dominated byZ0-exchange. Therefore the depe
dence onm0 is considerably smaller and we give only n
merical results form0590 GeV. Here the contribution o
spin correlations is negligible and the angular distribution
practically flat forAs5193 GeV~Fig. 9! and FB-symmetric,
AFB50.07%, and forAs5500 GeV with a minimum per-
pendicular to the beam direction andAFB50.11% ~Fig. 10!.

Notice however that a negligible FB-asymmetry is not
unequivocal signature for Higgsino-like neutralinos. As c
be seen from Fig. 6 for scenario B withm0590 GeV the
FB-asymmetry may also be small for gaugino-like neutra
nos~see Table V!. From Figs. 5, 8 and 10, we conclude th
for higher energies far enough from threshold, the lep
angular distribution is suitable for distinguishing betwe
gaugino-like and Higgsino-like neutralinos. ForAs
5500 GeV the angular distribution is practically FB

FIG. 6. Lepton angular distribution forAs5193 GeV in sce-
nario B for m0590 GeV with spin correlations fully taken into
account~solid! and for assumed factorization~dotted!.

FIG. 7. Lepton angular distribution forAs5193 GeV in sce-
nario B for m05200 GeV with spin correlations fully taken into
account~solid! and for assumed factorization~dotted!.
6-10
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symmetric with however a maximum for gauginos, but
minimum for Higgsinos perpendicular to the beam directio

C. The lepton opening angle distribution

In contrast to the lepton angular distribution, the distrib
tion of the opening angle between both leptons factoriz
Due to the Majorana character of the decaying neutralino,
spin correlation terms are just cancelled by this partial ph
space integration.

It is also noteworthy that in contrast to the lepton angu
distributions, the distributions of the lepton opening an
are similar for both gaugino-like scenarios A and B~Figs. 11
and 12!. Especially forAs5193 GeV they differ, however
distinctively from that for Higgsino-like neutralinos in sce
nario C ~Fig. 13!.

In the case of gaugino-like neutralinos, the distributio
for As5193 GeV are rather flat~Figs. 11 and 12!. Changing
the scalar mass fromm0590 GeV tom05200 GeV results
in a reduction of the cross sections by a factor of appro
mately 3 in scenario A and by a factor of approximately 4
scenario B. The shape of the distribution, however, rema
essentially unchanged.

FIG. 8. Lepton angular distribution forAs5500 GeV in sce-
nario B for m0590 GeV with spin correlations fully taken into
account~upper solid! and for assumed factorization~upper dotted!;
for m05200 GeV with spin correlations~lower solid! and for as-
sumed factorization~lower dotted!.

FIG. 9. Lepton angular distribution forAs5193 GeV in sce-
nario C for m0590 GeV with spin correlations fully taken into
account~solid! and for assumed factorization~dotted!.
01501
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One should note that for the shape of the opening an
distributions, the influence of varying the value ofm0 is
much smaller than for the lepton angular distributions.

For Higgsino-like neutralinos~Fig. 13!, the shape of the
opening angle distribution forAs5193 GeV is completely
different from those of gaugino-like neutralinos. Here t
lepton pairs are preferably emitted with small angles
tween them, approximately 66% of them with an openi
angle between 0 andp/2.

With increasing energy, the opening angle distributi
shrinks more and more and forAs5500 GeV it displays for
both Higgsino- and gaugino-like neutralinos a rather narr
peak at or near cosQ1251. Obviously, the distribution of
the opening angle between the leptons is suitable to dis
guish between gaugino- and Higgsino-like neutralinos
lower energies.

D. Energy distributions

Just as the opening angle distribution, the energy distri
tion of the outgoing lepton factorizes. As a consequence
CP invariance~Sec. II A! and the Majorana character of th
neutralinos the energy spectra of both leptons,l 2 andl 1, are
identical @5#.

In Fig. 14 we give the energy distributions for scenario
for m0590 GeV andm05200 GeV and cms-energies o
As5193 GeV andAs5500 GeV. For all scenarios, the po

FIG. 10. Lepton angular distribution forAs5500 GeV in sce-
nario C for m0590 GeV with spin correlations fully taken into
account~solid! and for assumed factorization~dotted!.

TABLE V. Forward-Backward-Asymmetry AFB for As
5193 GeV and As5500 GeV with m0590 GeV and m0

5200 GeV.

AFB5
s~cosQ2.0!2s~cosQ2,0!

s~cosQ2.0!1s~cosQ2,0!
Y @%#

As5193 GeV As5500 GeV
m0590 GeV m05200 GeV m0590 GeV m05200 GeV

A 10.2 11.6 2.3 3.0
B 20.8 5.9 20.3 1.8
C 0.07 0.11 20.01 0.00
6-11



o

io
tio
ct

t
is

av

it
ne
et

t
iv
ith
is
om

be
d
to
the
ca-

for
he

ton
he

os

r-
ting
ry,
e.
en-
ns.
are

ted
the

G. MOORTGAT-PICK AND H. FRAAS PHYSICAL REVIEW D59 015016
sition of the maximum is independent of the actual value
m0 .

E. Summary

In this paper we have calculated the analytical express
for the differential cross section of the associated produc
of neutralinos,e21e1→x̃1

01x̃2
0, and the subsequent dire

leptonic decay,x̃2
0→x̃1

01 l 11 l 2, with complete spin corre-
lations between production and decay. The angular and
energy distribution of the outgoing lepton as well as the d
tribution of the opening angle between both leptons h
been computed for cms-energies ofAs5193 GeV andAs
5500 GeV. These distributions have been examined w
regard to their dependence on spin correlations, on the
tralino mixing character and on the scalar mass param
m0 .

The quantum mechanical interference terms between
various polarization states of the decaying neutralino g
rise to a strong effect in the lepton angular distribution w
respect to the beam axis, whereas the opening angle d
bution and the energy distribution are independent fr
these spin correlations.

FIG. 11. Opening angle distribution in scenario A forAs
5193 GeV andm0590 GeV ~upper solid! and m05200 GeV
~lower solid!; for As5500 GeV andm0590 GeV ~upper dotted!
andm05200 GeV~lower dotted!.

FIG. 12. Opening angle distribution in scenario B forAs
5193 GeV andm0590 GeV ~upper solid! and m05200 GeV
~lower solid!; for As5500 GeV andm0590 GeV ~upper dotted!
andm05200 GeV~lower dotted!.
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For energies not too far above the threshold (As
5193 GeV), the opening angle distribution turns out to
suitable for distinguishing between Higgsino-like an
gaugino-like neutralinos. However, it is rather insensible
variable mixing in the gaugino sector. Here the shape of
opening angle distribution only slightly depends on the s
lar massm0 .

The lepton angular distribution, on the other hand, is
lower energies not only very sensitive to the mixing in t
gaugino sector, but also to the actual value ofm0 .

For energies far above threshold, the shape of the lep
angular distribution is rather insensible to the mixing in t
gaugino sector and to the value ofm0 . It is, however, ex-
tremely different for gaugino- and Higgsino-like neutralin
and suitable for distinguishing between them.

If the neutralinos are gaugino-like, the effect of spin co
relations in the angular distributions can be large amoun
to about 20%. For Higgsino-like neutralinos, on the contra
the contribution of spin correlations is practically negligibl

The energy distributions and the distributions of the op
ing angle, finally, are independent from the spin correlatio
Apart from the magnitude of the cross sections, they
rather insensitive to the actual value ofm0 .

The clear structure of the analytical formulas presen
here allows one to include hadronic decays and to extend

FIG. 13. Opening angle distribution in scenario C forAs
5193 GeV andm0590 GeV ~solid!; for As5500 GeV andm0

590 GeV ~dotted!.

FIG. 14. Energy distribution in scenario B forAs5193 GeV
andm0590 GeV~upper solid! andm05200 GeV~lower solid!; for
As5500 GeV andm0590 GeV ~upper dotted! andm05200 GeV
~lower dotted!.
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investigations to cascade decays and to production and d
of, for instance,x̃2

0x̃2
0 pairs. Concerning the hadronic decay

x̃2
0→x̃1

0qq̄, where the outgoing quarks develop two jets,
expect a similar shape of the opening angle distribution
tween quark and antiquark. Thus, the two jets would be b
ter separated for gaugino-like neutralinos than for Higgsi
like neutralinos which prefer small opening angle.

These investigations as well as the inclusion of beam
larization and the results for the chargino process ang
distributions will be discussed in a forthcoming paper w
regard to the determination of SUSY parameters.
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