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Abstract. We study C P-sensitive observables in the neutralino production e

e - )??)Z? and the subsequent

two-body decays of the neutralino ¥? — x%Z and of the Z boson Z — ££(qq). We identify the C'P-odd
elements of the Z boson density matrix and propose C P-sensitive triple-product asymmetries. We calculate
these observables and the cross sections in the minimal supersymmetric standard model with complex
parameters p and M; for an ete™ linear collider with /s = 800 GeV and longitudinally polarized beams.
We show that the asymmetries can reach 3% for Z — ¢£ and 18% for Z — qq and discuss the feasibility

of measuring these asymmetries.

1 Introduction

In the minimal supersymmetric standard model (MSSM) [1]
several supersymmetric (SUSY) parameters can be com-
plex. In the neutralino sector of the MSSM these are the
U(1) gaugino mass parameter M; and the Higgsino mass
parameter u. (The SU(2) gaugino mass parameter My can
be made real by redefining the fields.) The physical phases
o, and @, of My and p, respectively, imply C'P-odd ob-
servables which can in principle be large, because they are
already present at tree level. It has been shown that in
the production of two different neutralinos ete™ — )2?)29
the C'P-violating phases cause a non-vanishing neutralino
polarization perpendicular to the production plane [2-5],
which leads to C'P-odd triple-product asymmetries [6] of
the neutralino decay products [4,5,7-9)].
In this work we study C P-violation in neutralino pro-
duction
e SRR =14, (1)
with the subsequent two-body decay of one neutralino into
the Z boson (for recent studies see [9,10])
Xy = xo+2Z; n<i,

(2)
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o

o

and the decay of the Z boson
Z—f+f f=4q (3)

In case of C'P-violation the non-vanishing phases ¢, and
¢y lead to C'P-sensitive elements of the Z boson density
matrix, which we will discuss in detail. Moreover, these
C P-sensitive elements cause CP-odd asymmetries Ay in
the decay distribution of the decay fermions [4],

_o(Ty >0) —o(T; <0)
T 0T > 0) +0(T; <0)

with o the cross section and the triple product

t=e,u,7, q=cb.

A (4)

(5)

Due to the correlations between the X9 polarization and
the Z boson polarization, there are C'P-odd contributions
to the Z boson density matrix and to the asymmetries from
the production (1) and from the decay process (2).

The triple product 77, (5), changes sign under time
reversal and is thus T-odd. Due to C' PT-invariance, the
corresponding T-odd asymmetries Ay are also C'P-odd
if final state interactions are neglected. The final state
interactions would also contribute to Af. However, they
only arise at loop level and are neglected in the present work.

In Sect.2 we give our definitions and the formalism
used and define the Z boson density matrix. In Sect. 3
we discuss some general properties of the asymmetries.
We present numerical results in Sect. 4. Section 5 gives a
summary and conclusions.

T =Pe- - (Ps X Pj)-
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Fig. 1. Schematic picture of the neutralino production and
decay process

2 Definitions and formalism

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

et +e — )Z?(pXm/\i) JF)Z?(pXj’)‘j)v (6)

with longitudinally polarized beams and the subsequent
decay chain of one of the neutralinos

Xi = X (Dxo> An) + Z(02, Ar), (7)
Z = f(ps, Ap) + f(of, Af)- (8)

In (6), and (7) and (8), p and A denote momentum and he-
licity, respectively. For a schematic picture of the neutralino
production and decay process see Fig. 1. In the following
we will derive the Z boson spin-density matrix and relate
it to the CP-asymmetry A; in (4).

2.1 Lagrangian and helicity amplitudes

The interaction Lagrangians relevant for our study are (in
our notation and conventions we follow closely [1,9])

Lyoxose = 52X 7" O P+ O;;'RPR} X7
ij=1,....4, (9)

= gfhePrxier + gffiePLxier +huc., (10)

Lyos; = Zufy"|LyPrL + Ry Prlf, (11)

‘Ceé)zg

with P p = %(1 T5)- In the neutralino basis 7, Z, I:Ifl), ﬁg
the couplings are

1 g
2 cos Ow

X [(Ni3N;3 - Ni4N;4) cos 26

O'L =

3

—|—(Ni3N;4 —|— Ni4Nj3) sin Zﬁ} 5 (12)
//R o ”L* _ N 2
Oy" = =07 Ly == (Tsy —agsin” Ow),
Rf = 9 qf sin2 ow, (13)

cos Ow
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fii=—V2 (14)

X [ (T30 — qosin® Ow) Ny + qo sin QWNM] ;
cos Ow

fﬁ = —\/iqlg sin Ow {tan OwN5 — Nl-*l}, (15)

with g the weak coupling constant (g = e/ sin by, e > 0),
gy and T3¢ the charge and the isospin of the fermion, and
tan 8 = vy /v; the ratio of the vacuum expectation values of
the two neutral Higgs fields. V;; is the complex unitary 4 x 4
matrix which diagonalizes the neutral gaugino—Higgsino
mass matrix Y,g, N{;YagNgk = mﬁ;(sik, with mgo > 0.
Note that our definitions of O;;L’R and Ly, Ry differ from
those given in [1,3] by a factor of g/ cos Ow.

The helicity amplitudes Tgi)‘j for the production pro-
cess are given in [3]. Those for the two-body decays, (7)
and (8), are

ng/\f = u(px,, An)7" [O;z'LPL + O;;RPR] U(Pxia)\i)i?ﬁk*
(16)
and
Tgij\xf; = a(ps, \p)V[LyPp + Ry Prlv(pf, Ap)en’.
(17)

The polarization vectors Eﬁ‘“’ , Ak, = 0, %1, are given in Ap-
pendix A. The amplitude for the whole process (6), (7)
and (8) is
. Nidj o A A FA
T=ARDAQZ) Y TN TR
/\iy>\k

(18)

with the neutralino propagator A(xY) = i/[p2, — m3, +
imy, I'y,] and the Z boson propagator A(Z) = i/[p} —
m?% +imzI'z] (the mass and width are denoted by m and
I', respectively). For these propagators we use the narrow
width approximation.

2.2 Cross section and Z boson density matrix

For the calculation of the cross section for the combined
process of the neutralino production (6) and the subsequent
two-body decays (7) and (8) of ¥? we use the same spin-
density matrix formalism as in [3,11]. The (unnormalized)
spin-density matrix of the Z boson,

’ ~ - Y ~O\ AR
pp(Z)M e = [AGDI Y pp(EDNN por(R)NAS
AN,
(19)

is composed of the spin-density production matrix

=~ i\ XiXj AL
pr(RY = 3 Ty T (20)
A
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and the decay matrix

AN

AnA
PD1 Xz ZTD ' D1 PV (21)
With the decay matrix for the Z decay,
AFAF A A
pp2(Z2) x5, = Z T D;Aff ; (22)

AfAf

the amplitude squared for the complete process ete™ —
5(?)29; X) = XVZ; Z — ff can now be written

TP = [AZ)* Y pp(2)M ppa(Z)aa,-

Ay A,

(23)

The differential cross section in the laboratory system is
then given by
1oy,
do = 27S|T| dLlpS(sapXjapxnapfapf)a (24)
where dLips(s, py, ,pX",pf,pf) is the Lorentz invariant
phase space element defined in (B.1) of Appendix B. More
details concerning kinematics and phase space can be found
in Appendices A and B.
For the polarization of the decaying neutralino x? with
momentum p,, we introduce three space-like spin vectors

sy, (@ = 1,2,3), which together with p¥ /m,, form an
orthonormal set with s;iosé’ﬂ = 4§, 8%, Px; = 0, then the

(unnormalized) neutralino density matrix can be expanded
in terms of the Pauli matrices:
(25)

_0\ AN
pp (W) =2 (8an P+ 050, )

where we sum over a. Wlth our choice of the spin vectors s _,

given in Appendix A, =£ is the longitudinal polarization of

1
the neutralino Y7, TP is the transverse polarization in the

production plane and 27323 is the polarization perpendicular
to the production plane. The analytical formulae for P and
X% are given in [3]. To describe the polarization states of the
Z boson, we introduce a set of spin vectors t%, (¢ = 1,2, 3)
and choose polarization vectors s)"“ (Ax = 0,%1), given in

Appendix A. Then we obtain for the decay matrices

AL

D1 (fa)“/ (ora DA + o, T 1) e (26)
and
pp2(Z)az, = Dy A’“€A 5 (27)
with [9]

DY =2 [2p} pY, —

1/, 2 2
- (mXi + My

(pk, % + PY,P7)
—mz) W] |O \

e~
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Xp/" = 21{ =y, 055, (xis — p2z5) O] 2

F2m, (0%, — $pk,) (ImOLF ) (ReO )

iy, B8 p [(ReO;iL)Q - (ImO;;iL)QH
(o123 = 1), (29)

and
DY = 2( 2% + PP + Py — %mQZg‘“’) (L7 + R3)

. 2 2
- 21e“a”ﬂp2apfﬁ (Lf - Rf) . (30)
Due to the Majorana properties of the neutralinos, D} is
symmetric and X7{" is antisymmetric under interchange
of p and v. In (26) and (27) we use the expansion [12]
BV / 1 - A
Eﬁ"éyk* = %(V\Mklzw 2y GMVPUpZtC (o)

tZ[LtZl/ (‘]Cd)

summed over ¢, d. Here, J¢ are the 3 x 3 spin 1 matrices
with [J¢, J4] = iecqeJ® and

A Ak

(co123 =1),  (31)

J = Jgegt+ gige — 25, (32)
with J' + J?2 + J33 = 0, are the components of the
symmetric, traceless tensor, given in Appendix C, and

pZ/Lle/

(33)
my

qu = —9uv +

guarantees the completeness relation of the polariza-
tion vectors

Pzubz
Seded = —gu+ PPZE (3

Z

The second term in (31) describes the vector polarization
and the third term describes the tensor polarization of the
spin 1 Z boson. The decay matrices can be expanded in
terms of the spin matrices J¢ and J*. The first term of
the decay matrix pp1, (26), which is independent of the
neutralino polarization, then gives

D;lj,ugi\tk*gi\;g — D15)"“)‘L’ + ch (Jc))\k)\;c
PV
+4Dy (Je) T (35)
summed over ¢, d, with
4 (px, pz) "
Dy = |m, = gmi, —my + 3 10

+2my,my, [(ReOm) (Imo;;fﬂ, (36)

|(re0#)" = (mOIE)']. 9 eap, — gy



+

236 A. Bartl et al.: CP-sensitive observables in e

+ 3 (3, +m, —my) 3] [0,

—6¢m, m,, {(ReO;iL)Q - <ImO;;iL>2] , (37)

and “D; = 0 due to the Majorana character of the neutrali-
nos. As a consequence of the completeness relation, (34),
the diagonal coefficients are linearly dependent

"Dy + #Dy+ Dy = -3Ds. (38)

For large three-momentum p,,, the Z boson will mainly
be emitted into the forward direction with respect to py,,
ie. py, = Pz, with p = p/|p|, so that (%’2 “Dy.) = 0
in (37). Therefore, for high energies ' D1 ~ “2D;, and the
contributions for the non-diagonal coefficients °“*D; (¢ d)
will be small.

For the second term of pp1, (26), which depends on the
polarization of the decaying neutralino, we obtain

Ea KV _Ap* )\;ﬂ

o i) (39)

_ 2%15)%)\;6 + 02%1 (JC)AJC)\;, + cdzv%l (ch)/\k)\k ,

summed over ¢, d, with

X

= mlz { Uoﬁ Tt [(Reo;;f)z— (Imo;;fﬂ mX”]

x [(8;1 'pz) (tCZ 'pXi) - (S;l(i tCZ) (pZ 'pXi)]

1" 2
+ ‘OML mxim2Z (s‘;( . tcz) (40)

-2 (ImOZf) (ReO;iL) My, em,pgs;’i‘p;ippztczg},

and X%, = “¥% = 0 due to the Majorana character
of the neutralinos. A similar expansion for the Z decay
matrix, (27), results in

pD2 (Z)*;Ak — DydMAE e, (JC)A;Ak+cdD2 (ch)/\ﬁc,\k’
(41)
where we sum over ¢, d, with
Dy = 2 (R} + L}) my, (42)
"Dy =2(R} — L}) mz (7 - pf) (43)
“Dy = (R} +L3) [2(t5 -pf) (1% - pp) — gm%5°] "

As a consequence of the completeness relation, (34), the
diagonal coefficients are linearly dependent
"Dy + 2Dy + Dy = -3 Ds. (45)

For large three-momentum p, the fermion f will mainly
be emitted into the forward direction with respect to pz,

e~
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i.e. pz = Py, so that (t1Z’2 -py) =~ 0 in (44). Therefore, for
high energies "' Dy = 22D,, and the contributions for the
non-diagonal coefficients “? Dy (c=£ d) will be small.

Inserting the density matrices (25) and (26) into (19)
leads to

pp (2 =4 1A () P (46)

« [PDl(S)\k/\;‘ +E§LDCZ%1 (Jc)/\kA;C +PcdD1 (ch)/\k/\kj| ,

summed over a, ¢, d. Inserting then (46) and (27) into (23)
leads to

TP =41A(T) P 1A2)
X [3PDy Dy + 254 ° X%, ©Dy
+4P (““D{'Dy — L °Dy1 ¥ Dy)],  (47)

summed over a,c,d, which is the decomposition of the
amplitude squared in its scalar (first term), vector (second
term) and tensor part (third term).

2.3 Z boson density matrix

The polarization of the Z boson, produced in the neutralino
decay (7), is given by its 3 x 3 density matrix (p(Z)) with
Tr{{p(Z))} = 1. We obtain (p(Z)) in the laboratory sys-
tem by integrating (46) over the Lorentz invariant phase
space element

dLips (s, Py, , Pxn>P2)

1 . .
= W dLlpS(S7pXi7pXj) dSXi ZdLlpS (SXﬂan?p%) ’
+

see (B.1), and normalizing by the trace:

o pp(2)M*k dLips
(p(2)%) = [ Tr{pp(Z)**} dLips (48)

_ %5)\")\;@ TV, (JC))\k)\;c + Ty (ch))\k)\k 7

summed over ¢, d. The vector and tensor coefficients V.
and 7,4 are given by

v [1A (D) > 24X, dLips
©7 3[|AR) [ PD; dLips

o g JIAGD) P P Dy dLips
« T 2T B TIARY) 2 PDy dLips

(49)

with sum over a. The tensor coefficients T35 and T53 vanish
due to phase space integration. The density matrix in the
circular basis, see (A.11), is given by

(p(2)77) = 5 = V3 + Tis, (50)
(p(2)%) = —2T33, (51)
(p(2)7°) = 5 (Vi +ile) — V2T, (52)

V2
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(p(Z2)77) =T, (53)
(p(2)"F) = %(Vl +iVa) + V2113, (54)

where we have used T11 +T22 +T33 = — % and T12 = T23 =0.

3 T-odd asymmetry

From (47) one obtains for the asymmetry, (4):
 Sign[T;)|T dLips
J|T?dLips

_ /1A (5(?) 12|A(Z)|? Sign[T;|2X¢ X%, ¢ DodLips
- TTARY) 2[A(Z)? 3P D1 DodLips

Ap = (55)

summed over a, c¢. In the numerator only the vector part
of |T|? remains because only the vector part contains the
triple product! Tt = Pe- - (Pf X p7). In the denomina-
tor the vector and tensor parts of |T'|? vanish, because
for complete phase space integrations the spin correlations
are eliminated. Due to the correlations between the ¥?
and the Z boson polarization, X% X%, there are C'P-odd
contributions to the asymmetry Ay which stem from the
neutralino production process, see (6), and/or from the
neutralino decay process, see (7). The contribution from
the production is given by the term with a = 2 in (55)
and it is proportional to X%, (25), which is the transverse
polarization of the neutralino perpendicular to the pro-
duction plane. For eTe™ — xVx? we have ¥% = 0. The
contributions from the decay, which are the terms with
a =1,3 in (55), are proportional to

€xe Dy >
Sy, (1m0} F) (ReOF) (B ~ L3) (t - py)

X €pwpo S Dy, PGS s (56)
see last term of (40), which contains the e-tensor. Thus
Ay can be enhanced (reduced) if the contributions from
production and decay have the same (opposite) sign. Note
that the contributions from the decay would vanish for a
two-body decay of the neutralino into a scalar particle. In
this case the remaining contributions from the production
are multiplied by a decay factor oc (|R|?> — |L|?) [7], and
thus Ay oc (|R|?> — |LI*)/(|R* + |L|?), where R and L
are the right and left couplings of the scalar particle to
the neutralino.

For the measurement of A4 the charges and the flavors
of f and f have to be distinguished. For f = e,y this
will be possible on an event by event basis. For f = 7
it will be possible after taking into account corrections
due to the reconstruction of the 7 momentum. For f = ¢

! Note that if one would replace the triple product T; by
T = Pe— - (Px; X Pz), and would calculate the corresponding
asymmetry, where the Z boson polarization is summed, all spin
correlations and thus this asymmetry would vanish identically
because of the Majorana properties of the neutralinos.
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the distinction of the quark flavors should be possible by
flavor tagging in the case ¢ = b, ¢ [13]. However, in this
case the quark charges will be distinguished statistically
for a given event sample only [14]. Note that A, is always
larger than A, due to the dependence of A on the Z- f-f
couplings [4,9]:

R} - L}
R} + L2 Ry — Ly
Aoy = L TZL WA W) g 6.3 (45) x Ay,

R} — Lj Ry )+ L,

which follows from (42), (43) and (55).

The relative statistical error of Ay is given by 6.4, =
AA¢/|As| = S¢/(JAf|VN) [7], with S; standard devi-
ations and N = L - 0; the number of events with £ the
integrated luminosity and the cross section oy = o(ete™ —
XIX9) x BR(X] = ZX9) x BR(Z — ff). Taking 8A; =1
it follows Sy = |A¢|v/N. Note that S; is larger for f = b, ¢
thanfor f = ¢ = e, pu, T with Sy ~ 7.7x.S,and S, >~ 4.9x.Sy,
which follows from (57) and from BR(Z — bb) ~ 1.5 x

BR(Z — ¢0), BR(Z — ¢¢) ~ 1.2 x BR(Z — (1).

4 Numerical results

We present numerical results for the Z density matrix
(p(Z)), (49), the asymmetry A,(¢ = e, u,T), (4), and the
cross section o; = o(ete” — XPX9) x BR(x) = x72) x
BR(Z — £f). For the branching ratio Z — ¢¢, summed over
¢ =e,u, 1, we take the experimental value BR(Z — /) =
0.1 [15]. The values for A, . may be obtained from (57).
We choose a center of mass energy of /s = 800GeV
and longitudinally polarized beams with beam polariza-
tions (P,—,P.+) = (£0.8,F0.6). We study the depen-
dence of (p(Z)), A; and o, on the MSSM parameters
p = |p|et?w and My = |Mi|e!¥M1. For all scenarios we keep
tan 8 = 10. In order to reduce the number of parameters,
we assume the relation |M;| = 5/3 My tan? Oy and use the
renormalization group equations [16] for the selectron and

smuon masses, m? = mZ + 0.23M3 — m?% cos 23sin® Oy,
R

mi =mg+0.79M3 +m3 cos26(~1/2+ sin? By ), taking
mo = 300 GeV.

Our numerical results presented below are obtained at
tree level. One-loop corrections to eTe™ — X{X{ have been
given in [17] for real MSSM parameters. They are of the
order of a few percent and may reach values up to 10%.
As the bulk of the one-loop corrections are presumably
C P-even, we expect that they will not significantly change
our tree-level result for A¢. For an appropriate analysis of
the one-loop corrections to Ay it would be necessary to
adopt the formulae of [17] to the case of complex MSSM
parameters, which is beyond the scope of the present paper.

The experimental upper limits on the electric dipole
moments (EDMs) of electron and neutron may restrict the
phases ¢, and ¢y, . These restrictions are very model de-
pendent. They are less severe when cancellations between
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M, /GeV #a(e*’e‘ — %)) in fb‘

M, /GeV [BR( — ZX3) in %]

600 600
500 500
30
400 400 %0
15
300 300
100
© 100
110
200 200
100 100L.
200 300 400 500 600 700 200 300 400 500 600 700
a lul /GeV b lul /GeV
My /GeV My /GeV Fig. 2. Contour plots for
a o(e"e” — Xixz2), b BR(xs —
600 ® 600 ZxX1), ¢ ov = a(efe” = Xix3) x
BR(X3 — Zx9) x BR(Z — )

500 500

400

400

300

300

200 200

with BR(Z — £0) = 0.1, (2d)
the asymmetry A, in the |u|-

M, plane for ¢n, = 0.5m,
¢u = 0, taking tang8 = 10,
mo = 300GeV, /s = 800GeV
and (P,-,P.+) = (-0.8,0.6).

The area A (B) is kinematically
forbidden by mgo + mgo > Vs
(mz + mgo > mig). In area C of
plot (2b) BR(X3 — Zx?) = 100%.
The gray area is excluded by

300 400 500 600 700 300

c lul /GeV  d

the contributions of different SUSY phases occur. For ex-
ample, in the constrained MSSM the phase ,, is restricted
to [pu| S 0.1m, whereas the phase ¢y, is not restricted, but
correlated with ¢, [18]. In most of our numerical examples
below we have chosen ¢y, = +n/2, ¢, = 0, which agrees
with the constraints from the electron and neutron EDMs.
In order to show the full phase dependences of the CP-
asymmetry Ay, in one example we study its ¢, behavior
in the whole ¢, range, relaxing in this case the restrictions
from the EDMs. However, as shown in [19], if also lepton
flavor violating terms are included, the EDM constraints
on ¢, disappear.

For the calculation of the neutralino widths I, and
the branching ratios BR(x? — x{Z) we neglect three-
body decays and include the following two-body decays, if
kinematically allowed,

0 . = ~ ~ _ 0, - + =0 770
Xi = €R,LEs [R,LI: TmT, Vele, XnZs XpnW™, XpHY,

L=e,u,7, m=1,2 n<i (58)

m_+ < 104 GeV
X1

500 600 700

lul /GeV

with HY being the lightest neutral Higgs boson. The Higgs
parameter is chosen my = 1000 GeV and thus the decays
XY — X:F HT into the charged Higgs bosons, and the decays
W= XY H§73 into the heavy neutral Higgs bosons are
forbidden in our scenarios. In the stau sector, we fix the

trilinear scalar coupling parameter A, = 250 GeV.

4.1 Production of X9 x9

In Fig.2a we show the cross section for ¥{x3 production
in the |pu|-M> plane for ¢, = 0 and ¢, = 0.5m. For
|| 2 250 GeV the left selectron exchange dominates due to
the larger Y9—€, coupling, so that the choice of polarization
(P,-,P.+) = (—0.8,0.6) enhances the cross section, which
reaches values of more than 110 fb.

The branching ratio BR(Y9 — ZxV) is shown in Fig. 2b.
The branching ratio can even be 100% and decreases with
increasing |u| and My, when the two-body decays into
sleptons and/or into the lightest neutral Higgs boson are
kinematically allowed.
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(le/ﬂ-
1

o5 — 12—

_N\//.._
-0.5 -0.7

/T

Fig. 3. Contour lines of the asymmetry A, for ete™ —
)Z[]?)Zgaig - Z)Z(l)aZ - EZ(K = & H, T)7 in the pu—pnm, plane
for My = 250GeV and |p| = 400GeV, taking tan 3 = 10,
mo = 300GeV, /s =800GeV and (P,—,P.+) = (—0.8,0.6)

The cross section oy = o(eTe™ — x9x3) x BR(x) —
Zx?) x BR(Z — €£) is shown in Fig. 2c. Due to the small
branching ratio BR(Z — ¢¢) = 0.1, oy does not exceed 7 fb.

Figure 2d shows the |u|-Msy dependence of the asym-
metry A, for ppr, = 0.5m and ¢, = 0. The asymmetry
|A¢| can reach a value of 1.6%. On contour 0 in Fig. 2d,
the (positive) contributions from the production cancel the
(negative) contributions from the decay.

We also studied the ¢, dependence of Ay. In the |u|-M,
plane for ¢p;, =0 and ¢, = 0.5 we found |.A,| < 0.5%.

In Fig.3 we show the ¢, ~pns, dependence of A, for
|| = 400 GeV and My = 250 GeV. The value of A, de-
pends stronger on ¢, than on ¢,,. It is remarkable that
the maximal phases of par, ¢, = £n/2 do not lead to
the highest values of A; ~ +1.4%, which are reached for
(eny,9u) = (£0.3m,0). The reason for this is that the
spin-correlation terms X§ “X'%; ©Dy in the numerator of
Ay, (55), are products of CP-odd and CP-even factors.
The C'P-odd (CP-even) factors have a sine-like (cosine-
like) phase dependence. Therefore, the maximum of the
CP-asymmetry Ay is shifted from ¢, 0, = £1/2 to a
smaller or larger value.

In the ¢,—@nr, region shown in Fig.3 also the cross
section oy = a(eTe™ — XIx9) xBR(xY — ZxV)xBR(Z —
20) with BR(xY — Zx9) = 1 and BR(Z — &) = 0.1, is
rather insensitive to ¢, and ranges between 7fb (¢, = 0)
and 14fb (op, = £m).

For the leptonic decay of the Z, the standard deviations
are given by Sy = | A¢|/L - 04, and for the hadronic decays
by Sye) = 7.7(4.9)Se; see Sect. 3. For L = 500 fb~! and
(o, 0u) = (£0.3m,0) in Fig. 3 we find Sy.) = 8(5) and
thus Ay() could be measured. However note that we have
Sy < 1 in this scenario and thus A, cannot be measured
at the 68% confidence level (Sy = 1).

In Fig. 4 we show the @y, dependence of the vector (V;)
and tensor (T};) elements of the Z density matrix (p(Z)).
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Fig. 4. Dependence on @y, of the vector (Vi) and tensor
(T;:) elements of the Z density matrix < p(Z) >, for ete™ —
$0%3; %8 — Zx4, for M2 = 250 GeV and |u| = 400 GeV, tak-
ing ¢, = 0, tanB = 10, mo = 300GeV, /s = 800 GeV and
(P._,P,4) = (—0.8,0.6)

The elements 171, 152 and V; have a C'P-even behavior.
The element V5 is C P-odd and is not only zero at ¢p;, = 0
and @, = T, but also at pa, &~ (1£0.2)w, which is due to
the destructive interference of the contributions from C P-
violation in production and decay. The interference of the
contributions from the C'P-even effects in production and
decay cause the two maxima of V;. As discussed in Sect. 2.2,
the tensor elements 771 and Th, are almost equal. Compared
to V1 and V5, they have the same order of magnitude, but
their dependence on ¢y, is rather weak. Furthermore, the
other elements are small, i.e. Ti3,V3 < 107% and thus
the density matrix (p(Z)) assumes a symmetric shape.
In the C'P-conserving case, e.g. for ¢n, = ¢, =0, My =
250 GeV, |u| = 400 GeV, tan 8 = 10, mg = 300 GeV, /s =
800 GeV and (P,-, P.+) = (—0.8,0.6) it reads

0.329 0.049 0.0003
0.049 0.343 0.049
0.0003 0.049 0.329

(p(2)) = (59)

In the C' P-violating case, e.g. for ¢, = 0.5m and the other
parameters as above, (p(Z)) has imaginary parts due to a
non-vanishing Vs:

((2)) = (60)
0.324  0.107+0.037  0.0003
0.107—0.037i  0.352  0.107 +0.037i
0.0003  0.107—0.037i  0.324

Imaginary parts of (p(Z)) are thus an indication of CP-
violation. Note that also the diagonal elements, being C P-
even quantities, are changed for ¢y, # 0 and ¢, 0. This
fact has been exploited in [10] as a possibility to determine
the C'P-violating phases.



240 A. Bartl et al.: C'P-sensitive observables in e™
My /GeV M, /GeV
600 600

e — )2?)29 and neutralino decay into the Z boson

@

500 500

400

400

300 300

Fig. 5. Contour lines of o =
olete™ — X3 x BR(XY —
ZXNxBR(Z — #£) a, and the asym-
metry A, b in the |u|-M; plane for
e, = 0.57, ¢, = 0, taking tan 5 =
10, mo = 300GeV, /s = 800 GeV
and (P,—,P.+) = (—0.8,0.6). The
area A (B) is kinematically forbid-
den by mgg + mgg > Vs (mz +
mi? > mig)
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4.2 Production of x5 X5
In Fig.5a we show the cross section oy = o(efe” —

WX9) x BR(XS — Zx9) x BR(Z — 40) in the |u|-M;
plane for ¢, = 0 and ¢, = 0.5%. The production cross
section o(ete™ — X9%9), which is not shown, is enhanced
by the choice (P,-, P,+) = (—0.8,0.6) and reaches values
up to 130 fb. The branching ratio BR(x3 — Zx!), shown in
Fig. 2b, can be 100%. However, due to the small branching
ratio BR(Z — ¢¢) = 0.1, the cross section shown in Fig. 5a
does not exceed 13 fb.

If two equal neutralinos are produced, the C' P-sensitive
transverse polarization of the neutralinos perpendicular to
the production plane vanishes, X% = 0 in (55). However,
the asymmetry Ay need not vanish, because there are C'P-
sensitive contributions from the neutralino decay process,
terms with @ = 1,3 in (56). In Fig. 5b we show the |u| and
M dependence of the asymmetry Ay, which reaches more
than 3% for ¢as, = 0.5mand ¢, = 0. Along the zero contour
in Fig. 5b the contribution to 4, which is proportional to
211;, see (55), cancels the one which is proportional to E%.
As the largest values of A, 2 0.2% and A; 2 1% lie in
a region of the |pu|-Ms plane where oy < 0.31b, it will be
difficult to measure Ay in a statistically significant way.
We also studied the ¢,, dependence of A,. In the |u|-M,
plane for ¢y, = 0 and ¢, = 0.5n we found |A,| < 0.5%,
and thus the influence of ¢, is also small.

In Fig. 6 we show the ¢y, dependence of the vector (V)
and tensor (T};) elements of the Z density matrix (p(Z2)).
Because there are only C'P-sensitive contributions from
the neutralino decay process, Vo is only zero at ¢, =
0,m and V; has one maximum at ¢p;, = T, compared
to the elements shown in Fig. 4. In addition, in Fig.6 the
vector elements V7 and V5 are much smaller than the tensor
elements 177 ~ Tso, compared to Fig. 4. The smallness of
the vector element V5 accounts for the smallness of the
asymmetry | A, < 0.05%. Furthermore, the other elements
are small, i.e. T3 < 1076 and V3 = 0.

550 600
|ul /GeV

| matrix elements |

0.02 T T T
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0 S A
002 Vi

0.04 1

-0.06
-0.08 |
01 ¢
012
014
016 ...

-0.18 : . g
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Fig. 6. Dependence on @y, of the vector (Vi) and tensor
(T;i) elements of the Z density matrix (p(Z)), for ete™ —
%35 %5 — Zx3, for My = 250 GeV and |u| = 400 GeV, tak-
ing ¢, = 0, tanf = 10, mo = 300GeV, /s = 800 GeV and
(P,-,P.+)=(-0.8,0.6)

4.3 Production of X9 x93

In Fig.7a we show the cross section o, = o(efe” —
Xix9) x BR(XY — Zx)) x BR(Z — #0) in the |u|-M,
plane for ¢, = 0 and ¢a;, = 0.5%. The production cross
section o(eTe™ — x%9), which is not shown, is enhanced
by the choice (P,-, P,+) = (0.8, —0.6) and reaches up to
50 fb. The branching ratio BR(x3 — Zx?), which is not
shown, can be 1. However, due to the small branching ratio
BR(Z — ) = 0.1, the cross section shown in Fig. 7a does
not exceed 5 fb.

In Fig. 7b we show the |u|-Ms dependence of the asym-
metry Ap. The asymmetry |A,| reaches 1.3% at its maxi-
mum, however in a region, where o; < 0.3 fb; the asymme-
try A, thus cannot be measured. We also studied the ¢,
dependence of Ay. In the |u|-Ms plane for ¢, = 0 and
¢, = 0.5m we found | A,| < 0.7%.
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500 500 ZX3)xBR(Z — £f) a, and the asym-
metry A¢ b in the |u|-M2 plane for
400 400 e, = 0.57, ¢, = 0, taking tan 5 =
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200 200 den by mgo +mgg > /s (mz +
0.003 mgo > mig). The gray area is ex-
100 ’ 100L7 cluded by m_+ < 104 GeV
100 200 300 400 500 600 100 200 300 400 500 600 X1
a lul /GeV b | /GeV

4.4 Production of x93 x9

For the process eTe™ — ¥9x$ we discuss the decay 3§ —
ZXY of the heavier neutralino which has a larger kinemat-
ically allowed region than that of ¥ — Zx{. Similar to
XU %9 production and decay, the cross section o(ete™ —
XoxY) reaches values up to 50 fb for a beam polarization of
(P,-, P,+) = (0.8, —0.6). The cross section for the complete
processo; = o(ete™ — YI¥9) xBR(XS = ZX})xBR(Z —
£0) attains values up to 5 fb in the ||-M3 plane; see Fig. 8a.

The asymmetry Ay, Fig.8b, is somewhat larger than
the asymmetry for ¥ ¥$ production and decay and reaches
a maximum of 2%. Although in the respective region the
cross section is also a bit larger, o, < 4 fb, it will be difficult
to measure A;. For example taking |p| = 380 GeV, My =
560 GeV and (¢, ¢u) = (0.5m,0), we have Sy =~ 1, for
£ = 500fb~'. However for the hadronic decays of the Z
we have Sy(.) ~ 8(5) and thus Ay () could be measured for
XY X9 production. Concerning the ¢, dependence of A, we
found that |A,| < 1% in regions of the ||-Msz plane where
o S 0.5fb, and |A¢| < 0.4% in regions where o; < 5fb,
for example for ¢,, = 0.5m and ¢, = 0.

5 Summary and conclusions

‘We have proposed and analyzed C'P-sensitive observables
in neutralino production ete™ — y? )Z? and the subsequent

two-body decay of one neutralino into the Z boson Y9 —
X2 Z, followed by the decay Z — ¢l forl = e, ju, T,0r Z — qq
for ¢ = ¢,b. The CP-sensitive observables are defined by
the vector component V5 of the Z boson density matrix and
the C' P-asymmetry Ay 4, which involves the triple product
Te(q) = Pe- - (Pe(q) X pg@). The tree-level contributions to
these observables are due to correlations of the neutralino
XY spin and the Z boson spin. In a numerical study of
the MSSM parameter space with complex M; and u for
XIx9, X9x9, x9x% and x9x9 production, we have shown
that the asymmetry Ay can go up to 3%. For the hadronic
decays of the Z boson, larger asymmetries are obtained with
Ay >~ 6.3(4.5) x Ay. By analyzing their statistical errors,
we found that the asymmetries A, ;) could be accessible in
future electron positron linear collider experiments in the
500-800 GeV range with high luminosity and longitudinally
polarized beams.
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A Coordinate frame and spin vectors

We choose a coordinate frame in the laboratory system
such that the momentum of the neutralino X9 points in
the z-direction (in our definitions we follow closely [3]).
The scattering angle is 0 = Z(p.-,Py,) and the azimuth
¢ can be chosen zero. The momenta are given by

Pe- = Ep(1,—sin 6,0, cos ),

pe+ = Ep(1,sin 6,0, — cos ), (A1)

Py = (Ex;,0,0,=q), py, = (Ey;,0,0,9), (A.2)
with the beam energy Fj, = /s/2 and

2 .52
S+mXi ij

rE =—= k=
Xi 2\/5 ’ Xj

A2 (s,mii,mij)

2¢/s ’
where m,,,m,, are the masses of the neutralinos and
Nw,y,2) = 22 + 9% + 22 — 2(2y + 22 + y2z). We choose
the three spin vectors sy* (a = 1,2,3) of the neutralino
in the laboratory system by

2 .52
s+ij mXi

05

q= (A.3)

sy, = (0,-1,0,0), 3, = (0,0,1,0),
1

Sii = m (Q7070a 7Ex,) . (A4)
Xi

Together with p§. /m,, they form an orthonormal set. For
the two-body decay x? — XUZ the decay angle 6; =
Z(py;,Pz) is constrained by sin 6 = ¢°/q for ¢ > ¢°,
where ¢0 = \2 (mi , Mm%, mi”)/QmZ is the neutralino mo-
mentum if the Z boson is produced at rest. In this case
there are two solutions:

D] = {(m3, +m% —m3 ) qeosty

By, [N (2 m,m? ) — gt (1 - cos?07)] 7 )

/ {2q2 (1 — cos? 91) + 2mi} .

If ¢° > ¢, A1 is not constrained and there is only the
physical solution |p}| left. The momenta in the laboratory
system are

p% = (E%Ea *|p§| sin 6y cos ¢, |p£ZE\ sin 04 sin ¢,

(A.5)
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~|pZ|cos6y), (A.6)

pF= (Ef, —|pglsinba cos ¢z, [p s sin b2 sin ¢,
—|pf|cosby), (A7)
my
E; — |py| cosp,)

Elepf_‘: 2( (A-8)

with 02 = Z(py,, py) and the decay angle p, = Z(pz, Py)
given by
cosfp, = cos by cos s + sin by sin b cos(d2 — ¢1). (A.9)

The spin vectors t3" (¢ = 1,2,3) of the Z boson in the
laboratory system are chosen by
t2 x t3,

Pe- X Pz
t1:(0,>, t2:<0,>,
7 [t x t3| z |Pe- X Pz|

1
PRLE (|pz|,EZpZ).
mz Ipz|

The spin vectors and p’, /mz form an orthonormal set. The
polarization vectors e # for helicities A, = —1,0,+1 of
the Z boson are defined by

(A.10)

— 1 1 127 .
e = o5 (tz —itZ);
eV =1t3; (A.11)

et = -5 (ty +ity) .

B Phase space

The Lorentz invariant phase space element for the neu-
tralino production (6) and the decay chain (7) and (8) can
be decomposed into the two-body phase space elements:

dLips (5, Py, P P12 PF)

1 .
— o) dLips (s,pxi,pxj) (B.1)

x dsy, Z dLips (sxi,pxn,pjzt) dszdLips (sz,pf,pf) ,

+
dLips (s,pxi,pxj) = 8nq\/§ sin 6 db, (B.2)
dLips (sxi,pxn,pf)
1 bzl
- Ay, B.3
2(2n)? 2|E% qcos) — B, |pL| ! (B-3)
. 1 |pfl?
dLips (sz,ps,pf) = df2s, (B4)
( 7) 2(2m)2 m%

with sy, = pii, Sy = pQZ and df2; = sin6; d6; d¢;. We
use the narrow width approximation for the propagators:
f|A (i?) |2d3Xi = mx:,tfxi’ f|A(Z)|2d3Z = manZ' The
approximation is justified for (I, /m,,)? < 1, which holds
in our case with I, < O(1GeV).
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C Spin matrices

In the basis (A.11) the spin matrices J¢ and the tensor
components J¢ are

1 i
1 ]975 P 2 0 5 0
T=|u s F=-w 05
0% 0 0-Jd5 0
-100
JP=1 o000}, (C.1)
001
-0 1 -0 -1
JU=1 02 of, 2= 0% 0],
10-4 -10—1%
200
J¥=(0-20], (C.2)
0 0%2
00 i 0-7 0
JZ=1 000, J¥=|5 05|,
—-i00 Ofﬁ 0
1
. P_75 P
TP = -7 P;E : (C.3)
0 55 0
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