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Abstract. We study the production of neutralinos e™e™ — )2?)”(? with polarized beams and the subsequent

decays X9 — xut¢™ and )2? — X204, including the complete spin correlations between production
and decay. We present analytical formulae for the differential cross section of the combined process of
production and decay of neutralinos. We also allow for complex couplings. The spin correlations have a
strong influence on the decay angular distributions and the corresponding forward—backward asymmetries.
They are very sensitive to the SUSY parameters and depend strongly on the beam polarizations. We present
numerical results for the cross section and the electron forward-backward asymmetry for eTe™ — ¥9%9,
%9 — ¥YeTe. We study the dependence on the parameter M’ for various mass splittings between éz and

ér and different beam polarizations.

1 Introduction

The search for supersymmetric (SUSY) particles is one of
the main goals of present and future colliders. In particu-
lar, an ete™ linear collider will be an excellent discovery
machine for SUSY particles [1]. Experiments at a linear
collider will also allow us to determine precisely the pa-
rameters of the underlying SUSY model [2].

The neutralinos, the supersymmetric partners of the
neutral gauge and Higgs bosons, are of particular interest
as they are expected to be relatively light. Most studies
of neutralino production ete™ — x{xJ, i, j=1,...,4, and
decays have been performed in the Minimal Supersym-
metric Standard Model (MSSM) (see [3-5], and references
therein). For a clear identification of neutralinos a precise
analysis of their decay characteristics is indispensable. By
measuring cross sections, branching ratios, various energy
and angular distributions of the decay products of the
neutralinos, one obtains valuable information about the
parameters of the MSSM.

Since decay angular distributions depend on the polar-
ization of the parent particles one has to take into account
the spin correlations between production and decay of the
neutralinos. In general, quantum mechanical interference
effects between various polarization states of the decaying
particles preclude simple factorization of the differential
cross section into a production and a decay factor [6,7],
unless the production amplitude is dominated by a sin-
gle spin component [8]. A variety of event generators for
production and decay of SUSY particles, such as DFGT,

SUSYGEN, GRACE and CompHEP [9], have been devel-
oped which include spin correlations between production
and decay.

In a previous paper [10] the process efe™ — XX,
i, j=1,...,4, with unpolarized beams and the subsequent
leptonic decays ¥ — Y20+e~, )29 — X2+ ¢~ have been
studied with complete spin correlations. Some results for
polarized beams have been presented in [11]. In the present
paper we give the complete analytical formulae for polar-
ized beams. We fully include the spin correlations between
production and decay. The formulae are given in a trans-
parent form in the laboratory system (which is identical
to the overall CMS) in terms of the basic kinematic vari-
ables. Moreover, we include complex couplings allowing
for studies of CP violating phenomena. The expression
for the differential cross section is composed of the joint
spin density matrix for the production of neutralinos and
the decay matrices for their leptonic decays. Our formulae
can easily be extended to hadronic decays.

The masses and couplings of the neutralinos depend
on the MSSM parameter M’, M, p and tan (3. The pa-
rameters M, p and tan 8 can in principle be determined
by chargino production alone [12,13]. The cross section for
chargino production with polarized beams and the decay
angular distributions also give information on the sneu-
trino mass m; [14]. However, a precise determination of
the parameter M’ is only possible in the neutralino sec-
tor. A study of neutralino production and decay also gives
information about the masses of the left and right selec-
trons, me, and mg,.
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It is known that the forward—backward asymmetry of
the production process efe™ — x{x} vanishes due to
the Majorana nature of the neutralinos [3,15,16]. How-
ever, taking into account neutralino decay, for instance
XY — 007 xY, the forward-backward asymmetry Arp of
one of the decay leptons does not vanish [10,11]. This is a
consequence of spin correlations between production and
decay. As we shall show this App depends very sensitively
on the SUSY parameters. Furthermore, it depends very
strongly on the beam polarization. The forward—backward
asymmetry App of the decay lepton is due to a complex
interplay of the Z and l L, lr exchange amplitudes in pro-
duction and decay, where the polarization of X! plays a
crucial role. The polarization vector of X! is determined by
the characteristics of the production process and strongly
influences the decay distribution.

The main purpose of our paper is the presentation
of the formulae for the combined process eTe™ — )2?5(?,
X§ = £707xY and X — (107X}, with both beams polar-
ized. We also present numerical results for the cross sec-
tion and the lepton forward-backward asymmetry App
of eTe™ — ¥9%Y, X3 — T4~ x{. In particular, we study
their dependence on M’, mg, and mg., and on the beam
polarization.

In Sect. 2 we present the formalism used. In Sect. 3 we
give the formulae for the spin density production matrix
of the neutralinos in the laboratory system for polarized
beams. In Sect.4 we give the decay matrices for the lep-
tonic decay of X9 and )2? in covariant form. In the Sect.5
we present our numerical results for the cross section and
the forward-backward asymmetry Agrp of the decay lep-
ton as a function of the parameter M’ for various slepton
masses mg, ,m;. and for different beam polarizations.

2 Definitions and formalism

We give the analytical formulae for the differential cross
section of neutralino production

e (p1) + et (p2) = X (p3) + X3 (pa), (1)
with polarized beams and the subsequent leptonic decays
Rps) = Kwo) + 0 o) + O (), (2)
X3 (pa) = X7 (ps) + £ (po) + £ (p10), (3)

with complete spin correlations between production and
decay.

2.1 Lagrangian and couplings
The parts of the interaction Lagrangian of the MSSM rel-

evant for our study are (in our notation and conventions
we follow closely [17]):

Lo+~ = _cosg0W Z, 4" [LePr, + Ry Pglt, (4)
1 = " " -
Laogozo = 5—2—Zu X" [O1F P+ O PRIRY,  (5)

iX; 2 cosbw

G. Moortgat-Pick et al.: Polarization and spin effects in neutralino production and decay

‘Ca@zg = gfElPRYy, + g fEIPL YR + hec,
i?j:]-7"'74' (6)

The couplings are:

(7)
(T50 —eg sin® Ow ) N2 +ep sin GWNM] ,

Ly = Ts — epsin® Oy, Ry = —eysin® Oy,

L—_
foi= V2 [cos Ow

fg = —\/56[ sin 9W |:ta.l’l GWNZ’*Q - i*1i| s

(8)

" ]_
L \s *
Oij = *5( i34V453 T

1
75 (N’L3 ;4 + Ni4N;3> sin 26,

O;ft = 0}, withij=1,... 4.

Ni4N;‘4) cos 23

(9)

where Pr p = %(1 F ), g is the weak coupling constant
(9 =e/sinby, e > 0), and e, and T3, denote the charge
and the third component of the weak isospin of the lepton
£, tan 8 = w9 /vy is the ratio of the vacuum expectation
values of the two neutral Higgs fields. V;; is the unitary 4 x
4 matrix which diagonalizes the neutral gaugino-higgsino
mass matrix Y,8, NioYapNkg = mgo d;1. We use the basis

5,7, HO, HY [3].

2.2 CP conserving and CP violating case

In the formulae for the cross section we shall present in
the following, one has to distinguish between two cases,
CP conservation and CP violation: If CP is conserved the
neutralino mass matrix Y,g is real and the matrix N;;
can be chosen real and orthogonal. Then all the couplings
given in (8), (9) are real. In this case some of the mass
eigenvalues may be negative. We therefore write the eigen-
values in the form mgo = nim;, i = 1,...,4, with m; >0
and 7n; = 1 [3]. 7; is related to the CP eigenvalue of the
neutralino 9 [18].

If CP is violated the neutralino mass matrix is complex
and the matrix IV;; is complex and unitary. In this case the
diagonalization of the mass matrix is done with the sin-
gular value decomposition method, N;oYoagNig = midik,
m; > 0. In this method all masses m; are chosen positive.
The neutralino couplings, (8), (9), are complex.

The formulae given below are applicable to both cases.
In the case of CP conservation the imaginary parts of all
couplings are zero and the sign 7; of the mass eigenvalues,
appearing explicitly in the formulae, has to be taken into
account.

In the case of CP violation the imaginary parts of the
couplings do not vanish. All factors 7; appearing in the
formulae have to be set n; = +1.

2.3 Helicity amplitudes and cross section

For the calculation of the amplitude of the combined pro-
cesses of neutralino production and decays, (1)—(3), we
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\/ %2 (ps), X2(ps) /
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e~ (p1) X3 (pa)

c e*(p2) X3 (pa) f

AN
N

use the same formalism as for the chargino production
and decays [13], following the method of [19]. The helicity
amplitudes for the production (1) are

/\i)\j

TN = TN (s, Z) + TN (t, ép,

)+ T (t,ER)
FTNN (u, ) + Tpi

(u,€r), (10)

and those for the decays, (2) and (3) are

Tp, = Tp, (56, Z) + Toa (ti, 0r) + T x, (ti, £R)
+Tp 5, (wi, ) + Tpox, (wi, CR), (11)

Tpx; = Tpx; (85, Z) +Tp x, (t), 0r) + Tp ., (t;,/r)
+Tp 5, (uj, ) + Tp,x, (uj, CR). (12)

They correspond to the Feynman diagrams in Fig. 1, and
are given in the Appendix A, (A.1)-(A.12).
We introduce the kinematic variables s = (p1 + p2)?,
= (p1 — psa)?, and u = (p; — p3)? for the production
process, (1), and s; = (s + pr)2, ti = (ps — ps)?, s =
(p3 — p7)? for the decay process of the neutralino X9, (2),
and s; = (P9 —|—p10)2, ty = (P4 —P9) and u; = (P4 —p10)2
for the decay of the neutralino )Z?, (3), with the particle
momenta py as denoted in (1)—(3).
The amplitude for the whole process is
T = A(X)AKXY) Z T;iAjTD,Aq;TD,,\j7
YRV

(13)

€*(ps), £ (ps)

£ (p7), £ (Pro)

£+ (ps), £*(po)

£ (pr), £ (p1o)

Xe(ps), X7 (ps)

£=(p1), £~ (p1o)

Pe) f Pg

Fig. 1la—f. Feynman diagrams for the
s,t,u channel of the production pro-
— XiX;, and the si,t;,u;

L R
fL R
cess, ete” %0 irli, Ui
Xi(ps), X0(ps)  and s;j,tj,u; channels of the decay pro-
e (p1) X3 (ps)

cesses X9 — X907 ¢~ and )2? — 2t

where A(XY) = 1/[p3 — m? +im;I;], m;, I, and A()Zg) =
1/[p§ —m3 +im;I7y], my, I'; denote the propagator, mass
and width of X and X9, respectively. For these propaga-
tors we use the narrow width approximation.

The differential cross section in the laboratory system is
then given by:

%

1 209,454
do = @W\ (2m)%6 (pl +p2 — sz)

xdlips(ps . .. p10), (14)

= 1/s/2 denotes the beam energy and dlips(ps, . . ., p10)
is the Lorentz invariant phase space element.
The amplitude squared |T'|? of the combined processes

of production and decays, (13), is given by:
T2 = 4 AR PIAGH 2 (PDE) D)

3
+Y I ZH(ERNDRY)

a=1
3
+ I ELENDRY)
b=1
Ly O THE)TH)). (15)
a,b=1
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Table 1. ci(afB),cr(af) for longitudinal beam polarization
P3(P2) of e=(e"), o, B denote the exchanged particles, L,
Ry are defined in (7). For unpolarized beams one has P3? =
P} =0.

(a3) cr(afB) cr(aB)
(ZOZO) Li1—-PH(A+P}) R+ P3H(1-P3)
(%)  Le(1—P2)(1+ P}) 0

(ZOeR) 0 Re(1+ P3)(1 - P3)
(érér) 1-P3(1+P3) 0

(érer) 0 (14 P31 - P3)

Here a, b=1, 2, 3 refer to the polarization vectors of ¥?
and XO deﬁned in (26)—(31) below. If one neglects all spin
correlatlons between production and decay only the first
term in (15) will contribute. The second and third term
describe the spin correlations between the productlon and
the decay processes X; — XplT¢~ and X9 — X900,
respectively, because Z%,()Z?)(Z%()Z?)) as well as X9 (x?)
(Z5(X9)) depend on the polarization of the neutralino
XP(X7)- Since X2(x?X9) depends on the polarizations of
both neutralinos the last term is due to spin-spin corre-
lations between both decaying neutralinos (see Appendix
(B.5)).

Owing to the Majorana character the spin correlations
do not influence the energy distribution of the neutralino
decay products and the opening angle distribution be-
tween the leptons from the decay of one of the neutralinos.
Therefore, these distributions are given only by the first
term PD(x7)D(x3) in (15) [10,11].

We give the explicit expressions for P, %(x?), X (x9),
Xab(y? Xj) in Sect. 3 and for the quantities D(x?), 2% (x?),
D(XY), b ) in Sect. 4.

3 Spin-density production matrix

In this section we give the analytical formulae for the
quantities P, X%(x?), L5(x9), TE (X)), (15), for the
production in the laboratory system.

It is useful to introduce the abbrevations cr(af),
cr(af) as shown in Table 1. P3 (P?) is the longitudi-
nal beam polarization of e~ (e™), and L,(Ry) is defined in
(7). The arguments «, § denote the exchanged particles.
Generally cz(af) (cr(ap)) is large for P3 < 0, P? > 0
(P® >0, P} < 0), and favours left(right) selectron ex-
change.

3.1 Neutralino polarization independent quantities

The expression P of (15) is independent of the neutralino
polarization and reads:

P = P(ZZ)+ P(ZéL) + P(Zér)

+P(érér) + P(érér), (16)
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with
4
P(Z7) =2 COS49WlA Z)P[cr(Z2Z) + cL(Z2))E;
{\0//L|2EiEj
~[(ReO;})? — (ImOQ;L)%mjmimj}, (17)
g4
P(Zéy) = mq(ZéL)ElfRe{AS(Z)

<[~ (At @) il fhoi
+Au*(5L)feL¢feLj*O;;‘L)77ﬂljmimj
—(A™ () [15* 15504
— AW (eL)fh fj—;*ONL*)Qqu cos ©
HA™ (@) L0 + A @) f 57 0)
x(E:E; + ¢ cos 9)”, (18)
gt
P(érér) = ZCL(éLéL)E§{|feL¢|2\feLj|2
X[ (1A% @L) P + 1A% @) ) (EiE; + ¢* cos® ©)
—(|A*(r)? — |A%(eL)[*)2Epg cos ©
—Re{(f5*)*(f;)° A" (er) A™ (ér)}
P(ZéR), P(érégr): To obtain these quantities one has to
exchange in (18) and (19)
Al(er) — A'(er),
CL(ZéL) — CR(ZéR),

//L //R
O;;7 = 0457,

A*(er) — A%(er),

cr(érér) — cr(€rér),
fh—= 181G = 18
The propagators are defined as follows:

7

A% (Z) =
(%) s—mzZJrimZFZ7
7
Al(e , ,
( L7R) t _ mgL N + /LméL_’RFéL,R
;
A"(ér,r) = . : (20)
u— mgL ntime, nTep g

where myz, Iz, me,, s, , Mey, Lz, denote the correspond-
ing mass and width of the exchanged particle.

The angle © is the scattering angle between the in-
coming e (p1) beam and the outgoing neutralino x9(p4),
the azimuth can be chosen equal to zero. For our study of
the whole process of production and subsequent decay it is
convenient to choose a coordinate frame in the laboratory
system, where the momenta are given by:

p1 = Ep(1,—sin 0,0, cos O),
= Ep(1,8in 0,0, — cos O©),

p3 = (E4,0,0,—q),

Pa = (Ej,0,07q),

~ o~ —~
DO
w

[\)
I
NGNS
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with

s—i—m?—m?

Ei - T 5 = E 5 =
2,/s 7 2,/5
A2 (4E2,m2,m?)

q = 2\/5 bl

where m;, m; the masses of the neutralinos and A the kine-
matical triangle function which is given by A x,y,z) =
22 +y? + 2% — 2zy — 222 — 2y2.

(25)

3.2 Contributions of neutralino polarization

Now we give the terms of (15) which depend on the polar-
ization states of the neutralinos. For the neutralino )Z?()Z?)
with momentum ps (p4) we introduce three spacelike po-
larization vectors s (Xz )(s5(x9)), (a, b=1, 2, 3), which
together with pf /m( 't /m) form an orthonormal set [19].
In the laboratory system, see (21)—(24), we choose the fol-
lowing set of polarization vectors:

s'(x7) = (0,—1,0,0), (26)
s*(x7) = (0,0,1,0), (27)
83()2?) = %(Q?O7Oa _Ei); (28)
31(92(;) = (O’ 1’070)7 (29)
s*(x3) = (0,0,1,0), (30)
SR = —(4,0,0, ), (31)

m;

where s3 denotes the longitudinal polarization, s* the trans-
verse polarization in the scattering plane, and s? the trans-
verse polarization perpendicular to the scattering plane.

3.2.1 Polarization of x?

We give the expression for X% (x?) of (15), where a =1, 2,
3 indicates the direction of the polarization vector s*(%?),
as given in (26)—(28). It can be decomposed as:

(X)) = Xp(X, Z2Z) + Xp(XY, Zér) + Xp(XY, Zér)
+ X5 (XY, €LéL) + DH(XY, ERer). (32)

1. The contributions of transverse polarization s!(x?) in
the scattering plane read:

gt
150 — s 272 s
Yp(Xi:22) = QOSTQW\A (Z)|°E; sinO(cgr(Z7)
— cr(22))[|O/FPnimi B; — [(ReO )2
— ImO)lnym; i), (33)
1/~0 ~ g4 ~ 2
Yp(Xi,Zer) = mCL(ZeL)Eb sin @

+ [ TEO AT (En) ] mmi B }

+ Re{ A (2)[fhtErOF A (er)

+ JE 50 A () nym; B}

- Re{AS [feiszj*OijL*Au* (ér)
50 AT )]

X 1§ COS 8}}, (34)

4
Tp(serer) = — Lo (@1én) B sin O £ P15

x [(1a% @) + 1A (@En) B ymmi B

— (JANEL)[2 = | A () Pymmiq cos 6]
— 2Re{(f£")?(F5)* A" (er)

X At*(éL)}miji}- (35)

YLV, Zég), Xp (Xz,eReR) To obtain these quanti-
ties one has to exchange in (34) and (35)

Af(er) — A'(ég), A“(éL) — A“(ér),
cr(Zér) — cr(Zér), cr(érér) — cr(érér),
Oif = O, fh— 11— 15,
and to change the overall sign of the right hand side
of (34), (35).

. The contributions of longitudinal polarization s3(x?)

read:

Yp(Xi. 22)
2g*
&@5;
X ['Oij Y(BiE; + ¢°)

= |AS(Z)|?(ct(Z22) — cr(ZZ))ER cos ©

(RO 1) = (ImOF P manymem |, (30)
E%()Z?a Zer)
g* 2
T s Ow cL(ZeL)Ey

[Re{ D)k O A (e

& THO A (E0)) By}
+R6{AS(Z)[fz%feL-*OQ}L*A“*(éL)
1k FEOLF A L) (BB +q) cos €}
+Re{ AY@) 1 fh O A (6)

& FEOLF A (1)) Eigeos? ©
~Re{ A(2)[fh Ol A (@)

+f fej L*Af*(eL)]nmjmm COSQH (37)
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Sp(xi,érer)

e1(eLén) B || 4P fEI

{14 @) — 1A E) P B + (A% @)
—| A (éL)|?)qF; cos® ©

HIA @) + | A" E0) PI(EiE; + 0) cos 6 |
—2Re{ (5 (F5)?

x A%(Ep) A (ér)}min;m;m; cos @] .

e
‘4

(38)

23V, Zér), X3(XY, érér): To obtain these quanti-
ties one has to exchange in (37) and (38)

At(éL) — At(éR), Au(éL) — Au(éR),
CL(ZéL) — CR<ZER), CL(éLéL) — CR(éRéR>,
Oif = O fhi— 1 1~ 1
and to change the overall sign of (37), (38).

3. The contributions of the polarization s?(x?) perpen-
dicular to the scattering plane are:

(X, 27)

2 2
(ot ) 12DPCn(22) - cu(22)
xmjqE; sin @Re(O”L)Im(O;;L),
ZP(Xi . Zer)
g4

- WCL(ZéL)Ujijgq sin @

<Im{ A%(2) [fE 5 OLF A" (@1)
Th(Xi,erer)
4
= —?cL(éLéL)njijgqsin@
<Im{ (FE ()2 A% (En) A @) -
X2(xY, Zég), X%(X?,érér) : To obtain these quanti-
ties one has to exchange in (40) and (41)
Aler) - Aer), A™er) - A%(En),
CL(ZéL) —)CR(ZéR), CL(éLéL) —)CR(éRéR),
O = O fi = 1hs 16— 13
Contrary to the case of s*(x?) and s*(x?) the sign of the

contributions X%(x?) does not change when going from
e, exchange to ér exchange.

(39)

(41)

3.2.2 Polarization of X!

We give the quantities E%()Z?) of (15) which contain only
the polarization vector sb()Z]Q) with b =1, 2, 3, (29)—(31):

Sp(3)) = Tp(X9,22) + Zp(X9, Zér) + £p(X), Zér)
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+X0(%} ELér) + Xp(X), Erér). (42)

1. 2113(5(9), E%(f(?): The expressions for ZP(X ), D3(X )
are obtained from those of X5 (x?), Z%(%Y), (33)-(3 )
by exchanging

m; — m;, ni — UL El — Ej, (43)

and by changing the overall sign of these expressions,
for example,

Yp(X5,22)
gt
cost Oy |

1"
X |OijL ‘QUjiji

— 9 A(Z)|PEE sinO(cpr(Z2Z) — c1(2Z))

(RO — (ImOF )2, . ()
2. X2 (XJ) The expressions for X% (y J) are obtained from

those for Y2(xY), (39)-(41) by exchanging

ni — N5, My — My, Ei — Ej (45)

(without changing the overall sign).

Note that

— the transverse polarizations X5 (%?), X% (1Y), 2113()2?),
Z%()Z?) of the neutralinos vanish in forward and back-
ward direction;

— at threshold the tranverse polarizations X%(y?) and

Z%()Z?) perpendicular to the production plane vanish
proportional to the momentum of the neutralinos.

3.2.3 Spin-spin correlations

We give the expressions for X% (y) X]) of (15), where a,
b =1, 2, 3 indicate the directions of the polarization vec-
tors s“(f(?) and sb()zg?) as given in (26)—(31). They can be
decomposed as:

EP (Xz Xj )

= SRR, 22) + 2 (90X, Zévr)

+EP (XlXJ’ ZéR) + EP (XlXJ?éLéL)

JrEP (XzX],GReR) with a,b=1,2,3. (46)
1. The contributions of s'(xY) and 31(5(9) are:
SH (XS, Z27)
gt
=2 5|4 (2P (enl22) + c1(22)) B} sin* ©
< {[(ReOLY? — (ImO )i
_2|O'_’_L|277mjmimj}, (47)
E}Dl(XzX]vzeL)
gt
= ———~c1(Zé)E; sin® ©

cos? Oy
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xRe{ £k A% (2) A" (21)0F

HIE FEAN(2) A (61) 0, B B SEIR Zéw)
1" * 4
—Ufi 1l A%(2)A™ ()0, =W7jcos§9 -c(ZéL)Ey
I TE AN (D) A ) O mmmam; b, (48) Rk rE A )0
iJLj ij
Z (sz 56L6L) . .- *
" gt ’ R AT (8n) 0 Y inymim cos? ©
€€ 2 gin2 "
— —ZCL(eLeL)Eb sin® @ _Re{As ffleLj*Au*(eL)OijL*
X [‘szi|2|feLj|2(‘At(éL)|2 + ‘Au(éL)F)mnjmimj ‘|‘f‘ féjAt*<€L)O“ ]}[ —&-E»E»cos2 O]
5 Lx Aux ™
+2Re{ (f (5P A @) A™ (@)} BB | (49) ~Re{ A2 it A @ £)0;;
,ijAt*(e ij }2qucos@}, (54)

21131()2?5(?,ZéR),E}Jl(X?)Z?,éRéR): To obtain these

quantities one has to exchange in (48) and (49) T (X XJ’eLeL)

4
g - o~
ANEL) = AlER), A“(EL) — A%(ER), =i~ cr(Eér) By [|feLi|2|feLj|2
cr(Zér) — cr(ZéR), cr(éLéL) — cr(Erer), x ( — (|AYEL)? + |A%(EL) )¢ + EiEj cos® ©)

OF — Of, fh—fh fk— ke
o +<|Af<éL>|2 ~ |A"(@L)[?)2Ebq cos 6)

. The contributions of s*(x7) and s*(x}) are:

72Re{ fzj) A(er)
SR(GXY, 22) x A™ (&) }nmjmimj cos @] (55)
4
=27COS4@ |A%(2)|*(cr(Z22) + cL(Z2))ERq” SB(RRY, Zég), TE(0X0,érér): To obtain these

% §in 9{(ReO;IjL)2 _ (ImO;/jL)2}, (50) quantities one has to exchange in (54) and (55)

t(s t( wu(= wy/~
EP (XzX]azeL) A (eL) — A (GR), A (eL) — A (eR),

g4 CL(ZéL) — CR(ZéR), CL(éLéL) — CR(éRéR),
— 5 2 2 s 2 s ”
= COSQQWCL(ZeL)qu sin QRe{A (Z) o, L_, OUR’ fE 5 fE, feLj %fe]}

x| fE il A () O + fgLi*ffjAt*(éL)O/»/»L*]}, (51) 4. The contributions of s'(x?) and s(X9) are:

)

SE(XIXG erer) SERIN, 22)
4
= —%CL(éLéL)E§q25in2@ nJCOSi;W|AS( W2 (cr(Z22) + cr(22))E?
< Re{ (FF)° (1) A% (e1) A" (61) . (52) x5in 6 cos ©| — ((ReO[})? = (ImO})?) Eqnym;
IE(XIXY, Zer), YF (X9XY, érér): To obtain these +|o; L|2nzmiE]}, (56)

quantities one has to exchange in (51) and (52) B
ZP (Xz X]? ZeL)

At(éL) — At(éR), Au(éL) — Au(éR), g4
. ~ 2 .3 _ s
co(Zér) — cr(Zér), cr(érér) — cr(érer), = os? O cr(Zen)E; Sm@[ Re{A*(Z)
O = O, fli— 1, th— 18 <[ fL 7 A (E) 0" + Fi 1A% (60)0:1}

x E;njm; cos © + Re{AS )i 1 j*Au*(eL)O;,/jL*
+f / ijAt*(eL ij }mszJ cos @

3. The contributions of s°(x{) and s*(x9) are:

IR, 27 ”
(% JQ A ) +Re{ A°(Z)ffi A" (6L) Oy

) s 2 2 .- y

= Mty cos? @W|A (Z) (cr(22) + eL(22))E; —Jei ijAt (eL)OijL]}nimiQ]a (57)
x | ((ReO; ) — (ImO; ) nm mim; cos® © IP(XIX], erer)

4
—|OijL|2[q2 + EiE]' COS2 @] 5 (53) = ﬂngCL(éLéL)Eg sin ©
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< IFERLE LA @I — 1A% @) Plnimig
[|At(éL)|2 +|A%(EL)[*Jnimi E; cos O}
+2Re{(f4)2(f5)?A%(évL)

x A (&, }Emjmj cos 9}. (58)

YE(XIXY, Zér), Zld(X?X?aéReR) To obtain these

quantities one has to exchange in (57) and (58)
A'(er) — A'(er),
CL(ZéL) — CR(ZéR),

O//L O 'R

3y

A*(er) — A%(ér)
CL(éLéL) — CR(éRéR),
fie = 18 G = 15
5. The contributions of s*(X?) and s'(x9) are:
020

The expressions for Y3 (y iXj) are obtained by ex-

changing
i <> Njs m; < mj, Ei < Ej (59)
n (56)—(58) and also in the corresponding contribu-
tions from épr exchange.
6. The contributions of s*(x?) and 52()22) are:

EP (XzX]7ZZ)

4

= QMIAS( ) cr(ZZ) + cL(ZZ))Ef Eiq

x sin? ORe(0;;) Im(O; 1), (60)
EP (XzX;7Z€L)

4
g ~ . s L ¢Lx

XA ()0 + fE fEA™ E)0 ), (61)

EP (X1X376L6L)
4
<Im{ (52 (15)2 A" (@) A @r) |- (62)

YB(XIX), Zér), YE(X)X), €rér): To obtain these
quantities one has to exchange in (61) and (62)
At(éL) — At<éR),
CL(ZéL) — CR(ZéR),
O;;L O 'R

7,]’

Au(éL) — Au(éR),
CL(éLéL) — CR(éRéR)7

L R L R
Toii = fois fo; — fijs

and to change the overall sign of (61), (62).

7. The contributions of s*(x7) and s'(X}) are:
The expressions for Y3 (x?X9) are obtained by ex-
changing

E;, < Ej (63)

N <7 Mg, My <> My,

n (60)-(62) and in the corresponding contributions
from €r exchange. In addition, one also has to change
the overall sign.
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8. The contributions of s%(

EP (XLX]?ZZ)

X¢) and s*(x9) are:

2t
- m\ﬂ (2)Pler(Z2Z) + cL(22)]
xm; BYqsin® cos ORe(O[1)Im(O}), (6)
E%’S(Xin7Z€L>
g4
- mCL(ZéL)EgquSin@COS@Im{AS(Z)

x| fiflAv (er)
TP (XX €rer)
gt
= ?CL(éLéL)Egqusin B cosO

<Im{ (f2(FE2 A" (@) A @) }.

YBE(XIXY, Zér), Y (X9XY, érér): To obtain these
quantities one has to exchange in (65) and (66)
At(éL) — At(éR), Au(éL) — Au(éR),
CL(ZéL) — CR(ZéR), CL(éLéL) — CR(éRéR),
O = O, fiz = [, 16~ 125,
and to change the overall sign of (65), (66).

9. The contributions of s*(X{) and s*(X9) are:

The expressions for 2532()2?5(?) are obtained by ex-
changing

OLF + [l fhA™ (@)0[ "1}, (65)

(66)

m; <> my,

n (64)-(66) and in the corresponding contributions
from ér exchange. In addition, one also has to change
the overall sign.

Note that

— all contributions of transverse polarizations s!(x?),
5(X7), s'(X}), s*(x}) vanish in forward and backward
direction;

— at threshold all spin-spin terms of transverse polariza-
tions s2(x?), s2 ()2(;) vanish proportional to the momen-
tum of the neutralinos.

4 Decay matrix

In the following we give the analytical formulae for the
decay matrices D(x?), X% (xY) for the decay x9(ps3) —
X0 (ps)+0* (ps)+¢~ (pr), and D()Z?), xb ()29) for the decay
XJ(pa) — X7(psg) + € (po) + £~ (p10). We present them
in covariant form. They have to be inserted in (15) to
obtain the amplitude squared for the combined process of
neutralino production and decay.

4.1 Neutralino polarization independent quantities

The expression D(x?) of (15) which is independent of the
polarization vector s%(x?) has the following decomposi-
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tion:
D(X!) = D(X},22) + D(X{, 21) + D(X{, Zlr)
+D(R7, 01lr) + D(RY, Crlr). (68)
The analytical expressions for D(x?), (68), read:
DX}, 2Z)
=8I AR+ B [0+ )
H{(ReOLF)? = (TmO;F)?]gs] (69)
D(x?, Zly)
= 4374@]%@{497( Z2)[fh fi At “(0L)(204F g1
cos? Ow

+ O gs) + I A (01) (200 g2+ 0} F g3 . (70)

D(%0,4l)

- 294[\fé|2|fﬁ|2(|m<wgl + 1A% (1) g2)
+Re{ (ff)? (Fli)? A% (0p) A" (0r) }93}

where we have introduced the following combinations of
scalar products:

(71)

g1 = (psp7)(P3ps), (72)
92 = (pspe) (P3p7), (73)
g3 = ninmkmim(pepr)- (74)
The propagators are denoted by A% (Z), At ({1 g),

A% ({1, ) and are defined analogously to (20), with s;,
ti, u; as deﬁ~ned after (~12~).
D(XY, ZlR), D(X?,¢rlR): To obtain these quantities
one has to exchange in (70) and (71)
Ali(lL) — A (lp),

1" I/R
Orim = O™,

A% (l1) — A% (lg),
fE— 8, Li— Ry

The expressions D;(x3}), (15), for the decay x)(ps) —

XY (ps) + T (pg) + ¢~ (p1o) and the corresponding scalar
products are obtained by the following substitutions in
(69)-(74):

Ps — P8, P6 — P9, P17 — P10,

My — My, Mg —> My, 0 — 15, M — N, (75)

Of = Of, O = Of, (76)
A(Z) = A%(Z), AM(lpr) — AY(ILR),

AW (EL R) — AYi (ﬁL R) (77)

4.2 Neutralino polarization dependent quantities

We first give X' (x
tion vector s?(xY):

2H(0) =

9) of (15) which contains the polariza-

SH(Y,Z22) + 2H(R0, ZEL) + 25 (%Y, ZLR)
+E%(X?7ZLEL) + 2%()2?7571%212) (78)
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The analytical expressions for X% (x?), (78), read:
TH(Xi,22)
4
e 9 s 2(p2 12y "Ly2
= 8l g 1AM (2P (B — 1)~ [(ReOL)
~(ImO Y195 + 10 F (ot - 98)], (79)
2%()2?7Z2L>
4 S; ti*
—ngRe{A Z )|:f€zf AN (0r)
x(—20iF gt + O (95 - o)
B T AM (T0) (204 g5 + 0L (95 — 91) | }(80)

ZE(nggLZL)
— 2 [| FEPITAPIA™ (E0)Pgs — 1A% (01)[g5]
+Re{(fE V(PR A" T A% (T1) (g5 + 9} ], (81)

where we have introduced the following abbrevations in-
volving the polarization vector s*(x?), (26)—(28), with a =

1,2, 3
g% = nimi(pspr) (pes®(X7)), (82)
95 = Uimi(Pspﬁ)( a( ?) (83)
95 = memi[(pspe) (p7s (7)) — (p3p7) (pes®(X7))], (84)
9§ = ik pr s (X9)PEPEDG - (85)

20 (XY, ZlR), ¥%(xX?,{rlr): To obtain these quanti-
ties one has to exchange in (80) and (81)

Ati(lp) — A% (lR),

1 //R L R
Ori” = Oy"s  foi = fuis

A% (01) — A% (lg),
Lg — Rg.

In addition, one has to change the sign of g¢, g5, g%, but
not of g§.

The expression g§ can be expanded in triple product
correlations which are sensitive to the component of the
spin vector perpendicular to the scattering plane.

The corresponding expressions X% (x9), (15), for the

decay X9(ps) = X (ps) +£F (po) + £ (p10) are obtained by
the same substitutions as (75)—(77), and the additional
substitution s%(x?) — sb(f(?) in (82)—(85).

5 Numerical results

In the following numerical analysis we study ete™ — ¥{x9
with {3 — x{ete for various polarizations of the e~
beam. The calculations are done in the MSSM. We take
the parameters M’, M, u, tan 8 real. Since we want to
study the influence of the parameter M’ we do not use
a relation between M’ and M. We will also study the
dependence on the selectron masses mgs, , mey,.

We shall choose three different examples of parameter
sets. In all these examples we choose M = 152 GeV, u =
316 GeV, tan 8 = 3, and vary M’ between 40 GeV and 160
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o./fb 9

40 60 80 100 120 140 160

M' |GeV
Fig. 2. M’ dependence of the cross section o. (defined in
(86)) near threshold (/s = mgo + mgo + 50 GeV) with
M = 152 GeV, p = 316 GeV, tan 8 = 3, mg, = 1000 GeV,
and ms, = 200 GeV for the three cases: unpolarized beams
(solid line), e~ beam polarized, P? = 4+90% (dotted line) and
P3 = —90% (dash-dotted line).

GeV. Especially the mass of the X! is very sensitive to M.
For these parameters Y and Xy are dominantly gauginos
and have small couplings to Z°. For the selectron masses
we take

i) mg, = 1000 GeV, mg, = 200 GeV;
i) me, =200 GeV, me,, = 1000 GeV;
ili) me, = 176 GeV, mg,, = 161 GeV.

In i) and ii) we want to study the influence of é;, and
ér exchange for large selectron mass splitting. Scenario
ii) with me, > me, may be realized in extended SUSY
models [20]. For M’ = 78.7 GeV, example iii) corresponds
to the mSUGRA scenario studied in [21], except for meg,
which in our case is set equal to my. In iii) we want to
study the case of small selectron mass splitting.

We present results for the cross section

o.=a(ete” = XIX9)BR(Xs — xjete™),  (86)
and the forward—backward asymmetry
oe(cos@_ > 0) —o.(cos@_ <0

oe(cos©O_ > 0) + o.(cosO_ < 0)

of the electron from the decay Y9 — YleTe™. In (87) 6_
is the angle between the incoming electron beam and the
outgoing e~.

The forward—backward asymmetry App is largest near
the production threshold. We therefore study in all three
examples o, and App at /s = mgo + mgo + 50 GeV,
and in example iii) also at /s = 500 GeV. As for the
polarization of the e~ beam we take P3 = +90%.

5.1 Cross sections

We first study the M’ dependence of o, = o(ete™ —
VX9 BR(XY — xiete™) near the production threshold
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Fig. 3. M’ dependence of the lepton forward-backward asym-
metry App near threshold (y/s = mgo + mygo + 50 GeV) with
M = 152 GeV, p = 316 GeV, tan8 = 3, me, = 1000 GeV,
and me, = 200 GeV for the three cases: unpolarized beams
(solid line), e~ beam polarized, P3 = +90% (dotted line) and
P3 = —90% (dash-dotted line).

(Vs = mgo +mgo +50 GeV). We begin with case i), where
€1, exchange is suppressed. Figure 2 shows the correspond-
ing M’ dependence for unpolarized beams and for the e~
beam polarizations P2 = +90% and P3 = —90%, with
M, i and tan 8 as given above. Clearly, a right polarized
e~ beam yields the largest cross section because it en-
hances the égr exchange. The production cross section for
ete™ — 9%y has a maximum at M’ ~ 130 GeV, where
also the e exchange contribution is maximal. The cross
section o, (86), has its maximum at M’ = 118 GeV. This
shift is due to the fact that the leptonic decay branching
ratio of Y9 has a maximum at M’ ~ 118 GeV and then
strongly decreases.

Obviously, the characters of x{ and ¥y change with
varying M’. With increasing M’ the B component of X9
decreases and the W3-ino and the higgsino components
increase. The opposite is true for ¥9. The Z° couplings are
small and almost constant up to M’ ~ 120 GeV, Oy ~
0.015, and decrease for larger M’. The product of the ég
couplings, |f f2|, has a maximum at M’ ~ 130 GeV.

We compare this with case ii), where ég exchange is
suppressed. Figure4 shows the corresponding M’ depen-
dence. Now a left polarized e~ beam leads to the largest
cross section because the €5 exchange is favoured. There
is a maximum at M’ ~ 60 GeV and a minimum at M’ ~
120 GeV. The maximum at M’ ~ 60 GeV can be ex-
plained by a corresponding maximum of the leptonic
branching ratio. The minimum at M’ = 120 GeV is due
to the vanishing of ez, ) coupling f4 at this value of M.

In example iii) the mass difference between é;, and ég
is small. Therefore, €;, and ér exchange contribute. We
show in Figs.6 and 8 the M’ dependence for this case
near threshold and at /s = 500 GeV, respectively. For
right polarized e~ beams the cross section behaviour is
similar to that of case i), and for left polarized e~ beams
it is similar to that of case ii). At /s = 500 GeV the cross
section is about a factor 2 bigger than near threshold but
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oe/fb 45 .

120 140 160

MI
Fig. 4. M’ dependence of the cross section o. (defined in
(86)) near threshold (/s = mgo + mgo + 50 GeV) with
M = 152 GeV, p = 316 GeV, tan8 = 3, me, = 200 GeV,
and me, = 1000 GeV for the three cases: unpolarized beams
(solid line), e~ beam polarized, P2 = 4+90% (dotted line) and
P3 = —90% (dash-dotted line).

App 0.2 . . . , .

0.15
0.1
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MI
Fig. 5. M’ dependence of the lepton forward—backward asym-
metry App near threshold (/s = mgo +mygo + 50 GeV) with
M = 152 GeV, p = 316 GeV, tanf = 3, ms, = 200 GeV,
and me, = 1000 GeV for the three cases: unpolarized beams
(solid line), e~ beam polarized, P2 = 4+-90% (dotted line) and
P3 = —90% (dash-dotted line).

has a similar M’ dependence. In all cases there is a small
step at about M’ = 42 — 44 GeV, which is due to the
opening of the two-body decay Y9 — ¥} 2°.

5.2 Lepton forward—backward asymmetries

In this subsection we study the M’ dependence of the
forward—backward asymmetry App of the decay electron
e~ , as defined in (87). The decay electron angular distri-
butions and the corresponding forward—backward asym-
metry are very sensitive to the spin correlations Y% X%,
(X554, (15), and are the result of a complex interplay
between production and decay. As the spin correlations
between production and decay are strongest near thresh-
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Fig. 6. M’ dependence of the cross section o, (defined in (86))
near threshold (v/s = mgo+mgo+50 GeV) with M = 152 GeV,
p =316 GeV,tan B = 3, mg;, = 176 GeV, and mz, = 161 GeV
for the three cases: unpolarized beams (solid line), e~ beam
polarized, P? = +90% (dotted line) and P? = —90% (dash-
dotted line).
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Fig. 7. M’ dependence of the lepton forward—backward asym-
metry App near threshold (/s = myo +mygo + 50 GeV) with
M = 152 GeV, p = 316 GeV, tanf = 3, mes, = 176 GeV,
and me, = 161 GeV for the three cases: unpolarized beams
(solid line), e~ beam polarized, P2 = +90% (dotted line) and
P3 = —90% (dash-dotted line).

old, the forward—backward asymmetry will also be largest
there.

We show in Figs. 3, 5, and 7 App near threshold as a
function of M’ for the cases i), ii), and iii), respectively.
As can be seen App is very sensitive to the masses of €y,
and ég, and the mass splitting between them. In all cases
App has a pronounced M’ dependence. The selectron cou-
plings ({7 and 5, © =1, 2, exhibit a characteristic M’ de-
pendence, which is reflected in the M’ behaviour of App.
Moreover, by choosing different e~ beam polarizations the
€1, and ég contributions can be enhanced or suppressed.

The small dip of the asymmetry at M’ = 42 — 44 GeV
is due to the opening of the two-body decay Y9 — ¥} 2°.

The behaviour of App in Fig. 5 at about M’ = 115 —
125 GeV is due to the vanishing of eér X} coupling f4 at
M’ =~ 120 GeV and a complicated interplay between the
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Fig. 8. M’ dependence of the cross section o, (defined in (86))
at /s = 500 GeV with M = 152 GeV, u = 316 GeV, tan 8 = 3,
me, = 176 GeV, and me, = 161 GeV for the three cases: un-
polarized beams (solid line), e~ beam polarized, P3 = +90%
(dotted line) and P2 = —90% (dash-dotted line).
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Fig. 9. M’ dependence of the lepton forward—backward asym-
metry Arpp at /s = 500 GeV with M = 152 GeV, p =
316 GeV, tan 8 = 3, me, = 176 GeV, and me, = 161 GeV for
the three cases: unpolarized beams (solid line), e~ beam polar-
ized, P3 = +90% (dotted line) and P? = —90% (dash-dotted
line).

79 &1, and ég contributions, which are all very small (see
Fig.4).

In Fig. 9 we show the M’ dependence of App at /s =
500 GeV for case iii). This is very similar to that near
threshold, Fig. 7, but the magnitude is smaller by a factor
2 to 3, because with increasing /s the spin correlations
decrease.

A numerical analysis for both beams polarized has
been given in [11] and will be continued in [22].

6 Summary

We have given the full analytical expressions for the dif-
ferential cross section for ete™ — )2?5(? with polarized
beams and the subsequent leptonic decays Y9 — ¢+¢~ f(g
and 5(? — £T07xY, taking into account the complete spin
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correlations between production and decay. The produc-
tion spin density matrix is presented in the laboratory
system. The formulae for the decay processes are written
covariantly involving explicitly the neutralino polarization
vectors. When combining the production and decay pro-
cess the polarization vectors in the laboratory system as
given in (26)—(31) have to be taken.

We have presented numerical results for the cross sec-
tion and the lepton forward—backward asymmetry for eTe™
= X%, X5 — xJete™. We have studied the dependence
on the parameter M’ for various mass splittings between
ér, and ég and different e~ beam polarizations.

The cross section o, shows a characteristic dependence
on M’ and the masses of the exchanged selectrons as well
as on the beam polarization.

The lepton forward—backward asymmetry App can
only be explained by the presence of spin correlations be-
tween production and decay, as it would be zero in the
production process alone. Arp depends very sensitively on
the SUSY parameters and the beam polarizations. There-
fore, this quantity is an additional useful observable for
a more precise determination of the parameters. Different
beam polarizations help disentangle the contribution from
ér, and €ér exchange.
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Appendices
A Amplitudes

We give the helicity amplitudes T;Mj (a, B) for production
and Tp x, (o, B), Tp,x,; (v, B) for the decays, corresponding
to the Feynman diagrams in Fig. 1 (o denotes the channel,
B denotes the exchanged particle).

The amplitudes T;Mj (o, B) for the production, e~ (p;)
et (p2) = X7 (p3)X) (p4) read:

2

Tléi)\j (S7Z) = COSgTWAS(Z)’E(pQ)’yH(LgPL + RZPR)u(pl)

x1i(pa, Ay (O P + O} Pr)

xv(ps, Ai), (A1)
T;i/\j (t)gL) - _g2fﬁlzlf€L]*At(ZL)l_}(pQ)PRU(pS, )\1)

xt(pa, Aj) Pru(ps), (A.2)
Ty (t,0r) = —g* 1117 A (UR)0(p2) Pro(ps, M)

xu(pa, Aj) Pru(pr), (A.3)
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T;iAJ(UaZL) =91 feJAu(fL) (p2) Prv(p4, Aj)

xu(ps, Ai) Pru(py), (A.4)
Tp™ (ulr) = g* F 1A (LR)D(p2) Pro(pa, )

xu(ps, Ai) Pru(p1). (A.5)

The amplitudes Tp , («, B) for the decay of the Y?(ps3) —
Xa(ps)T (ps) 0 (p7) read:
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Introducing a suitable set of polarization vectors for each
of the neutralinos one can expand the spin density matrix
of the production process and the decay matrices of both
neutralinos in terms of Pauli matrices.

The spin density production matrix reads:

)\/\)\/\'

=00 a P 0y ZUA )\/EP(XZ)

2 +6 N\ Ty . /E (N)
g i _ i, A A~ PUXG
Tpai(si) = = —5 =A% (Z2)ulpr)v" (Le P + RePr) Zb: Y
cos? Oy
" " a b ab /=00
<v(po)(ps ) (OLE P+ O Pr) L ANAN TR, (B)
a
xu(ps, A;), (A.6)
Tpoa, (i, 0L) = —g fzkfeLl*Atl( 1)(p7) Pro(ps) and the matrices for the decays read:
x0(p3, Lv(pe), A7 - -
> ( R) N (po) (A7) poax = DY) + Do\ TH(RD),  (B.6)
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