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Abstract. We study C'P violation in chargino production and decay in the minimal supersymmetric stan-
dard model (MSSM) with complex parameters at an ete™ linear collider with longitudinally polarised
beams. We investigate C P-sensitive asymmetries by means of triple product correlations and study their
dependence on the complex parameters M; and p. We give numerical predictions for the asymmetries and
their measurability at the future International Linear Collider. Our results show that the C' P asymmetries
can be measured in a large region of the MSSM parameter space.

1 Introduction

In the minimal supersymmetric standard model
(MSSM) [1-5] the supersymmetric partners of the gauge
bosons and Higgs bosons with the same electric charge
mix and form the neutralinos Y (i=1,...,4) and the
charginos Y} (k= 1,2), as the neutral and charged mass
eigenstates, respectively. The charginos and the neutrali-
nos are of particular interest, as they will presumably
be among the lightest supersymmetric (SUSY) particles.
One of the main goals of the International Linear Collider
(ILC) [6-9] will be the determination of the underlying
SUSY parameters. Those parameters that enter the neu-
tralino/chargino system at tree level are the gaugino mass
parameters M7 and Mo, the higgsino mass parameter u,
and the ratio of the vacuum expectation values of the
Higgs fields, tan 8. Among these parameters, M; and p
can be complex, while My and tan 3 can be chosen real.
In [10-20] methods have been developed to determine the
parameters in the neutralino and chargino system with
and without C'P violation by measurements of the neu-
tralino and chargino masses and their production cross
sections.

The phases ¢, and ¢nr, of p and M; may be con-
strained or correlated by the experimental upper bounds
on the electric dipole moments (EDMs). These constraints,
however, are rather model-dependent; for reviews see, for
instance, [21,22]. While the restriction on the phase ¢,,
due to the electron EDM, is rather severe in a constrained
MSSM with selectron masses of the order of 100 GeV [23—
36], it may disappear if lepton-flavour-violating terms in
the MSSM Lagrangian are included [37]. Recently, it has
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been pointed out that for large trilinear scalar couplings A
we can simultaneously fulfill the EDM constraints of elec-
tron, neutron, and of the atoms '*’Hg and 2°°T1 where, at
the same time, ¢, ~ O(1) [38]. The size of the phase ¢us,,
on the other hand, is less strongly restricted in the MSSM.
Thus, the C'P phases ¢, and ¢, can have a big influence
on the production and decay of charginos and neutralinos
at the ILC. In particular, they give rise to CP-sensitive
observables that may be accessible at future collider ex-
periments. Measurements of C'P-sensitive observables are
necessary to prove that C'P is violated. Furthermore, only
the inclusion of C P-sensitive observables allows us to de-
duce the underlying model parameters in an unambigu-
ous way.

In neutralino production with subsequent decay, C'P-
sensitive observables based on triple product correlations
have been investigated in [39-52]. Also for the case of
chargino production and decay, various C P-sensitive ob-
servables have been studied. Decay rate asymmetries
in chargino decays have been studied in [53,54] and
CP asymmetries in decay chains of sneutrinos involving
charginosin [55]. C P-sensitive asymmetries based on triple
product correlations have been analysed for the subsequent
two-body decays x; — KW= [56] and X; — vel™ [57].
For the case of transverse e* beam polarisation, azimuthal
asymmetries have been studied for the same two-body
decays, showing a pronounced dependence on ¢,;, and
¢, [58]. In the present paper we extend previous investiga-
tions of C'P violation in chargino production and decay to
the case of chargino three-body decays.

We study the production processes

ete” > i Xe, k=12, (1)
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at a linear collider with longitudinal beam polarisations,
and subsequent leptonic or hadronic three-body decays of
the Y1,

Xi — xvet,

ézevﬂ? (2)

and
(3)

where we assume that the momenta P+, Pe, Pe and ps of
1

~+ ~0_
X1 — X15¢,

the associated particles can be measured or reconstructed.
We study two T-odd observables based on triple product
correlations of the momentum vectors:

(4)
(5)

The triple product T, (4), relates the momenta of initial,
intermediate and final particles, whereas 7y, (5), uses only
the momenta from the initial and final states. Therefore,
both triple products depend in a different way on the pro-
duction and decay processes.

The triple product 7y, (4), involves the momentum of
the decay lepton that usually can be very accurately meas-
ured. However, the momentum of the chargino has to be
reconstructed with information from the decay of the sec-
ond chargino x, [61,52]. For the triple product Tg, (5), it
is necessary to identify the c-quark, which is expected to
be possible with reasonable efficiency and purity [59-65].
To derive the C' P-violating asymmetry also the charge of
the c-quark has to be detected, which can be done with spe-
cific vertex detectors [59, 66, 67]. The corresponding T-odd
asymmetries are defined by

N[Te,q > 0] —N[Te,q <0

72:P£+'(Pe— Xp)’ei")v
T =Ps" (Pe X Pe-) -
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where N[7;,, > 0 (< 0)] is the number of events for which
Te,q>0(<0).

Finally we recall that a non-zero value of the T-odd
asymmetries does not immediately imply that the CP
symmetry is violated, since final-state interactions give rise
(although only at the one-loop level) to the same asymme-
tries. However, a genuine signal of C'P violation can be ob-
tained when one combines A7 (7 ) with the corresponding
asymmetry Ar(7s,q) for the charge-conjugated processes.
Then in the C'P asymmetries

Aop(Tiy) = AT ArTha) gy
the effect of final-state interactions cancels out.

The paper is organised as follows. In Sect. 2 we briefly
recall the formalism, which we use to calculate the cross
sections and the C'P asymmetries. We present our numer-
ical results in Sect. 3. Finally, we summarise and conclude

in Sect. 4.

2 Cross section and C' P asymmetries

The chargino production process (1) proceeds via v and
Z9 exchange in the s-channel and via 7. exchange in the
t-channel (Fig. 1). The decay processes (2) and (3) con-
tain contributions from W, £;, (¢ = e, u) and Uy exchange
in the leptonic case and from W™, é;, and 51, exchange in
the hadronic case (Fig. 2). The interaction Lagrangians for
these processes can be found, for instance, in [68].

2.1 Cross section

Ar(Teq) = , (6) For the calculation of the squared amplitude of the whole
N([Teq > 0]+ N[Te,q <0 process ete” = X x; — X1fUf"X;, we use the spin-
e (p2) Xi(ps) " (p2) Xi (p3) et(pa) X (ps)
: , hd
L]
|
_ . _ o _ - Fig. 1. Feynman diagrams of the produc-
e~ (p1) X;j (pa) e~ (p1) X;j (pa) e~ (p1) X;j (pa) tion process ete™ — ;ngj*
f(pr) F(ps)
i (ps) Filps) X (ps) f*(p7)
rs \\ re \\
o fi
Fig. 2. Feynman diagrams of the thfiee-
~ _ body decay X; — Xufef", where f%=
T (p7) Xg(}%) X2(7)5) e, i, sand f* =ve, vy, c
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density matrix formalism [68,69]. The squared amplitude
can then be written as
Z pp A ZPD,\',\ )

AN,

IT|? =2]A(x) (8)

with the propagator A(Y;) = 1/[p2 —m? +im;T;]. Here,

Aiy, N, my, I denote the hehc1t1es masses and widths of
the chargmo X - The factor 2 in (8) is due to the sum-
mation over the helicities of the chargino x;~, whose decay
is not considered. The squared amplitude is composed of
the unnormalised spin-density matrices pp for the produc-
tion and pp for the decay, which carry the helicity indices
Ai, A, of the chargino Y; . Introducing a set of polarisa—
tion basis 4-vectors sy, (a=1,2,3) for the charginos 92@ ,
where 5;9’( describes the longltudmal polarisation and s

i the transverse polarisation in and perpendicular to the
productlon plane, respectively, and which fulfill the or-
thonormality relations s¢ -s% = —§% and s¢_ - py, =0, the
density matrices can be expanded in terms of the Pauli
matrices:

3

pp N =6y P+ Y 0% T, (9)

PD X, :6/\2/\1_D+§3:10§;/\i2%). (10)
Then the squared amplitude is given by
TP = 4|A(%)|’
PG DN + X B T |

a=1

(11)

where P(x; x; ) and D(x;") are those parts of the spin-
density production and decay matrices that are indepen-
dent of the polarisation of the charginos. The contributions
Xa(x) and X% (x;") depend on the polarisation vector s®
of the decaying chargino ;. The full expressions for the
quantities P(Y; X; ), D(X), Zp(Xi) and £p(x;") can be
found in [68]. Finally, the differential cross section is given
by

7
do = 8E2 T (27T)454< P1+p2 —gpz) dlips(ps ---p7),
(12)
where E}, is the beam energy and d lips(ps ) is the

Lorentz-invariant phase-space element.

2.2 CP asymmetries
The T-odd asymmetries defined in (6) are calculated as

. 2 .
Ap(Teq) = fSIgn{ﬁ7q}|T| d lips

1
’ [1T|?d lips ’ (13)
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where we weight the sign of the triple product correlations
n (4) and (5) with the associated squared amplitude. Since
in the numerator [ sign{?}yq}P(Xj')ZJ_) (x;)dlips =0
and in the denominator [ X% (Y )X% (% )dlips =0, we
obtain by inserting the squared amphtude (11), into (13):

[sign{Te o} 2% (%) 2% (i) dlips
fP(Xi X; )D( i)dhps ’

We split Y%(x;) and X¢(x;) into the T-odd terms
299(xF) and ¥E9(x;), which contain the respective
triple product, and T-even terms Z’?DE()Z;") and EgE()Ej')
without triple products:

Pe(xH) =280 (x) + 2R (),
2H) =250 (%) + TEE (%) -

The terms of |T'|?, (11), that contribute to the numerator of
AT are

TpO () TR () + 2R () T50 (%)

where the first (second) term is sensitive to the C' P phases
in the production (decay) process of the chargino ¥; . The
explicit expressions for the T-odd and T-even contribu-
tions in (16) are given in Appendix A. (The analytical
expressions of the quantities P(X; X; ) and D(x;) can be
found in [68].) With A7 (7e,q) we calculate the correspond-
ing CP asymmetries Acp(Te,q) according to (7).

Ar(Teq) = (14)

(15)

(16)

3 Numerical results

In this section we give numerical results for the CP
asymmetries Acp(Te,q), (7), for the reactions (1)-(3),
at an eTe~ linear collider with centre-of-mass energy
/s =500 GeV and longitudinally polarised beams. We
analyse the hadronic decay ¥{ — x{5c and the leptonic de-
cays X1 — Xt v, £ = e, p. To this end, we consider three
scenarios (see Tables 1-3) for which m_ % <mw +myg 9

and Myt <m fusd to rule out two-body decays of ¥ X1 The

chargmo decay “widths and branching ratios have been cal-
culated with the computer program SPheno [70].

The statistical significance to which Agp can be de-
termined to be non-zero can be estimated in the following
way: Assuming that the statistical errors of Ar [71] and
Ar are independent of each other, the errors of A7 and Ap
are added in quadrature. The absolute error of Acp is then
given by

V1-AZ,
N \/2U£1nt ’

where NV, denotes the respective number of standard de-
viations, o = g(ete™ — )Zf)}[)B(xl — X3f'f) being the
corresponding cross section of the combined production
and decay processes and Ly is the integrated luminos-
ity, where we assume Li, = 500fb~! in the theoretical

AAcp = (17)
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Table 1. Input parameters My, |u|, tan 3, my and mg, = mg, and neutralino and
chargino masses for scenario A for different values of ¢, and ¢pr, . |M1] is fixed by
the GUT-inspired relation |M;|=5/3 tan? Oy My and the masses of the down-type
sfermions by the SU(2) relation. All masses are given in GeV

Scenario A bu DMy mgo mgo mgo mgo My My
Mo 280 0 0 119.3 184.3 205.9 322.7 166.2 322.1
| | 200 0 g 126.3 176.0 210.0 323.0 166.2 322.1
tan 5 0 T 135.3 166.7 213.0 321.3 166.2 322.1
mg 250 72r 0 127.6 187.4 208.5 316.0 177.4 316.0
mg; 500 72r g 134.8 178.3 213.0 315.3 177.4 316.0
72r T 129.6 176.7 217.8 315.0 177.4 316.0
™ 0 134.6 190.4 212.9 308.2 189.2 309.1
ks g 130.3 186.0 219.9 307.9 189.2 309.1
ks T 126.0 183.3 225.1 307.5 189.2 309.1

Table 2. Input parameters My, |u|, tan 3, my and mg, = mg, and neutralino and
chargino masses for scenario B for different values of ¢, and ¢pr, . |M1] is fixed by
the GUT-inspired relation |M;|=5/3 tan? Oy Mo and the masses of the down-type
sfermions by the SU(2) relation. All masses are given in GeV

Scenario B b b, mgo mgo mgo meo m_+ m_+

X4 X1 X2
Mo 150 0 0 70.6 132.5 325.7 347.8 131.0 347.4
| | 320 0 72r 73.4 132.0 326.2 347.0 131.0 347.4
tan 5 0 ™ 76.1 131.4 326.6 346.2 131.0 347.4
mp 250 72T 0 73.7 140.1 327.3 342.7 139.7 344.0
mg, 900 g 72r 76.1 139.8 328.0 341.6 139.7 344.0
72T ™ 73.5 140.0 328.1 341.9 139.7 344.0
™ 0 76.1 148.0 332.5 333.6 148.3 340.3
™ 72r 73.8 148.0 332.7 334.0 148.3 340.3
™ ™ 71.5 148.0 332.8 334.4 148.3 340.3

Table 3. Input parameters My, |u|, tan 3, my and mg, = mg, and neutralino and
chargino masses for scenario C for different values of ¢, and ¢pr, . |M1] is fixed by
the GUT-inspired relation |M;|=5/3 tan? Oy Mo and the masses of the down-type
sfermions by the SU(2) relation. All masses are given in GeV

Scenario C o b, mgo mgo mgo mgo m_+ m_+

X4 X1 X2
Mo 120 0 0 55.9 105.5 326.1 344.8 104.2 344.8
| | 320 0 g 58.6 105.1 326.4 344.1 104.2 344.8
tan 8 5 0 ™ 61.4 104.5 326.8 343.5 104.2 344.8
mgp 250 72r 0 59.1 112.7 327.5 340.6 112.5 342.2
mg,; 900 72r g 61.3 112.5 328.0 339.7 112.5 342.2
72r ™ 58.7 112.8 328.1 340.1 112.5 342.2
™ 0 61.2 120.2 3319 333.3 120.5 339.4
™ g 59.1 120.2 331.5 334.1 120.5 3394
™ ™ 56.8 120.2 331.2 334.7 120.5 339.4

estimates below. For Acp < 10%, ie. A%, <0.01, it is 3.1 CP asymmetry for )21")21_ production
AAcp =Ny /\/20Liy in good approximation. If we re- and )21" decay
quire Agp > AAcp for Acp to be measurable, we obtain
In the case of pair production, ete™ — ¥ X  , only C P-vio-
lating couplings from the decay (second term in (16))
— 2 .
No = \/QACP oLint - (18) can give rise to a C'P-violating effect, because in the pro-
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duction (first term in (16)) only the absolute squares of
the couplings enter. Thus, the CP asymmetry Acp(7y)
is sensitive to the C'P violation in the decay, due to the
phases of p and M;. Figure 3a shows the asymmetry
Acp(T,) as a function of the phase ¢y, for scenario A (see
Table 1) for ¢, = 0. The masses of the squarks are chosen
to be mz = 500 GeV and m; = 505.9 GeV. The centre-of-
mass energy /s = 500 GeV and the two sets of longitu-
dinal e* beam polarisations are fixed in our study at
(P.-,P.+)=(40.8,-0.6) and (P.—,P.+) = (—0.8,40.6).
The C'P asymmetry reaches its largest value, about 3.7%,
for (P,-,P,+)=(—0.8,40.6) at ¢, =1.2m. Note that
the asymmetry changes its sign for the two different sets
of beam polarisation due to the prefactor ((A.7), Ap-
pendix A) which depends on the longitudinal beam polari-
sation. Note further that the asymmetry does not have its
largest absolute value for ¢, = 0.5, 1.57. This behaviour
is due to a complex interplay of the ¢y, dependence of
the numerator and denominator of the asymmetry in (14).
In Fig. 3b we show the dependence of the C'P asymmetry
Acp(Tq) on ¢, for the same scenario taking ¢ar, = m. The
maximum value of about 4.6% of Acp(7y) is reached at
¢u = 0.37 for (P,—, P,+) = (—0.8,40.6).

In Fig. 4a and b the contours of the C'P asymme-
try Acp(7Ty), (7), are shown in the My—|u| plane. The
other MSSM parameters are chosen to be tang =5,
my = 250 GeV, mz = 500 GeV, mz = 505.9 GeV, |M;| =
5/3 tan? Ow Mo, ¢nar, = 0.5m and ¢, = 0. For both po-
larisation configurations, (P,-,P,+) = (—0.8,4+0.6) and
(P,—,P,+)=(4+0.8,—0.6), the absolute value of Acp(7y)
is largest in the region |u| =~ 260 GeV and M; ~ 360 GeV
with asymmetries of about —5% (4%) for (P,-,P,+) =
(—0.8,40.6) ((+0.8,—0.6)). The main contributions to the
numerator of the asymmetry are due to the W+—35; and
W+—¢;, interference terms.

Figure 4c and d shows the contours of the correspond-
ing number of standard deviations N, for an integrated lu-
minosity Lint = 500 fb~! in the Mo—|u| plane. Quite gener-
ally, the choice (P.—, P.+) = (—0.8,+0.6) for longitudinal
beam polarisations yields better results than (P,—, P+ ) =

[T T T T T
3k (a) =
s 277N
s 4 \
2 :— ',” \‘ -
1 F ’,' \‘ ]
el \ ]
0 < >
5 \‘ R4
|- ’
1F \ 27T
- \ . ]
-2k \ e E
s \ P ]
Sen ™
-3 F - =
] | ] L ]
0 0.5 1 1.5

2
¢>Ml / ™

153

(4+0.8, —0.6), because it enhances the sneutrino-exchange
contribution to the production cross section. It is interest-
ing to note that the asymmetry Acp(7;) is measurable with
a 5o significance in a large region of the parameter space.

Our numerical results for the number of standard devi-
ations NV, shown in Fig. 4c and d and Fig. 6¢ and d below,
do not include the influence of c-tagging, which is necessary
for a measurement of Acp(7y). Now we want to estimate
how the detection rates are expected to be modified if the
effects of c-tagging are also taken into account. Identifying
the c-quark can be accomplished with the help of vertex de-
tectors [59]. It has been shown in [60—62] that c-quarks will
be identified with an efficiency of about 50% at a purity of
80% in Z° decays in e*e™ — qq at y/s = 500 GeV. Accord-
ingly, the number of standard deviations shown in Figs. 4c
and d and 6¢ and d below, for the measurement of the C P
asymmetry Acp(7Ty,) is expected to be reduced by a factor
of about 0.57. We note that the purity of c-jets in chargino
and W decays is presumably larger [71], since in this case
fewer non-charm jets appear (the ratio of true charm to non-
charm jets is approximately 1/3 for W decays as compared
to approximately 1/5 for Z decays [73]). For measuring the
CP asymmetry Acp(Ty) it is also necessary to distinguish
the c-quark in the decay X;i — xc5 from its antiquark ¢.
This can be achieved with very good precision in the semi-
leptonic decays of the charmed hadrons. For the majority of
c-jets it can also be accomplished by the reconstruction of
the vertex charge in the cases where the charmed hadrons
decay non-leptonically [59, 66, 67]. The electric charge of the
c-quark can also be indirectly identified in the cases where
the second chargino, 7, decays leptonically or where the
sign of the charge of the &-jet in the decay X7 — Xi¢s is
determined.

3.2 C'P-odd asymmetry for )21")22_ production
and )21" decay

Now we consider the production process ete™ — )H’ X5 at
/s =500 GeV with subsequent decays of the ¥;. In this

T T T T T
4 F (b) 3
3 F ’,*'— ~ E
2 -~ h

3 , E

1 ’ \
3 ’z v

0 4 \

\‘ 7

-1 F i E
\ ’ ]
-2 E \‘ ’I’ _f
\ s E
-3 F N ”a’ E
4k - E
[ R R B B

0 0.5 1 1.5 2
G/

Fig. 3. CP asymmetry Acp(7Tq), (7), for ete” = )Zf)}l_ with subsequent decay )21" — )2(1)50 for the parameters defined in
Table 1 a with ¢, = 0 and b with ¢, =, for /s =500 GeV and for the beam polarizations (P,-, P.+) = (—0.8,40.6) (solid),

(P,-,P.+)=(+0.8,—-0.6) (dashed)
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ACP('Z;) in %

300 300

200 200

Fig. 4. a,b Contours
of the C'P asymmetry
Acp(Tq), (7), in % for
ete” > X% at /s=
500 GeV with subsequent
decay )Zi" — )Z(l)Ec and
c, d contours of the
number of standard de-
viations N, (18), for
an integrated luminos-
ity Lint = 5001, re-

spectively. The parame-
ters are tan 3 =5, my =
250 GeV, mgz = 500 GeV,

300 300

200 200

mz = 505.9 GeV, |M;]/
My =5/3 tanzaw, Or,=
0.5m, ¢ = 0. The beam
polarizations are in a, c,
(P.-,P.+)=(—0.8,40.6)
andinb,d, (P,—,P.+)=
(4+0.8,—0.6). The point
marks scenario A, de-
fined in Table 1. In the
dark-shaded area is m_+
< 103.5 GeV, excluded
by LEP [72]. The light-
shaded area shows the
region that either is kine-
matically not accessible
or in which the three-
body decay is strongly

400
|ul/GeV

200 300

case Acp(7y) is sensitive to the C' P-violating couplings in
the production and decay amplitudes (i.e. it is sensitive to
both terms in (16)).

3.2.1 Hadronic decay i — %3¢

In the case of hadronic decays, ¥ — X3¢, c-charge tag-
ging is highly desirable because of the complicated cascade
decays of the heavy chargino.

In Fig. ba we show the CP asymmetry Acp(7,), (7),
as a function of ¢y, for scenario B given in Table 2, with
¢, = 0. The longitudinal beam polarisationis (P,-, P,+) =
(—0.8,40.6) ((+0.8,—0.6)). The asymmetry reaches its
largest value, about 9% (7%), for ¢rr, = 0.7m (1.27). Fig-
ure 5b shows Acp(7y) as a function of ¢, for ¢ar, =0.
The largest value of the CP asymmetry is reached at
¢u = 1.4m (0.67). Note that the asymmetry can be large
(~10%), even for values of ¢,, close to w. As can be seen in
Fig. 5a and b, it changes sign for the two choices of beam
polarisations.

400
1]/ GeV

200 300 suppressed because Mt
1

>mw +m>2?

In Fig. 6a and b the contours of Acp(7y), (7), are
shown in the Ms—|u| plane for tan 3 =5, mz = 250 GeV,
mez = 500 GeV, mz = 505.9 GeV, |M;| = 5/3 tan? Oy Mo,
oum, = 0.5m and ¢, = 0. Figure 6¢ and d shows the corres-
ponding contours for N, (18), for Lin; = 500fb~! in the
Moy—|u| plane. Also in this case the choice (P,—,P,+) =
(—0.8,40.6) enhances the statistical significance for
a measurement of Acp (7).

3.2.2 Leptonic decay X — x3tv

In this section we analyse the C' P asymmetry Acp(Te), (7),
based on the triple product correlation 7; = py+-
(Pe- X pif) For the process ete™ — X X, the asymme-

try Acp(Te) is only sensitive to C P-violating couplings in
the production amplitude, which are involved in the first
term of (16), because the CP-sensitive couplings in the
decay (c.f. (A.48)—(A.51)) do not contain the triple prod-
uct 7y. This means Acp(7;) is proportional to sin(¢,),
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Acp (7;) in %

Fig. 5. CP asymme-

10f 0 1 try Acp(Ty), (7), for
S 1 e e_—>)~<'1")22_ with sub-
[ - N 4 sequent decay % —

5 RN quent decay X

)29.§c for the parame-

/ \
’/’, ‘\‘ [l : . .
<=7 N 2] ters given in Table 2 a
\\\ /’ {1 with ¢, =0 and b with
-5+ \\~-"/’ ] ¢M1 = O, for \/8 =500
1 GeV and for the beam
-10 | 1 polarizations (P,-,P,+)
| T ST (ST SN S SN N SR
0 0.5 1

11 = (-0.8,40.6) (solid),
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Fig. 6. a, b Contours
of the CP asymmetry
ACP(’FI), (7), in % for
eTe” —>)21">~(2_ at /s =
500 GeV  with subse-
quent decay )"('1" — )2(1)§c

200

100 L L and c, d contours of the
100 200 300 400 pnumber of standard de-
l/GeV iations N, (18), for

M,/GeV an integrated luminos-

ity Ling = 500fb ™!, re-
spectively. The parame-
ters are tan 8 =5, mpy =
250 GeV, mz =500 GeV,
mz = 505.9 GeV, | M|/
My=5/3 tan29w, oM =
0.5m and ¢, =0. The
beam polarizations are
in a, ¢ (P-,P+)=
(—0.8,40.6) and in b,
d (Pe—7Pe+) = (+0-87
—0.6). The point marks
scenario B, defined in
Table 2. In the dark-
shaded area is m_+ <

103.5 GeV, excluded by
L eov e v w1 LEP [72]. The  light-
100 200 300 400  shaded area is kinemat-

lul/GeV ically not accessible

300

200

In Fig. 7 we show the contour lines of the C' P-odd asym-

dently of ¢ar, . Hence, by measuring the C'P asymmetries metry Acp(7e), (7), for scenario C of Table 1 in the ¢as, —
Acp(Te) and Acp(Ty) one can separately study the influ- ¢, plane. Figure 7 illustrates that the asymmetry Acp(7;)
ence of ¢, and Py, .

can be large for values of ¢, close to m. For instance, for
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Fig. 7. Contours of the CP asymmetry Acp(7Ty), (7), in % for
e+e — Xl X5 at /s =>500GeV with subsequent decay Xi"

v for the parameters defined in Table 3 and (P,—, P+ ) =
( 0.8,+0.6)

¢um, = 1.5m and ¢, = 0.97 one obtains an asymmetry of
about 23%. However, the corresponding cross section is
only about 0.16 fb.

MQ/GGV ACP(,ZZ) in %
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C'P asymmetries in chargino production and decay: the three-body decay case

In Fig. 8a and b, the CP asymmetry Acp(T¢), (7), and
the number of standard deviations N, (18), are shown
for Lins = 500 fb~!, respectively, in the M| | plane. The
MSSM parameters are tan3 =5, my = 250 GeV, m; =
261.7 GeV, |M;| = 5/3 tan® Ow M>, par, = 0 and ¢, = 0.57.
The asymmetry reaches its largest values of about 15%
in gaugino-like scenarios. For example, for scenario C,
Acp(Te) can be measured with a 5o significance.

In order to be able to measure Acp(Te), the produc-
tion plane has to be reconstructed. Provided the masses
of the particles are known, this could be accomplished de-
pending on the decay pattern of x5 [51,52]. For example,
in the case of scenario C (fixing ¢, =7 and ¢, = 0) the
decays of x5 that can be used for the reconstruction of the
production plane are (i) X, — X3W~, X3 — xqa(x2¢0),
W= — a7, (i) %2 — % 2, ¥ — X%’ 2° — qq(£0) and
(iii) x5 — X7 RY, X1 — x3q@’, h® — q@(£f). The masses of
the particles involved are given in Table 1, and we take
myo = 115 GeV. In the decay chains (i)—(iii) we obtain two
invariant mass constraints from the on-shell X3 (¥; ) and
the only invisible particle in the final states of the de-
cay chains (i)—(iii) is 9. In these cases the production
plane can be reconstructed up to a twofold ambiguity. The
branching ratios of the decay chains (i)—(iii) are 20%, 25%
and 17%, respectively. This means that in this case about
62% of the decays of x5 can be used for the reconstruction
of the production plane, which implies that the number of
standard deviations N, shown in Fig. 8b would have to be
reduced accordingly. We note that in scenario C the decays

Xs — ¢~ and X, — (i are suppressed and the decay
Mg/GeV NU
400 7 T T T 1]
o M+ + My~ > /s |
3 or 2-body decays 1
300

200

100

100

200 300 400

[l /GeV

Flg 8. a Contours of the CP asymmetry Acp(7T;), (7), in % for ete” — Xl X5 at /s =500 GeV with subsequent decay
x1 — x1€+u and b contours of the number of standard deviations Ny, (18), for an mtegrated luminosity Li,e = 500fb™ ", re-
spectively. The parameters are tan 3 = 5, mp = 250 GeV, m; = 261.7 GeV, |M1|/M2 =5/3 tan? Oy, on, =0, ¢p =0.57 and the

beam polarizations are (P,—, P,+) =

(—0.8,40.6). The point marks scenario C, defined in Table 3. In the dark-shaded area is

My < 103.5 GeV, excluded by LEP [72]. The light-shaded area shows the region that either is not kinematically accessible or in
which the three-body decay is strongly suppressed because m %F >mwy +mg %0
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X5 — s¢C is kinematically not accessible. In the case that
these decays contribute significantly it is again possible to
reconstruct the production plane in the decays ¥, — £~
and x5 — SC.

In order to predict the significance more accurately,
a detailed Monte Carlo analysis including detector simu-
lations and particle identification and reconstruction effi-
ciencies would be required, which is, however, beyond the
scope of the present work. For instance, a Monte Carlo an-
alysis for a C' P asymmetry in the production and decay of
neutralinos with longitudinal beam polarisation has been
carried out in [48].

4 Summary and conclusions

We have analysed C' P-sensitive observables in the chargino
production ete™ — Y X1,2 With subsequent hadronic and
leptonic three-body decays x{ — X0 f¢f* (f¢ =e, u, s and
f“=ve,v,,c) at an eTe linear collider with centre-of-
mass energy /s = 500 GeV, integrated luminosity Liny =
500 fb~! and longitudinally polarised beams. Our frame-
work has been the MSSM with complex parameters. We
have constructed C'P-odd asymmetries with the help of
triple product correlations between the momenta of the in-
coming and outgoing particles.

Considering the production process ete™ — Y7 x] fol-
lowed by the hadronic three-body decay )Zf — XV3c, we
have defined the CP asymmetry Acp(7,) that is based
on the triple product 7; = ps- (Pc X P.—)- The asymme-
try Acp(T,) is sensitive to CP violation in the decay
and depends on the phases ¢, and ¢y, appearing in
the chargino/neutralino system. We have shown that the
measurability of the asymmetry Acp(7;) can be signifi-
cantly increased by a suitable choice of beam polarisa-
tions. Choosing (P,-, P,+) = (—0.8,+0.6), Acp(7,) can
be probed at the 50 level in a large region of the MSSM
parameter space.

For the production process ete™ — )Ef X2 we have sep-
arately considered the hadronic three-body decay x| —
%95c and the leptonic three-body decays ¥ — x3+tv, £ =
e, . For the hadronic three-body decay we have studied
again the C'P asymmetry that is based on the triple prod-
uct 74. In this case, the resulting CP asymmetry is sen-
sitive to C'P violation in production and decay. Also this
asymmetry can be probed at the 50 level for MSSM pa-
rameters with appreciable gaugino-higgsino mixing. For
the leptonic three-body decays, we have studied the asym-
metry Acp(Te), which is based on the triple product 7, =
Po+ - (Pe— X pﬁ); this is sensitive to C'P violation in the

production onl}lf and hence to the phase ¢,,. We have found
that the measurability of Acp(7¢) is somewhat decreased
with respect to the previously considered asymmetries;
however, in some regions of the MSSM parameter space
it is accessible at the 3o level. As the two types of C'P-
odd asymmetries are sensitive to various combinations of
the phases ¢,, and ¢y, , their measurement will allow C'P
violation to be tested in the chargino/neutralino sector.
Moreover, we have demonstrated that the C' P-odd asym-
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metries studied in this paper can be large even for small
CP-violating phases ¢, and ¢y, , which are favoured by
the EDM constraints.
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Appendix A: Formalism

The full expressions for the terms X%(%;) and X% (x;")
are given in [68]. In the following we decompose X% (X; )
and X% (%;) into T-odd and the T-even terms, which are
needed in Sect. 2.2.

A.1 T-odd terms of production and T-even terms
of decay

In the definition of the momenta and polarisation 4-vectors
we follow [49,50,68]. p;, i =1,...,7, are the 4-momenta of
the particles e, e, i, Xj s XY, f® and f*, respectively;
see Figs. 1 and 2. It can be shown that all contributions to
the T-odd terms £%°(x;") in (16) contain a factor

f5 = imjepnpo s Pl s p3 (A1)
which vanishes for longitudinal polarisation (a = 3) and
transverse polarisation in the production plane (a =1) so
that we have only to include the spin terms for transverse
polarisation of the chargino )2;" perpendicular to the pro-

duction plane (a = 2):

TR0 = 230 (v2) + 250 (vi)

+25°(22)+ £5°(20),  (A2)
with
I3°(v2) = g* tan® bw Re { A(1) A*(2)d;5¢F (12)
< (05" = 05") 572}
(A.3)
g4
T2O () = — , sin® bw
x Re {A(7) A" (7)0; (7 Vi V272
(A.4)
2,0 g4 )
X5R(Z27z) = A(Z
P (22) 2COS49W| (2)|

< [2(22) (OO 00 7).
(A.5)
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Oy 9
E?JO(ZV) T 2cos2fw
x Re { A(Z) A" (0)E (Z0) Vi Vi O 2721
(A.6)
Here
ck(af) =" (a)c"(B)(1— P.-)(14 P.+)
+cM@)(B)(1+P-)(1—P+) (AT
with
) =1, @)=L, F@)=1,  (AS)
Fyy=1, E(Z)=R., F@)=0, (A.9)

and P.— and P.+ is the degree of longitudinal polari-
sation of the electron beam and positron beam, respec-
tively. The propagators are A(y) =i/(p1+p2)?, A(Z) =i/
(91 +p2)? —m3) and A(2) = 1/ ((p1 ~ pa)? — mZ), and the
couplings are given by

Lf = T3f —€f Sin2 GW y Rf = —¢€f Sin2 GW y (AlO)

Oif ==VaV;i — Vi2‘§; + ;5 sin® Oy (A.11)
1

O =-Uj U — o UinUjz + 03 sin” Oy , (A.12)

where g is the weak coupling constant, e; and T3y are
the charge (in units of e) and the third component of
the weak isospin of fermion f, 6y is the Weinberg weak
mixing angle. The unitary (2 x 2) matrices U and V di-
agonalise the complex chargino mass matrix; see for in-
stance [10-13].

Note that f¢ is purely imaginary, so that, for example,
Z’IQDO(')/Z) (A.3), is non-vanishing only if the couplings

'L : e I
0;;" " are complex and give a C'P-sensitive contribution to

the asymmetry Acp(7q,¢). Analogous contributions come
from the other terms in 2123’0, (A.4)-(A.6). We have to
multiply 2.123,0 in (16) by
SEERT) = SEEwWHAwW ) + ZEE (W )
+ X5 (W fi) + 2R (L)
+ IR (FLFL) + E5R(FEfE) . (A13)
with

SERWEW) =204 AW) P [2(|OF 29572 — |OE P g¢=2)
(Ok*okl+ok10 )(gg 2_91(31:2)] )
(A.14)
SEE(WTfT) = ¢*V2Re {AW)A* (f1)2U7 f1a,
x [208957% - OF; (9572 — 9572)] }
(A.15)
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SEE(WTFE) = g*'V2Re (AW
X [201@9%

A*(fL)2Vzl fuk
+0i (9577~ 95771}
(A.16
SEE(FAFE) = 20" \Un P £R 7| A(F) P08 ™2, (AT
SEE(FEFE) = 29" Re {A(F}) A" (F¥)Un 114,

)
)

xVaffi (98729577},  (A.18)

SEE(FERE) = =20 Va Pl R [P |A(FE) Pe8=2 (A19)
where

9772 = mi(pspr) (pes®=2) (A.20)

95=% = mi(pspe) (prs*=?) (A.21)

9572 = my(p3p7) (Pes”~?) (A.22)

952 =m )- (A.23)

(ps—ps) _mW) A( ~7ﬁ)
78 = 1/((pa=pr)? = m2),

The propagators are A(W) =i/
= 1/((p3 _p6) _mfu) and A
and the couplings are given by

—V2

f]‘lif = cosd (Tgf—ef sin? Gw)Nkz—Fef Sineka1:| ,
w

(A.24)

OL = —1/v/2(cos BNy4 — sin fNy3) Vi
+ (sin Oy Ng1 + cos Ow Ni2) Vi3 (A.25)

OF — +1/v2(sin BN}, + cos BN;3)Usa

+ (Sin ewN;;kl -+ cos ewN]:2)Ui1 R (AQG)

where tan 8 = v /v; is the ratio of the vacuum expectation
values of the Higgs fields, and the unitary (4 x 4) matrix N
diagonalises the complex symmetric neutralino mass ma-
trix that is given in the basis (¥, Z, H2, Hp) [74].

The kinematic functions g¢f, g5, 95, g%, a = 2 are real.
When multiplied by the purely imaginary f¢=2 (A.1), this
leads to triple products sensitive to the C'P phases of the
couplings O;JL»’R in the production process, which in the
laboratory system read:

912 f8=% = i2Bymym; (pspr)Pe(P1 X P3), (A.27)
9572 f¢=2 = i2E,mim; (psps)Pr(P1 X P3), (A.28)
95> 5“72 = i2E,m;my(psp7)Pe(P1 X P3), (A.29)
9472 fe=? = i2Bymymu,(p3pe)P7(P1 X P3) . (A.30)

As outlined above, these expressions will be multiplied
in (A.3)-(A.6) by the factors i Im{(Oj}* — Ojf*)} etc., and
contribute to the first term of (16) and, hence, to the nu-
merator of the asymmetry A, (13).

A.2 T-odd terms of decay and T-even terms
of production

The factor

EO(%) =

3

TEOWIW ) 4+ I5° (W)
+IEO(WH Y+ ZE0(FE ) (A31)
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in the second term in (16) with

SEOWHWT) = 26| A(W)|?

x Re {(Of;Of — OL,0f*) g2}, (A.32)
39 O(W+fL) \/29
X Re {A W)A* (fg) 1ffdkoklg5}
(A.33)
5% O(W+fL) —V2¢*
x Re {A(W)A* (fZ)QVM f“koklg5}
(A.34)
SEOLTE) = —2Re {A(F}) A" (1) Ui £, Va ffifi08 }
(A.35)

is sensitive to C'P violation in the decay of the chargino
X; [49,50,68] due to the purely imaginary kinematic

factor

98 = imk€uwpo S P4 poPE - (A.36)

For example in (A 32) it is multiplied by the factor
iIm{(OLrOF — OE.OF*)}, which depends on the phases ¢,
and ¢, and contrlbutes to the C P asymmetry Acp, (7).
Analogous contributions follow from (A.33)—(A.35).

The T-even contributions from the production process
n (16) are

TR () = ZEE 0 + SEE(2) + ZEE ()
+558(Z22)+ 28B (Z0) + 25 E(op)
(A.37)
with
S%E(vy) = g* sin? Ow | A(y)[2cE (v7) 8
X(_ff+f2+f4_f3)» (A-38)
24E(yZ) = g* tan® Oy
x (X (v2) (05 — 05) (£1 + 15)
+cP(v2) (O + 0F)
< (—fr+f+f-)1) (A39)
4
$uE(yp) = _92 sin? By Re { A(7) A" (7)855¢% (v) Vi Vi
X (2f2 + f4 _f3)}7
(A.40)
sEzz)= . 9. AP
"~ 2cost Ow
< [£(22) (|05 " = [0F[*) (1 + £5)
+cP(22) (0501 + OF O (fi — f5)
+ (|0 + |0 (— fe+£5))] . (A41)
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4
yaBzp)=—_ 7

2 cos? Ow Re {A(Z)

x (20% 15 + 0% (f5 -

A% (D)l (ZD)Vii Vi

)}

(A.42)
4
TP ) = = ValPVaPIAG)PE 0 f5 - (A43)
where
T = mi(papa) (p157) , (A.44)
5 = mi(p1ps) (p25?) » (A.45)
5 =m;(pap3) (p15°) , (A.46)
£ =m;(p1ps) (p2s?) (A.47)
Since s“(f(;“) for a = 2 is perpendicular to the production

plane, X%¥ (%) vanishes, so that in Acp only the con-
tributions of the longitudinal polarisation (@ =3) and of
the transverse polarisation in the production plane (a = 1)
have to be taken into account.

Finally, the triple products sensitive to the C'P phases
in the chargino decay in the laboratory system read

> fige=

a=1,3

imymg(papa)
X {—Epps5(p7 % ps) — E7ps(Ps % P1)

+ E6ps(p7 X p1) + Esp1(P7 X P6)}
(A.48)

> fiee=

a=1,3

imymg(p1pa)
x {—=Ewps5(pP7 X Ps) + E7ps5(Ps X P1)

— Esps(p7 X P1) — Esp1(P7 X P6) } »
(A.49)

> fiee=

a=1,3

im;mu (p2ps)
x {—=Eywps5(pP7 X Ps) — E7ps5(Ps X P1)

+ Esps(p7 X p1) + Es5p1(P7 X P6) } »
(A.50)

> figt=

a=1,3

imjmy (p1p3)
x {—Epps5(p7 % p6) + E7Ps5(Ps X P1)

— Esps(p7 X p1) — Esp1(P7 X Pe) } -
(A.51)
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