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ABSTRACT: We consider neutralino production and decay ete™ — )2?)2?, )2? —XVff ata
linear collider with transverse e™ and e~ beam polarization. We propose CP asymmetries
by means of the azimuthal distribution of the produced neutralinos and of that of the
final leptons, while taking also into account the subsequent decays of the neutralinos. We
include the complete spin correlations between production and decay. Our framework is
the Minimal Supersymmetric Standard Model with complex parameters. In a numerical
study we show that there are good prospects to observe these CP asymmetries at the
International Linear Collider and estimate the accuracy expected for the determination of
the phases in the neutralino sector.
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1. Introduction

Supersymmetry (SUSY) is at present one of the most prominent extensions of the Standard
Model (SM) [f[]. It can solve the hierachy problem, allows the unification of the gauge
couplings and has the additional merit of providing new sources of CP violation. In the



chargino and neutralino sectors of the Minimal Supersymmetric Standard Model (MSSM),
the higgsino mass parameter p and the gaugino mass parameter M; are in general complex,
while the SU(2) gaugino mass parameter My can be chosen real by redefining the fields.
The precise determination of the underlying SUSY parameters will be one of the main
goals of the high-luminosity ete™ International Linear Collider (ILC) [B].

The phases of the complex parameters u and M; may be constrained or correlated
by the experimental upper bounds on the electric dipole moments (EDM) of electron,
neutron and the atoms "?Hg and 20°T1 Bl. These constraints, however, are rather model
dependent. In a constrained MSSM the restrictions on the phases of © and M; can be rather
severe. However, there may be cancellations between the different SUSY contributions to
the EDMs, which allow larger values for the phases (for reviews see, e.g. [[]). If 4 and M,
are complex and all other parameters are real, in general the phase of y has to be small.
However, the restrictions on the phase of ;1 may disappear if also lepton flavour violating
terms in the MSSM lagrangian are included [f]. It is, therefore, necessary to determine
in an independent way the phases of the complex SUSY parameters by measurements of
suitable CP-sensitive observables. Experiments with transverse e* beam polarization may
allow us to construct suitable observables for precision studies of the effects of new physics
and CP violation. Recent studies on the advantages of transversely polarized et and e~
beams are presented in [{-F].

The study of neutralino production

ete” = WAy, i,j=1,...,4, (1.1)

and subsequent two-body decay processes
XY= 507 — 7%y, n=1.2, (1.2)

with ¢ = e, u, will play an important role at the ILC. The production process has been
studied extensively in the literature (see [B] and references therein). Production and subse-
quent decay processes, and the decay angular and energy distributions have been studied
in detail in [@-[LT]. The properties of Majorana and Dirac particles and their production
and decay amplitudes under CP and CPT have been studied in [L3]-{[LH].

In [[q]-[L§ it has been shown that the parameters of the chargino and neutralino
systems can be determined by measuring suitable CP-even observables. However, the mea-
surement of CP-odd observables is necessary to clearly demonstrate that CP is violated
and for the unambiguous determination of the CP-violating phases. Several T-odd observ-
ables in neutralino production and decay applying triple product correlations have been
proposed in [[L9, ).

Transversely polarized beams offer the possibility to construct further CP-sensitive
observables. This is the subject of the present paper. We propose and study CP-odd
asymmetries for the case of transverse et and e~ beam polarizations. We define two types
of CP asymmetries, one that involves only neutralino production, the other one involving
production and decay if one of the neutralinos decays as in eq. ([.3). Note that in the
case of chargino production it has been shown that the analogous CP-odd asymmetries



vanish [RT]. In neutralino production it is possible, however, to construct CP-odd asymme-
tries involving the transverse beam polarization, because there are t-channel and u-channel
contributions due to the Majorana nature of the neutralinos [ff]. The formulae for the pro-
duction cross section of process ([L.1), for longitudinally and transversely polarized beams,
have been given in [[[§, P9]. In this paper we derive the compact analytic formulae for
the CP asymmetries with the help of the spin density matrix formalism R3], including the
complete spin correlations between production and decay of the neutralinos. We study
numerically the parameter and phase dependences of the CP asymmetries.

The paper is organized as follows: in section P we set up the definitions. We present
the formulae for the cross section of ([L.I]) with transverse beam polarization in section [
In section f] we define the CP-odd asymmetries. We present a numerical investigation of
these asymmetries in section [, while section [ contains our conclusions.

2. Lagrangian and couplings

The tree-level Feynman diagrams for the production process ([.1) are given in figure [I.
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Figure 1: Feynman d1agrams of the production process e+e_ — Xi xj.

X} (pa)

The interaction Lagrangians are [fl]

Lyogr- = — cosg@W Z, 0" LyPr, + Ry PR, (2.1)
1 g )

Lo, = 5 oo X1 10U Py + O P, (2.2)

Loz, = 9f60PRYL + 9f i IPLX) R + hic. (2.3)

with 4,57 = 1,...,4 and the couplings

1 1
lel/ = —\/5 |:COS @W <—§ + Sln @W) 12 — Sln @WNzl ) (24)
fg = V2sin Ow[tan Ow N5 — N, (2.5)
1 1
orF = —§(NZ-3N]7‘3 — Ny N7y) cos 23 — —( 37y + NigNj3)sin 23, (2.6)
Oyf = —oy- (2.7)
1
L, = —3 + sin? Ow, Ry= sin? Ow, (2.8)



where P r = (1 F v5). g is the weak coupling constant (g = e/ cos Oy, e > 0), Oy is
the weak mixing angle and tan 3 = vy /vy is the ratio of the vacuum expectation values
of the Higgs fields. The unitary (4 x 4) matrix N;; diagonalizes the complex symmetric
neutralino mass matrix in the basis (3, Z, HY, HY) [[].

3. Cross section

In order to calculate the squared amplitude of process ([[.]) with subsequent decay ([[.9),
we use the spin density matrix formalism [R3]. The squared amplitude of the combined
process of production and decay reads

N N idj AN
‘T’2 = Z ’A(X?)‘QIA(X?)PpP ’ JPD7>\;)\Z./)D7>\;)\J. ) (3'1)
XA AN

where A()Z? j) is the propagator of the corresponding neutralino; p Pi 777 denotes the spin
density matrix of the production, p, ;v , are the spin density matrices of the decay; A; ;
NG N

denotes the helicity of the neutralino )2?7 ;- The propagators are given by
A(xy) = 1/I%, —m3, +imgTy], k=15 (3.2)

Here pg, , my, and I'y, denote the four-momentum, mass and total width of the neutralino
)22. For these propagators we use the narrow-width approximation. The (unnormalized)
spin density production matrix is given by

/AN /AN
XA AN _ + i AgAj*
Pp = § ple )Aé_ A p(e )A;+Ae+ Tp,)\e_)\eJr TP’)‘;f)‘;Jr ) (3-3)

YD WD NP W

where T;f;‘ Zf . is the helicity amplitude of the production process and A + is the helicity

of e*. The spin density decay matrices can be written as
PD NN = TDy)\iTE),)\; )
_ *
PD,,\;.Aj = TD,/\]'TD,A3 )
where Tp ), ; is the helicity amplitude for the decay. The spin density matrices of the
polarized et and e~ beam in eq. (B.3) can be written as

p(e*) = S (1+PEo"), (3.6)

where Pf[ is the degree of transverse e* beam polarization in the production plane, 73;
is the degree of transverse e beam polarization perpendicular to the production plane,
733i = 732[ (-1 < PLi < 1) is the degree of longitudinal e* beam polarization and o
(i = 1,2,3) are the Pauli matrices. For the degrees of transverse beam polarizations we



have the relation (Pif)? + (PF)? = (PF)? with P{ = cos¢+PF and Py = sinpLPF
(0 < PFE <1 and (PF)? + (PF)? < 1), see figure [ 1.

The production and decay matrices are calculated with the help of the Bouchiat-Michel
formulae [4]:

u(p, )\/)ﬂ(p, A) = %[5M/ + 75 ,%“ai)\/](]é +m), (3.7)

o, X Y00, ) = 516y + 75 #70% 16— m) 33

The three four-component spin basis vectors s* and the 4-vector p/m form an orthonormal
system. For the incoming particles e™ and e~ in the limit of vanishing electron mass,

me — 0, eqs. (B.7) and (B.§) can be written as
_ / 1 1 2
u(pe A Jilpe N) = G{(F 2 m)y o 5|0k A2 |} A (39)

roo_ 1
V(Pet s Mgt )V(Pets Aet) = _{(1_2)\e+75)5)\’+)\6++ 5 [#eﬂa)\,M N 176%03\/+>\ J} Do+, (3.10)

2

where tii and tzi are the basis 4-vectors of the transverse polarization of the electron and
positron beam, respectively. Thus, the transverse polarization 4-vectors can be written as

ty = cos(pxr — @)tls +sin(py — @)t2s (3.11)

where ¢ is the azimuthal angle of the scattering plane and ¢4+ are the azimuthal angles
of the transverse polarization with respect to a fixed reference system, see figure fl. A
convenient choice of téi and tgi in the laboratory system is given in appendix [A]

With egs. (B-7)—(B-10), the spin density production matrix and the spin density decay
matrices can be expanded in terms of the Pauli matrices 0% and o, where the superscripts
a (b) = 1,2,3 refer to the polarization vectors of x? ()2?):

3
,\ Aj AN 00 "
T = Ai ,\’5>\ X, P(Xix;) + 5,\])\; ZUKMQE%(XZ‘)
a=1
>

3 3
b b (0 b b
oy 2 O0x ZR () + D o5 o v TP IR (3.12)
b=1 a,b=1

3
PD XN = 5,\;,\¢D(>Z?) + Z ai;/\iE“D(X?) ) (3.13)

a=1
pD,)\;)\ - 5 X] + Zo-)\’)\ Eb ( ) (314)

The contribution P()Z?f(?) is independent of the neutralino polarization, whereas
Y4 (xY) and EII’D()Z?) depend on the polarization of the corresponding neutralino.

! At this point we note that, contrary to the usual conditions at a circular accelerator, where the Sokolov-
Ternov effect orientates automatically both transverse polarization vectors either parallel or antiparallel
(depending on the sign of the charge of the incoming particle), there is the possibility, at the ILC, to choose
an arbitrary transverse polarization for both et and e™, independent from each other.
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Figure 2: Decomposition of the e* polarization vectors P* into the longitudinal components Pf
in the direction of the electron/positron momentum and the transverse components P% = PTifi
with respect to a fixed coordinate system (z,y,z). The z-axis is in the direction of the electron
momentum.

Then E%’;()ZR” / P()Z?)Z?) gives the longitudinal polarization of the neutralino )Zaj;
2}3()2?, j) / P()Z?)Z?) is the transverse polarization of the neutralino in the scattering plane;
and E?D()Z?,j)/P()Z?)Z?) is the polarization perpendicular to the scattering plane. The terms
E‘};’()Zg)}?) describe the spin correlations between the polarizations of the two produced
particles. The contribution of the decay matrix, which is independent of the neutralino
polarization, is denoted by D()Z?J), and E%b()zgj) denotes the contribution that depends
on the neutralino polarization.

With egs. (B-13)-(B-14) the squared amplitude |T'|?, eq. (B-1), of the combined process

of production and decay, for arbitrarily polarized beams, is given by

3
T = 4AG)PIAGDIP | PEIXDDERDDED) + ) - Sh(x)ZH () D(X)

a=1
3 3
+Y SLEDELEDDED) + ) SR EIINELEDELED | (3.15)
b=1 a,b=1

where the contributions P()Z?)Z?), ¥4 (%)), EII’D()Z?), E%”()Z?)Z?) of the production spin den-
sity matrix include the terms for arbitrary beam polarizations. The differential cross section
of the production and decay process is given by

1
do = 2—|T|2dLips(s,pi) , (3.16)
s
where dLips(s, p;) = (2m)40%(p1 +p2 — >, pi) [ ; % ; see appendix B for more details.

3.1 Contributions to the production spin density matrix independent of neu-
tralino polarization

In the following we regard the contribution P()Z? 5(?) to the spin density production matrix,
see eq. (), that is independent of the polarization of the neutralinos )2? and )29. We only



list the contribution P()Z?)Z?)T, which depends on the transverse e beam polarization:

P(GX)r = P(ZZ)p + P(ZéL)r + P(ZER)r + P(éLéR)T, (3.17)
P(ZZ)r = =Py Pf ﬁy A(Z)PLeRe(|O5? + |0F )1 (3.18)
P(Zé)r = —Pr P ;ﬁ

X {Re(A(2) 14 fO51AEL, 1) + A(ér, u)*]) 1
+Im(A(2) [ FEOG1A L, )" — A(Er, u)*]) ma}, (3.19)
N .14
P(ZGR)T = _PTPT 227@W
X {Re(A(2) f{7 [EOLIAER, )" + A(Er,u)*]) 1
—Im(AZ) i FOFIA(ER, t)* — AR, u)*]) r2}, (3.20)

P(érég)r = PrP; ig“
x {Re([A(EL, t)A(Er,u)* + A(EL, w) AR, ) 1[5 FLIE )
+ Im([A(éL,t)A(€R, u) — NEL, w)A@R S LI fE) 2}, (3:21)

where we have introduced the notation

r1 = [(t-pa)(t+p3) + (t-p3)(t+pa)](p1p2)
+[(p1pa) (p2p3) + (P1p3) (P2p4) — (P1p2) (P3pa)](t-t4), (3.22)

ry = e"Plty up1uP2pPac (t-p3) + 1_ uP1uD2pP30 (t4D4)
+t it wP2pPac (P1P3) + - it 4 D1,P30 (P2P4)] 5 (3.23)

where €23 =1 and A(Z) = i/(s — m%), A(éL.r,t) =i/(t — eLR) Aérp,u) =1/(u—
mgL R) with s = (p1 + p2)%, t = (p1 — pa)?, u = (p1 — p3)?. The masses of the selectrons
and the Z-boson are given by me, . and mz. Since we study the process far beyond the
Z-threshold, the Z-width can be neglected, and all propagators can be taken as purely
imaginary.

Note that only terms bilinearly dependent on transverse beam polarizations appear
for m, — 0, because the couplings to eTe™ are vector- or axial-vector-like [R5, R§] (for the
ér,r exchange the coupling to eTe™ can be brought to that form via Fierz identities [27]).
Inspecting egs. (B-1§)—(B-2])), we note that transverse beam polarization gives rise to the
interference term P(é1,ég)r, which is absent for longitudinal beam polarization [[L1]. On
the other hand, there are no terms P(éreér)r and P(égrégr)r for transversely polarized
beams, but only for longitudinally polarized beams. Both are consequences of the Dirac
algebra, since transverse beam polarization is described with an additional v matrix; see

eqs. (B) and (B10).

The differential cross section for the process ete™ — )2?)2? is given by

_ 1 0:0
do = e 9P 3/2 P(X;X;) dcosf dg, (3.24)



where P()Z?)Z?) contains the terms for arbitrary beam polarization and ¢ is the momentum
of the neutralinos in the center-of-mass system (cms) (see appendix [A]).

3.1.1 CP-behaviour of the kinematical quantities

In the following, the CP properties of the kinematical quantity 7, eq. (8.23), and of the
propagator difference [A(€,t) — A(é,u)] are discussed. These quantities contribute to the
interference terms of the matrix element squared and are proportional to the imaginary
parts of products of couplings, see eqs. (B.19)-(B.21)). In the cms, ro is given by:

1o = 2By [t (Py X Pu)(t—ps) +t_(P1 x P3)(t+pa)] (3.25)

where Ej is the beam energy. Note that the second line of eq. (B:23) vanishes in the
cms. Applying a CP transformation to 79, eq. (B.2), with the following transformations

(P1, P, D3y P, ) LE, (P1, Po, —P3, —P4, T4 ), we find that ro is CP-even. Since under CP
A(e,t) L, A(é,u) the propagator differences in egs. (B.I9)-(B.21]) are CP-odd, their
products with the CP-even quantity ro are CP-odd. We emphasize that this is due to the
Majorana nature of the neutralinos, which leads to the simultaneous presence of the ¢- and
u-channel contributions, that the terms in eqs. (B.19)—(B.21)), which involve the imaginary

part of the couplings, are non-vanishing in general.

3.2 Contributions to the production spin density matrix dependent on neu-
tralino polarization

We now consider the terms 3 H(X ) of the production spin density matrix, which depend
on the polarization 4-vector s’ of the neutralino X? In the following we only list the terms
E%(;}?)T, that involve the transverse beam polarization (for the contributions independent
of the beam polarization and the terms that depend on the longitudinal beam polarization,

see [LT]):

Se(XN)r = Sh(Zér)r + S5(Zér)r + Sh(ELér)r (3.26)

2
P 1 9
T2 cos? Oy

x {Re(A(Z )fL-*fé SA@L, )" — Aer,t)])

S%(Zér)r = Pr

— Im(A(2) f5 [HO51AEL, w)* + A(Er, )*]) 5}, (3.27)
2
S%(Zér)r = Pr P} %Cosé’i@W ¢
< {Re(A(Z) fi fROSIA(ER u)* — A(ér. 1)) 1}
+Im(A(2) i f FAER,uw)* + A(Er, 1)) 5}, (3.28)
L4

S%(éLér)r = PrPf 19
x {Re([A(EL, )A(ER,u)* — A(EL, u)A(Er, )| fi fl £1E 1) 8
+Im([A(EL, t) AR, u)* + AL, w) AR, )£ FL 10 1) T3} (3.29)



with the following notation

r1 = my {[(t-5°) (t4p3) + (t-p3) (t+5")) (p1p2)

+[(p15°) (p2ps) + (p1p3) (p2s”) — (p1p2)(p3s?)](t_t4)}, (3.30)
rh = P my [ty u1up2pso(t_ps) + t— up1upoppso(tis’)
+L,ﬂt+,up2p82(l)1p3) + L,uﬁ,uplppso(msb)] ; (3.31)

where the e* polarization vector t4 is given by eq. () The polarization basis 4-
vectors s® of the neutralino )29 fulfil the orthogonality relations s’ - s¢ = —¢% and s’ -
ps = 0. The parametrization of the neutralino spin vectors is given in appendix [Al The
terms E‘}D()Z?)T, which depend on the polarization 4-vector s® of )2?, are obtained by the
substitutions s® — —s® My, — le,p3 — py in eqs. (B:3(Q) and (B.31)). Note that, like
P(x? X])Ta the expressions ¥4 (¥ )T contain no contributions %% (é.é,)r and ¥4 (érér)r,

but an interference term, $%(&1,¢é R) Furthermore, owing to the Majorana character of the
neutralinos, there is no contribution %% (ZZ). This is contrary to the cases of unpolarized
and longitudinally polarized beams [[[1].

4. CP asymmetries with transverse beam polarization

4.1 CP asymmetries in neutralino production

In this section we construct CP asymmetries for the production process ete™ — 5(?)22
with transverse et and e~ beam polarizations. The corresponding cross section is given
in eq. (B.24). Choosing the e~ beam direction along the z-axis in the reference system
(see appendix [i] and figure [), the kinematical quantities in eqgs. (.23) and (B.29) can be
rewritten as

r = —2E} ¢*sin® 0 cos(n — 2¢), (4.1)
ry = 2E% ¢*sin? Osin(n — 2¢), (4.2)

where nn = ¢_ + ¢4. The CP-sensitive terms (ox rg o sin(n—2¢)) can be extracted from the
amplitude squared by an appropriate integration over the azimuthal angle ¢. We define
the resulting asymmetry as

N[sin(n — 2¢) > 0;6] — N[sin(n — 2¢) < 0;6

- : 0]
Acr(6) = N[sin(n — 2¢) > 0; 6] + N[sin(n — 2¢) < 0;0]
37r+7]

:él / o /+n /:2 2 /;>j:+n]d¢d6 ¢ (4:3)

which depends on the polar angle §. The first line in eq. ({.3) exhibits how the asymmetry
is obtained in the experiment, where N[sin(n — 2¢) > 0(< 0)] denotes the number of
events with sin(n — 2¢) > 0(< 0). The second line in eq. ([£3J) shows how the asymmetry
is calculated. We can infer from eqs. (B.19)-(B.21)) that Acp(9), eq. (f.3), would be zero if

SIS



integrated over the whole range of 6: because of the propagators, the contribution of the
t-channel cancels that of the u-channel. Therefore, we divide the integration over # into
two ranges in order to obtain the CP asymmetry

Acp = {N[sin(n— 2¢) > 0;cos0 > 0] — N[sin(n — 2¢) > 0;cos 6 < 0]

+N[sin(n — 2¢) < 0;cos6 < 0] — N[sin(n — 2¢) < 0;cos 6 > O]}/Ntot

w/2 T
[

where N;,; denotes the total number of events. Note that for a measurement of the CP

Acp(0)do, (4.4)

asymmetry in eq. (.4) the production plane has to be reconstructed. In appendix [J we
propose how this can be done.

Finally we remark that an azimuthal asymmetry, analogous to that studied for chargino
production [R1], can be defined also for neutralino production. It is given by

N[cos(n — 2¢) > 0] — N[cos(n — 2¢) < 0]
N[cos(n —2¢) > 0] + N[cos(n — 2¢) < 0]
5Tr+’f] 77r+7]

S AT A A T

In this case the integration over the polar angle 6 is performed over the whole range.

Ay =

37r+7]

This choice of the ranges of the integrations has the effect of extracting the terms o
r1 o cos(n — 2¢), eqs. (B.1§)—(B-21)), from the squared amplitude. Note however, that this

observable is CP-even.

4.2 CP asymmetries in neutralino production and decay

The reconstruction of the neutralino momenta is not necessary if we include the subsequent
decays X — (F (T (where £ = 0, () and [+ — (%9, yielding to the final state )Z? —
ﬁcﬁécxl The label of the leptons indicates whether they stem from the first or the second
decay. The cross sections for the combined processes are given in appendix [B, eqs. (B.7)
and (@), respectively. The CP-sensitive terms of the squared amplitudes depend on
sin(n — 2¢y,) or sin(n — 2¢y,), where ¢y, and ¢y, are the azimuthal angles of the final
leptons /] and EQi. As a first step, we integrate the differential cross section in eq. (B.7)
over all angles except ¢y, (the angles are integrated over their whole range). Then the CP
asymmetry obtained by the azimuthal distribution of ¢ is given by

N[Sin(n_ 2¢Z1) > O] _N[Sin(n_ 2¢€1) < O]
N[sin(n —2¢¢,) > 0] + N[sin(n — 2¢¢, ) < 0]

s} T+ 3l+ﬂ 27+ d
272 2 2 T3 2 o
T o [ [y +/r n_/n /3 n]dQsld%’ (46)
1 2 §+§ 7T+§ + gl

where 01 = o(eTe™ — )2?)2?) X B()Z? — !7+€f) and the upper index of A] corresponds to

Ap =

the electric charge of the observed lepton ¢7 .

,10,



As a next step, we integrate the differential cross section in eq. (B.§) over all angles
except ¢y,, in order to define the CP asymmetry of the azimuthal distribution of f;r:

Nlsin(n — 2¢¢,) > 0] — N[sin(n — 2¢y,) < 0]
Nlsin(n — 2¢¢,) > 0] + N[sin(n — 2¢,,) < 0]

1 5+3 2043 | do
. [_ / / / / ] 2 dgy, (4.7)
g9 g +n T+ 3

T+ depg,

where o9 = g(ete” — X{X9) x B(X) — He7) x B(EJr — X143). Note that, since %%, (x9)
for the two C-conjugate decay modes of )Z? — (%7 differs only by a sign (see egs. (B-J) and
(B.5)) the asymmetries with upper indices 4+ and — are related by A;L =—-A ,i=121In
order to measure both asymmetries, eqs. (.4) and ([.7), it is necessary to distinguish the

AT =

37\'+7]

lepton ¢7, originating from the decay )Z? — Ziff, and the lepton E;E from the subsequent
decay /+ — )Z?Eét. This can be accomplished by their different energy distributions, when
the masses of the particles involved are known, provided that their measured energies do
not lie in the overlapping region of their energy distributions [2{].

However, we can also define a CP asymmetry where it is not necessary to distinguish
whether the leptons stem from the first or the second step of the decay chain )22 NS o —
(FLEXY. This asymmetry is defined by

1 _ Nlsin(n—26,) > 0] = Nlsin( = 2¢,) < 0]
N[sin(n — 2¢,) > 0] + N[sin(y — 26, ) < 0
er f ;g; d¢€1+d¢e d(bb)

0 (fgel de, +d02 d¢e,)

where ¢~ is either ¢; or ¢, and N[sin(n — 2¢,~) > 0(< 0)] denotes the number of events
where sin(n — 2¢,-) > 0(< 0). Hence, only the charge of the lepton and its azimuthal

: (4.8)

angle ¢,- has to be determined. In eq. (.§) [ * corresponds to an integration over the
azimuthal angles ¢¢, or ¢,, where sin(n — 2¢y, ,) is positive or negative, respectively. An
analogous asymmetry can be defined for £* as well. The asymmetry A~ eq. ([.§), can be

related to the asymmetries A7 and A5, egs. ([.§) and (1), by
1 ~
A" = ~ AT +A; B =0 )| . 4.9

5. Numerical studies

5.1 CP-even observables in neutralino production

Before we concentrate on the numerical study of CP-odd observables, we would like to
give an example, which shows that a measurement of only CP-even observables may not
be sufficient to unambiguously determine the SUSY parameters of the neutralino sector.
However, a measurement of a CP-odd asymmetry may help to single out the correct so-
lution. This may be particularly important if only the two lower states of the neutralino
spectrum are kinematically accessible.

— 11 -



Scenario H | M| ‘ b, ‘ M, ‘ | 1] ‘ Du ‘ tan (3 ‘ me, ‘ M, ‘
Complex || 183 0.05m 311 343 1970 2.1 297 181
Real 180 0 310 335 0 3 300 180

Table 1: Input parameters |Mi|, énr,, M2, |p|, me, and mg, for the complex and the real
scenario. All mass parameters are given in GeV.

To this end we consider the complex scenario with the parameters given in table [,
leading to mgo = 170.9 GeV and mgy = 259.5 GeV. At /s = 500 GeV only the cross sec-
tions of ete™ — X{X9 would be measurable, giving o(ete™ — ¥{x3) = (16.4,18.3,30.3) fb
for the et and e~ longitudinal beam polarizations (P;,P;) = (0,0), (—80%,+60%),
(+80%, —60%), respectively. We assume that the masses mge, and mg, , are measured
with 1% accuracy. For the cross sections we take an error corresponding to a 1-o de-
viation for a luminosity Lin = 100 fb~!. Then within this accuracy, we would obtain
compatible neutralino masses and cross sections with the real SUSY parameter set, which
is also given in table [, namely mgo = 169.3 GeV and mgy = 258.3 GeV, and cross sections

olete™ — ¥I%Y) = (16.3,18.2, 30. O) fb. The CP-odd asymmetry Acp, eq. ([4), however,
would result in about 2.8% with (Pr,Pf) = (80%,60%) for the complex scenario with
¢u, = 0.057 and ¢, = 1.97. Although the asymmetry is small it should be experimentally
measurable including the statistical uncertainty. Therefore the complex scenario would be
clearly distinguishable from the real scenario, which results in an asymmetry identical to
zero. This simple example illustrates that it is necessary to measure CP-odd observables
for truly identifying CP-violating effects.

In the following we analyse numerically the CP-odd asymmetries, eq. ({.4) and eqgs. ({.q)—
[#.9), at the ILC with /s = 500 GeV and transversely polarized e* beams. We especially
focus on the influence of the phase ¢y, of the gaugino mass parameter M; = |Mj|e'®M1,
Throughout we assume the GUT-inspired relation |M;| = 5/3tan? Oy Ms. Furthermore
we show that CP-odd observables are necessary to determine unambiguously the underlying
SUSY parameters. In order to study the full phase dependences of the CP-odd observables,
we do not take into account the restrictions from the EDMs and vary ¢, and ¢y, in the
whole range.

5.2 CP-odd asymmetries in neutralino production

First we discuss the CP-odd asymmetry Acp, eq. ((.4), for the neutralino production
processes eTe” — (%3 and ete™ — x{x3. CP violation is due to the interference terms
P(Zér)r, P(Zég)r, and P(érér)r, eqs. (B19)-(B-2]). We assume that the momenta
of the produced neutralinos can be reconstructed by analysing the subsequent two-body
decays; see appendix [J.

5.2.1 CP-odd asymmetries in eTe™ — x99 production

In figure fla we show Acp, eq. (J£4), for ete™ — ¥UX3 as a function of ¢y, for scenario A,
given in table [, for tan 3 = 3, 10, 30, with /s = 500 GeV and transverse beam polarization
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Figure 3: (a) CP asymmetry Acp, eq. (4), and (b) cross section o(ete™ — §9%9) as a function
of ¢, for scenario A of table E, with tan 8 = 3 (solid line), tan 8 = 10 (dashed line), tan 5 = 30
(dotted line), for \/s = 500 GeV and transverse beam polarizations (Pr, P ) = (100%, 100%).

‘ Scenario H A ‘ B ‘
| M| 123.3 120.8
o3y 0.57 0.57
Mo 245 240
a 160 300
b 0 0
me, 400 400
Mep 150 150
tan 3 3 30 3
myo 99.4 | 105.5 | 117.0
myo 143.0 | 144.1 | 197.6
myo 169.7 | 178.6 | 303.9
myo 289.7 | 281.5 | 351.7

Table 2: Input parameters |M;|, My, |p|, me, and me, and the resulting masses mygo, i =1,...,4
for tan 8 = 3,30 and specific values of the phases ¢p, and ¢,. All mass parameters and masses

are given in GeV.

(Pr,PF) = (100%,100%). For this scenario we obtain for tan 3 = 3 (30) an asymmetry
Acp of about 8.2 (7.8)%, for ¢p;, = 0.5m. The peculiar shape of the curve is a result
of the combined contributions of the Z—€pr interference term, which has its maximum at
on, ~ 04w, and of the €1 —€g interference term, with its maximum at ¢p;, ~ 0.87. The
contribution of the Z—¢;, interference term is suppressed because of the large mass of the
left-handed selectron. The cross sections for the process ete™ — VX3 are plotted in
figure b and are about 163 (144) fb for ¢a;, = 0.57. Note that the cross sections are
independent of the transverse beam polarization, because these contributions depend on
cos 2¢ (sin2¢), see eq. (f.1), and disappear if integrated over the whole range of ¢. In
figures fla and b we can clearly see the antisymmetric dependence of the CP asymmetry
and the symmetric behaviour of the cross section on the phase ¢y, . It is therefore obvious
that both kinds of observables are needed for an unambiguous determination of the phase.
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Figure 4: (a) contours of the CP asymmetry Acp, eq. (f.4), in % for the process ete™ — x9%3 in
the |p|-My plane. The MSSM parameters are ¢y, = 0.57, ¢, = 0, tan § = 3, ms, = 400GeV and
me, = 150GeV at /s = 500 GeV with transverse beam polarizations (Pr,P;) = (100%, 100%).
(b) shows the contours of the luminosity Lint, eq. (@), needed to measure the CP-odd asymmetry
Acp at the 5-0 level with degrees of transverse polarization (P, P}) = (80%,60%). The light-grey
region is experimentally excluded by the exclusion bound Mg < 104 GeV [@]

Note that Acp can be sizeable even for values of ¢, close to 0 and 7, which would be
favoured by the EDM constraints.

Now we estimate the observability of the asymmetry. One assumes that the same
degree of transverse beam polarization is feasible as for the longitudinal polarization (P =
80% and P} = 60%). Since the CP asymmetry Acp depends bilinearly on the degrees
of transverse beam polarization Py (P;) of the e~ (eT), see egs. (B.19)-(B.21]), we have
to multiply the asymmetry Acp for (P, P;) = (100%,100%) with a factor 0.48. The

luminosity Liyt required for a measurement with specific significance can be estimated as
Line = (No)?/[AEp o], (5.1)

where N, denotes the number of standard deviations and o the corresponding cross section
for neutralino production. We obtain a luminosity Ly ~ 99 (124) fb~! needed for a
discovery with 5-0, for tan 8 = 3 (30) and ¢, = 0.57.

Figure fla shows the contour lines of the CP asymmetry Acp, eq. (E4), at /s =
500 GeV for efe™ — x{X3 in the |u|-Ms plane. The MSSM parameters are chosen to
be ¢, = 0.57, ¢, = 0, tan 3 = 3, mg, = 400 GeV and me, = 150 GeV. The largest
CP-odd asymmetry Acp is attained for sizeable gaugino-higgsino mixing. If the beams
are fully transversely polarized, (Pr,P;) = (100%,100%), then Acp could reach up to
about 8.8% for My ~ 240 GeV and |u| ~ 140 GeV. With a higher centre-of-mass energy
/s = 800 GeV, the asymmetry Acp increases to about 12%, because the cross section,
which is the denominator of Acp, decreases stronger than its numerator. In this region of
the parameter space the Z—ép interference term, eq. (B.2(), is the main contribution to the
asymmetry Acp. In a gaugino-like scenario, for instance My = 250 GeV and |u| = 450 GeV,
the ér—€R interference term is dominant and the others are suppressed. Generally the
é1-€r contribution to the asymmetry is small for ete™ — ¥{%) and Acp is therefore
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Figure 5: Contours of the CP asymmetry Acp, eq. (f.4), in % for the process (a) eTe™ — x9%9 and
(b) eTe™ — XVXY in the ¢, ~¢as, plane, for scenario A with tan 3 = 3, see tableE, for \/s = 500 GeV
and transverse beam polarizations (P, P;) = (100%, 100%).

reduced to about 1.6%. In order to obtain a larger é;—€r contribution, a larger mass
splitting of €7, and ép is necessary. If mg, =~ mg, the interference term P(érég)r is very
small, see eq. (B.21)). In figure f[b we plot the corresponding luminosity Ly, eq. (b.1)), for
transverse beam polarizations of (P, P} ) = (80%,60%). For the maximum value of Acp,
a luminosity Liy of about 81 fb~! would be needed for a discovery with 5-c.

In figure fla we show the contour lines of Acp, eq. (f4), for eTe™ — x99 in the ¢,
®ar, plane for scenario A (table f]) at /s = 500 GeV and with transverse beam polarizations
(Pr.PF) = (100%,100%). We obtain a maximum value of the CP-odd asymmetry Acp
of about 8.9% for ¢, ~ 1.6r and ¢y, =~ 0.4w. In this scenario the ¢y, and the ¢,
dependence are of the same order of magnitude. The main contribution to the CP-odd
asymmetry originates from the interference term P(Zégr)r, eq. (B.20), i.e. the primarily
involved coupling is fﬁ* ngg. The corresponding cross section for ¢, = 1.6m and ¢y, =
0.47 is about 139fb and the luminosity L;y for a discovery with 5-¢ is about 99 fh!
for transverse beam polarizations (P, P} ) = (80%,60%). Note also in this case the CP
asymmetry Acp can be sizeable for values of ¢, and ¢, close to 0 and .

5.2.2 CP-odd asymmetries in ete™ — ¥%%) production

Figure f]b shows the contour lines of the CP asymmetry Acp, eq. (E4), in the Gu—Pn
plane for eTe™ — {I%3. As shown in the case before, a large gaugino-higgsino mixing
is necessary to obtain sizeable CP asymmetries. We investigate scenario A of table [, at
Vs =500 GeV and (P, P;) = (100%,100%). In this scenario the maximum value of Acp
is about 9.8% for ¢, = 0.17 and ¢y, ~ 1.27. Again the main CP-violating contribution is
due to the Z—ép interference term. In this example the largest asymmetries are obtained
for small values of ¢,,. For ¢, = 0.17 and ¢p;, = 1.27 the cross section o(ete™ — )Z?)Zg)
is 76 fb and the luminosity for a discovery with 5-o is about 150 fb~*.

Figure fla shows the CP asymmetry Acp, eq. (f4), for the process ete™ — )Z?)Zg as a
function of ¢y, for scenario A defined in table [}, for tan 3 = 3, 10,30 and /s = 500 GeV.
For tan 8 = 3 (30) the asymmetry Acp reaches its maximum of about 9.6 (7.4)% at ¢nr, =
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Figure 6: (a) CP asymmetry Acp, eq. (.4), and (b) cross section o(ete™ — ¥9%9) as a function
of ¢, for scenario A of table E, with tan 8 = 3 (solid line), tan 8 = 10 (dashed line), tan 5 = 30
(dotted line), for \/s = 500 GeV and transverse beam polarizations (Pr, P ) = (100%, 100%).

1.25 (1.55)7. Here again the dominant contribution to Acp comes from the interference
term P(Zég)r; see eq. (B.20). Note that the maximal CP-violating phase ¢pr, = 5 (mod )
does not necessarily lead to the highest value of the asymmetry. The reason for this is
an interplay between the ¢y, dependence of the cross section, shown in figure b, and
that of the numerator of the asymmetry. In figure [§b the corresponding cross section
olee™ — xix3) is plotted. For the maximal asymmetry it is about 78 (91) fb. In order
to measure the asymmetry Acp at 5-0, the required luminosity is Ly ~ 150 (217) fb~1.

5.3 Neutralino production and subsequent two-body decays

Now we discuss neutralino production ete™ — 5(?)2? with the subsequent decays )2? — l%ﬁf
and gj% — V05, We study the CP-odd asymmetries, eqs. (J.6)-(Eg), which are defined by
the azimuthal distribution of the final leptons #; and ¢5. In this case CP-violating effects
arise from the contributions of the spin correlations of the decaying neutralino, eqs. (B.27)-
(B-29), which depend on the transverse beam polarization. We give numerical examples for
ete” — x9%9 and ete™ — XUX5.

5.3.1 CP-odd asymmetries in ete™ — x99 production and decay

In figure [fa we show the CP asymmetries AIL,Q and AT, egs. ({.6)- (L), as a function of
b1, for scenario B defined in table fl. The beam energy is /s = 500 GeV with degrees of
transverse beam polarizations (P, P} ) = (100%, 100%). We study neutralino production
ete” — X9x9, with the subsequent decays X3 — (57 and (F — Y¢3. For A] we obtain
a maximal value of about 11.6% for ¢p;, = 0.45m. The asymmetry AJ is reduced to
2.1% by the additional contribution to the phase space from the decay l% — 5((1)6;5. Since
the branching ratio B(l% — )2(1]655) = 1, we obtain a CP-odd asymmetry AT ~ 6.9%,
see eq. ([L.9), for ¢pr, = 0.457. In this scenario the main contribution to the CP-odd
asymmetries comes from the é;—€p term, eq. (B.29). With a smaller mass splitting between
me, and mg, the contribution to the asymmetry of El};(éLéR)T becomes larger, but as the
cross section is increasing, the combination of the two effects leads to a smaller asymmetry.
The corresponding cross section o(ete™ — Y% — X?X?E?E;) is plotted in figure fb. For
$rr, = 0.457, we obtain a cross section of about 46 fb. Thus, for (P, P} ) = (80%, 60%),
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Figure 7: (a) CP-odd asymmetries A7 (solid), A7 (dashed) and A (dotted), egs. (l.d)—([Lq), for
the process ete™ — Y% — ¥Vx%¢T¢5 and (b) the corresponding cross section as a function of
¢n, in scenario B (table f) with tan 8 = 3. The centre-of-mass energy is fixed at /s = 500 GeV
and the transverse beam polarizations are (Pg,P;) = (100%, 100%).
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the luminosity Liy; needed for a discovery with 5-0 of the asymmetry A] is about 176 bt
For a discovery with 5-0 of AT, Ly ~ 517 tb~! are needed.

In figure Ba we show the contour lines of the CP-odd asymmetry AIL, eq. (f£6), for
efem — I — X?ggff in the |u|-Ms plane. The other parameters are ¢, = 0.57,
¢ =0, tan 8 = 3, mg, = 400 GeV and mg, = 150 GeV. The centre-of-mass energy is fixed
at /s = 500 GeV with degrees of transverse beam polarizations (P, P;) = (100%, 100%).
In this figure we only consider the parameter regions where the decay channel Y9 — l%ﬁf
is kinematically accessible. The maximum value of the CP asymmetry A] =~ 12.6% is
obtained for a gaugino-like scenario with My = 200 GeV and |u| = 280 GeV. For these
parameters the neutralino masses are mgo = 97 GeV and mgy = 163.5 GeV, and therefore
the branching ratio B(X9 — ¢5¢T) = 1 and the cross section o(eTe™ — YIX9 — XV050T) =
54 fb. Thus for (Pr,P;) = (80%,60%) the required luminosity Liy for a discovery with
5-0, eq. (b.1), is about 128 fb~!. For this parameter point the asymmetry A7, eq. (E9),
is about 6.7% and the luminosity Lin ~ 456 fb~!. For higgsino-like scenarios (My >
|u) the X% (Zég)r interference term, eq. (B.2§), gives the main contribution to the CP-
odd asymmetry, which can be traced back to the structure of the corresponding coupling
B fEOX. On the other hand for gaugino-like scenarios (Jju| > Ma) the contribution of
the interference term Eljg(é 1€r)r dominates, with the corresponding coupling fZLl* fZL2 fﬁ* fg.
The sign change of the asymmetry in the |u|-Ms plane is therefore due to a cancellation
of the Z—€gr and the é;—€r contributions which have opposite signs.

5.3.2 CP-odd asymmetries in ete™ — YY{$ production and decay

In figure §b we show the contour lines of the CP asymmetry AIL for the process ee™ —
WXy — XQZEGL in the |p|-M> plane. We fix the MSSM parameters at ¢pr, = 0.5, ¢, = 0,
tan 3 = 3, mg, = 400GeV and mg, = 150GeV with /s = 500GeV and (P;,P;) =
(100%,100%). The maximal CP asymmetry A is about 31% for My = 300GeV and

|| = 160 GeV. For this parameter point we obtain neutralino masses of mgo = 115 GeV
and myg = 156 GeV, and therefore the branching ratio is again B (x5 — !% ¢7) = 1. Hence
2

the cross section o(ete™ — )zg)zg — )2?!% ¢T) = 83fb. For transverse beam polarizations
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Figure 8: Contours of the CP-odd asymmetry A7, eq. (@), in % in the |u|-Ma> plane for the
process (a) ete™ — Y9X3 — XUl and (b) ete™ — X9XY — XVR¢7. The MSSM parameters are
éum, = 0.5m, ¢, =0, tan 8 = 3, ms, = 400GeV and ms, = 150 GeV. The centre-of-mass energy is
fixed at /s = 500 GeV and the transverse beam polarizations are (Pr,P7) = (100%, 100%). The
light-grey region is excluded by myx < 104 GeV Y.

(Pr,PF) = (80%,60%) the luminosity Lint, eq. (B.1), for a discovery with 5-0 of A is
about 14 fb~!. For these parameters the CP-odd asymmetry A7 is 17.3% and the necessary
luminosity (for a discovery with 5-0) Lins ~ 43 fb~!. In the case of ete™ — ¥{xJ the CP-
violating contributions %% (Zég)r and X% (ELér)r, egs. (B:2§) and (B:29), enter with the
same sign due to the corresponding couplings. In gaugino-like scenarios the contributions
of both interference terms are suppressed, therefore the asymmetry decreases.

In figure fla the CP-odd asymmetries Ai2 and A*, egs. (.6)-(E.§), for the process
ete” — X?)Zg — X?X?ff@i are plotted as a function of ¢y, for scenario A, see table fl. For
a centre-of-mass energy /s = 500 GeV and with transverse beam polarization (P, 73;5 ) =
(100%,100%) the maximum of the CP asymmetry Af (A7) ~ 26.2 (14.3)% is obtained
for ¢pr, =~ 0.75m. In this scenario we have large mixing between the gaugino and the
higgsino components, the main contribution to AIL stems again from the Z—€p interference
term, which is about 21.4%. The ég—¢€, contribution is 4%, wheras the Z—¢€, contribution
is suppressed by the large mass of the left selectron. Figure b shows the cross section
olete” — XX — XVHEF). For the maximum of the CP asymmetries Af(AT), for
¢, ~ 0.75m, the cross section is 78 fb. For (Pr, P} ) = (80%,60%) the luminosity Ly for
a discovery with 5-0 is about 20 (68) fb™!.

5.4 Determination of the SUSY parameters

In the following we will give an example for the accuracy that can be expected in the
determination of the MSSM parameters, focusing on the determination of the complex
parameter My, = |M1|ei¢Ml. In order to determine the parameters unambiguously, CP-
even as well as CP-odd observables have to be included in the set of observables from which
the underlying parameters are extracted.
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Figure 9: CP-odd asymmetries A} (solid), A} (dashed) and A (dotted), egs. (L.0)—(£]), for the

process et

transverse beam polarizations are (Pr,PF) = (100%, 100%).

e — XNy — X?){?ET@[ and (b) the corresponding cross section as a function of ¢py,
in scenario A, see table E, with tan 8 = 3. The centre-of-mass energy is /s = 500 GeV and the

| PPl (0,0) | (—80%, +60%) | (+80%, —60%) |
olete™ — I%Y) 47.27 fb 87.13 fb 52.80 fb
alete™ — ¥9x9) 11.59 fb 33.12fb 1.186 fb
olete” — xI%Y) 9.83 fb 5.68 b 23.42 fb
olete™ — 9% 7.86 fb 7.74fb 15.53 fb

Table 3: Cross sections for different sets of longitudinal beam polarizations in scenario B with
¢, = 0.5m and ¢, = 0 for /s = 500 GeV.

Our set of observables contains the neutralino masses mgo, the cross sections eTe™ —
)2?)29 for different choices of longitudinal beam polarizations (P; , P;") = (0,0), (—80%, +60%),
(+80%, —60%) and the CP-odd asymmetry Acp, eq. (£.4). We now take scenario B with
¢p, = 0.5m and ¢, = 0, see table B, as our reference point of input parameters. We
calculate the neutralino masses M0, Mgy, Mo and mgo, see table fl. The cross sections
for ete™ — X9%9, ete™ — ¥9%3, eTe™ — XIxS and eTe™ — XUx] for /s = 500 GeV with
different sets of longitudinal beam polarizations are displayed in table fJ. The CP asym-
metry Acp for the process ete™ — 0% is about +2% for transverse beam polarizations
(P, PF) = (80%,60%). We regard these calculated values as real experimental data,
where we assume errors of 1% for the masses. For the error of the cross sections of each
polarization configuration and of the asymmetry we take a 1-o deviation for a luminosity
Lint = 100 fb~!. Our approach for the determination of the error of the parameters (in
particular the error of M) is described as follows: we perform a random scan over the
input parameters |M|, ¢ar,, Ma, | @], ¢, and tan § around our reference point and select
the points which pass the condition |02 — O%l| < |AOPe| where O are the values
of the observables at our reference point, see table fi, AQO;* is the corresponding error,
and Oicalc are the values of the calculated observables obtained through the random scan.

In figure [0 we show the SUSY parameter points compatible with our reference sce-
nario in the Re(M;)-Im(M;) plane. If we consider only the CP-even observables (cross

sections and masses) then we obtain two regions in the parameter space compatible with
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Figure 10: SUSY parameter points in the Re(Mj)-Im(M;) plane consistent with scenario B, if
one assumes an uncertainty of 1% for the masses and 1-o deviation (Liy = 100 fb™!) for the cross
sections and the asymmetry. The parameters |Mi|, ¢ar, , Mo, | 1|, ¢, and tan 5 have been randomly
scanned around the reference point B. The grey points are excluded if one takes into account the
CP-odd observable Acp, eq. ([E4).

our reference scenario. This ambiguity can be resolved if one includes in addition the CP-
odd observable Acp, eq. ([.4). For the error of My we obtain: Re(M;) = 0+ 5.9GeV and
Im(M;) = 120.8 + 1.3 GeV.

6. Conclusion

We have studied the processes ete™ — x{xy and ete™ — )2(1]5(8 with subsequent decays
)2873 — Il and I — V¢, where ¢ = e,p, at a linear collider with transverse et and
e~ beam polarizations. We have discussed different CP asymmetries, which are due to az-
imuthal distributions of the neutralinos or the final leptons. We have pointed out that these
CP asymmetries are non-vanishing thanks to the Majorana character of the neutralinos.
We have given the analytical expressions for the CP asymmetries and the cross sections
in the spin density matrix formalism, including the complete spin correlations between
production and decay of the neutralinos. At the ILC at /s = 500 GeV and with degrees of
transverse e* beam polarizations (P, ,77; ) = (80%,60%), the CP asymmetries can reach
up to about 15%. Also we have shown that these CP asymmetries can be observed in a
broad range of the MSSM parameter space. Furthermore, we have discussed the unam-

biguous determination of the underlying SUSY parameters, which requires CP-even as well

as CP-odd observables.
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A. Momentum and polarization vectors

The basis vectors for transverse e~ beam polarization are

Bl o= (82 x P )/IE2 % P, (A1)
75_;2— = (ﬁe* X pXj)/|pe* X ﬁXj| . (A2)

The basis vectors for transverse et beam polarization are defined analogously. In a fixed
coordinate system (z,y,z), with the z-axis pointing along the beam direction the basis

vectors in the cms are given by
tly = (0,cos ,sin¢,0) and t2. = (0, —sin ¢, cos ¢,0). (A.3)
The momentum 4-vectors of )2? and )Z? are

Dxjou = Pa,u = q(Ey;/q,cos ¢sinb,sin ¢sinf, cos ),

Pxion = P3,u = q(By,/q, — cos ¢sinf, —sin ¢sin 0, — cos ), (A.4)
with )
2 1 2 2
. :s—i- Xz]_ij,i q:)\2(s mX,mX]) (A5)
Xi,j 2\/— 9 2\/— 9 .
where A(a,b,c) = a® + b? + ¢ — 2(ab + ac + be). The three spin-basis vectors Sx of XJ
are chosen to be
S;j,ﬂ = (0, é*i%) = (0,—cos ¢ cosf, —sinpcosb,sinf),
2 ﬁXj X ﬁe— > .
sy, =10, —=——=— ] =(0,sin¢, —cos ¢,0),
b= () = )
3 1 EXJ = EXJ . ; ; = ]
Sy =—— & —"Py, | = —*(q/Ey,,cos ¢sinf,sin ¢sin 6, cos ), (A.6)
My, q My

where S>"<1 , s>2 and S 3~ build a right-handed-system. The momentum 4-vector of the lepton

in the decay XJ — EL,RE is given by

Doy, = |Dey |(1, cos ¢y, sin by, ,sin ¢y, sin by, , cos Oy, ) (A.7)
with ) )
me. — ms
5y, | = X L A8
|p€1| Q(EX]' — g cos ,19) ( )
and

cos ) = sin @ sin Oy, cos(¢p — ¢y, ) + cos O cos Oy, . (A.9)
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The momentum 4-vector of the lepton from the decay ¢ — W4y is given by

Pty = |Pe,|(1, cos ¢y, sin by, , sin ¢y, sin by, , cos Oy, ) (A.10)
where ) )
ms:—m
D, | = Lo (A.11)

2(E; — 157l (97hi,))
B. Decay matrix and phase space of 2-body decay

The spin density matrix of the decay )Z? — Zf R ¢* can be written as

3
_ ~0 c c (=0
PDN N, = Oxa, D(XG) + Zlo-)\;.)\sz(Xj) ; (B.1)
c=

where the expansion coefficient D()Z?) is the part that is independent of the polarization
of the decaying neutralino )2?, and E‘b(fg?) is the part that depends on the polarization of
)2?. For the sake of simplicity we consider £ = e, i1, where the mixing in the slepton sector
can be neglected. Then we have, for )2? — [72“ 0+

2
~ = g
DY — B ) = LiphRm2, —m? ), (B2)

SH(RG = LF £5) = FG 1 m (s - po) (B.3)

and for )Z? — EE *

2

- 5 9
D(Xj — £ €5) = |53, = mZ ), (B.4)
SH(X5 — Ch €5) = £6°| [ ma (s pr) (B.5)

where m,; (m; ) is the mass of )29 (f1.r). The parametrizations of the momentum 4-
C

)Zjuu'
and ([A.§) in appendix [ Finally, the matrix element squared for the two-body decay

(F — X9 ¢F in the decay chain, eq. ([.2), is

vector py, , and the polarization 4-vector s of the neutralino )Z? are given in egs. (A.4)

Do(lf g — %3 €)= S1fi P (m2 —m3). (B.6)

ZL,R X1
From (B.15) and (B.1]), summing over the polarization of x?, whose decay is not considered,

the differential cross section for ete™ — x{x} — )Z?KE g U is:

[PD 4 ¥%%9)] ]A()Z?)]QdLipsl ) (B.7)

2
do; = -
s

Similarly one obtains the differential cross section for ete™ — )2?)2? — XOF R -

EF R0 from (B19), (B) and (B-6) and summing over the polarization of {V:

2 _ 22T
doy = = [PD + Zp%p] Dy [A(K)[*JA(0)*dLips, (B.8)
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where P and X% involve the terms for arbitrary beam polarization. For the calculation of

the cross section we use the narrow widths approximation ([ |A()~<2)|2d§>~6j = e, T%, and
[1A(0)2ds ;= ﬁ, where dsg; = p%j and d3; = p%). The Lorentz-invariant phase-space
elements in eqs. (B.7) and (B.§) for the decay chain X9 — Zf Rl — XV T are
. 1. . o
dLips; = %dLlpS(s,pxi,pxj)dszj dLlps(szj,pg,pgl), (B.9)
. 1 . . o . o
dLips, = om)? dLlps(s,pXi,pXj)dszj dLlps(szj,pg,pgl)dstdLlps(smz,pxl,ng) (B.10)
with the Lorentz invariant phase space elements
. I q
dLips(s, py;, Px;) = 120 % sinf df d¢, (B.11)
dLips(8m, , 07, pe,) = ! [P sin 0y, dfy, do (B.12)
My Pgs 01 2(27’(’)2 mij — m% 01 01 IA) .
ALAPS(8m., Pyy»> Pry) = ! 1Pty sin By, dfy, dey, . (B.13)
Z 2(2m)2 mZ — m2,

C. Reconstruction of the production plane

As an example, we consider the process ete™ — ¥{X3 with the decays Y5 — /1 ¢ and
0 — 0y X\°, where we denote the neutralino from the decay by ¥} (here again the labels
of the leptons indicate their origin). We assume that the masses of all particles involved
are known.

We rotate to a coordinate system where the 3-momentum vector of ¢; is along the
z-axis and that of £y is in the 2—z plane. The unit vectors of the 3-momenta of ¢1, ¢s, ¢ are

ﬁgl =(0,0,1), ]3'52 = (sinc, 0, cos ¢) , ]3'@ = (sinbcos A,sinbsin A, cos b). (C.1)

From the relation (py, + ﬁg)Q = ]53?2 we obtain

1

cosb = ————~ |ﬁ |2 - |ﬁé |2 - |25‘”|2 ) (C'Q)
oI5 Pl P~ 17
where |72 = Et% _ m% and E; = E,, — Ey,. From a second relation (p; — pp,)? = _;(2’1
between momentum vectors we obtain
1 [ -2 - 12 = |2
cosa = =—=——— ||p;|" + |Pe,|” — [Py, | } ) (C.3)
2|, |17;] L ’ Xl

where |]7X/1|2 = E>2<'1 - mil and B\, = Ey, — Eyy — Ey, or E\y =F — E,,, and F is the

~
—

missing energy. From spherical geometry with 1%}2 - p7 = cosa, we obtain the following
relation between the angles

COSA:(:osa—cosb COSC. (C.4)

sinc sinb
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Inserting (C.9), (C.3) and (C.4) into 1%’17 in ([C.1)), this vector is determined up to a twofold

ambiguity in the second component. In order to resolve this ambiguity, a reference vector

is needed, which tells us in which hemisphere of the x—z plane the momentum vector 1%’2

is. For instance, this is possible in the process ete™ — Vx93 with the decays X3 — 1 l,

{ — 0y X9 and ¥ — ¥\°Z, where the 3-momentum of the Z boson is the reference vector.
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