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ABSTRACT: We propose CP asymmetries based on triple product correlations in the decays
by — tX; with subsequent decays of t and X; - For the subsequent X; decay into a leptonic
final state £~ Y} we consider the three possible decay chains X; — 00— - oyy, X; —
ggﬁ — £~ox) and X; — W=xY — £=vxY. We consider two classes of CP asymmetries. In
the first class it must be possible to distinguish between different leptonic X; decay chains,
whereas in the second class this is not necessary. We consider also the 2-body decay
X; — W=xY, and we assume that the momentum of the W boson can be measured. Our
framework is the minimal supersymmetric standard model with complex parameters. The
proposed CP asymmetries are non-vanishing due to non-zero phases for the parameters
w and/or A,. We present numerical results and estimate the observability of these CP

asymmetries.
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1. Introduction

In the Minimal Supersymmetric Standard Model (MSSM) [f, fl] the higgsino mass pa-
rameter p and several of the Supersymmetry (SUSY) breaking parameters are complex in
general. Among the SUSY breaking parameters the trilinear scalar couplings Ay and two
of the gaugino mass parameters My and Mj (Ms is usually chosen to be real by redefining
the fields) can be complex.

Current experimental upper bounds on the electric dipole moments (EDM) impose
restrictions on the SUSY parameters that appear in supersymmetric models, in particular
on their phases. To which extent the size of the phases have to be restricted, however,
strongly depends on the underlying model. For instance, while only relatively small values
of the phase of u, |¢,| < 0.1, are allowed in several versions of the MSSM with selectron
masses of the order 100 GeV [, this restriction may disappear if lepton flavour violating
terms are included or if the masses of the first and second generation scalar fermions
are large (above the TeV scale) while the masses of the third generation scalar fermions
are small (below 1TeV) [H]. Recently it has been pointed out that for large trilinear scalar
couplings |A| one can simultaneously fulfill the EDM constraints of electron, neutron, and
that of the atoms '%Hg and 29T, where at the same time, ¢, ~ O(1) [A]. The restictions



on the size of the phases of the trilinear couplings of the 3rd generation scalar fermions are
far less important as their contributions to the EDMs appear only at two-loop level [f.

The various CP phases can have a big influence on the production and decay of super-
symmetric particles. In particular the influence of the phases ¢4_,, of the trilinear scalar
coupling parameters on various observables (e.g. scalar fermion masses, cross sections, de-
cay widths) can be important [§, [J]. However, a measurement of solely CP-even observables
cannot be sufficient to unambiguously determine the SUSY parameters. Moreover, in order
to clearly demonstrate that CP is violated, CP-odd observables have to be measured. Rate
asymmetries have been proposed where the influence of the SUSY CP phases arise due to
loop corrections (see for instance [10]). Another important class of CP-odd observables are
based on triple product correlations (for an introduction see [[[1]]). They arise already at
tree-level and allow to define various CP asymmetries which are sensitive to the different
CP phases. Such CP asymmetries have been proposed and analyzed for various SUSY
processes (see for instance [[J, [[J]).

Recently, it has been shown [[[J that triple product correlations among the decay
products of the scalar top decay t — tx° followed by the decays of ¢ and ¥, allow us to
obtain information on CP violation in the scalar top system. Along the same line of the
study performed in [E], in the present paper we analyze triple product correlations that
arise in the decays of the scalar bottoms b,,. We focus on the influence of CP violation in
the scalar bottom system, in particular on the influence of the phase of the trilinear scalar
coupling parameter Ay, ¢4,.

We study the decay

b — X5 (1.1)

followed by the subsequent decays of the top quark ¢ and the chargino X; - We work in the
approximation where ¢ and X; are both produced on mass-shell. As the top quark does
not form a bound state this implies that both ¢ and Xj decay with definite momenta and
polarizations. Their polarizations can be retrieved from the distributions of their decay
products. We consider the decays of the top quark

t—bWT and  t—blty (bes), (1.2)

and the following three possible decay chains for x;

X; = Lo — 4Ry, (1.3)
X; = v = LRy, (1.4)
;- W - Rl (1.5)
which lead to the final states
X; —0oxy, l=epT. (1.6)

We shall consider each of the decays (.3), (L4), (L.§) separately. The subscript of the

leptons, £y, ¢35, £3, is used in order to distinguish them in the different decay chains. For



simplicity we shall work in the narrow width approximation for the intermediate particles
in ([.J)—(L.F), i.e. we assume that these particles are produced on-mass-shell.
We consider also the 2-body decay of X;

X; = Wi, (1.7)

assuming the momentum of the final W boson can be reconstructed, which is possible for
hadronic decays.
We consider the triple products

O=q; (a2 x q3) = (q19243) , (1.8)

where q; are any 3-vectors of the particles in the considered process. With the help of the
triple products O, eq. ([[.§), we define the T-odd observables (up-down asymmetries):

4 _ JdQ sgn(0) dT'/dQ2 N[O > 0] — N[O < (]
T=[dQdrja2 ~ N[O>0]+N[O<0]’

(1.9)

where dI" stands for the differential decay width and d2 involves the angles of integration.
The left hand side of eq. ([.9) shows how the asymmetries are calculated, whereas the right
hand side exemplifies how they are measured in experiment: N[O > (<) 0] is the number
of events for which O > (<) 0.

The paper is organized as follows. In section J] we present the results of our calculations
in compact form using the formalism of [I4]. We propose several T-odd asymmetries in
section B and point out how the corresponding CP asymmetries can be obtained. In
section [l we perform a numerical analysis of the CP asymmetries proposed and estimate
their observability. Finally, we summarize in section f.

2. Formalism

In order to obtain analytic expressions for the sequential processes ([[.1)—(.7) we shall
use the formalism of Kawasaki, Shirafuji and Tsai [[4]. According to that formalism the
differential decay rates of ([[.I)~([.7), when spin-spin correlations are taken into account,
can be written as

Eq dl(t — ...) By, d0(Y; —...), (2.1)

dr' = dI (b — tX;) T —
X~ Xj

where dI'(t — ...) and dI'(Y; — ...) are the differential decay rates of the unpolarized
top and unpolarized chargino. The factors E,,/(m,,T'y;) and E;/(m;I';) stem from the
narrow width approximation used for ¢ and X; > It and I'y, are the total widths of ¢ and
X; » and (Ey, m¢) and (E);, my,) are their energies and masses, respectively. dl'(by, — X} )
is the differential decay rate of the scalar bottom b,, into a top quark with the polarization
4-vector & and a chargino with the polarization 4-vector §§‘j.

In the scalar bottom rest frame, we have:

- 2
AT (b — t X;) = m—~|A|2d<1>l~)m , (2.2)
bm



where my s the mass of the decaying scalar bottom and the phase space element ®; is
given in eq. (IC.1)) in appendix [J. For the matrix element A we have

A= gﬂ(ﬁt)(kzijL + lzijR)U(ij) ) (2.3)

where P, g = %(1:F’y5), g is the SU(2) gauge coupling constant and the couplings are given
in eq. (B7) in appendix [B. For the evaluation of |A|? we use the spin density matrices of
tand x;

1+ &
2 b

1 +75 ng

p(pt) = A(p) 9 ) (2.4)

p(=py;) = —A(=py;)
with

A(pt) =p +my, A(pxk) :ﬁxj + My - (25)

The matrix element squared is then given by

AP = £ {082+ ) (a0 + g (60,60)
(18,512 = kS 12) [me(py, &) + iy, (Ex,p2)]
—2Re(182 kD) [ m — (P, €)(Ex,pe) + (Dx,P1) (6, €0)]
+28m(IbkL,) €0 pya Ey &in Pts} : (2.6)

where we use the convention 9123

= 1. The covariant product ¢*%70 Pxja §x;88ty Pts n
eq. (R.6) contains the triple products which give rise to the CP asymmtries that we study
in this paper. Such a term arises due to the interference of the two parts of the amplitude,
eq. (), with opposite chiralities proportinal to kf’nj and to lf’nj. The polarization 4-
vector & is determined through the top quark decays ([.7) and the polarization 4-vector
€y, 1s determined through the X; decays ([C3)-(L7). In the following we calculate the
polarization 4-vectors §; and &y ; as well as the differential decay rates of ¢ and Xj for their
various decays ([.4) and ([L.3)-([L.4). Some of the calculations are quite analogous to those

carried out in [[3] and in these cases we present the results only.

2.1 Decay rates for X; — 0o — 61_17)2(1)

The polarization vector of the top quark was obtained in [[[3J] and here we present the
results for completeness. The polarization 4-vector of the top quark determined through
the decay t — b W, that we shall denote by &, equals

my (PePb) o mi — 2mgy
& = <p“——p), ap=———"W 2.7
b (ptpb) b P) t mtg n Qm%/[/ ( )

t
For the polarization vector of the top quark determined in ¢t — b W — b [Tv (and

equivalently for t — b W — b ¢ 5, where we substitute the the ¢ quark for the lepton),
that we denote by &;, we have

my (Ptpl) «
&= (pa— p>, oap=—1. 2.8
l (ptpl) 1 m? t ( )




The polarization vector of X; 18 determined solely through the decay X; — 07D, as
the subsequent decay of 7, being a scalar particle, does not contribute. We obtain:

o o my (o (gPn) U LA
£y, = Qo Py, 5— Py, | > ap = oo TR (2.9)
! (Px,;Pe1) my., ! ’lj 2+ ’kj ’

Further, according to eq. (@), we need the differential decay rates of ¢ and X; - The
distribution of the leptons in the sequential decay ([.3), in the narrow width approximation
for U, is given by

' (X; — £, ox)) = dU (% — £70) BR(F — vxY), (2.10)
where BR(7 — vx?) is the branching ratio of the decay 7 — vx{ and
g* (K512 + 1151%) (px,pen)

2Ey;

dr(x; —6,v) = o, (2.11)
where the couplings are given in eq. (B.§) in appendix [B and the phase space element d@}(j
is given in eq. (C.§) in appendix [J. The differential decay rates of the top quark are (see
for instance [[LJ)):

2(m2 — m2.) (2m2 2
dr(t — ow+) =2 (mg —miy) (sz +my) ddt (2.12)
8Et mW
4 2
—2
ATt — bi+y) = $- 7@ (i = 2(pp)) g (2.13)

2Et mw FW
with d@f’l given in egs. (C.2) and (C.3) in appendix [J.

The angular distributions of the decay products of ¢ and X; decay mode ([[.3) are ob-
tained by inserting the differential decay rate of the scalar bottom, eq. (R.9), the differential
decay rates of the top quark, egs. (B.13) and (R.13), and the differential decay rate of the
chargino, eq. (2.10), into eq. (R.1]), where we use the appropriate polarization vectors as
given in egs. (B.3)-(B.9). The differential decay rates of by, then read

§8 BR®? = vl) (,pes) (1212 + K] 12)

8 mB tht ijF

I
dr', = Ny
Xj

x{uw FIREP) (o) — 2 Re(lB3 k) o me + -

m My .
t P G (P/zlpfpt)} oy, (2.14)

+2 Sm li’* k:i’ af ap—————-—
( ) or (pepy) (x, ey

mgjmj

where the subindex f = b, [ is to distinguish the two ¢ quark decays in ([[.4). The prefactors
in eq. (2.14) are

(mi — miy) (2miy +m3)

Nb = ’
Qm%v
2 9 2 _ 2
N = g 2m (ptpl)(mt (ptpl)) 7 (2.15)
mw 'w



and the phase space elements equal
AP} = dd; dP] dP, . (2.16)

In eq. (R.14) we have only included those terms which are needed for the calculation of
the up-down asymmetries in eq. ([.g). The omitted terms, represented by dots, are T-even
and thus, cannot contribute to the numerator of eq. ([.Y). Further, as they depend on
the polarizations of either the top quark or the chargino, they cannot contribute to the
denominator of eq. ([L.9).

2.2 Decay rates for X; — Z;D — 655)2(1)
In order to obtain the angular correlations among the ¢t decay products and the lepton £
stemming from the X; decay ([.4), we need the polarization 4-vector of X; determined in

the decay ([[4). As 0, is a scalar particle, €, is determined solely in the decay x; — g,; v.
We obtain:

«a M fo" (pijV) «
=y — I a; =—1. 2.17
ng 14 (pijI/) <p1/ m)g(j pX] 14 ( )
The differential decay rate of the decay chain ([[.4), in the narrow width approximation for
(-, reads
. . NN 7 P
AU (% — 6 v X)) = dU(; — 6, v) mg‘fg dr (6, — x96;), (2.18)

with the differential decay rates for X; — Z; v and 0, — )Z?Eg given by

2 .
S g
dr(x; — 6, 0) = 3E, 1351 (px; ) A93 (2.19)
and
5 2 . .
dr(f, — X90;) = % (lanil + 1brsl?) (pgpe, ) APy, (2:20)
14

where the couplings are given in appendix [J in eqs. (B.9) and (B.11]). The phase space
elements dfbij and d®; are given in appendix [B in eqgs. (C.8) and (C.7), respectively.

The angular distributions of the decay products of ¢ are the same as in the previous
case. On the other hand, the angular distribution of the decay products of the X; decay
mode ([[.4) is given by eq. (R.1§) which we insert into eq. (R.1) in order to obtain the
differential decay rates of the combined process (1)), ([.Z) and ([.4). The polarization
vector of the chargino is determined through the decay ([[.4) and is given in eq. (R.17).

Then the differential decay rates of b, read
9* (0x;00) (D000 )15 (lafy, 1 + [0 )

SmBththj FXj m; Ly

x {<|zfnj|2 IR P (o, pr) — 2Re (I Ay me + -

II
ar't = Ny

my My } I
m; (pe,PrPt) p AP , 2.21
(peps) (py,pv) #(PePrp) [ 425 (2.21)

—}—QSm(ZZ’*-k?’ Jagog

mjmgj



where the phase space elements equal
o_ I 132
Aoy = d®; dP; dPy dP; . (2.22)

As in the previous case, we have omitted those terms in eq. (:21]) (denoted by dots) which
are unessential for the calculation of the up-down asymmetries, eq. ([[.9).

2.3 Decay rates for x; — WXy — 5o

When the decay of Xj proceeds via the W~ boson exchange, ([[.), the polarization 4-vector
&y, 1s parameterized by two components that are in the X; decay plane and a component
normal to it. It can be written completely general as

é.;{j — P[Q? + Pleof + DCPEQ[[%{(S ngB pu'y pXﬂS (223)

where the 4-vectors Q7 and @ are in the decay plane of x; :

(pes Py;) (Pv Py;)
QF =pf, — 5205, QY =p) — 5k, (2.24)
My, my;

and 60‘5“/5pg35pwpxj5 is orthogonal to it. For the components in the decay plane we obtain

mX].|Ole 2 (Q(p,,pxj) — m%,v) = 2my0 (p,,pxj)%e(Ole*Oﬁj)

o CP? ’
p _ _ij’Oﬁ‘ 2 (2(p€3p><j) - m12/V) + 2mx(1’ (p€3pXj)§Re(Ole*Oﬁ') (2.25)
v C? ’ '

with

(CP = —miy |08 2(pepy,) + [OF P(ppy,) +mgmy, Re(Of OF)
L R
+2(pesy,) (o, (|01 + 103517) | (2.26)
where the couplings are given in appendix J in eq. (B.1¥). The component normal to the
decay plane reads
_ 2mx(1)%m(01Lj Oﬁ»)

DCP
C|?

(2.27)

The component DCF is sensitive to CP violation in the )Z{)Z?W*‘ couplings, i.e. to the
phases ¢, and ¢p7,. The decay rate distribution of xX; =W~ W — b3 17)22 is given by
III 0 g'm
daril (v = o X)) =)

+

— 7 P4 2.28
e CR el (229
where d@g} = %(d@g”q)i d®3, with (dq)ij)i being the phase space element for the decay

X; - W~ 1), eq. (C9) in appendix [d, and d®3;, is the phase space element for the decay
W= = 37, eq. (CT).



The angular distributions of the decay products of b,,, where the chargino decays ac-
cording to ([L.), can now be obtained in the same manner as in the previous two cases.
Again we only quote the terms that are essential for the calculation of the up-down asym-

metries in eq. ([L.9):
8 C|2
Jrir — N g |
! Zi: ! dmpmalemy Dy, mw 'y

x {<|zfnj|2 FIREP) (o, pr) — 2Re(iE kD Yy g+ -

+2ay Sm{lykh,;) — (Pz—Pu)mB(pésprt)]} aef',  (2.29)
(pepy)
with
Imr f 111
o' = do; av] doll', (2.30)

where the sum in egs. (R.2§) and (2.29) corresponds to the two kinematical solutions for
Ey, (for details see appendix [J).

In principle, the normal component of the chargino polarization vector in eq. (£:23)
will also give rise to triple products proportional to %m(O,fj*ij). However, in order to
be sensitive to these triple products, the reconstruction of the decay plane of the chargino
would be necessary. In practice, this cannot be accomplished, because the neutrino as well
as the neutralino escape detection in experiment.

2.4 Decay rates for X; — W=x!

Finally we consider the two-body decay mode of Xj ([L74). The polarization 4-vector of Xj
in this case is given as

My, (pw Py,)
fféj = aW(PXTJW) (p%/ - ij;j> , (2.31)
J J
with
2 2 2
oy —2 [ 1261 Z 194 (M T A 7y (pr;Pw) (2:32)
v Cw 2 m2, xaPW ) '
where
2 2y, 2 2 2 12 4
ms, +ms )miy, + (m2y —ms )° —2m
X Xj! W X X w
ICwl* = (I05;]” +[OF:1%) : : 5 :
My
*
— 12Re (O1; Of%) myomy; . (2.33)

The decay rate distribution of X; — W) is given by

2
-~ -~ g
¥ (7 —w X?):Z:ALEXJ. Cw [2(d@? )* . (2.34)



The angular distribution of the decay products of b,,, with the chargino two-body
decay ([L.7), is given by

x {(ﬂfnjwz TR P) (prypr) — 2 Re(S R, ) momy + -

m v
t - ) (pWPfPt)} a®y’,  (2.35)

12 Sm(P .k ) aw —
Umibms) @1 oW G Y oo

mjmg

with
Ao} = dd; d] (de3 )*, (2.36)

where again we have quoted only the terms that contribute to the up-down asymmetries
in eq. (.9). The sum in eq. (R.3H) is due to the two kinematical solutions for |py| (for
details see appendix ().

3. T-odd asymmetries

A general definition of the T-odd observables which we study in this paper has been given
in eq. ([.9). For the following it is convenient to introduce a shorthand notation for the
various T-odd asymmetries to be studied below:

N [(pip;pr) > 0] — N [(pip;pr) < 0]
N [(pipkpr) > 0] + N [(pip;pr) < 0]’

A, = (3.1)
where N [(p;p;pr) > 0] (IV [(pipjpr) < 0]) are the number of events with (p;p;pr) > 0
((psip;jPk) < 0). The indices 1, j, k specify the observed particles appearing in the considered
decay mode of by,. We choose the convention that p; denotes the momentum of a particle
originating from the x; decay, p; denotes the momentum of a fermion from the top quark
decay and p; either denotes the momentum of the top quark itself or of another particle
stemming from the decay of the top quark. According to the different decay channels we
group the considered triple products as follows:

1. If the 3-body decay X; — 6;17)2? is considered, the only detectable particles are
the final charged leptons £, ¢, ,¢5. We shall distinguish two classes of asymmetries
depending on whether the leptons ¢, 45, /5, originating from the different decay
chains ([.3)—([L.J), are distinguishable or not.

(a) First we define the T-odd asymmetries where the leptons from the X; de-
cays ([.J)-([.5) can be distinguished.! The triple products on which the T-odd

'In principle, the leptons from the decays (E),(@) can be distinguished through their different angular
or energy distributions.



asymmetries are based in this case, are given by

(P,-pop:) and  (p,-poPw+), when t— bW — bgq', (32)
(P-P1+Pb), when t—bWF — bty (3.3)

(Pg-PcPt); (Pg-PePy) and (Py-pcps), when ¢ — bW — bes,  (3.4)

where for the triple products in (B.4) it is necessary to identify the ¢ quark which
is expected to be possible with reasonable efficiency and purity [[5—[[7. With
the triple products in (B.9)—(B.4) the associated T-odd asymmetries can be de-
fined according to eq. (B.1]), where in the following we use the notation Ay
and Azi‘bW+ for the T-odd asymmetries based on the triple products in (@)
etc. Note that A,-,, and A,-,;;,+ have the same value due to momentum con-
servation.

(b) We define a second class of T-odd asymmetries where it is not necessary to
distinguish the different leptonic X decay chains, eqgs. (L.3)-(L.H). This class of
T-odd asymmetries is based on the triple products as given in (B.2)-(B.4) where
(7 is replaced by ¢~. Then N [(py-ppp:) > 0] in eq. (B.I]) means

N [(pe-pPopt) > 0] =N [(Pe, PoPt) > 0]+ N [(Pe, PsP:) > 0]+ N [(Pey PoP:) > 0] .

For this class of T-odd asymmetries we will use the notation A,-j; etc. The
following formula relates A, ;, to the asymmetries A, ik and the branching

ratios BR;, = BR(X; — 07 XY) of the decay chains (L.3)—([L.F):

BRZ; BRZ; BRQ
where we have introduced the shorthand notation BR,-:
BR,- = BRKI‘ + BR(; + BR€3— . (3.6)

This formula allows us to calculate the contribution of Afj i to the asymmetry

Ay~ i, depending on the branching ratios of the different decay modes of X; -

2. If we consider the 2-body decay mode X; — WXV, where the W boson decays
hadronically so that its momentum vector can be reconstructed, we can define analo-
gous triple products as in (B.2)—(B.4) with ¢; replaced by W~. For the corresponding
T-odd asymmetries again we use the notation Ay-p, ete.

At the end of this section, we discuss how CP-odd asymmetries can be obtained from
the T-odd asymmetries defined above. It is well known that a non-zero value of the
considered T-odd asymmetries does not necessarily imply that the CP symmetry is
violated since final state interactions give rise (although only at loop level) to the
same asymmetries. In order to identify a genuine signal of CP violation one needs
to consider also the C-conjugate decay. T-odd asymmetries that are based on triple

,10,



products analogous to the one given in (B.4)-(B.4) can be defined for the charge
conjugate decay b, — )ij as well, and we denote them by Zijk- One finds that

the term of the matrix element squared for the C-conjugate decay gm — )Z;'f that

comprises the triple product has the same sign as the corresponding term for the

decay b, — X; U Thus, true CP violating asymmetries are obtained when summing

the T-odd asymmetries that arise in the decays by, — X;t and by, — )Z;'f:
CP ijk ijk

Ak = — 5 (3.7)

4. Numerical results

Now we study numerically the CP asymmetries defined in the previous section, where
we focus on their dependence on the CP phases, in particular on ¢4,. All CP asymme-
tries defined in the previous section are proportional to %m(lfi;:jkgbj), see eq. (P-6)). Hence
they measure combinations of CP phases in the MSSM. In order to see more easily the

dependence of the CP asymmetries on the parameters, it is useful to expand:

mjmg

~ ~ 1 i
Sm(1% kL) = =Y |em Sm( UG — §Yb sin 205 dp, Sm( j*zsze_“bE) , (4.1)

with Y; and Y}, the top quark and bottom quark Yukawa couplings, ¢; = cos? 0;, co = sin? 0;,
di =1, dy = —1, and 0; and ¢; the mixing angle and the CP phase of the scalar bottom
system given in appendix [A]. In general the quantity in eq. (1)) can be large due to the
large ¢- and b-quark Yukawa couplings. The relevant phases are ¢, and ¢4,. For ¢, = 0,
bx kjb

we have %m(lmj mj) o sin 267 sin ¢; and from the explicit expressions given in appendix A,
we obtain sin 20; sin ¢; o< sin ¢ 4,. As we will see below also the asymmetries show such a
sin ¢4, behavior and thus, their largest values are attained at ¢a, = 7/2,37/2. As ¢; is
sensitive to ¢4, if |Ap| 2 |p|tan 3, we need a small value for tan 3 and a large value for
|Ap| compatible with the constraint due to the tree-level vacuum stability condition [[§].
Note that in the case where |u|tan > |Ay| we have sin ¢ ~ 0 if ¢, = 0, 7.

For our numerical studies we adopt the two scenarios given in table . In the two
scenarios we have assumed the gaugino mass relation |M;| = 5/3 tan? Oy Ma, with ¢p, =
0, and we have fixed the scalar bottom masses assuming MQ > Mp. In scenario A the
scalar bottom masses are heavy enough to allow for all considered decays of X; s €. (L3~
(IL.H), whereas the scalar bottom masses of scenario B are relatively light and the decay
X; — W=x? is not allowed. For the matter of simplicity, our numerical investigation
is done for the first and second generation leptons where an influence of their Yukawa
couplings can be safely neglected.

In figure [] we show the CP asymmetries that are based on the triple products, (B.3)—
[B4), in the decays by — tx, t — bt (bc3) and Y] — 0 %Y as a function of ¢4,.
Figure [[[(a) shows the three CP asymmetries Afi_ ». that are based on the triple products in
eq. (B.9) associated with the three different decay chains Y| — ;7 — £; 7X" (dashed line),
X] — Z}}V — Ly XY (dotted line) and x; — WX} — £; X (dashdotdotted line). Fig-
ure [ll(a) also shows the CP asymmetry A,—p, (solid line), eq. (B.5), where it is not necessary
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Scenario A B
My 350 250
| ] 310 140
¢u = ¢M1 0 0
tan @ 3 3
| Ay 1200 1000
my, 480 320
my, 600 420
mj 200 100
R
m; 220 120
L
my 208.1 96.4
myo 164.3 80.3
M- 257.3 107.7

Table 1: Input parameters Ma, |ul, ¢, tan 3, |As|, da,, mg, , my,, mz, and m;, for scenarios A
and B. All mass dimension parameters are given in GeV.

to distinguish the leptons from the different decay chains of the chargino. The asymmetry
Afl_ » 15 the largest one with a maximum value of about 11%. The CP asymmetries AZ; bt
and Ae; » have an additional phase space factor and are therefore suppressed compared to
Ay
We now estimate the number of scalar bottoms by necessary to observe the CP asym-
metries for a given number of standard deviations N, by
2
N; No (4.2)

T A2 BR( — 030) (D0, BRYG — & 9X0)(S; BROWE — f))’

where f denotes the final state of the W decay considered, i.e. f = ud, 5, or [Ty, | = e, u.
We calculate the branching ratios of by using the formulae of the second paper in . For
scenario A we obtain BR(l;l — txy ) = 4.9%. Purely for the sake of simplicity, we calculate
the chargino branching ratios BR(x] — 6;17)2?) assuming that scalar tau mixing can be
neglected and that the lighter scalar leptons have a common mass mg., the heavier scalar

leptons have a common mass mg, and the scalar neutrinos have a common mass given by

my, = \/ml%L + mQZ cos 23 cos? Oy . (4.3)

This means that the partial decay widths I'(x] — ¢~ ) are equal for £ = e, u,7. The
same holds for the partial decay widths I'(x; — g;%ﬁg) and I’(Z}} — X{¢7). Then we
obtain }Z, . BR(Y; — 0 oY) = (31.3%, 30.7%, 1.5%) corresponding to the three differ-
ent decay chains of Y7, (L3)-([LH). The values of the branching ratios of the W boson
are given by BRIW™* — 37 1%v) = 21.4% (I = e,pu), BROW™ — >_ q¢ = 68%) and
BR(W* — ¢5 = 32%) [[[9). For an observation of the CP asymmetry Agl—bt at the 3-o

level, at least 7.1-10* scalar bottoms have to be produced. The required number of scalar
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Figure 1: CP asymmetries A;;; which are based on the triple products (a) (pe;pbpt), (b)
(pei—pﬁpb), (c) (pe;pcpt) and (d) (pé;pcps) for the decays by — txy, t — blTv(becs) and
X1 — ;XY as a function of ¢ 4,. The lepton ¢ (¢5,£5 ) stems from the decay X7 — €77 — €7 X}
(xy — E}}E — LoxXy, Xp = W — E;E)Z?). The corresponding asymmetries are shown as
dashed lines (dotted lines, dashdotdotted lines). The solid lines represent the combined asymme-
tries in eq. (B.5). The MSSM parameters are for scenario A of table [[.

bottoms in order to measure the asymmetry Ay = 6.4% (¢4, = 0.57) at the 3-0 level is
1-10°.

In figure [[(b) we plot the CP asymmetries that are based on the triple products
(Py~-Pi+Pp), eq. (B.3), as a function of ¢4,. For the same reason as above the largest
asyzmmetry is due to the chargino decay chain x; — ;v — Efl?f(?, ([3). Its maximal
value of about 13% is reached at ¢4, = 0.57 and the number of scalar bottoms necessary
to measure Azl‘ﬁb at the 3-0 level is about 1.5-10°. Figure [ll(c) shows the CP asymmetries
that are based on (p,- pcp¢) as a function of ¢4,. The asymmetries shown in figure [[(c) are
more than twice as lz;rge as the asymmetries shown in figure [Il. Their relative magnitudes
can be attributed (7) to the different sensitivity factors of the top quark polarization which
is ay = 1 for the asymmetries in figure [l(b),(c),(d) and a; ~ 0.4 for the asymmetries in
figure f[(a), and (i) to the different 3-vectors involved in the triple products: for figures fl(a)
and [l(c) it is p;, while for figures [[[(b) and fl(d) it is the 3-vector of any of the decay
products of the t-quark, which is always smaller or at most equal in magnitude than |p¢|.
For ¢, = 0.57 the CP asymmetry Aél‘ct is about 27%, which means that 2.5 - 10* scalar
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Figure 2: CP asymmetries A;;, that are based on the triple products (py-pcp:) (solid line),
(Pw-PcPs) (dotted line), (pw-pspt) (dashed line) and (py-pi+ps) (dashdotdotted line) for the
process by — tx7, t — blTv(bes) and X7 — Wx9 — &sx? as a function of ¢4,. The MSSM
parameters are given in table [l (scenario A).

bottoms are necessary for its measurement at 3-0. The combined asymmetry in eq. (B.§)
can be as large as about 16% and the appropriate number of scalar bottoms to probe it
at the 3-o level is 3.6 - 10%. In figure fl(d) we plot the CP asymmetries which are based on
the triple products (pgi_ pcps). For ¢4, = 0.57 the asymmetry is Az;cg of about 10% and
at least 1.9 - 10° scalar bottoms are required for its measurement.

In figure | we show the CP asymmetries that are based on the triple products
(Pw-PcPt), (Pw-PcPs), (Pw-pPspt) and (py-p+Py) as a function of ¢4, for scenario A
given in table f. The momentum vector py - involved in the triple products is that of the
W boson stemming from the decay x; — W~ %). The largest asymmetry Ay -, attains its
maximum value of about 6% at ¢4, = 0.5m. For the theoretical estimate of the number of
scalar bottoms necessary to observe this asymmetry we replace Zz:e, " BR(x; — 6;17)2(1))
by BR(x{ — W=x9) - >y BRW™ — qq') = 4.8% in eq. ([.2). We then obtain that
1.1 - 10 scalar bottoms are required for a 3-o evidence.

In figure fj the CP asymmetries for scenario B of table ] are displayed. In this case the
decay Y; — W) is kinematically not accessible. We plot the CP asymmetries for the
decay chains x; — ¢, 7 — £{vx) and x| — lz_%ﬂ — U5 XY as a function of ¢4,. For the
branching ratios we obtain BR(b; — tx;) = 7.2%, dt—ep BRIXT — 07 vxY) = 54.3% and
dt—ep BRIXT — 05 vXY) = 12.4% in scenario B. Figure fj(a) shows the CP asymmetries
which are based on the triple products given in eq. (B.3). The largest asymmetry results
from the triple product (pz; pyp:) where the lepton ¢; originates from the first step of
the decay chain x] — ({7 — El_ﬁ)z(f, and its maximum value is of about 15%. For its
measurement (at 3-0) 16 - 10* scalar bottoms are required. The CP asymmetry that is
based on (pg2_ PypP:), where the lepton ¢, comes from the decay chain y; — Z}}D — Uy %
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Figure 3: CP asymmetries A;j;r that are based on the triple products (a) (pl;pbpt), (b)
(pzi—pﬁpb), (c) (pé;pcpt) and (d) (pé;pcps) for the decays by — txy, t — blTv(bcs) and
X1 — ¢; 7XY, as a function of ¢4,. The lepton ¢ (¢5) stems from the decay Y7 — €77 — €7 X}
Xy — EET/ — 05 7XY}). The corresponding asymmetries are shown as dashed lines (dotted lines).
The solid lines represent the combined asymmetries in eq. (@) The MSSM parameters are for
scenario B of table .

is phase space suppressed. Due to the large branching ratio of y; — Efl?f(? the combined
asymmetry, eq. (B.5), is about 12%, therefore 1.9 - 10* scalar bottoms would be necessary
for a measurement at the 3-o level. In figure fJ(b) we plot the CP asymmetries that are
based on the triple products defined in eq. (B.3). The largest asymmetry Afl_ 1+p Teaches its
maximum value of about 13% at ¢4, = 1.5m. Figure fj(c) shows the CP asymmetry formed
with the triple products (pq Pcpt). As expected, the asymmetry Az;ct is the largest and
its maximum value is of about 36%. In this case 5.5 - 10 scalar bottoms are necessary for
a measurement of Ag; .+ at the 3-0 level. The CP asymmetry, where it is not necessary
to distinguish from which x| decay chain the lepton originates, reaches a maximum of
about 30%. In this case the production of 6.7- 103 scalar bottoms is necessary to probe the
asymmetry Ay-., at 3-o. In figure fJ(d) the CP asymmetries that are based on the triple
products (pgi— pcPs) are displayed. The maximum of Agl—cs is about 9%, which means that
1.1-10° scalar bottoms are necessary to determine (at 3-0) that the asymmetry is non-zero.

Figure [] shows the contours of the combined asymmetry A,- ., eq. (B.5), in the Gu=Pa,
plane. The slepton masses are m; = 140 GeV and mg, = 110 GeV, tan § = 10 and the

,15,



¢’u/7r

Figure 4: Contours in the ¢,-¢4, plane of the combined asymmetry, eq. (@), which is based on
(pe-pPept). We take m;, = 140GeV, m; = 110GeV and tan § = 10, the other parameters are as
in scenario B of table m

other parameters are as given as in scenario B of table [Il. For the scenario chosen, the first
term of eq. ([L.1]) is small compared to the second term because cos f; < sin 6;. Hence, the
behavior of the asymmetry is given by the second term of eq. ({.1]), which is small in the
bu-d 4, plane where ¢, + ¢4, ~ 0,7 because there ¢; — arg[U,V}5] ~ 0,7 resulting in a
cancellation of the two terms in eq. (.1). For CP phases of ¢, ~ 0.8 and ¢4, ~ 0.67 the
asymmetry reaches its maximum of about 11%.

5. Summary

We have proposed various T-odd asymmetries in the decay by, — X5 which are based
on triple product correlations that involve the polarization vectors of ¢ and X; - The
distributions of their decay products depend on the polarizations of ¢ and X; - For the
Xj decay into a leptonic final state £~7x} we have considered the three possible decay
chains X; — 00— 7o, X; — Z; — £~ox) and X; — W=xY — £=vx). We have also
considered the 2-body decay X; — WX, where the W boson decays hadronically. The
proposed T-odd asymmetries are proportional to the product of left- and right-couplings
t Bmf(;; and are non-vanishing due to non-zero phases ¢, and/or ¢4,. Since scalar bottom
mixing can be large these asymmetries will allow us to determine the CP violating phase
¢4,, which is not easily accessible otherwise. We have also pointed out that true CP
violating asymmetries can be obtained by summing the T-odd asymmetries that arise in
the decays by, — X; t and b, — )ij. In this case an identification of the charges of the
involved particles is not necessary.

In a numerical study we have presented results of these asymmetries for the decay

by — tx; . The asymmetry Agl_ which is based on the triple product (pgl_ PcPt), is the

ct?

,16,



largest one and its magnitude can be of the order 40%. We have also defined the asymmetry
Ay, eq. (B.H)), which is based on (py,-pep:), and where it is not necessary to distinguish
between the different leptonic x; decay chains. We have found that this asymmetry can go
up to 30%. By making a theoretical estimate of the number of by necessary to observe the
T-odd asymmetries we have found that a b; production rate of 0O(10%) will be necessary to
observe some of the proposed asymmetries, which should be possible at the LHC or at a
future linear collider.
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A. Scalar bottom masses and mixing

The left-right mixing of the scalar bottoms is described by a hermitian 2 x 2 mass matrix
which in the basis (by, bg) reads

2 —idg| M2 b

b A My, eIV br

L = _(bL’ bR) ” ) ) ~ 5 (Al)
i
€ b|M5LR| MBRR br
where
1 1.
MgLL = M% + (—5 + 3 sin? Oy ) cos 26 m% + mi, (A.2)
1.

]\/_[132RR = Ml% ~3 sin? Oy cos 28 m% + m?, (A.3)
MBZRL = (MBQLR)* = myp(Ap — p* tan 3), (A.4)
¢y = arg[Ap, — p* tan ], (A.5)

where tan 3 = v9/v; with v1(v2) being the vacuum expectation value of the Higgs field
HY(HY), my is the mass of the bottom quark and Oy is the weak mixing angle, p is the
Higgs-higgsino mass parameter and MQ, My, Ay are the soft SUSY-breaking parameters

- - - . T
of the scalar bottom system. The mass eigenstates b; are (by,be) = (br,,bg)R® with

) €% cos 95 sin 95
Rb = , (A.6)
—sin 6 e~ cos 07

with
) | s,
cos 0 = \/‘M? o (Trj; — )2, sin 0 = \/’M2 > _L,_L(mg _1M2 )2, (A.7)
brr by brLr bLr b1 brr,
The mass eigenvalues are
m, =5 (0, 02 )7 JOR IR PREP). ()
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B. Lagrangian and couplings

The parts of the Lagrangian, necessary to calculate the decay rates of by, — X;t with the
subsequent decays X; — Xy are

Ligg+ = gl (K P+ 15 Pr)X 7 + hoc. (B.2)
ACVZX_F =g lﬁj vy Pp )Zj_ gn +h.c., (B.3)
Lyy—g+30 = 9W, X" (OF; PL + OfS PR)X +hec. (B.4)
Lyigo = 9L (any, Pr+ by PL) X0 by + e, (B.5)
Lopzo =g FixZePRYG 7o+ hec. (B.6)
where the couplings are defined as
P = RV U + Y, RELU; K= Rb Y,V B.7
mj m1Yj1 + Yo pmaUja mj ml L+t V52, ( )
=V, K =Yl (B.3)
any = Ro ik + Rishy bk = Roihis + Ruo f i (B.9)
fé = L<N + tan Oy IV, )
Lk = 5 k2 wiVE1L |,
Frie = —V2tan 6w Njy |
W = (hpg)* = —YiNgs,
1
v — —(tan Oy N, —N), B.10
ITk \/5< wNk1 — Ni2 (B.10)
1L, = —RUj + YiRGUjs, (B.11)
1 1
L _ * R _ . )
Op; = _%NMVJE + N2Vii, O = ENI:SUJ? + Ni2Ujt s (B.12)

where in the above equations U and V' are the unitary 2 x 2 mixing matrices that di-
agonalize the chargino mass matrix M¢, U*McV ™1 = diag(my,,my,), Nij is the com-
plex unitary 4 x 4 matrix which diagonalizes the neutral gaugino-higgsino mass matrix
Yop, NigYapNig = mx?éik, in the basis (B,Wg, fl?,ﬁg) [B], Rf is the mixing ma-
trix in the slepton sector (see for instance [§]) and the Yukawa couplings are given by
Y; = my/(V2myysin 8),Y;, = my/(vV2myy cos B) and Yy = my/(v/2myy cos 3), with mys
being the mass of the W boson.

C. Phase space and kinematics

We will work in the rest frame of b, and we fix the coordinate system so that the chargino
momentum p,; points along the Z-axis.
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Phase space element of the decay by, — X;t:

12 2,2
|pt| )‘Q(mg 7mt7mxj)
dd; = = m C1
bm drmy, [ 2mg, ’ (C.1)
where \(z,y,2) = 2% + y? + 22 — 2(2y + 22 + y2).
Phase space elements of the top decays :
The phase space element of the top decay t — bW T is given as
E2 40 2 _ 0,2
o= b b B = _My Ty (C.2)
2(mi —myi,) (2) 2(E: + |ptl e)
The phase space element of the top decay t — bl™v reads
1
dd} = — dot dd C.3

where we used the narrow width approximation for the W boson propagator. d®y is the
phase space element for W+ — [Ty

E? 4 m2
=55 oo D= )
2my, (2m) 2[E; + [peler — Ep(1 — )]

ddy (C.4)
where ¢, = cos 0y, ¢; = cos ) and ¢ = cos Oy, with 6y being the angle between p, and py,
and d€);, = sin 0,d0ydey, etc.

Phase space element for X; decay via ¥ exchange ([I.3):

The phase space element of the decay X; — 07U reads

2 2 _ 2
d®), = 2Efl > ng , Ey = T~ (C.5)
! 2(mxj - m;}) (27T) Q(EXJ' - ‘pXj‘ Cl)
where ¢; = cosby,.
Phase space elements for X; decay via ¢ exchange (4):
The phase space element of the decay X; — Z,j v is given by
E? do m?2 . —m?2
d‘p2. = v z 5 EV = X L ) (06)
X3 Q(mij - m%) (2m)? Q(EXJ- - ‘pxg-‘ )

where ¢, = cos0,. For the subsequent decay gfl — )2?65 the phase space element reads

E Ao mi —m3g
4 4 ¢ X
W sz G T A e ) 0
i X0 ¢ — 1Pl iy,

where ¢, = cos 0@2 being the angle between p; and py,.
Phase space elements for Xj decay via W boson exchange ([[.§):
The phase space element of the decay X; =W~ 1 is given by

by |2 dQw
(d®3 )" = v

= , (C.8)
4|E§/ Py, | cos by — By, |p§/|| (2m)?
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with
+
Py | = [(mij +mZ, — mi?)|pxj|cos Ow)

£ By /A3, iy mi2y) = 4lpy 2 mi, (1— cos? aw)}

-1
[QIpXj 12(1 — cos? Oy ) + Qmij)] . (C.9)

X

2 M2 2
)\(mxj ,mW,mX(l))

There are two solutions ]pﬁ,] in the case ]pg](j\ < |py, |, where \pgj] = is

2mwyy
the chargino momentum if the W boson is produced at rest. The W decay angle 6y is

constrained in that case and the maximal angle ;7 is given as

1
0 —A2(m2 . m3,m2,)
Py . m w 0
sin O = L N U Y (C.10)
Pyl mw )\E(m%,mij,m%)

If ]pg](j] > |py,|, the decay angle Oy is not constrained and there is only the physical
solution |pi|.

For the subsequent decay of the W boson, W~ — /5 v, the phase space element is
analogous to the one given in (IC.4) and reads

2
My

2
d@%}[] _ EZS dQZS = i i 5
2(EW - ‘PW‘ Cosw)

©2md, (2m)?

Ey,

(C.11)
where ¢,y = cos 0g,y being the angle between py, and pw .
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