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Abstract. We define a C P-sensitive asymmetry in the sfermion decays f — f )2? 00, f )25-) q q, based on
triple product correlations between the momenta of the outgoing fermions. We study this asymmetry in the
MSSM with complex parameters. We show that the asymmetry is sensitive to the phases of the parameters
w and M;. The leading contribution stems from the decay chain f — f )Z? I Z—=Ffx300 (f2q0),
for which we obtain analytic formulae for the amplitude squared. The asymmetry can go up to 3% for

=17 )2(1] V4 l7, and up to 20% for f — f )2(1) q q. We also estimate the rates necessary to measure

the asymmetry.

1 Introduction

In the standard model (SM) the source of C'P-violation is
given by the phase in the Kobayashi-Maskawa matrix [1].
However, it has been argued that this source is not enough
to explain the observed baryon asymmetry of the universe
(see for example [2]) and new sources of C'P-violation have
to be introduced. In the minimal supersymmetric exten-
sion of the SM (MSSM), several supersymmetric (SUSY)
breaking parameters and the higgsino mass parameter can
be complex.

The phases of the SUSY parameters are restricted by
the experimental upper limits on the electric dipole mo-
ments (EDMs) [3] of electron, neutron and the ?Hg and
205T] atoms. The limiting bounds are |d.| < 4.3x10727e cm
[4], |dn] < 6.3x10726 ecm [5], |dug| < 2.1 x 10728 e cm [6]
and |di| < 1.3 x 1072* ecm [7], respectively. The general
consensus is that one of the following three conditions has
to be realized:

(i) the phases are severely suppressed [8,9];

(ii) supersymmetric particles of the first two generations
are rather heavy, with masses of the order of a TeV [10];
(iii) there are strong cancellations between the different
SUSY contributions to the EDMs [11].

At one-loop level, for the electron EDM these are the
neutralino and chargino contributions, and for the neutron
EDM in addition also the gluino exchange contributes.
While the phase of p is restricted, |p,| < /10, there is no
such restriction on the phase of M; [12].

In order to clarify the situation an unambiguous deter-
mination of the SUSY phases is necessary. In particular, for
determining also the sign of the phases, measurements of
C P-sensitive observables are necessary. The SUSY phases
give rise to C'P-odd (T-odd) observables already at tree

level [13-16]. An important class of such observables in-
volves triple product correlations [17,18]. They allow us to
define various C' P-asymmetries which are sensitive to the
different C P-phases. These observables could be measured
at future linear collider experiments [19] and would allow
us to independently determine the values of the phases.
In this paper we consider a T-odd correlation in the de-

cays R B
F= X300, X5 qq, (1)

with £ = e, u, 7, and ¢ denotes a quark. The T-odd corre-
lation for the leptonic decay is defined as

(2)

¢
Ouaa =Py (Pe X Pp)s

and that for the hadronic decay as

(3)

where p denotes the three-momentum of the correspond-
ing fermion. We define the corresponding T-odd asymme-
tries as

Ol4a = Ps - (Pg X Pg);

(05, > 0) — (0%, < 0)

Apt =
g F(Oﬁfd > 0) + F(Oﬁfd <0)

_ [sgn[O054] ‘MMIQ dLips )
B i | M%a|? dLips 7

where M* is the matrix element for the decay (1). For
the measurement of A% or A% it is necessary to be able to
distinguish between the charges of * and ¢~ or g and ¢. In
the case ¢ = e, u, 7 this should be possible experimentally
on an event by event basis at an eTe™ linear collider [19].
Al may be measurable in the case of ¢ = ¢, b, where flavor
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Fig. 1. Schematlc plcture of the subsequent two-body decays
f—= X3, X5 = ZxY, Z — ¢l (qq) in the f rest frame

reconstruction is possible [20]. However, this will only be
possible statistically for a given event sample.

The leading contribution to the triple products (2)
and (3) originates from the decay chain

fo =Y z—0el (Y aq, (5

which is shown schematically in Fig.1. Essentially, the
triple products (2) and (3) are correlations between the
)2? polarization and the Z boson polarization, which are
encoded in the momentum vectors of the final leptons or
quarks. The correlations would vanish, for example, if a
scalar particle in place of the Z boson is exchanged Final
state interactions may also contribute to .A 22 however,
they arise only at one-loop level. We expect that such con-
tributions are smaller than 10%, because only weak correc-
tions to the absorptive part of the x9-Z-x{ vertex have to
be included. In the similar case of the decay )Ejt — W,
corrections smaller than 10% have been obtained [21]. Cor-
rections of this order of magnitude have also been found
in [22], where next-to-leading order effects on polarization
observables within the SM have been studied.

Aswill be shown, the tree-level contribution to the triple
product correlations (2) and (3) are proportional to the
imaginary part of the )22727)2(1) coupling squared and are
sensitive to the phases of the neutralino mass parameters
M; and g (see (25)- (34)). OF iy is not sensitive to the
trilinear scalar coupling parameter Ay of the sfermion f.
The reason is that the first decay in the chain (5), f— fx?,
is a two-body decay of a scalar particle. In order to be
sensitive to the phase of Ay one would have to construct
instead of (2) and (3) a triple product correlation involving
the transverse polarization of the fermion f. In principle
this could be possible for f = 7,¢ [23], but this case will
not be considered here (for a similar case see [15]). The
T-odd correlation (2) was proposed in [16] and the size of
the asymmetry was calculated for the decay i — u X3 —
X§ €7 £7; however, for a specific final state configuration
only. In the present paper we extend the work of [16] by
calculating the asymmetries (4) in the whole phase space.

In Sect. 2 we give the definitions and the matrix element
of the decay we are interested in. In Sect. 3 we perform the
calculation of the T-odd asymmetry. In Sect. 4 we present
our numerical results. Section 5 contains a short summary
and conclusion.
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2 Definitions and formalism
2.1 Lagrangian and couplings

The parts of the interaction Lagrangian of the MSSM rel-
evant for decay (5) are (in our notation and conventions
we follow closely [24,25])

Eff)%,- = fkf(bijPL + aijPR)f(? +h.c.,

jzl""’47k:1727 (6)
where
of;=0(RL) AL ol =9(RL) Bl (n=LR)

(7)

(8)

l,q L,q

lg ij l,q th
-Aj = hz’q y Bj = tq |

Rj ij

with
hi; = (W) = YiNjs,
1
ff] = —E(tan@wle + sz),
fh; = V2tan Ow N7y, (9)
£ = (hky)" = Yulji,
1
fr; = ﬁ(tﬁn OwNj2 + Nj1),
2
fu = ——‘[ tan Ow N7y, (10)
i, = (hRj) = YyNJs,
.1 (1
ij ——E gtallewNjg—Njg 5
¢ V2
fR_] = ?tan@w ]1, (11)
and
my.d My
T — = (12
bd V2my cos 8 V2myy sin 3 (12)
Here, Pr.r = 1/2(1 F 75), g denotes the weak coupling

constant, Ow is the weak mixing angle, my is the mass
of the W boson and Rin is the scalar fermion mixing ma-
trix defined below. m, and m,, (mgy) is the mass of the
corresponding lepton and up-type (down-type) quark, re-
spectively. IV;; is the complex unitary 4 x 4 matrix which di-
agonalizes the neutral gaugino-higgsino mass matrix Y,3,
N YasNis = mgodik, in the basis (B,W?3,HY HY) [24].
The masses and couplings of the fj, follow from the her-
mitian sfermion mass matrix which in the basis (fr, fr)
reads

o ME, e IME LN
M = (fL7 fR) N ’
e 1o )\
(13)

fLR
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with
o= Mg+ (L{L — g sin® @W> cos 26m% +m3,
(14)
M3 = My + ap sin® Ow cos 26m3 +mj, (15)
M, = (M?LR)* =my (Af — 11" (cot 6)”?3) ., (16)
p; = arg [Af — p*(cot /3)21&} , (17)

where myz is the mass of the Z boson, ¢; and I?{L_R is
the charge and the isospin of the fermion, respectively.

MLf, Rvaf are the soft SUSY- breakmg parameters

of the fi system. The f mass eigenstates are (fl,f2> =
S ;T
(fu fR) RS with

e'¥7 cos Gf sin 0f~
RT = ; (18)
—sinfs: e \¥F _
51n0f e '¥F cos Gf
and
_‘ f%LR|
cos Hf = : ,
s |7 2 _ 2 2
‘MfLR‘ + mf1 fLL)
2 _m2
: R frr f1
sinf ; — 5 5 = (19)
‘M.fm + (m2 -2 )

The mass eigenvalues are

m2 (20)

’ ) (0, I

2 2
2 ((MfL L+ MfRR

The remaining parts of the interaction Lagrangian of the
MSSM relevant for the decay (5) are

M2

frRR

2
2
)+ afarz

Logoxe = 2", (05 PL+ Ot Pr) X5 . (21)
Z7j = 17 . 74 )
and B
Lyrg=2"fyu(LPL+ RsPr)f (22)
respectively, where
L g * *
05" = TeosOw (NiaNjy — NisNs)
R __ L*
oyft = -0y, (23)
g .
Li(Ry) = ~ 5 (Hpm —arsin®Ow) . (24)

Note that our definition of O;;L’R (Ly, Ry) differs from
that given in [24] by a factor g/2 cos Ow (g/ cos Ow).
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2.2 Spin-density matrix formalism

For the calculation of the amplitude squared of the subse-
quent two-body decays (5) of the sfermion, we use the spin-
density matrix formalism [26,27]. The amplitude squared
is given by

M =[AR)] 142)7

<D

Ai N A A

A PV
(le))\,;)\; (pDQ),\k,\;C (pDa) ¥ k? (25)

with the propagators A (x7) = 1/[pij — mij + imy, Iy,
and A(Z) = 1/[p% — m% + imzIz]. Here, py,,my,, Iy,
(pz,mz,I'z) are the four-momenta, masses and widths
of the decaying neutralino (Z boson), respectively. The
amplitude squared is composed of the unnormalized spin-
density matrices pp,, pp, and pp, of the decay (5), which
carry the helicity indices A;, A; of the neutralinos and/or
the helicity indices g, A}, of the Z boson. Introducing a set
of polarization basis four-vectors s{_ (a = 1,2,3) for the

neutralino )2], which fulfill the orthonormality relations

a | b

5%, Sy, = —5% and 8%, " Py; = 0, the density matrices

can be expanded in terms of the Pauli matrices:

(PDl),\-,\i =0 Ditoxn 25, (26)
(pDZ)ik )\)\/ |:(5)\;,\i D/QW + U?\Q\q‘, Z’%‘Q’/ gﬁk*gi‘k , (27)
(pps) ™ = DB 5t e)e . (28)

The polarization vectors e)* of the Z boson obey plyept = 0
and the completeness relatlon Z)\ 5’\k* )‘k = —Gu +
pzupzv/m%. The expansion coefﬁments of the density ma-
trices (26)— (28) are

= (\%\ (b;’;r) (s px,) (29)

T, = my, (‘b@ = ‘a@]z) (pr-s2,) (30)
D240 = 4gp0 |2 Re (O1FOIR ) mymy,

(|07 + (01 ) (pas -] (31)

(|OIIL + {O//R| ) (pxjprla +pon'pXIP) ?

X, pe =18 my, ITm (O”LO”R ) (pXjP S0~ Pxjo S;jﬂ)
+ 14 epon Dy, SYTMy, <|O”L |O”R )
— 18 €popur p;js “my, Re (O"LO”R*) 7 (32)

D5” = =2 9" (L} + B}) (ps - pj)

o o 2 2
+2 (o o+ 00 05) (L3 + B3)
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+i2 (R} —L3) "™ psupjy (33)

with €%123 = 1 and m,, the mass of the lightest super-
symmetric particle (LSP). The masses of the fermions
f=e,u,7,cbare set to zero. In (29) and (30) f’ denotes
the fermion stemming from the first decay in (5). Insert-
ing the density matrices (26)— (28) in (25), the amplitude
squared is given by

~ 2 a a o
IMPP =2 |A ()] |AZ) {D1 Daypo+ 2, b, ,, 1 D57
(34)

3 T-odd asymmetry

In the following we present in some detail the calculation
of the T-odd asymmetry in (4) for the slepton decays (-
E)Z? =X Z — ¢XY f f. The replacements which must be
made for the asymmetry in the case of ¢ decays are obvious.

In the rest frame of ¢, the coordinate system is defined
such that the momentum four-vectors are given by

bz = (EZ7 Oa Oa |pZ|)a

Py, = |pXj’ (Ey,/ ‘px]- ,sin 64,0, cos61), (35)

p; = |pj| (Ef/|pf|,sinbs cos ¢s, sin by sin ¢o, cos B3)

where
2 2
bl =T ey = s
J 2 mg Q(EZ — |pz| COSHQ)
(36)
and

ol = | () o st

+ By, \/)\ (mij,mzz,mil) —4|py, |2 m (1 — cos? 91)1
/ [2 Py, |2 (1 —cos®0;) + Qmij] , (37)

with A(z,y, 2) = 22 +y?+ 2% =2 (wy + 22 + yz). There are
two solutions |p%| in the case |pg’<j\ < |py, |, where \pg)(j| =

\/ A (mii , Mm%, mil) /2m is the neutralino momentum if

the Z boson is produced at rest. The Z decay angle 6; is
constrained in that case and the maximal angle 67"** is
given by

1 2 2 2
ain gmax — Py, | _my A? (ij’mZ’mXI) <1. (38)
X = = <1.
|pXj| mz (m% — mi])

If |p(>)<7,| > |py, |, the decay angle 6, is not constrained and
there is only the physical solution |p}| left.
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The spin basis vectors of )2? in the ¢ rest frame are

chosen by
So X S3 2
Tawed) Su =10
|82 X Sg|

1 _
5 T <0
1
. .

% g ([Pl Ex;By;)

pXj X pZ )
’ |p)(j X pZ| ’

(39)

with Py, = Py, /IPy;|- Together with Py, /My, the spin
basis vectors form an orthonormal set.

The Lorentz invariant phase space element for the decay
chain £ — ¢ X3 = €XYZ = LX} f f,in the rest frame of
£, can be written as

dLips (m%apéapm 7pf,pf)

1
= 5 dLips (m2,ps,py, ) dsp, (40)

(2m)?

X ZdLlpS (8D27px1ap§) dngdLipS(sD;wpfapf) )
+

where sp, = pij and sp, = pQZ. The Lorentz invariant
phase space elements of the sequence of two-body de-
cays read

dLlpS (miﬁ P, pXj)

1 my,
J4

dLips (8D2 yPxas ij[)

2
1 p7|
— dQl ) (42)
4(2m)? |E7 |py,|cosby — Ey, |p7l|
. 1 mZ
ALPSene PP S (5 et
(43)

where df2; = sin~9i de; do;.
The partial ¢ decay width for the decay chain (5) is
given by

S
r(e—m 0 f f)
1 .
= T/\Mlgdhps (m2, pe, Pxs» P PF) - (44)
mg

We use the narrow width approximation for the propaga-
tors A(x)) and A(Z):

~ T
[ 188 Pasn, = T

mXJ

A(Z)Pdsp, = ——.
[1a@)asn, =

The approximation for the neutralino propagator is jus-

2
tified for (%) < 1, which holds in our case with
Iy, S O(GeV).

From (4) and (34) we obtain for the asymmetry

Ay = (45)
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L,
) | Sgn[oocllld} 2%1 2%2/)0'

)| Dy D,,,D%’dLips

Df?dLips

)

EYINE
Jla@)f1a

where in the derivation of this expression we have used
114 R0 1A2) [ sgn[05L] Dy Dapy DY dLips = 0in the
numerator  and [ |A (%) |2 |A2)]? £, 2,00 D5
x dLips = 0 in the denominator. As can be seen from (45),
the asymmetry Ag is proportional to the spin correla-

tion terms X% 2%2 pO_Dp 7. In the spin correlations only

the term Wthh contains the 7T-odd correlation Oﬁdd, (2)
and (3), contributes to A?q.
The T-odd correlation Of;’(f’d is contained in the product

of the first term of (32) and the last term of (33), which
leads to
%05 D57 D =32 my, Tm (O”Lo”R*) (R:— %)
XEPUMV pXjP saxja' pf/l pfy . (46)

In the rest frame of ¢, (py - S;j) = 0 for a = 1,2; hence,
Y52 = 0in (30) and only 2%, p0s defined in (32), con-
tributes to the spin correlation terms in the total am-
plitude squared. Using the explicit representation of the
fermion momentum vector, (35), and the neutralino spin
vector, (39), the term with the e-tensor in (46) can be
written as

po v 3 _
€ Pxjp Sxjo Pfu Pfu

= —my,; Pr- (Ps X Py)

= —my; |pz| |pflsinf; sinfy singsy , (47)

where Py = pe/|pe|- Since 0 < 61,65 < m the sign of
the correlation py - (py X py) is given by the sign of sin ¢s.

Thus O,qq > 0 corresponds to an integration f(;r d¢o, while

Ooda < 0 corresponds to an integration f 752 " d¢o. We there-
fore integrate in (44) over the entire phase space except over
the angle ¢o. The T-odd asymmetry can then be written as

T dr 2n dr
;o [OE_fn d@}dqﬁ?
T [rrar 21 4r
[ 0 iz T d@} dgs

(48)

The dependence of A{F on the £ k%ﬂ}? couplings ai i bi j>on
the Z—f—f couplings Ly, Ry and on the fog(l]ff(? couplings
O’lle A is given by

7 2
- ’bkj — R2
-~ 12 L2 +R2
+ o,

7
A% X ’a]f] 2
o4
wl}iczh fo}IC)zws from (45) and (46). Due to the first factor
m, the asymmetry Af will be strongly suppressed
fo]r”the case |af;j| ~ |bf;j| and maximally enhanced in the

(0”L0“R) . (49)
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;12 ;12
2 £
C . .. . ‘akj‘ _‘bkj‘
case of vanishing mixing in the Slepton sector W ~
a +
kj

+1. Due to the second factor Ly

, L2+R2 , AY) ig larger than
A%, with

2 2
L§+R§L()_Rb(c

b(e) _
AT R2 L2 he) + R

AL~ 6.3 (4.5) x A%, (50)

Note that the RHS of (46), and therefore the asymmetry
in (4), vanishes for m,, — 0, which is related to the fact
that it is possible to redefine the Weyl spinor x; — €“x1
in this limit.

4 Numerical results

We present numerical results for the T-odd asymmetry
A% defined in (4). The values for A%C may be obtained
from (50). We analyze numerically the decay chain 7 —
X} = XY Z = 7X1 £ {, { = e,u, 7 where X7 is the
lightest supersymmetric particle (LSP). We assume that
71 is the lightest sfermion and that the decays into a real
X}, j = 2,3, and areal Z are kinematically possible. In the
numerical study below we will treat the two cases 71 — 7X9
and 7 — TX3 separately. The asymmetry AT in (4) could
in principle also be studied in X] three-body decays if the
two-body decays are kinematically forbidden [13], which
will be treated elsewhere [28].

The relevant MSSM parameters are |u|, @,., |Mi|, ou,,
Ms, tan 8, |A;|, pa,, ms, ms, and the Higgs mass pa-
rameter m 4. For all scenarios we keep tan 8 = 10, |A,| =
1000 GeV, w4, = 0, mz, = 300GeV, mz, = 800GeV
and use the GUT relation |M;| = 5/3 tan? Ow M, in or-
der to reduce the number of free parameters. We have
checked that our results do not depend sensitively on this
choice. We choose m4 = 800 GeV to rule out decays of the
neutrahno into charginos and the charged Higgs bosons

74 XiH¢, 1 = 1,2, as well as decays into the heavy
neutral Higgs bosons XJ 4 XY HO3 For the calculation of
the branching ratios BR(71 — 7 x}) and BR(x] = ZX9),
we take into account also the decays 71 — X vr, )Z? —
HYXY, WEXT in addition to 7 — xI7, X7 — Zx{. HY is
the lightest neutral Higgs boson, which in general is not
a C'P-eigenstate [29-31]. The decay 71 — 7€ £, £ = e, i1
is kinematically forbidden due to our assumption that 74
is the lightest sfermion. Other decay chains leading to the
same final state are less important and will be neglected.

4.1 Decay chain via x9

First we consider .AT for the decay chain 7, — 7 X9 —
77 X0 — X3 £, for £ = e, p, 7. In Fig. 2a we shovv the
contour lines for the branchlng ratio BR(my — 7 X} £ /) =
BR(fi — 7 X9) x BR(XY = ZX)) x BR(Z — ¢ {) in
the My—|p| plane for ¢y, = n/2 and ¢, = 0. Small val-
ues of the phase of p are suggested by constraints on the
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BR(7; = 7x0£474)in %

a ;L/Gev

Fig. 2a,b. Contour lines of the branching ratio for 71 — X37¢¢ and asymmetry A% defined in (4) in the My plane for
e, =n/2 and ¢, = 0, taking tan 3 = 10, A, = 1000 GeV, mz, = 300 GeV, mz, = 800 GeV for Mz > M;. The grey areas are
kinematically forbidden since here mz, < myo +m, (light grey) or myg < myo +myz (dark grey)

EDMs for a typical SUSY scale of the order of a few
100 GeV [12]. For BR(ry — 7 X ¢ ) we always sum
over the lepton—anti-lepton pairs which couple to the Z.
The grey areas in Fig. 2 are kinematically forbidden since
here mz < m,g + m. (light grey) or myg < myo +myz
(dark grey). We choose My > M; since in this case the
F1-7-X3 coupling |a],| is larger, which implies a larger
branching ratio BR(71 — 7 %3) than for Mz < M;.
(We use the usual notation Mg = Mgz, Mj = Mrgs;
see (14) and (15).) Mz > M; is suggested in some sce-
narios with non-universal scalar mass parameters at the
GUT scale [32]. Furthermore, in (14) and (15) one could
have Mz, , < Mjs,, in extended models with additional
D-terms [33]. In a large region of the parameter space we
have BR(Y9 — ZxY) = 1, and we take BR(Z — £ /) = 0.1.
The corresponding asymmetry A%, is shown in Fig. 2b. The
dependence of A% on My and || is dominantly determined
by Im(073015"").

In Fig.3 we show the ¢p, and ¢, dependence of
BR(f1 — 7 x¥ ¢ ¢) and of A% in the full range of the
phases for |u| = 300 GeV and My = 280 GeV. We display
in Table 1 the masses of x¥,i = 1,...,4 and the total
widths I,, I, for various values of the phases. The value
of AET depends stronger on ¢y, , which also determines the
sign of A%, than on ¢,,.

Based on our results on the asymmetry A% in 7 —
X5 — X707 ¢~ and the branching ratio we give a theoret-
ical estimate of the number of produced 7;’s necessary to
observe the T-odd asymmetry in (4). The relevant quan-
tity to decide whether A% is observable (at 1), is given by
((A%)? x BR)™!, where BR stands for the branching ratio
of the decay considered. The necessary number of produced

A. Bartl et al.: T-odd correlations in the decay of scalar fermions

AL in %

350} |
300

250

b n/GeV

Table 1. Masses of X7,4 = 1,...,4 and widths I, I's, for var-
ious phase combinations of ¢, and @, taking |u| = 300 GeV
and My = 280GeV, tang = 10, A, = 1000GeV, mz, =
300 GeV, mz, = 800GeV for Mgz > M;

Ou OM; Mz, Mga, Mig, My, [GeV] Iy, [MeV] Iz [MeV]
0 0 135, 234, 306, 358 4.06 527
0 5 137, 233, 308, 357 1.79 550
0 b4 138, 231, 309, 356 0.09 573
g 0 137, 239, 307, 353 5.43 487
5 5 138, 238, 309, 352 2.89 511
5 L4 137, 237, 311, 351 1.49 529
b4 0 138, 245, 309, 347 7.25 448
n I 137, 244, 311, 346 5.78 466
T 136, 243, 313, 345 4.32 484

71’s should then be > ((A%)? x BR)™!. As an example we
take the point denoted by e in Fig. 3, with ¢, = n/2 and
¢, = /2. For this point BR ~ 2.5 x 1072 and |A%| ~
3x1072 which implies that ((A%)?xBR) ™! ~ 4.4x105. For
the decay 71 — bbX{7, on the other hand, BR ~ 3.6 x 102
and | A} | = 1.9x 1071, so that ((A%)2xBR) ™ ~ 7.7x 102
For comparison we consider a further example with smaller
CP-violating phases ¢, = 0 and ¢y, = —0.31 (denoted
by ® in Fig. 3). Also in this case we obtain almost the same
results for ((A2")2 x BR)™L. In these two examples, the
asymmetry .Aglq should be measurable at an ete™ linear
collider with /s = 800 GeV and an integrated luminosity
of 500fb™" for mz = 300GeV. It is clear that detailed
Monte Carlo studies taking into account background and
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BR(fi, = 70440 in%
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om /T AL in %

T 1s

05

-3 _15
—_ T~ > L5
-1
1 05 0 0.5 3
b oulm

Fig. 3a,b. Contour lines of the branching ratio for 71 — X{7¢¢ and asymmetry A% defined in (4) in the @, —p, plane for
|| = 300 GeV and M = 280 GeV, taking tan 8 = 10, A, = 1000 GeV, mz = 300GeV, ms, = 800GeV for Mz > Mj. The
points denoted by e and ®, respectively, are for the theoretical estimate of the necessary number of produced 71’s (see text)

detector simulations are necessary to get a more precise
prediction of the expected accuracy. However, this is be-
yond the scope of the present paper. For a Monte Carlo
study on a T-odd observable in neutralino production and
decay, see [34].

4.2 Decay chain via x3

Next we discuss the decay chain 71 — 7 O =77 -
X3¢ €. The two decays 71 — 7 x93 and 71 — 7 X3 can
be distinguished by measuring the 7 energy in the 71 rest
frame. In Fig. 4a we show the contour lines for the branch-
ing ratio BR(1; — 7 X{ ££) = BR(71 — 7 X%) x BR(x§ —
ZX9) x BR(Z — £ £) in the Mo—|u| plane for oy, = 1/2
and ¢, = 0. The area A (B) is kinematically forbidden
since mgo < mgo +mz (mz < mgg +m;). The grey area
is excluded since myt < 104 GeV. We choose My < Mj
since the 7—7—xJ coupling |a7,] is larger, which implies a
larger branching ratio BR(7; — 7 x3) than for Mz > M;.
The total branching ratio is smaller than for the previous
decay chain since BR(71 — 7 X3) < .75(0.05) in the upper
(lower) part of Fig. 4a.

The corresponding asymmetry .AZT is shown in Fig. 4b.
The asymmetry AfT vanishes on contours where either
las] = |75 or Im(OYEO!E™) = 0; see (49). On the one
hand, along the contour line 0 in the lower part of Fig. 4b
we have |a;| = |b]5]. On the other hand, along the contour
line 0 in the upper part of Fig. 4b we have Im(O/FO/E™) =
0. Furthermore, between the upper and the lower part
of Fig.4b (area A), there is a further sign change of
Im(OYFO)E™). Concerning the first factor in (49), we re-
mark that it increases for increasing Ms and decreasing

Table 2. Masses of XV,i = 1,...,4 and widths I',, I';, for var-
ious phase combinations of ¢, and ¢, , taking |u| = 150 GeV
and My = 450GeV, tang = 10, A, = 1000 GeV, mz, =
300 GeV, mz, = 800GeV for Mz < Mj

Pu_ My Mz, Mgy, Mys, My, [GeV] Ty, [MeV] I% [MeV]
0 0 128, 156, 238, 467 59.0 362
0 z 132, 153, 238, 466 68.2 359
0 T 141, 145, 238, 466 75.5 356
g 0 131, 158, 237, 466 41.5 356
ooz 136, 154, 237, 466 49.4 353
B 142, 145, 240, 465 73.8 360
b 0 135, 159, 236, 465 27.7 351
b4 3 137, 154, 239, 465 47.5 357
noom 143, 144, 242, 464 71.0 364

|£|. This behavior can be understood by observing that for
||/Ms — 0 the gaugino component of 9 gets enhanced,
resulting in [b]5|/|a7;] — 0.

In Fig. 5 we show the dependence of BR(7; — 7 x{ £ /)
and of A% on the phases ¢y, and ¢, fixing || = 150 GeV
and My = 450 GeV. For these parameters we display in
Table 2 the masses of X?,i = 1,...,4 and the total widths
Iy, , I';, for various phase combinations. Note that mazimal
CP-violating phases ¢, par, = £1/2 do not necessarily
lead to the highest value of A% due to the complex interplay
of the phases in Im(O/#O/f"). The value of A% depends
stronger on ¢y, , which also determines the sign of A%,
than on ¢,,. Comparing Fig. 3b and Fig. 5b, one can see that
both figures have in common the strong ¢, dependence,
where in a good approximation the sign of A% is sgn(A%) =~
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Fig. 4a,b. Contour lines of the branching ratio for 71 — x7¢¢ and asymmetry A% defined in (4) in the My plane for
oa, = n/2 and ¢, = 0, tan = 10, A = 1000GeV, mz = 300GeV, mz, = 800GeV for Mz < Mj. The area A (B) is
kinematically forbidden since mgo < mgo +mz (ms# < mgo + m-). The grey area is excluded since m + <104 GeV
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Fig. 5a,b. Contour lines of the branching ratio for 71 — X{7¢¢ and asymmetry A% defined in (4) in the @as, —p, plane for
|| = 150 GeV and M> = 450 GeV, taking tan 8 = 10, A, = 1000 GeV, mz, = 300 GeV, mz, = 800 GeV for Mz < Mj

sen(par, ) in Fig. 3b and sgn(A%) ~ —sgn(pas, ) in Fig. 5b. 5 Summary and conclusion

This difference can be traced back to the different behavior

of Im(O}¥OYR") and Tm(O/¥ OF"). Moreover, in Fig. 5b

two points of level crossing appear at approximately pa;, &~ We have considered a T-odd correlation and the corre-

+0.95m, ¢, ~ £0.77. sponding asymmetry in the sequential decay f — f/ )22 —
XY Z — £ X ff. The analytical expressions have been
given in the density matrix formalism. The contribution to
the T-odd correlation is induced by possible C' P-violating
phases in the neutralino sector.
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In a numerical study of the decay 71 — 7x3 ff we
have shown that the T-odd asymmetry considered can be
of the order of a few percent for leptonic final states. The
number of produced 7’s necessary to observe Afp is at least
of the order 10°, which may be accessible at future collider
experiments. For a semi-leptonic final state like Y9 7 bb the
T-odd asymmetry is larger by a factor 6.3. If the T-odd
asymmetry AbT of such a semi-leptonic final state could be
measured with similar accuracy the number of produced
7’s necessary to observe A% is of the order 103.
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