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1 Introduction

It has been pointed out that the amount of CP violation in the Standard Model (SM) is
not sufficient to explain the baryon-antibaryon asymmetry of the universe [1], and that
additional sources of CP violation are required [2]. Many extensions of the SM can give
rise to such sources of CP violation. The violation of the CP symmetry is an interesting
topic in its own right and deserves a diligent consideration. Supersymmetric (SUSY)
extensions of the SM provide new sources of CP violation, as they include several new
parameters which can be complex. For instance, in the neutralino sector of the Minimal
Supersymmetric Standard Model (MSSM) two complex parameters appear, which lead to
CP-violating effects in reactions involving neutralinos. These parameters are the higgsino
mass parameter 4 = |p|e’®#, and the U(1) gaugino mass parameter M; = |M;|e!®1, given
in the usual parametrization of modulus and phase.

These phases, on the other hand, contribute to the electric dipole moments (EDMs)
of electron, neutron, and that of the atoms Hg and 2%°T1 [3], and it is found in general



that for phases of the size O(1), the EDMs are beyond their experimental upper bounds.
However, the extent to which the EDMs can constrain the CP phases also depends on most
of the other model parameters, and thus strongly depends on the considered model, see
e.g. refs. [3, 4].

In this respect the high-luminosity e™e™ International Linear Collider (ILC) is con-
sidered an ideal machine to perform precision measurements, in order to determine the
model parameters of the MSSM with the required accuracy [5]. In neutralino production
and decay at the ILC, it has been shown which CP-even observables are well suited to
access the CP-violating MSSM parameters [6, 7]. However to directly prove CP violation
in the MSSM, and to determine the CP-violating phases unambiguously, a measurement
of CP-odd observables is obligatory.

In this paper, we study CP-sensitive observables in neutralino production,
FreT X)X, =234, i#], (1.1)

based on T-odd correlations [8] which appear in the spin-spin correlation terms of the
amplitude squared. These terms involve the polarizations of both neutralinos, with one po-
larization perpendicular to the production plane. Such a normal polarization component
is a genuine signal of CP violation (neglecting higher order effects due to final state inter-
actions [8]). The polarizations of the neutralinos can be analyzed in their decays, that’s
why we consider the leptonic channels !

X =l g+, )=l g+ 0T, Ll =ep. (1.2)

Due to angular momentum conservation, the decay distributions of the final leptons £, ¢
are correlated to each other, and thus allow us to probe the spin-spin correlations.

In a previous publication, we have analyzed in this way the CP-sensitive spin-spin
correlations for chargino production and decay [10]. Other works done on CP-sensitive
observables in neutralino pair production at the ILC have taken into account the decay
of only one neutralino, where again the normal polarization component signals CP viola-
tion [11, 12]. Even the potential of transverse beam polarizations for CP observables in
neutralino production has been analyzed [13, 14]. CP observables have also been studied
in decays of neutralinos, which originate from sfermions [15].

The paper is organized as follows. In section 2, we define the Lagrangians and complex
couplings for neutralino production. In section 3, we present the analytical formulae for
the amplitude squared of neutralino production and decay. In section 4, we identify the
T-odd products in the spin-spin terms of the amplitude squared. In section 5, we define
the CP-sensitive observables which probe these terms. We present numerical results in
section 6, where we also estimate the measurability of the CP-sensitive observables. We
give a summary and the conclusions in section 7.

Note that generally parity-conserving neutralino decays, like % — Zx% or X9 — hx?, would lead to
vanishing CP-sensitive observables. Due to the Majorana properties of the neutralinos, the left and right
neutralino couplings to the Z (and Higgs) have equal absolute values, and thus all spin- and spin-spin
correlations would be lost, see the discussion in ref. [9].
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Figure 1. Feynman diagrams for neutralino production ete™ — x7x9 [16].

2 Lagrangians and complex couplings

In the MSSM, neutralino production ete™ — )Z?)Z? proceeds via Z boson exchange in the
s-channel, and selectron €7, g exchange in the ¢- and u-channels, see the Feynman diagrams
in figure 1. The Lagrangians for production and decay are [6, 16]

g

EZeé = _COS HW Z,uéryﬂ[LePL + RePR]ea (21)

I g <0 ", "Rp 10 o
L2030 = 5 aos gy 20XV 103 P4 O PrIXG - 65 = 15004, (22)
Looxo = gfhePrxjer + gffePLxier + hee., (2:3)

with Pr p = (1 F75)/2. In the photino, zino, Higgsino basis the couplings are [6]

1

o/F = —5 [(NisNjy = NulNjy) cos 26 + (NisNjy + NuaNjs) sin 26 (2.4)
O/t = 0", (2.5)
L~ \/5 L l — sin? Ow | Nijo + sin Oy Njp (26)
e cos Oy \ 2 ’
B — \/2sin Hw[tan«?WNi*Q - z*l] , (2.7)
.9 1 s 2
L. = sin” Oy — 2 R. = sin” Oy, (2.8)

with the weak mixing angle 6y, the weak coupling constant g = e/sinfy, e > 0, and
the ratio tan # = vy /v1 of the vacuum expectation values of the two neutral Higgs fields.
The neutralino couplings O;;.L’R and fé’R contain the complex mixing elements N;;, which
diagonalize the neutralino matrix N*Y NT = diag(m,o) [17], with the neutralino masses
myo > 0. In the MSSM with CP violation, the couplings O;;»L’R and feLi’R are in general

complex due to non-vanishing CP phases ¢, and ¢;1. Here we adopt the standard convention
that a possible phase of My can be absorbed by redefining the particle fields.



3 Cross section

The differential cross section for neutralino production ete™ — )2?)29 and decay YV —
€£LE7R€$, )2? — K’Lijﬁq, can be written

1
do = o |T)? dLips, (3.1)

with the center-of-mass energy +/s, and the Lorentz invariant phase space element dLips,
see appendix C. The amplitude squared |T'|? was calculated in ref. [6] in the spin density
matrix formalism?

3
TP = 4 A PIAGD)P [P D; D+ 5% 5%, D

a=1
3 3
+>_5h Bh, Di+ ) 5P 5, E‘bj] L (32)
b=1 a,b=1
with the neutralino propagators A()Zgj) =1/ [piQ. — migy + imx?jrx?j]' The amplitude
1,5 i, s >

squared has contributions from neutralino production (P) and decay (D). The terms P
and D;, D; are those parts of the spin density production and decay matrices, respectively,

that are independent of the polarizations of the neutralinos. The contributions ¥% and

a
Xi

; of neutralino )Z?. See appendix B, eq. (B.3)

Y7, depend on the polarization basis vectors s

b
X

for the explicit definition of the spin vectors. We choose a coordinate frame such that

of neutralino )Z?. Similarly, EII’D and E%j

depend on the polarization basis vectors s

a,b = 3 denote the longitudinal polarizations, a,b = 1 the transversal polarizations in the
production plane, and a,b = 2 the polarizations normal to the production plane. The
decay terms D;, Dj;, X7, , and Ell’)j are given in appendix A. The full expressions for the
production terms P, X%, ES’;, and Eﬁ‘;.b can be found in ref. [6].

The contributions to the amplitude squared which depend on the polarizations of both
neutralinos are the spin-spin correlation terms E‘}Jb. The CP-sensitive parts of the spin-spin
correlation terms include one neutralino spin vector with a component perpendicular to
the production plane, i.e., ab = 12,21, 23, 32 [6]

4

SP(22) = g |MDP (Reer + Liew) m{ O[O} £, (3.3)
Sp(Zer) = 5oL Laer AA)Nen) + AL (AT O 10, (34)
S(eren) — ~enAuen)A @) Tl (FLPUL Y 1, 35)
S (Zen) = o ReenAD)DLEn) + A en)] Il FESEFOL) 12, (36
S#(entn) = Lendu(En)AT ) In{ (GEP(E ) 1. (37)

For a detailed discussion of the spin density matrix formalism, we refer to ref. [18].



The dependence on the longitudinal beam polarizations is given by
e =(1=P)1+Py), ep=(1+P )1-Py). (3.5)

with P_ and P, the degrees of longitudinal polarization of the electron and positron beam,
respectively, with —1 < Py < 1. Generally the contributions from the exchange of ér (€r,)
are enhanced and those of é;, (ér) are suppressed for P_ > 0,Py < 0 (P- < 0,P; > 0).
The propagators are A(Z) = i/(s — m%), Ai(ELr) = i/(t — mgL’R), Ay(ér,r) = i/(u —
mgL’R)’ with s = (pe* +pe+)2’ t= (pe* _pXj)Q’ u = (pe* _pXi)Q [6]

The spin-spin correlation terms Y% in egs. (3.3)-(3.7) explicitly depend on the
imaginary parts of the products of neutralino couplings, Im{O;leO;/jR*}, Im{ L feLJ*O;l]L )
Im{(f5)%( eLj*)Q}, Im{fgfg*O;/jR}, and Im{(fg)z(fe]}*)Q}. For i # j they are manifestly
CP-sensitive, i.e., sensitive to the phases ¢, and ¢; of the neutralino sector. These imagi-
nary parts of the couplings are multiplied by T-odd factors 2, which we discuss in detail

in the next section.

4 T-odd products of the spin-spin correlations

The kinematical dependence of the spin-spin correlation terms of neutralino production,
egs. (3.3)—(3.7), is given by the T-odd function [6]

F = (Pet Px; ) De > Pxs Spr 80,1+ (P D) et s Py S50 S5,
+(pe+ ‘Sij ) [pe* y Pxir Px;o 5;1] + (pe* 'S?@) [pe+ »Pxis Pxjo S;Z] > (4'1)

with the short hand notation of the epsilon product of the four four-vectors p;

(D1, D2, D3, Pa] = Epap P DY DS Py, with g3 = —1. (4.2)

Since each of the spacial components of the four-momenta or spins changes sign under
a naive time transformation, t — —t, the epsilon product, and thus the function f, is
T-odd. In appendix B, we give f? also in the laboratory system.

In order to identify the T-odd products which appear in the spin-spin correlations
of production and decay, we analyze the corresponding terms of the amplitude squared,
eq. (3.2), in more detail

3 3
TP o 3D SE e, S o S est) - (oSt (13)
a,b:l a,b:l

where the scalar products (p,-s},) and (pe -sg’(j) stem from X7, and Ell’)j, respectively, see
eqs. (A.2) or (A.4) in appendix A. Using the explicit expression for f%, eq. (4.1), and the
completeness relation for the neutralino spin vectors, eq. (B.4), the right-hand side of the
second equation in eq. (4.3) can be written as

OT - (pe+'pXj)[pe*7pxi7pfapf’] + (p€7 'pXi)[pe‘thjapéapf’]
+(Pet+ Do) [Pe—s Pxis Pxjs Pel + (Pe— Do) [Pets Pyis Py Per] - (4.4)



We have now identified the CP-sensitive terms of the neutralino spin-spin correlations.
They are proportional to the T-odd product Op, eq. (4.4), which can now be used to
define various CP asymmetries and CP observables in neutralino production and decay.
Due to their similar kinematical dependence, the definition of CP observables is analogous
to those in chargino production and decay, see ref. [10].

5 CP-sensitive observables

In this section, we define various CP-sensitive observables, which depend on the T-odd
parts of the spin-spin correlations for neutralino production and decay. For an operator O,
we define its expectation value by [10]

O |T]? dLips 1 / o do

() = JIT)? dLips T o dLips

dLips . (5.1)
If the operator O is chosen of the form like the T-odd terms Or, eq. (4.4), the CP-sensitive
parts of the spin-spin correlations in neutralino production can be projected out
() = JO 2P 2%, B, dLips

[P D; D; dLips

(5.2)

with an implicit sum over (a,b) = (1,2),(2,1),(2,3),(3,2). In the numerator remain only
the CP-sensitive parts of the spin-spin terms of the amplitude squared. Only they contain
the T-odd product O. In the denominator, all spin- and spin-spin correlation terms vanish,
and only the spin-independent part P D; D; contributes. Note that for the phase space
element dLips in eq. (5.2), we have already used the narrow width approximation for the
propagators, see eq. (C.5).

In general the largest observables are obtained by using an operator O, which exactly
matches the kinematical dependence of the CP-sensitive terms in the amplitude squared,
that is O = Op, eq. (4.4). In the literature, this technique is sometimes referred to optimal
observables [19]. Thus for the operator Or we define the two CP-sensitive observables

(Or) and Ar = (Sgn(Or)) . (5.3)

Neglecting higher order effects due to final state interactions [8], the observable Ar is a
CP asymmetry. It is the expectation value for the sign of the T-odd product Or, and can

be written as
Ny - N_

Ny +N_’
the difference of the number of events with positive (N;) and negative (N_) sign of Or,
normalized by the total number of events N = N, + N_. On the other hand, (Or) is the
expectation value of the momentum configuration Or itself for the event sample.

Ar (5.4)

Two further T-odd products were considered in ref. [10]. One product is obtained from
Or, eq. (4.4), in replacing the four-momenta by the (normalized) three-momentum vectors
in the center-of-mass system, see appendix B,

Or = (Pe- - Do) Po- * (; X Do) + (Bo- * Pe) Do - (By; X Per) s (5.5)



with p = p/|p]. In contrast to O, eq. (4.4), this product does not involve the energies of the
neutralinos and leptons. For the operator Or, we again define two CP-sensitive observables

(Op)  and  Ap = (Sgn(Or)) . (5.6)

Since both T-odd products Or and @T include the neutralino momentum p,, and/or
Py;» their experimental reconstruction is required. For the subsequent two-body decays
of the neutralinos which we consider here, the neutralino momentum three-vectors can
be reconstructed up to a sign ambiguity in their second component, if the masses of the
involved particles are known, see for example ref. [13].

A T-odd product which does not depend on the neutralino momenta is obtained by
substituting on the right hand side of eq. (5.5) the neutralino three-momenta by the cor-
responding decay lepton three-momenta p\, — p; and py; — pr [10],

Of = Pe- - (be + ) Do - (e X pe) - (5.7)
Also for (/Q\lf we define a CP-sensitive observable and its corresponding asymmetry,
(OF)  and  Af = (Sen(0f)) . (5.8)

Thus, depending on the type of correlation used, two classes of CP observables can be
defined; one class requires the reconstruction of the neutralino momenta, the other class
not. However, as we will show in the numerical section, the largest observables are obtained
if indeed the neutralino momenta can be reconstructed.

5.1 Relative signs of the CP observables

Each of the above defined CP observables depends in principle on the various decay channels
of the two neutralinos. For each neutralino, these are

Xy — O+ 07, (5.9)
— L+ LT, (5.10)
for £ = e, u, and also
Xy — 0+ 0, (5.11)
A (5.12)

if the decay into the (usually) heavier left slepton is kinematically allowed. However, only
the sign of the CP observable changes, depending on the charge and the type (L or R) of
the two decay sleptons, for an overview see table 1. The reason is that the signs of the
corresponding two neutralino decay terms, X7, and E%j, only depend on the charge and
the type of the two decay sleptons, see eqs. (A.2) and (A.4), respectively. The absolute
value of an observable is independent of the particular decay channels, since the absolute
values of the couplings | fgLi’R| or | fé’R| of the decay sleptons, as well as their masses,
cancel in the numerator and denominator of eq. (5.2). This means in turn that we have



h | tp | 0] 0
i+ - -]+
el = |+ |+ ] -
Gl-1+1+]-
G+ - -]+

Table 1. Relative signs of the CP-sensitive observables for different decay combinations of neu-
tralino x9 — EJL[( p¢" (top row), and neutralino X7 — EJL[( R)E,jF (left column).

to distinguish from which neutralino ? or )2? the final state leptons ¢ and ¢ originate.
Without that information, the contributions to the CP observables from the final leptons
with charge combinations ¢~ ¢~ and £T¢'t would identically cancel those contributions
from /70"~ and ¢~ 0.

Furthermore if also the decay into ¢}, is kinematically possible, the type of the sleptons,
lror? R, into which the neutralinos decay, has to be determined. Such a discrimination can
in principle be accomplished by using the different energy distributions of the decay leptons,
since their kinematical limits depend on the mass difference of the decaying neutralino
and slepton.

Note however, that if the final lepton momenta are assigned correctly, one is able to
reconstruct the production plane. Although the two lightest neutralinos in the end of the
decay chains, )22 — 00, 0 — XV, carry away their missing momentum, the ambiguities
in the azimuthal angles of the produced neutralinos can be resolved with a measurement
and correct assignment of the four final lepton momenta, see the discussion in ref. [13].
Certainly the feasibility of such an event reconstruction can only be answered by a detailed
experimental analysis, which is however beyond the scope of the present work.

5.2 Theoretical statistical significances

We have defined various kinds of CP-sensitive observables, which are based on the different
T-odd products ©@ = O, Or, (5'T They either include (Or, @T) or not include ((5'T) the
neutralino momentum. In order to be able to compare these observables quantitatively, we
define their theoretical statistical significances. A comparison of the numerical values of
(O) and A = (Sgn(0O)) alone cannot be used to decide which observable is more sensitive to
the CP phases. In addition, we are sometimes facing situations where large CP observables
and asymmetries correspond to processes with small neutralino production cross sections
or branching ratios, and vice versa. Such effects can be considered by combining both the
CP observable and the cross section into one statistical quantity.

We define the theoretical statistical significance of the CP observable (O), where O =
O, or O = Sgn(0), by [13, 20]

S[0] = VN |<@,>| .
O] )

(5.13)



For neutralino production and decay the number of events is

N=FyxLxolete” = IxX[BR(X) — & e7) x BR(X) — ¢}, ¢7)

(2

+BR(X) — €] e7) x BR(X] — €} €7)

(2

+BR(X] — €}, ) x BR(X] — €] €7)

(2

+BR(X] — €] ¢7) x BR(X] — ¢}, ¢7)] ,(5.14)

(2

with the integrated luminosity £. The combinatorial factor Fx takes into account all
possible neutralino decays into sleptons with different flavors and charges. We assume that
the branching ratios of the neutralinos do not depend on them, i.e., BR()Z% —efe) =
BR(X} — &, e") = BR(XY — &' u~) = BR(X) — fi, p*), for n = L and R. The
combinatorial factor is thus Fy = 4 x 4 = 16, if we sum the two lepton flavors e, u and the
two charges, £ and £ .

The statistical significance S is equal to the number of standard deviations to which the
corresponding CP observable can be determined to be non-zero over statistical fluctuations.
For example, S = 1 implies a measurement at the statistical 68% confidence level, assuming
an ideal detector, and full reconstruction of signal and background. Thus our definition of S
is theoretically motivated, and can only be regarded as an upper bound on the confidence
level which at best can be obtained. In order to give realistic values of the statistical
significances, a detailed experimental study would be required, which is however beyond
the scope of the present work.

Also higher order corrections have to be included in a comprehensive analysis. Al-
though we expect the influence of electroweak corrections to our observables and asymme-
tries to be small, the corrections to the neutralino masses and production cross sections
can be 10% at one-loop level [22]. The neutralino branching ratios for two-body decays
may receive CP-even one-loop corrections of up to 16% in some cases [23]. For chargino
production additional CP-sensitive terms contribute at higher order to the production cross

section, which has recently been discussed in ref. [24].

6 Numerical results

We present numerical results for the CP-sensitive observables and asymmetries for neu-
tralino production eTe™ — x3%3, and decay Y5 — Z%BJF, X3 — g%ﬁ”ﬂ for 0,0 = e, p.
We will study the dependence of the CP observables on the phases and moduli of the
higgsino and U(1) gaugino mass parameters u = |p|e®* and My = |M;|e’®t, respectively,
in the framework of the general MSSM. In this model the restrictions on the phases from
the electron and neutron EDMs are less severe compared to the constrained MSSM [4].
Thus we will not take the EDMs into account, and show the full phase dependence of
the observables.

The results are calculated with a center-of-mass energy of /s = 500 GeV. We choose
longitudinal beam polarizations (P_,P;) = (0.9, —0.6), which enhance the ér exchange

contribution. The feasibility of measuring the observables also depends on the neutralino



Mo 1z Gu 1 tanfB  mg
270 GeV 200 GeV 0 057 3 80 GeV

Table 2. Benchmark scenario for efe™ — x9%3, and decay Y5 — l%€¢, X3 — E’Rif’:F, for
0,0 = e, p, at /s =500 GeV with beam polarizations (P_,P) = (0.9, —0.6).

myo =121 GeV | mg, = 157 GeV | BR(X§ — (rf) = 66%
myg =171 GeV | mg, =256 GeV | BR(X3 — 717) = 34%
m g =207 GeV | mz =157 GeV | BR(X§ — (r() = 66%
m & =158 GeV | msz, = 256 GeV BR(X) — 717) = 34%
m 2 =318 GeV | my = 246 GeV olete™ — x9%3) =79 fb

Table 3. SUSY masses, neutralino branching ratios and production cross section, for the benchmark
scenario. The branching ratios are summed over ¢ = e, u and both slepton charges.

production cross section and decay branching ratios, which we discuss in detail. For a
comparison of the CP observables, and for giving an upper bound on the confidence levels,
we also present a theoretical estimate of their statistical significances.

For the neutralino widths and branching ratios, we include the two-body decays [12]

XN =l l v, Z4X0%, h+ X, WEHRT, (6.1)

with m <i; k =1,2;, n = R,L for £ = e,u, and n = 1,2 for £ = 7. We neglect three-
body decays. We use the GUT inspired relation |M;| = 5/3M;tan? Oy, such that the
dependence of the CP observables on the modulus of M; is investigated by using Mbs.
In order to reduce the number of free parameters further, we parametrize the slepton
masses by My, and mg = 80 GeV fixed, which enter in the approximate solutions to the
renormalization group equations, see appendix A. We take stau mixing into account, and
fix the trilinear scalar coupling parameter A, = 250 GeV. We use the SM parameters
sin? Oy = 0.2315, myy = 80.41 GeV, myz = 91.187 GeV, a = 7.8125 x 1073,

The CP-sensitive neutralino coupling factors in egs. (3.3)—(3.7) are zero for i = j, or
vanishing phases ¢, and ¢1. They are largest for ¢; = 0.57 (or 1.57), and for a strong
gaugino-higgsino mixing My =~ |u|. We find that a small value of tan 3 is preferred to have
large CP observables and large significances. Therefore we center our numerical discussion
around a scenario with tan 3 = 3 and a strong gaugino-higgsino mixing. The parameters
are summarized in table 2. The corresponding particle masses, branching ratios, and the
cross section are listed in table 3. For this scenario, we analyze the phase dependence of
the CP observables, and then their dependence on || and M.

6.1 Phase dependence

In figure 2(a), we show the ¢, dependence of the CP asymmetries Az (5.3), Ar (5.6), and
.%Alﬁf (5.8). The asymmetries vanish at ¢1 = 0, 7, 27, where the neutralino couplings are real.
They obtain largest values at ¢ ~ 0.57 and ¢ ~ 1.57 of about Ap = £19%, Ap = +16%,
and .%Alﬁf = £8%. In figure 2(b), we show the same asymmetries as a function of ¢,,, setting

,10,
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Figure 2. Dependence of the CP asymmetries A7 (dotted), Ar (dashed), and A’ (solid), (a) on
the phase ¢; with ¢, = 0, and (b) on the phase ¢, with ¢; = 7, and the other parameters as
defined in table 2.
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Figure 3. Phase-dependence of the significances of (a) the asymmetries A (dotted), Ap (dashed),
Al (solid), and (b) of the observables (Or) (dotted), (Or) (dashed), (Of) (solid), with an inte-
grated luminosity of £ = 500fb~!, for the scenario as defined in table 2.

¢1 = m. They show a similar behavior, and again Ap attains the largest values of all
three asymmetries. We do not present plots of the corresponding observables, since they
show similar phase dependences as their corresponding asymmetries. They obtain values
of (Or) = —2.56 x 10! GeV®, (O7) = —0.062, and <(5'T> = 0.027, for the scenario defined
in table 2.

In order to compare now the CP asymmetries A with their corresponding CP observ-
ables (O), we show their theoretical significances S as a function of ¢; in figure 3. First
we observe that the observables, figure 3(b), have generally larger significances than their
counterpart asymmetries, figure 3(a). Secondly, the observables and asymmetries which
are based on the T-odd products Or and @T, which include the neutralino momentum,
have the largest significances. They would be best suited for measuring CP phases in
the neutralino spin-spin correlations. The significance of (Or) is twice as large as that of
<(/9\ép> However, for its measurement a reconstruction of the neutralino momenta, i.e., the
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production plane is necessary, which will be experimentally more involved. The need to
only reconstruct the final state leptons might be an advantage in a realistic experimental
environment. However, a detailed investigation which observable will be best suited can
only be answered by a thorough experimental analysis, which is beyond the scope of the
present work. In order to further illustrate the different magnitudes of the asymmetries
Ar and fl'T, we show them and the corresponding significances as a function of the phases
¢, and ¢1 in figure 4.

Finally, it should be noted that a measurement of observables which depend only on
¢, will be helpful to disentangle CP-violating effects in the neutralino system, which could
originate both from ¢; and ¢,. This could be possible by investigating CP observables
in the chargino system [10, 21| which solely depend on ¢,. Finally a global fit of CP-
even [6, 7] and CP-odd [11-14] observables in the neutralino system could allow for a
complete determination of the phases.

6.2 p and M, dependence

In order to estimate the significances of the CP-sensitive observables in a larger region of
the parameter space, we now analyze the neutralino cross sections, branching ratios and,
as an example, the asymmetry Az (5.3) in the |u|-Ms plane.

In figures 5(a) and 5(b), we show the neutralino branching ratios which are summed
over both lepton flavors ¢ = e, i and charges, i.e., BR(x) — ZRE) =4 x BR(x} — é;ge*),
for k = 2,3. In the gray shaded area, the chargino mass is my < 100 GeV, and thus
near or below the exclusion limit of LEP2 [25]. In region A, the neutralinos are below the

decay threshold, m,

neutralino Y3 is always lighter than (7, in the shown region of the |pe|-Ms plane. We find that

9, < Mg and thus the corresponding two-body decays are closed. The

the X3 branching ratio into left sleptons is smaller than BR(Y3 — (10) < 1%. In figure 5(a)
and 5(b), the decay channels into the lightest Higgs and Z bosons open to the right of the
dashed lines, which indicate the kinematical limit myg
these channels would lead to vanishing CP observables, due to the Majorana properties

9, = Mmyotmz, respectively. However,
of the Higgs and Z boson couplings to the neutralinos, as discussed in the introduction.
Along the dotted contour in figure 5(b), the decay channel Y3 — Wi)zl$ opens, which
also considerably reduces BR(Y) — 1 r?) to the right of that contour, for |u| > Ms. The
neutralino ¥y and X3 branching ratios into staus become larger than those into selectrons
for |u| 2 My. If the tau momenta can be reconstructed, these decay channels can also be
used to measure the CP observables. However due to stau mixing, the observables will be

reduced compared to the decays into selectrons or smuons, see the discussion in ref. [9].

The neutralino production cross section oa3 = o(ete™ — x9%9) is shown in figure 5(c).
It reaches values up to 130 fb for My ~ 250 GeV and |u| ~ 150 GeV. In the region B, the
neutralinos are too heavy and above the production threshold, myg+myo > Vs = 500 GeV.
The combined cross section of production and decay, o = o93 x BR(Y) — ZRE) X BR()Zg —
(r0), is shown in figure 5(d). One can see the combination of the kinematically excluded
regions from production and decay. The cross section o reaches up to 65 fb.
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Figure 4. Contour lines of the asymmetries A and A’T, and their statistical significances in the
$1-¢,, plane, with an integrated luminosity of £ = 500fb~!, for the scenario as defined in table 2.

In figure 6, we show the asymmetry Ay and its corresponding significance S[Arp] in
the |pu|—Ms plane. The asymmetry reaches values up to —30%, while the significance goes
g = mg,, at My ~ 300 GeV

and |u| ~ 180 GeV. At that point, the asymmetry of the correlation (5}, that does not

up to 50 standard deviations close to the kinematical limit m

need the reconstruction of the neutralino momenta, reaches A’T = 13%, which corresponds
to a significance of about S[A%] = 25.
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Figure 5. |u| and My dependence of (a) the neutralino branching ratio BR(Y9 — £rf), (b) the
branching ratio BR(¥3 — ¢zf), (c) the neutralino production cross section og3 = o(ete™ — x9%3),
and (d) the combined cross section of production and decay, o = o3 x BR(YJ — £rf) x BR(xJ —
ERKL1brthescenark)asdeﬁnedintabka2.InreghnlflthelunnrahnosarebeknvthedecaythreshokL
Mg, < Mips and in region B they are above the production threshold, m, g +myg > V5 = 500 GeV.
In the gray shaded areas the chargino mass is m,+ < 100GeV. The dashed contours in (a), (b)

indicate the kinematical limit m,g = m,o +mz, respectively. The dotted contour in (b) indicates

0
X2,3

the limit myo = mwy + My
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Figure 6. Contour lines of (a) the asymmetry Agp and (b) its statistical significance S[Ar] in
the |u|-Mz plane, for the scenario as defined in table 2. In region A neutralino Y9 is below the
decay threshold, m,q < mj_, and in region B the neutralinos are above the production threshold,
My +myo > /s =500 GeV. In the gray shaded areas the chargino mass is my < 100 GeV.

7 Summary and conclusions

We have analyzed CP observables in neutralino production, which are sensitive to the phys-
ical phases of the gaugino parameter M, and the higgsino parameter p. The observables
and asymmetries rely on T-odd products in the neutralino spin-spin correlations, which
appear on tree-level. The CP-sensitive spin-spin correlations are those terms of the matrix
element, which include the polarizations of both neutralinos, with one component normal
to the production plane. These spin-spin correlations of the neutralinos can be analyzed
via angular distributions of the decay leptons Y} — 0.

In order to probe the CP-sensitive spin-spin correlation terms, we have defined different
T-odd products. One class only involves the final lepton momenta, which has the advantage
that it is not necessary to reconstruct the production plane. The second class of T-odd
products also includes the neutralino momenta. Based on these T-odd products, we have
studied two sorts of CP-sensitive observables. One sort are CP-sensitive observables, which
are the expectation values of the T-odd products. The other sort are their corresponding
asymmetries, which give the expectation value of the sign of the T-odd products.

In our numerical analysis for Y3y production, we have found that the observables
are largest in mixed scenarios with small tan 3. We have defined theoretical significances
to decide, which CP observable is most sensitive to the CP phases. For a linear collider
with /s = 500 GeV and longitudinally polarized beams, (P_,P+) = (0.9,—0.6), with an
integrated luminosity of £ = 500 fb~!, the CP-sensitive observables that only include the
momenta of the decay leptons yield theoretical significances of S < 25 for ¢; = 0.57. We
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find larger theoretical significances up to .S < 50 for the CP-sensitive observables that need
a reconstruction of the neutralino momenta. However, only a detailed experimental study
with background and detector simulations can show whether the CP-sensitive observables
are accessible. We hope that our results motivate such a study.
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A  Decay terms D and X¢

The coefficients in eq. (3.2) of the neutralino decay matrices for the decay into right sleptons
X0 — U 07, with £ = e, u, are [12)]

2

g
Dy = Effﬁ;\Q(mig - m?zR)a (A1)
%k = (ir)gQ’fﬁ;’meg (S;k 'pf)a (Az)

where the sign in parenthesis holds for the charge conjugated process )22 — EE .
For the decay into the left sleptons )Zg — ZE (T, 0 = e, u, the coefficients are

2
g
D= LifhPmy —m?), (A.3)

%k = (;)92|f€[i§|2mxg (S;k : pf) ) (A4)
where the sign in parenthesis holds for the charge conjugated process )22 — ZZ .

In order to reduce the free MSSM parameters, we parametrize the slepton masses with
an approximate solution to the renormalization group equations (RGE) [26]

ml%R = m% + m? + 0.231\422 — m2Z cos 20 sin? Oy | (A.5)
1
ml%L = m% + m? + 0.791\422 + mQZ cos 26( -3 + sin® 9W> ) (A.6)
1
m%{ = m% + m% + 0.79M22 + §m22 cos 23, (A7)

with mg the common scalar mass parameter at the GUT scale.
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B Momentum and polarization vectors

We choose a coordinate system with the z-axis along the p,— direction in the center-of-mass
system. The four-momenta of the neutralinos 9 and )Z? are

Eyi, .
Pxi; =4 q’ ,Fsin®,0,Fcosb |, (B.1)
with their energies and common momentum

1
s+mi,,—m2,, A2(s,m2 ,m?2)
E _ i, Xj,i q= Xi Xj

Xi,j 2\/5 ? 2\/5 ?

respectively, and the kinematic function A(a,b,c) = a? + b% + ¢ — 2(ab + ac + be). The
scattering angle is 0 (p, -, Py,), whereas the azimuthal angle can be set to zero, due to

(B.2)
rotational invariance around the beam axis [27].
The three spin basis vectors of )2? and )29 are chosen to be

Xi,j S

) -3
52 % §°
stoo= <O, W) = 4(0,cos 6,0, —sin0) ,

D.— X Dy, .
2. = <0 M) — (0,0,1,0),

" |Pe- % ﬁxi,j‘
1 E,. . > E, . < q
3 Xi,j = Xi,j .
sy, = q, Dyii | = Fsinh,0,Fcosb | . (B.3)
X My < q X My \Exi; , ,
They fulfill the orthonormality relations s{, 'Ska = -5, %, Py, = 0, and the completeness

relation [6, 18]

PP
DSl =g TP (B.4)
c Xk
The four-momenta of the leptons in the decays )Z? — 0 ¢, and )Z? — 0"V, are
pe = |Pe|(1, cos ¢y sin Oy, sin ¢y sin b, cos by) , (B.5)
per = |Pur|(1, cos ¢ sin Gy, sin gy sin Opr, cos Oy ) (B.6)
respectively, with
2 2 2 2
|ﬁ€| — mXi m( , |ﬁf/| _ ij mél ’ (B?)
2(Ey, + qcosty) 2(Ey; — qcosy)
and the decay angles
cos ¥y = sin 0 sin Oy cos ¢y + cos O cos by,
cos ¥y = sin 0 sin Oy cos ¢y + cos 6 cos Oy . (B.8)
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With these definitions, the T-odd products f® (4.1) of the spin-spin correlation terms in

the laboratory system are
2 _ 1 -2 o1 _ 1 -2
== 2Exisqsm 0, o= 2E’stqsm 0,
23 1 . 32 1 .
[ = 1684 sin(26) , [ = — s sin(26) .

C Phase space

The Lorentz invariant phase space element in eq. (3.1) is given by [12, 27]

1

dLipS = (27‘(‘)2 dLipS(S, pxi,pxj)dSXidLipS(SXi,pg,pg)dsxj dLipS(SX]. ) pi/,pﬁ’)a

with sy, = pim_. The different factors of the phase space element are

1
dLips(s, py,,Px;) = 5=—=sind db,
T

- 1 >
dLlpS(SXiapga pZ) = 2(27’1’)2 m2| _|m% sm 0[ dag d¢g7
Xi 1
1 P |°

dLipS(SXj,pg/,pz/) = 5 sin 6y dby d¢gl .

2,12 _
2(2m)% m3, ms,
We use the narrow width approximation for the propagators in eq. (3.2),

SE _ T
[ 188 Pasy, = T

ULREPR

(C.1)

(C.2)

(C.3)

(C.4)

(C.5)

which is justified for I'/m < 1, which holds in our case with I' < 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 recent discussions of these issues, see

ref. [28].
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