PUBLISHED BY INSTITUTE OF PHYSICS PUBLISHING FOR SISSA

RECEIVED: June 28, 2007
REVISED: September 7, 2007
ACCEPTED: September 11, 2007
PUBLISHED: September 19, 2007

I

CP asymmetries with longitudinal and transverse
beam polarizations in neutralino production and decay
into the Z° boson at the ILC

Alfred Bartl, Karl Hohenwarter-Sodek and Thomas Kernreiter
Faculty of Physics, University of Vienna,
Boltzmanngasse 5, A-1090 Wien, Austria
E-mail: hlfred .bartl@univie.ac. atl, khsodek@hephy. oeaw.ac. atl,
kkern@hephy.oeaw.ac.ad

Olaf Kittel

Physikalisches Institut der Universitat Bonn,
Nujlallee 12, D-53115 Bonn, Germany
E-mail: kittel@th.physik.uni-bonn.dd

ABSTRACT: We study neutralino production at the linear collider with the subsequent
two-body decays YV — x%Z% and Z° — ¢/, with ¢ = e, pu, T, or Z° — ¢q with ¢ = ¢,b.
We show that transverse electron and positron beam polarizations allow the definition
of unique CP observables. These are azimuthal asymmetries in the distributions of the
final leptons or quarks. We calculate these CP asymmetries and the cross sections in the
Minimal Supersymmetric Standard Model with complex higgsino and gaugino parameters
w and M. For final quark pairs, we find CP asymmetries as large as 30%. We discuss the
significances for observing the CP asymmetries at the International Linear Collider (ILC).
Finally we compare the CP asymmetries with those asymmetries which require unpolarized
and /or longitudinally polarized beams only.
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1. Introduction

Supersymmetric (SUSY) models predict new particles with masses of the order of a few
hundred GeV [fl, B]. Their discovery is a major goal of present and future colliders in
the TeV range. In particular, the International eTe~ Linear Collider (ILC) [B-f], with a
center-of-mass energy of /s = 500 GeV and an integrated luminosity of £ = 500 fb~! in
the first stage, will precisely measure the masses and couplings of the SUSY particles when
they are kinematically accessible. It has been shown that the underlying parameters of the
SUSY model can be determined at the percent level and better [, ]—P]. In particular, the
option of polarized e and e~ beams [[L(] at the ILC can yield higher statistics to test models
beyond the Standard Model (SM). Transversely polarized beams allow to study additional
observables which are sensitive to effects of new physics. These are, for example, models
with extra spacial dimensions, specific triple-gauge boson couplings, and also new sources
of CP violation [[L(]].

In the Minimal Supersymmetric Standard Model (MSSM) [fil, B], the spin-half super-
partners of the neutral gauge and CP-even Higgs bosons mix and form the four neutralinos



V. At tree-level, the neutralino sector of the MSSM is defined by the U(1)y and SU(2),
gaugino mass parameters M; and Ms, respectively, the higgsino mass parameter p, and
the ratio tan # = vy /v1 of the vacuum expectation values of the two neutral Higgs fields.
Besides the sleptons, the superpartners of the leptons, and the charginos, the superpart-
ners of the charged gauge and Higgs bosons, the neutralinos are expected to be among the
lightest SUSY particles in many models. The neutralinos will be pair-produced [L]—-[L3] at
the ILC

+,— ~0.-0

ete” = XiXj, Hi=1,...,4. (1.1)

By measurements of the neutralino masses, cross sections and decay distributions, methods
have been developed to determine the parameters of the neutralino sector [[4-[9]. If CP
is violated, the parameters M; = | M| M1 and p = |u| €% can be complex, while Mo
and tan 8 can then be chosen real and positive.

In general large values for CP phases in SUSY models lead to theoretical predictions
for the electric dipole moments (EDM) of electron, neutron and that of the atoms '*?Hg
and 25T, which are close or beyond the current experimental upper bounds [20-BZ].
The restrictions on the phases from EDM measurements, however, strongly depend on
the SUSY model, see e.g. [23, 4], and on the scenario [R5, Rg]. This means that SUSY
CP phases of the order one are not ruled out by the present EDM experiments. For an
unambiguous determination of the CP phases independent measurements are necessary,
e.g., by analyzing CP sensitive observables at colliders, in particular at the ILC.

CP asymmetries with triple products 27, §| have been analyzed for the production
of neutralinos and for their various two-body R9-B4] and three-body decays [1g, B3 B7).
It has been pointed out that longitudinally polarized beams can enhance simultaneously
the cross sections and the CP asymmetries, such that higher statistics allows to measure
even small phases [[L].

In contrast to longitudinally polarized beams, the possibility of transverse beam po-
larization allows us to define a whole class of new and unique CP sensitive observables.
These are asymmetries in the azimuthal distributions of final state particles. In general the
transverse polarization of both beams is required, since these asymmetries vanish if only
one beam is polarized. CP observables for transversely polarized beams have been studied
for the production of selectrons [B§] and charginos [BY, [ij]. For neutralino production, two-
body decays have been analyzed: 5(? — Z%7R£3F — 00X (0= e, ) B4, ET], )Z? — x{h°
and ! — x{2° [].

In this work we study CP asymmetries with triple products in neutralino produc-
tion ([L.1]), followed by the decay of one of the neutralinos into the Z° boson

W—wZz%, n=1 and j=2,3, (1.2)

for longitudinal and transverse beam polarizations. Due to the Majorana properties of the
neutralinos, the angular distribution of the Z° boson is independent of the )Z? polarization,

if the Z° polarization is summed [, RY, B3, {2, [1]. Thus for longitudinally polarized

beams, all CP sensitive information is lost. On the other hand, the CP sensitive observables
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Figure 1: Feynman diagrams for neutralino production ete™ — y? XJ

™
=
s}

in the reaction ([L.IJ) with transversely polarized beams require the reconstruction of the
neutralino production plane. This can be challenging, since there is not enough kinematical
information from energy and momentum conservation in the process ete™ — %% 2° [B4,
[1]. Hence in either way, the polarization of the Z° has to be included and analyzed by
the angular distributions of its decay products. On account of this, we study its leptonic
and hadronic decays

O~ ff, f=tq, (=epnuT, g=cb. (1.3)

We will show that spin correlations between production and decay lead to sizeable CP
asymmetries, which do not require the reconstruction of the production plane.

In section [}, we give the Lagrangians and couplings for neutralino production ([L.])
and decay ([.9), ([.3). In section [J, we present the analytical formulae for the amplitude
squared with polarized beams. We define the CP asymmetries for transversely and longitu-
dinally polarized beams in section [l In section [f], we present numerical results for the CP
asymmetries and the cross sections. We compare the CP asymmetries with longitudinal
and transverse beam polarizations, and show that transverse beam polarizations can help
to determine the phases in the neutralino sector. In section fl, we give a summary and
conclusions.

2. Lagrangians and couplings

In the MSSM, neutralino production ([L.1) proceeds via Z° boson exchange in the s-channel,
and selectron €7, r exchange in the ¢- and u-channels, see the Feynman diagrams in figure .

The Lagrangians for neutralino production ete™ — )Z?)Z] and decay X — xoz0

are ([, 7]

1 0= "y, "R 10 .
Laososy = QCOSH 203" 05 P+ O PRIRY . = 1,....,4, (2.1)
Leezo = gfeiePRXi er + gfgéPLf(?éR +h.c., (2.2)
Lyoss = _cos O ZyfA MLy PL+ Ry PRf . f=1t.q, (2.3)



with P p = (1 F 5)/2. In the photino, zino, Higgsino basis (7, Z,HY, ~£), the couplings

are
” 1 % * * .
OZ.].L =3 [(NisNj3 — NiaNj,) cos 23 + (NgNjy + NiyNj3) sin 23] (2.4)
O;ft = 0", (2.5)
1 1 . .
fE=v2 [cos - (5 — sin? 9W> Njo + sin HWNH} , (2.6)
B — \/2sin Hw[taHHWNi*Q - 2*1] ) 27)
Lf = Tgf—thSiIlQaW, Rf = —thSiIlz Ow (28)

with the weak mixing angle 6y, the weak coupling constant g = e/sinfy, e > 0, the
electric charge ¢y and isospin T3¢ of fermion f, and the ratio tan 3 = vy /v1 of the vacuum
expectation values of the two Higgs fields. The neutralino couplings O, jL’R and feLi’R contain
the complex mixing elements NV;;, which diagonalize the neutralino matrix N; Y,gsN ;k =
My, 0k [Il], with the neutralino masses m,, > 0.

3. Distributions and cross section

The CP sensitive observables for transversal and longitudinal beam polarizations are asym-
metries in the angular distributions of final state particles. They depend on the spin cor-
relations between neutralino production and decay ([L.1))-([.3). The polarizations of the
particles can be included using the spin density matrix formalism [4]. In this formalism,
the amplitude squared for neutralino production has been calculated at tree level for unpo-
larized and longitudinally polarized beams [[J], and for transversely polarized beams [B4].
The subsequent decay of one of the neutralinos into a Z° boson, )2? — X0 ZY followed
by Z° — ff, has also been calculated in the density matrix formalism [&J, B3, 9. For
completeness, we shortly summarize the results in the following.

The amplitude squared for neutralino production ([[.T) and decay ([.2)—([-J) is given
by

T = 4]AGHP1AZO)P

3
PD+) b 23)] , (3.1)
b=1

with the propagators of the decaying neutralino )2? and Z° boson

1 1

A(X]) = . A(Z%) = (3.2)

— 2 B _ P) B )
Sx; = My, + szjFXj sz —my +imzl'y

where I'z and I'y; are the total decay widths of the associated particles and sz and sy
are their invariant masses. The differential cross section then reads

1 .
do = %|T|2dL1ps(s;pXj,an,pf,pf) , (3.3)

where dLips is the Lorentz invariant phase-space element, given in appendix [B.



The amplitude squared (B.1) has contributions from neutralino production (P) and
decay (D). The function P is independent of the polarizations of the neutralinos, whereas
EII’D depends on the polarization of neutralino )Z?. The longitudinal polarization of the
neutralino is given by ¥% /P, the transverse polarization of the neutralino in the production
plane is given by 31 p/P and the polarization perpendicular to the production plane is given
by %2 5/ P. It is convenient to decompose the functions P and E into unpolarized (unpol),
longitudinally (L) and transversely polarized (T') contributions of the electron and positron
beams:

P=Pupo+Pr+Pr, Sp=%% 0 +p+Shr (3.4)

The quantities Pynpol, P, and b Punpol’
Eljg,T have been calculated in [B4].

The quantities Eljg,T with transversal beam polarization depend on the polarization of
1

ES’;’ ; are given in [[[d], and the quantities Pr and

the neutralino 5(? and are

Shr = Sp(Zen)r + Sp(Zer)r + Sp(Erén)r, (3.5)
where
b ~ — 7t 1 94
Yp(Zep)r = PrPr 500849
x {Re(A(Z )f *fEOF AL, w)* — A(Er, 1)) 1y
— Im(A2) 5 FEOM (A EL, w)* + A(éL, t)*]) r3}, (3.6)
4
E%(ZéR)T - PEP; %cos:i HW
< {Re(A(Z) £ fROIF(A(ER,u)* — A(ER, 1)*]) Y
+ Im(A(2) 5 fROIFIA(ER, u)* + A(ER.t)*]) 15}, (3.7)

o 1
S%(éLér)r = PrPF 194

x {Re([A(eL, ) AR, u)* — A(er, u)A(Cr, )] [ fe] )
+Im([A(éL7t)A(éRvu)*+A(éL7 ) (6R7 ) ]f fej ei ej) 702}7 (3'8)

with —1 < PE < 1 [(PF)? + (PF)? < 1] being the degree of transverse e* beam po-
larizations. The selectron propagators are A(ép g, t) = i/(t — m2 Ln) and A(ér r,u) =

if(u— mgLyR), with the Mandelstam variables t = (py;, — p.-)* and u = (py, — p.-)?. For

a center-of mass energy /s far beyond the Z°-threshold, the Z°-width can be neglected in
the propagator A(Z%) =i/(s —m%). The kinematical factors in eqgs. (B.6)-(B.§) are

rl = my {[(t- - 8"ty py) + (= ) (b1 - 87 (Pe- - e )

(e - ") Der Pyi) + Pe- - Pxi)Pet - 8°) = (Pe- - Per ) (Py; - st - £4)}, (3.9)
TIZ) = Epwpo My [t+pe pe+sb (t--py,) + 2 "—PQPS’@ (t+- Sb)

Pl 5" (Pe- - pys) + PP (per - 8], (3.10)

'These terms are also given in [@], however, there in the terms El};(ZéL’R)T and P(Zér r)r a factor
g*/ cos® Oy is missing.



where 9123 = —1. The e* polarization vectors ¢ are given in eq. (A.9), and the neutralino
polarization vectors are given in eq. (A.§), for details see appendix [A]

In [B4], the properties of EII’D’T (B-§) have been discussed in detail. In contrast to
unpolarized and longitudinally polarized beams, it contains no contributions from pure
selectron exchange, X% (é1ér)r and X% (érér)r. However, transverse beam polarization
leads to €-€gr interference Eljg(é LEer)T, which is absent for unpolarized and longitudinally
polarized beams [[J. In addition, there is no contribution ES’;(Z Z ) owing to the Majorana
character of the neutralinos. Note that in the high energy limit m.//s — 0, the neutralino
polarization is proportional to the product of transverse beam polarizations Elj;.’T < Pp 73;: .

The contributions to the amplitude squared, eq. (B.]), from the neutralino decay are
4

4g "
b= cos? Oy (L} + R;){2|O L|2(pXJ' -pf)[mij - mii +my = 2(py, 7]
" ’I’)’l,2 » p
O P2 (m3, = m3, +mE) + [Re(O,])? - Im(On]L)Z]mxlmX]mZ} (3.11)
and
b 494 2 "2 9 9 : b
%p = cost Oy (Lf ){|O mXJ‘ {(ij My, — mZ)(pf‘SXj) (pz- SXJ)(px] pf)

% (pz-st)| = ATm (O FYRe(OLF ) o sy w0

1"

~[Re(0;F)? = Tm(O;F)my, [(m2, = m2, + m3)(pgsh,) = (07-% ) oy, p7)| }-
(3.12)

Different ways to calculate the squared amplitude |T'|? for the decay chain ¥? i X0 Z9,
followed by Z° — ff, with complete spin correlations in the spin density matrix formal-
ism, have been given in detail in [, B3, BY. In contrast to previous calculations, we
directly obtain the terms D and Elj’j for the entire neutralino decay chain by summing
over the internal polarization vectors e/, of the propagating Z9 boson in the narrow width

approximation.

4. CP asymmetries

For the combined process of neutralino production and decay ([.1)—([[.3), the spin corre-
lations %% %) in the amplitude squared |T'|? (B-1), allow us to define several CP sensitive
observables. These are asymmetries in the azimuthal angular distribution of the final state
fermions from the Z° boson decay ([L.3). The CP asymmetries are based on different triple
product correlations, which we classify in the following according to the beam polariza-
tion. We will define CP asymmetries for transversely as well as for longitudinally and/or
unpolarized beams.

4.1 Transverse beam polarizations

We define a CP observable for transverse beam polarizations which is based on the T-odd
correlation

—

O =4 (by X Pe-) (= - ) + 1= - (by x Pe-) (- Py) = sin(n — 2¢5),  (4.1)



where p.- is the unit vector of the e~ beam, p; the unit vector of the final fermion f
in 20 — ff, ¢y is the azimuthal angle of f, and the constant = ¢ + ¢_ is the sum
of the two azimuthal angles of the polarization vectors of the positron beam, t, and
the electron beam, 7_. The equality Op = sin(n — 2¢;) in eq. (fI) follows from the
specific parametrization of the momenta in the center-of-mass system, for their definition
see appendix [A] Note that the T-odd correlation Or is contained in the kinematical factor
78, eq. (B-10), entering in the neutralino polarization terms E%’,T? given in eqgs. (B-6)-(B.9).
The CP asymmetry is then defined by

T_N[OT>O]—N[OT<0]

Af ~ N[Or >0+ N[Or <0]’

(4.2)

where the number of events with O7 > 0(< 0) is denoted by N[O > 0(< 0)]. With the
definition of the cross section, eq. (B.3), £ do = dN, where L is the integrated luminosity,
and the amplitude squared (B.J]) with the decompositions of the quantities P and E’I’;,
egs. (B.4) and (B.H§), we obtain for the CP asymmetry

AT — [sgn[O7] |T|? dLips _ ['sgn[Or] %7 £ dLips’ "
= f|T|2 dLips - f(Punpol + Pp) D dLips '’ .

summed over b = 1,2,3, and with dLips' = dLips/(dsy,dsz) (B.J), where we have al-
ready used the narrow width approximation for the propagators (B.§). In the numerator
of AT, eq. (), the spin correlations 211’37TEI’D are only non-vanishing if weighted with
sgn[Or), as they include Op = sin(n — 2¢¢). In the denominator of eq. (.3), we have
used [ Pp D dLips’ = 0 since the cross section is independent of the transverse beam po-
larizations. Also the terms of the amplitude squared which depend on the )Z? polarization
vanish for an integration over the entire phase space. The asymmetry .A}; is sensitive to
CP violating couplings in the production only, which enter Z%P see eq. (B.§). That means
AT = 0 for the production of a pair of equal neutralinos ete™ — )2?)2?. In addition, the

asymmetry A? is proportional to the product of transverse beam polarizations
T b —
Af o« % & PRPF (4.4)

and thus vanishes if one beam is unpolarized.

For the measurement of AT = —.A};, the charges and the flavors of the final fermions
f and f have to be distinguished. For f = e, 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 = ¢ the distinction of the quark flavors
should be possible by flavor tagging of the heavy quarks ¢ = b, ¢ [i6, i§]. The distinction
of the heavy quark charges can be accomplished with very good precision in the case
of semi-leptonic decays of the hadrons. For the majority of b and c-jets, it also can be
accomplished by the reconstruction of the vertex charge in the cases where the hadrons
decay non-leptonically [§, 5, f9]. However, b and c tagging will be essential.



The asymmetry for final quarks .A;F is always larger than that for final leptons .A;F,
due to the dependence of A? on the Z°f f couplings [i, B3, Y]

2 2 2 72

L Ak N S ek il e I, (4.5)
R} + L3 @ R} - L} Ry + Li

= Ay =63 (45) x A, (4.6)

which follows from eqs. (B.11)), (B.12) and ({.9).

4.2 Longitudinal or unpolarized beams

For longitudinal or unpolarized beams, the triple product [Bg]
OL = Pe- - (D X D), (4.7)
can be used to define the CP asymmetry

Jsgn[Or] |T? dLips [ sen[OL] (Zp yppr + Ep,1) T dLips’
T2 dLips T(Panpol + PL) D dLips’

L
This CP asymmetry has been analyzed in detail in [BJ]. Due to the different angular
dependence of the triple product Op, eq. (I.7), and the CP-odd terms in EljD,T, we have
[ sgn[Oy] ES’%T ¥% dLips’ = 0. This means that the asymmetry .AI]; does not depend on
the degree of transverse beam polarization. In contrast to the asymmetry AT, eq. (Q), the

asymmetry AIJj is also sensitive to the CP violating couplings in the neutralino decay )Z? —
2 Z° [B3. Due to the dependence of .A? on the Z°f f couplings, we again have [, B3, R

Ajey = 6.3 (4.5) x Ay . (4.9)

4.3 Measurability of the CP asymmetries

For a measurement of non-vanishing phases in the neutralino sector at the ILC, not only
large CP asymmetries but also large cross sections are required. Since the cross section
appears in the denominator of the CP asymmetries A};, eq. (£3), and Al eq. (EY), we
are often confronted with a situation where large cross sections lead to small asymmetries
and vice versa. In order to estimate whether the CP asymmetries can be measured at the
ILC, we consider their statistical significances [{3, B3, R9].

The significance for the CP asymmetry A? with transversely polarized beams is defined
by

CHE \Afy\/c o(ete = 09 unpol BR(T? — ¥929) BR(Z0 — f]) . (4.10)

Note that only the unpolarized cross section o(ete™ — x?i?)unpol appears in eq. (4.1(),
since the cross section is independent of transversal degrees of beam polarizations. We
define the statistical significances for the asymmetries AIJ? by

J

Sk — |AT;|\/£ o(ete — $9%9) BR(Y? — ¥92°) BR(Z° — f]) . (4.11)



Here, the cross section depends on the degree of longitudinal electron and positron beam
polarizations. Note that SJ? and S%, in short Sy, are larger for f = b,c than for f =/ =

e, b, T with [@, , @]

Sb ~ 7.7 X Sg and Sc ~ 49 x Sg, (4.12)

caused by larger asymmetries ([L.5), ([.10), and by larger branching ratios BR(Z? — bb) ~
1.5 x >, BR(Z° — #¢), and BR(Z° — c¢) ~ 1.2 x Y, BR(Z° — ¢0), £ = e, pu, T, with
>, BR(Z" — #¢) ~ 0.1 [R0).

For an ideal detector, a significance of, e.g., Sy = 1 implies that Ay can be measured
at the statistical 68% confidence level. However, the definition of our theoretical signifi-
cance is based on statistics only, and does not include detector and particle reconstruction
efficiencies. Our significances are thus upper bounds to judge on the feasibility to measure
the CP asymmetries. In order to predict the absolute values of confidence levels, detailed
Monte Carlo analyses including detector and background simulations with particle iden-
tification and reconstruction efficiencies would be required. A Monte Carlo analysis for
a CP asymmetry in the production and decay of neutralinos with longitudinal polarized
beams has been carried out in [BH]. However, such an analysis is beyond the scope of the
present work. We only estimate how the detection rates for - and c-quark jets have to
be modified. Using vertex detectors, flavor tagging of b- and c-quarks is possible and the
corresponding efficiencies and purities have been studied [1]. It has been shown [4g], that
b-quarks (c-quarks) can be identified with an efficiency of 50% (50%) at a purity of 90%
(80%) for eTe™ — qq at /s = 500 GeV. This would lead to a reduction of our statistical
significance Sp (S.) by a factor of 0.64 (0.57).

5. Numerical results

We present numerical results for the CP asymmetry AT, eq. ({2), with transverse beam
polarizations, and for the CP asymmetry AIJ?, eq. (), with longitudinal beam polariza-
tions. For neutralino production ete™ — )2(1]5(3(3) and decay )23(3) — x32° 79 — b,
we study the dependences of .A;f and the cross section on the gaugino mass parameter
M = |Mi|e’®M1 and on the higgsino mass parameter y = |u|e’®#, as well as on the beam
polarizations P(e~) and P(e™). Throughout this study we take /s = 500 GeV. The values
of the CP asymmetries for final leptons ./4}1, and those for final c-quarks A}, are related to
.A;F by eq. (.§). Finally we compute cross sections and asymmetries which are accessible
with longitudinally polarized beams, and compare them with the results for transversely
polarized beams.

For the calculation of the neutralino widths and branching ratios, we include the two-
body decays [R]

XY = 0ol v, 52°, STWE, QHY, (5.1)

with n = R, L for { = e, u, and n = 1,2 for ¢ = 7. The Higgs mass parameter is chosen
my = 1TeV. With such a high value for m 4 explicit CP violation in the Higgs sector is
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Figure 2: Neutralino production ete™ — Y9%9 and decay x5 — x92°, Z° — bb, at /s = 500 GeV
for Scenario A given in table . Phase dependence of (a) the cross section o(ete™ — Xx0bb) =
olete™ — XIx9) - BR(XS — x12°) - BR(Z° — bb), and (b) the CP asymmetry AL for transverse
beam polarizations Pr(e~) = 0.9, Pr(et) = 0.6. Contour lines in the Pr(e”)-Pr(e™) plane for
(c) the CP asymmetry AT, and (d) the statistical significance Sif, with ¢pr, = %’r, ¢, =0, and an
integrated luminosity £ = 500fb~1.

not important for the lightest Higgs state HY [7]. In the stau sector, we fix the trilinear
scalar coupling parameter A, = 250 GeV. To reduce the number of free parameters, we
take | M| = (5/3) Mstan? Oy, inspired by gaugino mass unification.

5.1 Neutralino X?)Zg production and decay )Zg — x32°% — x%b

In figure Pa, we show contour lines of the cross section o(ete™ — ¥{x{bb) = o(efe™ —

,10,



Scenario | My ‘ || ‘ tan 3 ‘ me, ‘ Meg | Myo ‘ myg ‘ My ‘ m +
A 380 120 50 250 210 | 107 119 205 114
B 250 200 7 240 220 | 119 163 213 161

C 280 340 3 350 250 | 141 236 349 234

Table 1: Input parameters Mo, |u|, tan S, ms,, and mg, for Scenarios A, B, and C, with
|Mi| = (5/3) Mstan? 0y . The neutralino and chargino masses are calculated with ¢, = 2 and
¢, = 0. All mass parameters are given in GeV.

Wx3) - BR(Y3 — x92°%) - BR(Z? — bb) in the ¢,~¢nr plane for Scenario A, see table [l
The production cross section o(eTe™ — )Z?)Zg)unpol as well as the decay branching ratio
BR()Zg — x92°) (which varies between 5% and 15%) strongly depend on ¢y, but only
mildly on ¢,,, and their minimum values are obtained for ¢);, = 7 and ¢, = 0. In figure Pb
we show the phase dependence of the CP asymmetry AL, eq. (E2). The asymmetry AJ
reaches its maximum of about 36% at ¢pr, = 1.057 and ¢, = 1.87. The maximum of the
asymmetry .AbT is close to ¢y, = m. The reason for this is that the cross section, which is the
denominator of the asymmetry, has a minimum there. We remark that the CP asymmetry
is asymmetric with respect to the transformations ¢p;, — 27 — ¢p, and ¢, — 2w — @,
while any CP-even observable, e.g. the cross section in figure Pa, must be symmetric under
these transformations. Figure fc shows the dependence of Al oc Pr(e™) - Pr(e™) on the
degrees of transverse polarizations of the electron and positron beams for Scenario A with
Ony = %’T and ¢, = 0. The maximum value of the asymmetry AE ~ +40% is attained for
the maximal degree of polarizations Pr(e®) = +1 and Pr(e”) = F1. In figure fJd we show
the statistical significance S, eq. (£.10), for an integrated luminosity of £ = 500 b=t A
measurement of the asymmetry thus requires a high degree of the beam polarizations. In
the following we assume that a polarization of 90% for the electron beam, and 60% for the
positron beam is feasible, and study the |u|-Msy dependence of the asymmetry AE.

In figure Bla, we show contour lines of the production cross section o(ete™ — )Z?)Zg) in
the |u|-My plane, with ¢, = ?ﬂf and ¢, = 0. The other MSSM parameters are fixed as
defined in Scenario A of table [|. In figure ffb we show the contour lines of the branching
ratio BR(xY — x12°). Tt is as large as 90% for My ~ |u| ~ 170 GeV. For |u| > My
and |u] 2 200 GeV the decay )Zg — )Z?EW$ dominates. Figure fJc shows the corresponding
CP asymmetry .A,:F in the |u|-My plane. The asymmetry .AI:F attains large values in the
parameter region where the lighter neutralino states )29,2 are higgsino-like. For instance,
for |u| ~ 140 GeV and My ~ 420 GeV, the asymmetry is AbT ~ —20%. In addition, we
show in figure fJd the cross section o(ete™ — Ix{bb) (= o(eTe” — xI%Y)) - BR(XY —
2% -BR(Z° — bb)). For |u| ~ 150 GeV and M3 ~ 170 GeV, we obtain the largest values
up to 7fb, where the asymmetry AE reaches 8.5%. With these values of AE and o, the
statistical significance, eq. ({.10), is SE ~ 5, for an integrated luminosity of £ = 500 fb~!.

Now we discuss AE in neutralino production ete™ — )Z(l)f(g and decay )Zg — 32°,
7% — bb, for Scenario B, see table [, with a small value for tan 3 = 7. In this scenario,
the neutralino )Zg is a strong mixture of gaugino and higgsino components, and BR()Zg —
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Figure 3: Contour lines in the |u|-Ma plane of (a) the production cross section o(ete™ — x9%9),
(b) the branching ratio BR(x3 — xV2), (c) the CP asymmetry A}, and (d) the total cross section
o(ete™ — x9x9bb), for Scenario A given in table [[, with ¢ar, = 3%, ¢, = 0, at /s = 500 GeV
with transverse beam polarizations Pr(e~) = 0.9, Pr(e™) = 0.6. In the gray shaded area mx <
104 GeV. The dashed line in (a) indicates the kinematical limit m,o 4+ m,o = Vs, and the dashed-
dotted line in (b) indicates the limit m,g =m0 + mzo.

2% = 100%. In figurefa we show contour lines of the production cross section o(e*e™ —
)Z?)Zg) in the ¢,~¢u; plane. The production cross section ranges from 251fb, for ¢y, = 7
and ¢, = 0, to 54fb, for ¢p, = ¢, = 0. In figure b, we show the total cross section
olete™ — x9x%bb), which varies between 4 fb and 8 fb. Contour lines for the CP asymmetry
.A;F are shown in figure flc. As can be seen, AE can attain large values even for CP phases
close to the CP conserving case. For instance, for ¢, = 0 and ¢y, = 0.87, the asymmetry

- 12 —



reaches about —10%. The corresponding statistical significance, shown in figure fld, reaches

SE =5, for £L=500fb~1,

5.1.1 Comparison of transversely and longitudinally polarized beams

In this subsection we compare the asymmetry A7, eq. (.9), that is obtained with transverse
beam polarization with the asymmetry AL, eq. (f.§), for longitudinally or unpolarized
beams. Figure f] shows the contours of the asymmetry .AbL and the total cross section
o(ete™ — xx{bb) for longitudinally polarized beams in the |u|-Ms plane for scenario A,
see table [ The asymmetry AIg can reach +10%, while the total cross section can reach
15fb. By comparing these results for longitudinal beam polarizations with the results of
figure fJ for transverse beam polarizations, we find that in general for higgsino-like scenarios
the statistical significance of asymmetry .A,:F is larger than that for asymmetry .A};. The
reason is that for higgsino-like scenarios the leading contribution to the asymmetry .A,:F is
due to the €;—€g interference term, eq. @), which is absent for longitudinally polarized
beams. Clearly, for larger values of the selectron masses mg, and mg,, the significance
of the asymmetry .A,? is reduced due to a suppression of the é;—ép interference term, as
these masses enter in the propagators, see figure . On the other hand, for gaugino-like
scenarios, the statistical significance of asymmetry .AbL, is larger than that for .A;F, since then
the égr—ér and the é;—éy, terms, which are only present for unpolarized and longitudinally
polarized beams, give the dominant contribution to AI;.

In figure f§, we show the phase dependence of the production cross section o(ete™ —
%Y, the total cross section o(ete™ — x{xJbb), the asymmetry AII; and the corresponding
significance for longitudinally polarized beams (P~ , P ) = (+0.9,-0.6) in scenario A of
table . The asymmetry AII; can reach +15%, the total cross section can be as large as
olee™ — x{xYbb) = 16fb, such that the significance can reach Slg = 12. In comparing
these results, figure i, with the results for transversely polarized beams, see figure [, we
find that the asymmetry .AbL can be measured with higher statistics compared to AE. The
reason is that the high degree of longitudinally polarized beams, (P, PL) = (0.9, -0.6),
enhances both the production cross section and the asymmetry, whereas transversely po-
larized beams do not change the cross section, see figure [l.

5.2 Neutralino (%} production and decay YJ — x{2° — x{bb

In figure [], we show the phase dependence of the CP asymmetry A}, eq. (f.2), and the
cross section for neutralino production ete™ — ¥{%9, and decay x5 — x12°, Z° — bb,
for Scenario C, see table fI. The asymmetry reaches a maximum value of about 4.5% for
(¢rrdu) = (=5,%). The production cross section o(ete™ — X{%3) varies from 19fb
for (éar,,du) = (0,0), to 72fb for (¢ar,,¢,) = (m,m). The branching ratio is maximal
BR(x3 — X12°) = 100% for ¢,, < 0.47 and ¢, > 1.67. For 0.47 > ¢, < 1.6, the X3 decay
channels Y9 — (! are kinematical accessible, which leads to a strong ¢, dependence of the
cross section o(ete™ — Y{xVbb) around the threshold region. In the region where BR(Y5 —
W79 =100% (¢, < 0.47 and ¢, 2 1.67) the total cross section o(eTe™ — YIx{bb) varies
from about 4fb to 10fb, see figure fb. For Scenario C, with phases (¢ar,,du) = (=5, F),
the significance is Sy ~ 2, for £ = 500 fb~1.
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Figure 4: Neutralino production ete™ — 9%9 and decay x§ — x12°, Z° — bb at /s = 500 GeV
with transverse beam polarizations Pr(e~) = 0.9, Pr(e*) = 0.6, for Scenario B, given in table [l.
Contour lines in the ¢,~¢ar, plane for (a) the production cross section o(ete™ — x9x3), (b) the
total cross section o(ete™ — ¥{xIbb), (c) the CP asymmetry A}, and (d) the statistical significance
SE, for an integrated luminosity £ = 500fb~!.

In figure §, we show the asymmetry .A}; and the cross section for longitudinally po-
larized beams (PL,PL ) = (-0.9,40.6) in scenario C of table []. The asymmetry A} can
reach +10%, and the total cross section can reach o(ete™ — YV¥{bb) = 25fb. Again the
strong ¢, dependence of o(ete™ — IxVbb) in the regions where ¢ ~ 0.4m,1.67 is be-
cause the decay channels Y9 — (gt are kinematical accessible beyond this threshold. The
significance to measure Ay for (¢nr,,¢,) = (=5, %) is Sp =7 (£ =500fb~!). Once more
we find that for longitudinally polarized beams, the asymmetry AIg can be measured with
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Figure 5: Neutralino production ete™ — ¥{x% and decay Y3 — 929, Z° — bb at /s = 500 GeV
with longitudinal beam polarizations Pr(e~) = 0.9 and Pr(e™) = —0.6. Contour lines in the |u|—
My plane for (a) the CP asymmetry AY, and (b) the total cross section o(ete™ — x{x9bb), for
Scenario A, given in table [|. The branching ratio BR(x — ¥{Z°) is shown in figure fj(b).

higher statistics than the asymmetry A}.

Finally, we have scanned the MSSM paramter space, and have found that in general
the CP asymmetry .A;F is smaller for Y{x9 production than for )Zg)zg production. Note that
in the parameter region where My > |u|, for which the largest values of AE are obtained
for )Z?)Zg production, the two-body decay Y9 — ¥Z° is kinematically forbidden.

6. Summary and conclusions

We have studied the impact of the CP violating MSSM phases ¢, and ¢, on neutralino
production ete™ — )Z?f(? and decay )Z? — 070 7Z° — ff. For transversely polarized
beams, we have defined the CP observable A}, which is an asymmetry in the azimuthal
distribution of the final fermions, and is based on the triple product correlation eq. ([.])).
The CP-asymmetry depends bilinearly on the beam polarizations .A}; < Pp 77;5 , and re-
ceives CP sensitive contributions from spin-correlations in the neutralino production pro-
cess. Due to the left-right structure of the Z° boson couplings to the final fermions, the
asymmtry is largest AE =6.3 X A;F for the hadronic decay Z° — bb.

In a numerical analysis for %3 and Y{x3 production, we have shown that the asymme-
try can be as large as Al = 30%, for Pr(e~) = 0.9 and Pr(e™) = 0.6. The significance can
be as large as S,:f = 5, with an integrated luminosity £ = 500fb~!. We have compared the
cross sections and asymmetries with those which are accessible for longitudinally polarized
beams. For YY%J production, we have found larger significances for the asymmetry AIjj with
longitudinally polarized beams. Also for )Z?)Zg production the asymmetry AIJ? is in general
accessible with a larger statistical significance compared to the asymmetry A}; based on
transverse beam polarizations. This is mainly because longitudinal beam polarizations can
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Figure 6: Neutralino production ete™ — 9%9 and decay x§ — x12°, Z° — bb at /s = 500 GeV
with longitudinal beam polarizations Py, (e~) = 0.9, Pr(e*) = —0.6, for Scenario B, given in table [l.
Contour lines in the ¢,~¢nr, plane for (a) the production cross section o(ete™ — x9x3), (b) the
total cross section o(ete™ — ¥{x9bb), (c) the CP asymmetry AY, and (d) the statistical significance
SE, for an integrated luminosity £ = 500fb~1.

greatly enhance the production cross section. There are, however, parameter regions, e.g.
for My 2 300 GeV and |u| < 200 GeV, where the asymmetry .A}; in YY%9 production can
be up to about a factor five larger than the asymmetry AIJ;.

We conclude that for neutralino Y9x5 production and subsequent two-body decay into
the Z° boson, longitudinally polarized beams give more statistics than transversely polar-
ized beams (SJIF > SJ?) to study the corresponding CP asymmetry in the neutralino sector of
the MSSM. However, for )Z?)Zg production, there are parameter regions where transversely
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Figure T7: Neutralin@lp%mﬁuction ete™ — x9%9 and decay ¥9 — x$2°, @’)Oufﬂ']bg at /s = 500 GeV
with transverse beam polarizations Pr(e”) = 0.9 and Pr(et) = 0.6. Contour lines in the ¢,—
éur, plane for (a) the CP asymmetry A7, and (b) the total cross section o(ete™ — {Ix{bb), for
Scenario C, given in table .

polarized beams are advantageous since S}; > S}i We emphasize that the asymmetries for
longitudinally und transversely polarized beams are independent of each other. They rely
on different triple product correlations, and depend on different interference channels in
the neutralino production process. Therefore both options of polarized beams should be
considered to determine the phases ¢y, and ¢, by measurements of the asymmetries .A};
and AIJz at the ILC.
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A. Momentum and polarization vectors

We introduce a coordinate frame in the laboratory system by choosing the z-axis along the
momentum vector of the e~ beam, and z and y according to a right-handed coordinate
System:

pi_ = FEy(1,0,0,1) and p! = Ey(1,0,0,-1), (A.1)

with the beam energy E, = +/s/2. Then the 4-vectors of the transverse polarization of the
electron and positron beams are in the x—y plane

ty = (0,cos ¢py,sin ¢y, 0), (A.2)
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Figure 8: Neutralino production ete™ — ¥9%9 and decay x3 — ¥12°, Z° — bb at \/s = 500 GeV
with longitudinal beam polarizations Pr(e”) = —0.9 and Pr(e™) = 0.6. Contour lines in the ¢,—
éur, plane for (a) the CP asymmetry A, and (b) the total cross section o(ete™ — {Ix{bb), for
Scenario C, given in table .

where the azimuthal angles ¢, and ¢_ describe the orientation of the transverse beam
polarizations, which are fixed at any value ¢4,¢_ € [0,27). The four-momenta of the
neutralinos are

E, .
Pk, q< ;’ ,cos ¢sin @, sin ¢ sin 6, cos 9> ,

E,.
Py, = q(%,—cosqﬁsin 0, —sin ¢ sin @, — cos 9) ) (A.3)

where 6 is the scattering angle and ¢ the azimuthal angle of the production process. The
energies and momenta of the neutralinos are

2 2 1 2 2
§ T My ~ M A2 (s, my,, my, )

i) — 2\/5 ’ 4= 2\/5 ’

with A(a,b,c) = a? +b%+ % —2(ab+ ac+be). The three spin-basis vectors sg)c’j“, b=1,2,3,
of neutralino )29 are

E, (A.4)

2 3
) 5o x 82 ] ]
sl =10, =3—=37| =(0,—cos¢cost, —sin¢pcos,sinb),

X3 X3
Dy X Pom
83(7# = <07 M) = (O,Sin ¢7 — CO8 ¢7 0) 9
g [Py, X Pe-|
1 E,. E,.
si’_“ = — (q, iﬁ%) = X (L,cos ¢sin9,sin¢sin9,cos€> ) (A.5)
T My q My, \Ex;
with sl;(j “px; = 0 and (s;jsl;(j) = —d4p, such that {5')(1],5')(2],5;5’]} build a right-handed

system.
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For the two-body decay )Z? — X7, the decay angle 014 (py,,Pz) is constrained by

sin g1ax = ¥ /q for ¢ > ¢", where ¢° = A2 (mij,mzz, min)/(QmZ) is the neutralino momen-

tum if the Z° boson is produced at rest. In this case there are two solutions [{3, B3, R9

(mij +m% — min)q costy £ By, \/)\(mij,mQZ, m2,) — 4q? m?% (1 — cos?6)

77| = 5 - . . (A6)
2¢*(1 — cos?61) + 2my,
If ¢° > ¢, the decay angle 6; is not constrained and there is only the physical solution |ﬁZJr |

The momenta in the laboratory system are

p% = (E%, |17Zi| sin 01 cos ¢1, |ﬁzi| sin 01 sin ¢, |17Zi| costy), (A.7)
pr = (B, |P|sin 02 cos ¢, [p7| sin b2 sin ¢, |pf| cos 62) , (A.8)
2
m
E:= ’—L’ — _‘Z , (Ag)
r= 1 = S Teostn)

with 022 (py;,P7) and the decay angle 6pZ(pz, pf) given by

cos 0p = cos 01 cos O3 + sin 61 sin Oy cos(p2 — ¢1) - (A.10)

B. Phase space

The Lorentz invariant phase space element for the neutralino production ([[.1]) and the decay
chain ([.2)-([.3) can be decomposed into the two-body phase space elements [i3, B3, 9]

. 1 .
dALApS(8, Px;» Pxns P> Pf) = 22 dLips(s, Py, Px;) dsy;

X Y~ dLips(sy;, ., Py) dsz dLips(sz,ps,pf),  (B.1)
+

. q
dLlpS(saprpXj) = W dQ, (BQ)
Linston o ) = ] Izl 0 (B.3)
Xjr X2 FZ 2(2m)? 2]E§ g costh _EXj \ﬁziH v .
_ 1 |57
dL1ps(sZ,pf,pf) = 2(2m)2 nf2 2z, .
A

with sy, = pij, Sz = pQZ and d€); = sin 6; df; d¢;. We use the narrow width approximation
for the propagators

/ AR Pdsy, =

s s

[ 1aEps, - (B.5)

my,; Uy, mzlz

The approximation is justified for T'y /m,, < 1, which holds in our case with Ty, <
O(1GeV). Note, however, that the naive O(I'/m)-expectation of the error can easily receive
large off-shell corrections of an order of magnitude and more, in particular at threshold or
due to interferences with other resonant or non-resonant processes. For a recent discussion

of these issues, see [53, F4]
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