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Abstract

We discuss pair production and decays of stops, sbottoms, 7-sneutrinos,
and staus in eTe™ annihilation in the energy range /s = 500 GeV to 2 TeV.
Numerical predictions within the Minimal Supersymmetric Standard Model
(MSSM) for cross sections and decay rates are presented. We study the stop
discovery potential for /s = 500 GeV and 10 fb™! integrated luminosity for
polarized e~ beams. Moreover, we give an estimate of the error of the soft—
breaking stop and sbottom parameters that can be obtained by cross section
measurements with polarized e~ beams.
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1 Introduction

If nature is supersymmetric at the weak interaction scale, the masses of the supersym-
metric (SUSY) particles are expected to be lower than approximately 1 TeV [l 2.
The weakly interacting SUSY particles are then within the reach of an ete™ linear
collider with a center—of-mass energy between 500 GeV and 2 TeV. An ete™ linear
collider in this energy range will not only be a discovery machine for SUSY particles
[B, 4, 8], but will also allow detailed measurements of the underlying SUSY parame-
ters [6, T, 8, B]. The experimental search of SUSY particles which are relatively light
will be particularly important. The lighter scalar top quark £y, the SUSY partner of
the top quark, and for tan 3> 10 also the sbottom b; or the stau 7, may even be
the lightest visible SUSY particle [0, 11, 12, 13]. The reason is that the Yukawa
interactions reduce the soft SUSY breaking masses of the left and right sfermions,
fr, and fr, of the 37 generation, compared to those of the 1 and 2"¢ generation
[12, 15], and also induce a mixing which may make one mass—eigenstate rather light.
The production cross sections and the decay rates, and thus the discovery reach of
these sfermions show a distinct dependence on the f;—fr mixing angles [, 16]. If the
gluino is heavier than #; and by the most important decay modes of these squarks are
those into quarks and neutralinos or charginos.

We present results for the production of stops, shottoms, 7-sneutrinos, and staus
in ete™ annihilation at energies between /s = 500 GeV and 2 TeV. We also dis-
cuss in detail the decays of these particles. Furthermore, we present an example for
signal selection and background rejection for stop production at /s = 500 GeV and
L =10 fb7!. In addition, we investigate the possibility of determining the masses
and mixing angle of stops. If SUSY particles are experimentally discovered, the mea-
surement of their properties will be the most important step further. Polarization of
the e~ beam plays an important role. As we will show, from measurements of the
production cross sections with polarized ¢~ beams we can determine the masses and
mixing angles of the stops and sbottoms and in turn the underlying soft SUSY break-
ing parameters with good precision. Knowing the latter we will be able to test the
theoretical hypotheses about the SUSY breaking mechanism.

We perform our calculations in the framework of the Minimal Supersymmetric

Standard Model (MSSM) [1i, 2]. This contains the Standard Model (SM) particles,
sleptons (%, sneutrmos Dy, squarks ¢, gluinos §, two pairs of charginos Y, 1 = 1,2, four
neutrahnos XYk =1,....4, and five Higgs particles h°, H° A° HZ* [1, 2, :_1_7:] The
phenomenology of stops, sbottoms, staus, and 7-sneutrinos, and their decay products
is determined by the following parameters:

- the soft-breaking parameters My, Mg, My, My, Mp, A;, Ay, Ay, which determine
the mass matrices of the stau, stop, and sbottom systems, and the mass of the
T-sneutrino,

- the (soft-breaking) SU(2) and U(1) gaugino masses M and M’,



- the higgsino mass parameter p, and tan 3 = vy /vy (where vy and vy are the vacuum
expectation values of the neutral members of the two Higgs doublets).

We assume the GUT relations M'/M = 2tan®? Oy = 0.5, and mz/M = a,/a; = 3,
where mj is the gluino mass. Furthermore, we assume that the ! is the lightest SUSY
particle (LSP).

The lower model independent mass bound for stops obtained at LEP1 is 45 GeV
[1§]. Stronger limits up to 65 GeV are reported from the data taking at LEP1.5 at
130-161 GeV [19]. The D@ experiment at the TEVATRON excludes the mass range
40 GeV £ m; < 100 GeV for the stop, if the mass difference m; —mygo 2 30 GeV [20].

In Section 2 we shortly review the basic facts about L-R mixing of stops, sbottoms,
and staus. We also present numerical results for the production cross sections of
stops, shottoms, 7-sneutrinos, and staus for unpolarized and polarized e~ beams.
In Section 3 we describe the decays of stops, sbottoms, 7-sneutrinos, and staus and
present numerical results for the most important branching ratios. We also list the
signatures which are expected to be relevant at /s = 500 GeV. In Section 4 we
describe an event generator for {1 {1 production and decay. In Section 5 experimental
sensitivities are determined based on Monte Carlo simulations. In Section 6 we give
an estimate of the experimental error to be expected for stop and shottom masses and
the stop mixing angle, as well as for the soft SUSY breaking parameters. Section 7
gives a summary.

2 Cross Sections for Pair Production of Stops,
Sbottoms, 7-Sneutrinos, and Staus

2.1 Left-Right Sfermion Mixing

The SUSY partners of the SM fermions with left and right helicity are the left and
right sfermions. In the case of stop, sbottom, and stau the left and right states are in
general mixed. In the (fr, fr) basis the mass matrix is [0, 17]

m2~ afmf
M; = ( agm; m? ) (L
frvf fn
with
m?;L = Mfﬁ + mQZ cos Zﬂ(T? — ey sin® Ow) + m?f, (2)
m?;R = M%, + emeZ cos 2(3 sin? Oy + mfc, (3)
a;=A;—pcot B, ay = Ay — ptan 8, a, = A, — ptan 3, (4)

where ¢y and T})’ are the charge and the third component of the weak isospin of the
sfermion f, My = Mg for fr =1, b, My = M; for fr = 71, Mg = Mg, Mp, Mg
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for fr = g, b, 7r, respectively, and my is the mass of the corresponding fermion.
From renormalization group equations [15] one expects that due to the Yukawa in-
teractions the soft SUSY breaking masses My, My, Mp, My, and My of the 3rd
generation sfermions are smaller than those of the 1“ and Z”d generatlon Evidently,
t1-tr mixing can be important because of the large top quark mass. For sbottoms
and staus L-R mlxmg can be important if tan 3 2 10. The mass eigenvalues for the
sfermions f = t b, T are

2 2 2
my = % (me + m; F \/(mj;L — m?;R)2 + 4m§a§) (5)

where {1, b; and 7; denote the lighter eigenstates. The mixing angles 0 are given by

—arm 2 —mi
2 L 27 sinﬁf: 2 - 2 zfl 2,2 (6)
\/(mf —m ) —I—afm \/(me—mfl) + atm}

Hence, in the convention used we have |cos 07| > \/— if mj <mj_ and |cos 0l <
itm;, <mj .

CoS GJ; =

The mass of the T-sneutrino is

m?;T = Mf% + %mQZ cos2(3. (7)
The inversions of egs. (2) to (7) are

Mé = mé sin? 0; + m%l cos® 0; — m% cos 23 (% — Zsin? QW) —m? (8)

ME = mi sin® 0; + m? cos®0; — 2m7 cos 23 sin® Oy — m; (9)

Mé = mgz) sin® 0; + mgl cos? ; + mQZ cos 23 (% — %sim2 QW) — mg (10)

Ml% — mgl sin? ; + mgz) cos? ; + % mQZ cos 23 sin® Oy — mg (11)

M? = mi sin® 0z + m cos® 0z + mj cos 23 (% — sin’ QW) —m? (12)

M% = m% sin? 6 + m% cos® 0z + m7 cos 23 sin® Oy — m? (13)

Mf% = m?;T — %mZZ cos 203 (14)

agmys = (m?;l —m?;z))sin@fcos 07 (15)

The soft-breaking parameter My enters the equations of m;, and mj . Therefore eqs.
(8) and (10) imply the following condition (at tree-level):

2 2 2y 2 . 2p 2 s2p 2 2 2 2
myy cos 23 = mj sin” 0; + mj cos”0; — m; sin” ) —m; cos® 0y —my +m;.  (16)

This condition shows that if tan # and five of the six measurable parameters
m;,,mg,, cos® by, my ,my, , and cos? 0; are known, the sixth can be predicted. An anal-
ogous condition holds for M; in the slepton sector due to eqgs. (12) and (i4). Further-
more, from eqs. (§) and (15) one can see that, in the convention used, a; and cos 07
have opposite signs.



2.2 Cross Sections for ete™ — f, j_?,

The reaction ete™ — ﬁﬁ proceeds via vy and Z exchange. The tree—level cross section
at a center-of-mass energy /s is given by [21}, 22, 10]:

2N, vital)vt
O_tree — T C 63 Q?f‘l’ ( - )4 fa 82
3s 16 sy ey

Qyvevy, , 1

—— 2 s(s—m 17

R 20 N ey v B
where s3, = 1 — ¢}, = sin? Oy, v. = 2sin® Oy — %, and a. = —%. N¢ is a colour

factor which is 3 for squarks and 1 for sleptons. The tree—level cross section has
the typical 3% kinematic suppression where 3 = (1 — 4m§~‘/5)1/2 is the velocity of

the outgoing scalar particles. The Z coupling to f;f; is proportional vy with vy =
2 (I3 cos? 07 — Q sin® Oy ), v, =2 (I} sin? 0; — Qy sin® Oy ), where I and Qg are the
third component of the weak isospin and the charge of the fermion f (Q. = —1). This
coupling vanishes at the mixing angles cos? 07 =0.31,0.16, and 0.46 for i1, by, and 7,
respectively. Note that the sign of cos §; cannot be determined from the cross section
(17), as this depends only on cos? 0;.

The interference between the v and Z exchange contributions leads to a character-
istic minimum of the cross sections for ete™ — f;f; which occurs at a specific value
of the mixing angles 6 given by

€087 07| in = % sin? O [l + (1 — s/m%) F(sin® Oy )] (18)
f

where F'(sin® 0y ) = cos? Oy (L. + R.)/(L? + R*) ~ —0.22, F(sin® Oy ) = cos® Oy /L. =~
—2.9, and F(sin®Oy) = cos? Oy / R. =~ 3.3, for unpolarized, left— and right-polarized
e~ beams, respectively, with L, = —% + sin? Oy and R. = sin? . For polarized
e~ beams the dependence on the mixing angles is much more pronounced than for
unpolarized beams. The corresponding minimum of the ete™ — f2fz cross sections
occurs at 1 — cos? 9f|mm-

In the calculations of the cross sections we have also included SUSY-QCD cor-
rections taking the formulae of [23] (see also [2I, Y4, Y5]) with as(Mz) = 0.12,
my = 175 GeV, and corrections due to initial state radiation [26].

Figure 1a shows contour lines of the total efe™ — {111 cross section in the
mg, — cos0; plane for /s = 500 GeV and unpolarized beams. For the calculation
of the SUSY-QCD radiative corrections we have assumed mj, = mj; = 300 GeV. Sig-
nificantly above the threshold there is a clear dependence on cos §;. Figure 1 b shows
the cos f; dependence of the ete™ — #,#; cross section for left— and right—polarized

as well as for unpolarized e~ beams for \/s = 500 GeV and m; = 180 GeV. For
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both left— and right—polarized e~ beams the cross sections depend strongly on the
mixing angle. It is important to note that this dependence is opposite for left and
right polarization. Therefore, experiments with polarized e~ beams will allow a more
precise determination of the mass m; and the mixing angle ;.

Figure 2a shows contour lines of the total cross section of ete™ — oty in the
mj, —cos’ 0 plane at /s = 2 TeV. The cos 0; dependence of this cross section at /s =
2 TeV for left— and right—polarized and unpolarized e~ beams is shown in Fig. 2b for
m;, = 700 GeV. Again, the cos 0; dependence is much stronger for polarized than for

unpolarized beams, however, the behavior is opposite to that of eTe™ — #;4;. For the
calculation of the SUSY-QCD radiative corrections we assumed m; = 300 GeV and
m; = 700 GeV.

We shall discuss in Section 6 how experimental data on cross sections with left—
and right—polarized beams would allow to determine masses and mixing angles, and
then give information on soft SUSY breaking parameters. -

Figure 3 a shows the contour plot of the total cross section of ete™ — ?)1?)1 in the
mj, — cos U plane at /s = 500 GeV for unpolarized beams. For a polarized e~ beam
the cos 0; dependence of the cross sections is much stronger, as shown in Fig. 3b for
mz, = 180 GeV and /s = 500 GeV.

Contour lines for the cross section of ete™ — 717y in the m; — cos#; plane
at /s = 500 GeV are shown in Fig. 4a. Figure 4b shows the cross section for
polarized and unpolarized e~ beams as a function of cos8; for mz; = 180 GeV and
Vs = 500 GeV. For both beam polarizations these cross sections again exhibit a
strong dependence on the mixing angle.

Figure 5 shows the mj; dependence of the cross section for ete™ — p.1, for
unpolarized as well as left— and right—polarized e~ beams. Since the 7. is not mixed,
the polarization dependence is entirely due to the different Zete™ couplings.

The /s dependence of the eTe™ — 1,1, cross section is shown in Fig. 6 for mi, =

180 GeV and cosf; = 0.7. The effect of SUSY-QCD corrections for ete™ — 111y
from gluon and gluino exchange as well as the initial state radiation correction as
a function of /s is demonstrated in Fig. 7, for cos0; = 0.7, m; = 180 GeV, and
m;, = my = 300 GeV. Note that at high energies the gluino exchange contribution
has the opposite sign of the gluon exchange contribution, and the absolute values are
increasing with /s. The effects are similar for ete™ — ?)1 ?)1. A detailed discussion of
SUSY-QCD corrections is given in [23]. The effect due to initial state radiation turns

out to be of the order of 10 %. The sum of all corrections can well exceed 10%.



3 Decays of Stop, Sbottom, 7-Sneutrino, and Stau

The sfermions of the third generation can have the weak decays (i, 5 = 1,2; k =

1...,4)

2

L= tXg, 0T (19)
by — bXY, X (20)
o= TN VT)N(;I_ (21)
Vo= UXpe TN (22)

Owing to the Yukawa terms and the L-R mixing the decay patterns of stops, sbottoms,
and staus will be different from those of the sfermions of the first two generations
[27, 28]. Stops and sbhottoms can also have the strong decays

ii—=tg,  bi—bg. (23)

They are dominant if they are kinematically allowed. Otherwise, the lighter squark
mass eigenstates decay mostly according to (19) and (20). Moreover, in case of strong
L-R mixing the splitting between the two mass eigenstates may be so large that the
following additional decay modes are present [i13]:

Iy = LZ(h° H° A%, bWt (HY), (24)
by — by Z(K°, H®, A%, LW~ (H™), (25)
7~'2 — 7~'1 Z7 lN/TW_. (26)

If the #; is the lightest charged SUSY particle and m o +my+rmw < my < mgo+my,
the decay #; — bWT Y can be dominant [29], 0therw1se the higher— order decay
1, — ¢\ dominates [22]. In the case that m; < my, also {1 — br, 7 and in case
that m; < mj;, also 1= brt o, might be important.

Figure 8a and 8 b show the parameter domains in the M — u plane for the decays
of 11 and by, eqs. (19) and (20), taking mz = 180 GeV, tan 3 = 2, and m; = 180 GeV,
tan 3 = 30. In region (a) only the decay #; — c? is allowed, whereas in region (b)
t; — exVand #; — b WYY are possible. In the small stripe of region (c) also #; — ¢ Y9
is possible. In region (d) the decay #; — bx{ has practically 100% branching ratio.
This is further illustrated in Fig. 9 a where we plot the branching ratios for #; decays
as a function of M for p = —500 GeV, m; = 180 GeV, tan 8 = 2, and cos0; = 0.7.
The parameter domains for the 77 decays into neutralinos are almost identical to
those of the corresponding by decays, if the masses of 7; and b; are equal.

Figure 9b shows the branching ratios for by decays as a function of M for my =
180 GeV, tan 3 = 30, cosd; = 0.7, and ¢ = —500 GeV. Figure 10a and 10b show
the branching ratios for b and 7, decays as a function of M for p = —130 GeV
and m; = mz = 180 GeV, tan 8 = 30, cos j = cos > = 0.7. Similarly, Figure 10 ¢



shows the branching ratios for v, decays taking m; = 180 GeV, tan 3 = 2, and
p = —130 GeV. The LSP decays of by and 7, are about 60% and 40%, respectively.
The branching ratio for the visible decays of the v, is between 40% and 90%.

The decay patterns of the heavier sfermion mass—eigenstates can be quite com-

plicated, because all the decay modes of eqs. (19) to (28) can occur. We calculate
the different decay widths with the formulae of Refs. [I3, 16, 29]. Figure 11a and
11b show the branching ratios for 7, decays as a function of M for m;, = 700 GeV,
taking tan 7 =2, p = —1000 GeV, m4 =150 GeV, M5 =607 GeV, My = 360 GeV,
My = 850 GeV, and A; = 500 GeV. The masses and mixing parameters of the
other particles involved then are m; = 258 GeV, cos; = —0.468, m; = 608 GeV,
mj, = 851 GeV, cos by = —0.999, mpo = 98 GeV, mpyo = 165 GeV, mpy+ = 169 GeV,
cosa = 0.535. We have included radiative corrections to the Higgs masses and the
Higgs mixing angle according to [3U]. For M < 200 GeV the decay #, — t§ dominates,
whereas for M > 200 GeV the decay 1, — Z#; has the largest branching fraction. It is
interesting to note that in this case the decays ty — A4y and ty, — H° 1y have larger
branching ratios than the decay into bY; which is the most important decay mode
of ;.
Figure 12a and 12b show the branching ratios of the by decays for my, = 700 GeV,
tan 8 = 30, p = —1000 GeV, my = 150 GeV, Mz = 637 GeV, My = 320 GeV, Mp =
450 GeV, and A; = 500 GeV. The masses and mixing parameters of the other particles
involved then are mj = 350 GeV, cos 0 = —0.469, m; = 324 GeV, m;, = 678 GeV,
cost; = —0.273, mjo = 118 GeV, myo = 146 GeV, my+ = 176 GeV, and cosa =
0.998. In this example the transition by — [~ #; is dominant for M =200 GeV, and
?)2 — 7 ?)1 and 52 — W~ t; have larger branching ratios than ?)2 —txX] or ?)2 — b)N(%Q.
The branching ratios for the decays of the sleptons 7, and 7, are shown in Figs. 13
a, b, and Figs. 14 a, b, for mz, = 700 GeV and m;_ = 687 GeV, respectively, taking
tan 8 = 30, p = —1000 GeV, my = 150 GeV, M; = 690 GeV, Mz = 490 GeV, and
A; =500 GeV. The mass of the lighter stau then is msz = 480 GeV, and the mixing
angle is cos 0z = —0.213. The Higgs boson masses are the same as in Fig. 12. In these
examples, the 75 and 7, decays into charginos and neutralinos have large branching
ratios, and the decays 7, — v Y] and 7, — 7Y7 dominate. The decay 7, — Z 7
has a branching ratio of 5% to 10%, and #, — 7 Y{ has a branching ratio of 35% to
55%. It is interesting to note that in this example the branching ratio of the invisible
decays mode 7, — v, YV is always less then about 18%.

Quite generally, the decay widths of the #;, ?)Z', and 7; decays into neutralinos and
charginos, eq. (1Y) to (21}), depend also on the sign of cosf;. It may therefore be
possible to determine the sign of the mixing angle by studying these decays.

Table 1 lists the most important signatures for #;, by, vz, and 7 for Vs =500 GeV.
If the decays £; — bX{ or 71 — v, X occur, the YT will most probably be discovered
first and thus its mass and couplings will be known. The decay #; — b W7 ¥ leads to
the same final states as {; — bY7 (provided Y — HT YV is not allowed). The decay
v, — vX} is invisible. Thus, one-sided events can occur where one 7, decays invisibly



and the other one decays visibly into one of the final states given in table 1.

Channel Signatures

ty = bxT L bjet + 10T 4 pp, 1 b-jet + 2 jets + Py
1y — cx) L jet + py

by — byY L b-jet + py

by = bX9 | 1b-jet + €T~ 4 pp, 1 bjet + 2 jets + po.
L= TXY T+ pr

L — T X9 TH AT+ P, T+ 2 Jets + Pp

T =Xy | T+ Py, 2 jets + Py

Uy = TNT | T AT pe T+ 2 Jets + Py

Uy = UXYy (0™ 4 pp, 2 jets + ppy v + Pr

Table 1: Expected signatures for fy, ?)1, vy, and 7; production for
Vs = 500 GeV. Owing to pair production all combinations
of the corresponding signatures may occur.

4 Stop Event Generation

In this section we describe the event generator for ete™ — #11; with the stop decay
modes 1, — ¢\! and #; — byT. The chargino decays via v — W+HyY, where W+
can be either virtual or real. The event generator is based on the calculation of
the 4-momenta distributions of the stop decay products YY¢ y%¢ and Y{b i b. The
large effects of QCD corrections are included in the cross section calculation. Stop
production and decay have been defined as new processes in the PYTHIA program
package [31]. The event generation process includes the modelling of hadronic final
states.

In the first step of the event generation, initial state photons are emitted using
the program package REMT [31] which takes into account the expected stop cross
section from zero to the nominal center-of-mass energy. Beamstrahlung photons are
generated using the beam parameters of the NLC 1992 design. The effective center-of-
mass energy is calculated for the initial production of the 4-momenta of the final-state
particles. These 4-momenta are then boosted to the lab-frame according to the mo-
mentum of the emitted photons. For the hadronization process of the ¢ in the y{¢ y{¢
and of the bb in the Y7b Y7b decay mode, a color string with invariant mass of the
quark-antiquark-system is defined. The possible gluon emission and hadronization
are performed using the Lund model of string fragmentation with the PYTHIA pro-
gram package [BI]. The Peterson et al. [32] fragmentation parameters for the ¢- and
b-quarks are used: €. = 0.03 and ¢, = 0.0035. Finally, short-lived particles decay into
their observable final state. Details of the event generator are given in [B3].



5 Simulation and Selection

The investigated background reactions and their cross sections are shown in Fig. 15.
They are simulated for £ = 10 fb™", and 1000 signal events are simulated in the ycx{e
and YFbvyb decay channels. The L3 detector at CERN including the upgrades for
LEP2 served as an example for an eTe™ 500 GeV detector. Details of the parametric
detector simulation are given in [34]. An important feature is the overall hadronic
energy resolution of about 7%.

In both channels, the ¥{’s escape the detector and cause large missing energy. In
the case of YYcx{c, the c-quarks form mostly two acoplanar jets. A mass combination
of M; = 180 GeV and myg = 100 GeV is investigated in detail. For XTbyib on
average the visible energy is larger. In this channel, the mass combination M; =
180 GeV, m._ o= = 150 GeV, and myo = 60 GeV has been studied. Typically four jets
are formed two from the b- quarks and two from the boosted W's.

In the first step of the event selection, unbalanced hadronic events are selected
using the following selection requirements:

25 < hadronic clusters < 110, 0.2 < Eys/v/3 < 0.7,
E"™/Eye < 0.5, Thrust < 0.95, | cos fnest] < 0.7 .

Channel exle [ x7bxib| qq | WW | eWr | tt | Z7 | eeZ
Total (in 1000) 1 1 125 70 50 71 6 | 60
After preselection (in 1000) 0.4 0.7 .71 22 | 32 | 1.3/02]03

Table 2: Expected events per 10 fb™! at /s = 500 GeV, and number of

events after the preselection as defined in the text.

A large part of the background of back-to-back events without missing energy is re-
jected. Table ¥ shows the number of initially produced events per £ = 10 fb™! at
/s = 500 GeV, and the number of events which pass this preselection. The require-

ment of a large number of hadronic clusters removes et

e”, ptu~, and most of the
7777 events. The minimum energy cut reduces most of the vy events and ensures
almost 100% trigger efficiency. The background from v events can, in addition, be
strongly reduced by rejecting events where a scattered initial electron is detected at
low angles. The upper energy cut reduces all standard background reactions. Beam
gas events and events where much energy goes undetected along the beam axis are
removed by rejection of events with very large parallel imbalance. The thrust cut
removes remaining 777~ events and reduces largely ¢qg and Z°Z° background. The
€08 Opst cut removes events where most probably much energy escapes undetected
along the beam axis.
The final Y{cxic event selection is summarized in Table 8. The following cuts are
applied:
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A hard upper energy cut reduces all standard background except eWwv (Fig. 16).
Jets are clustered using the JADE algorithm. The y-cut value is optimized to
obtain two jets for the signal.

Semileptonic decays of the top quark can induce missing energy. These events
are partly removed by requiring no isolated electron or muon.

Events with large longitudinal energy imbalance are removed where probably
much energy escapes undetected along the beam axis.

The invariant mass of the two jets is required to be larger than 120 GeV to
remove almost entirely eW v events (Fig. 17).

The acoplanarity angle is defined as the angle between the jets in the plane
perpendicular to the beam axis. A maximum value of 2.9 rad is important to
reduce the remaining background.

The result of this study is 4.3% detection efficiency and 9 background events. A
detection confidence level of 30 (99.73%) is expected for a cross section of 23 fb.
Expected signal and background are shown in Fig. 18.

Invariant mass of jets>120GeV 52 25 12 7

Channel iexle | qq | WW [ eWr | tt 177 | ee?,
Total (in 1000) 1 125 70 50 7 6 | 60
After Preselection 391 1652 | 2163 | 3185 | 1259 | 182 | 318
FEyis/\/s <04 332 202 | 285 | 3032 | 70 4 98
Njet =2 293 172 | 182 | 2892 | 17 3 72
No isolated e or p 218 152 | 98 | 2757 3
EﬁMb/Em < 0.3 185 101 | 70 | 2049 2
0
0

— | —| Ot Ot
OO =] ©

Acoplanarity < 2.9rad 43 0 5 3

Table 3: Final event selection cuts, expected signal efficiencies, and the
number of expected background events. Bold face numbers
indicate major background reductions.

The final Y{bYb event selection is summarized in Table #. Here the cuts are:

A hard lower energy cut reduces most of the eWr background.

Topologies with back-to-back jets are reduced by an upper cut on the event
thrust (Fig. 19).

A lower cut on the number of hadronic clusters reduces efficiently low-
multiplicity background final states (Fig. 20).

Jets are clustered using the JADE algorithm. The y-cut value is optimized to
obtain four jets for the signal.

Events with an isolated electron or muon are rejected.

An upper cut on the visible energy reduces ¢g, WTW =, and  background.
Finally, the remaining ¢# background events are reduced by requiring less than
30% perpendicular energy imbalance.
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Concerning the number of b-quarks per event, the decay i by b — WY bW —y0b
leads to the same final states as expected for ¢/ background. Therefore, the tagging
of b-quarks has not proved to be efficient to reduce this background.

The result of this study is 4.5% detection efficiency and 8 background events. A
detection confidence level of 30 (99.73%) is expected for a cross section of 19 fb.
Expected signal and background are shown in Fig. 21.

Channel XToxib | qq | WW | eWr | tt 177 | ee’.
Total (in 1000) 1 125 70 50 7 6 60
After Preselection 695 1652 | 2163 | 3185 | 1259 | 182 | 318
FEyis/\/s > 0.35 610 1494 | 2011 | 337 | 1234 | 178 | 239

Thrust < 0.85 536 326 | 420 24 | 1141 | 69 | 137
Ncluster > 60 399 195 | 134 0 769 | 41 | 3
Njet = 4 211 53 72 0 432 | 22 | 0
No isolated e or 99 41 49 0 105 | 16 | O
Euis/v/s <0.55 57 3 8 0 23 0 0
B By, < 0.3 45 1 3 0 4 0 0

Table 4: Final event selection cuts, expected signal efficiencies, and the
number of expected background events. Bold face numbers
indicate major background reductions.

At a future ete™ collider with /s = 500 GeV, a large discovery potential for scalar
top quarks is already expected within one year of data-taking (£ = 10 fb™'). Detector
performances known from LEP detectors result in good background reduction. Full
hermeticity of the detector is essential.

The confidence levels for discovering a signal are shown in Figs. 22a and 22b for
the x7by7b and xVex%e channels, respectively. Here, the confidence levels are given
in 0 = Nexpected/ 1/ Nbackground- Lhe sensitivity is sufficient to discover a 200 GeV stop

independently of the values of the mixing angle with 3¢ in both Y{c¢ and Y{b decay
modes for the investigated neutralino and chargino mass combinations. A complete
set of mass combinations remains to be studied.

At a later stage, the total luminosity could reach 50 fb™", and the resulting discov-
ery region for a 3 o effect is shown in Fig. 23. An increase of the center—-of-mass en-
ergy would extend the discovery region further as shown in Fig. 24 for /s = 800 GeV
£ = 200 fb™'. Based on experience made in the LEP2 searches [B5] the efficiency
for the simulated mass combination can be extended to a larger mass region for
—mgx > 20 GeV.

mgl

12



6 Determination of Soft—Breaking Parameters —
A Case Study

In this section we want to estimate the experimental accuracies for the stop and
sbottom masses and mixing angles which can be expected from the Monte Carlo
simulation described in the preceding sections. Without beam polarization a possible
way to determine m; and cos0; is using the /s and cos 07 dependence of the unpo-

larized ete™ — 1111 total cross section (see Figs. la and 6). Let us take as reference

point mz = 180 GeV, cos; = 0.57, and /s = 400 GeV and /s = 500 GeV as the

two reference energies. Note that at |cosf; = 0.57| the ete™ — #,#; cross section
has its minimum. The cross sections at this point for these two energy values are
o =182+ 4.1 fb at /s =400 GeV and o = 47.4 £ 5.5 {b at /s = 500 GeV where
the experimental errors follow from the Monte Carlo simulation. Figure 25 shows
the corresponding error bands in the m; — cosf; plane. As can be seen, hardly an
information can be obtained on the mixing angle.

The polarization of the e~ beam offers the possibility of measuring the stermion
masses and especially the mixing angles with much higher accuracy. The cross sections
of efe™ — 1,1, for 90% left— and right-polarized e~ beam at the reference point my =
180 GeV, [cos 03] = 0.57 for \/s = 500 GeV are o7, = 48.6 6.0 {b, o = 46.1+4.9 {b,

where the experimental errors are given by Ao /o = Nsignai [ v/ Nsignat + Noackground
with the number of signal and background events determined as described in the
previous section. Figure 26 shows the correponding error bands and the error ellipse
in the mj — cos 0; plane. The experimental accuracies obtained in this way for the

mass of the lighter stop and the stop mixing angle are

m; = 180 £7 GeV, (27)
cost; = 0.57 £ 0.06. (28)

We treat the sbottom system in an analogous way. Assuming that tan f is not
too large we can neglect left-right mixing in the sbottom sector. In the “Minimal
Supergravity—inspired Model” [35] one expects my, < my, . thus by = by, and by = bg,
i.e. costy = 1. As reference point of the sbottom system we take m; = 200 GeV,
my, = 220 GeV. The cross sections for ete™ — ?)1?)1 with 90% left—polarized e~ beams
and for eTe™ — byby with 90% right-polarized e~ beams then are op(ete™ — 51?)1) =
61.1 £6.4 fb, op(ete™ — ?)2?)2) = 6.0 + 2.6 fb, where the errors are again determined
by our Monte Carlo procedure. The errors for the shottom masses follow as:

m;, = 200+ 4 GeV, (29)
m;, = 220410 GeV. (30)

With these values for mj;, , cos 07, mj , and mj, we can use (16) and obtain the mass
of the heavier stop {, if tan 3 is known from other experiments. Taking, for instance,
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tan § = 2 leads to
my, = 289 £ 15 GeV. (31)

Confirming this value by producing #5f, at higher energies would be an independent
test of the MSSM.

Assuming that also g is known from an other experiment we are now able to
calculate the underlying soft SUSY breaking parameters Mg, My, Mp, A; and A, for
the squarks of the third family according to eqs. (8) to (15). Taking p = —200 GeV,
tan # = 2, and m; = 175 GeV we obtain the following values:

Mg = 195+4GeV, (32)
My = 138 +26 GeV, (33)
My = 2194£10 GeV, (34)
Ay = —2364+38GeV  if cosf; >0, (35)
Ay = 36+38GeV  if cost < 0. (36)

These results have to be compared with those of [B] and [0, where the stop mass
was determined by a kinematical reconstruction of the by{ decay. In [8] a somewhat
higher accuracy was obtained for unmixed squarks because one parameter less is
involved in this case.

7  Summary

In this article we have discussed the production of stop, sbottom, r-sneutrino and
stau pairs in ete” annihilation in the energy range /s = 500 GeV to 2 TeV. We
have presented numerical predictions within the Minimal Supersymmetric Standard
Model for the production cross sections and the decay rates and analyzed their SUSY
parameter dependence. If tan 2 10, not only the top Yukawa terms, but also the
bottom and tau Yukawa terms have important effects. The production cross sections
as well as the decay rates of stops, shottoms and staus depend in a characteristic way
on the mixing angles. -

A Monte Carlo study of ete™ — #1#; at Vs = 500 GeV with the decays 1 —
ex? and 1, — by has been performed for m;, = 180 GeV, my o = 100 GeV, and
mj, = 180 GeV, m, £ = 150 GeV, mgo = 60 GeV, respectlvely A suitable set of
kinematical cuts has been applied to reduce the known background reactions. In
addition, detection regions have been given.

We have also estimated the experimental accuracies for the masses of stops and
sbottoms and the stop mixing angle from measurements of the polarized cross sections.
Furthermore, we have made an estimate of the accuracies which can be obtained for
the soft—breaking SUSY parameters.
te~ collider — especially with a polarized ¢~ beam — is an ideal
machine for detecting and studying the scalar partners of the third generation quarks

In summary, an e

and leptons.

14



Acknowledgements

We thank our colleagues participating at the Workshop “ete™ Collisions at TeV En-
ergies: The Physics Potential” for many useful discussions. This work was supported
by the “Fonds zur Forderung der wissenschaftlichen Forschung” of Austria, project

no. P10843-PHY.

References

[1] H.E. Haber, G.I.. Kane, Phys. Rep. 117 (1985) 75

[2] H. P. Nilles, Phys. Rep. 110 (1984) 1;
R. Barbieri, Riv. Nuov. Cim. 11 (1988) 1;
R. Arnowitt, P. Nath, in Particles and Fields, Proc. of the VII J. A. Swieca Sum-
mer School, Sao Paolo, Brazil, 1993, ed. O. Eboli, V. Rivelles (World Scientific,
Singapore, 1993);
V. Barger, R. J. N. Phillips, in Recent Advances in the Superworld, Proc. of the
International Workshop, Woodlands, Texas, 1993, ed. J. Lopez, D. Nanopoulos
(World Scientific, Singapore, 1994);
Properties of SUSY Particles, ed. L. Ciffarelli, V. Khoze (World Scientific, Sin-
gapore, 1993);
X. Tata, Lectures presented at TASI95, Univ. of Colorado, Boulder, 1995, fiepa

L ___ph/I5I0287

[3] A. Bartl, W. Majerotto, B. Mdsslacher, Proc. of the Workshop “eTe™ Collisions
at 500 GeV: The Physics Potential”, DESY 92-123B, p. 641, ed. P. M. Zerwas;
J. F. Grivaz, ibidem, p. 663;
C. VanderVelde, ibidem, p. 681;
R. Becker, R. Starosta, ibidem, p. 691;
R. Becker, C. VanderVelde, ibidem, DESY93-123C, p. 457

[4] A. Bartl, H. Eberl, S. Kraml, W. Majerotto, W. Porod, A. Sopczak, Proc. of
the Workshop “ete™ Collisions at TeV Energies: The Physics Potential”, DESY
96-123D, p. 385, ed. P. M. Zerwas

[5] H. Baer, R. Munroe, X. Tata, Phys. Rev. D54 (1996) 6735

[6] T. Tsukamoto, K. Fujii, H. Murayama, M. Yamaguchi, Y. Okada, Phys. Rev. D
51 (1995) 3153

[7] J. L. Feng, H. Murayama, M. E. Peskin, X. Tata, Phys. Rev. D52 (1995) 1418
[8] J. L. Feng, D. L. Finnell, Phys. Rev. D49 (1994) 2369

15


http://xxx.lanl.gov/abs/hep-ph/9510287
http://xxx.lanl.gov/abs/hep-ph/9510287

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[19]

[20]
[21]
[22]
23]
[24]

M. N. Danielson et al., Proc. of the 1996 Snowmass Workshop on “New Directions
for High Energy Physics”

J. Ellis, S. Rudaz, Phys. Lett. B128 (1983) 248

G. Altarelli, R. Riickl, Phys. Lett. B144 (1984) 126;
I. Bigi, S. Rudaz, Phys. Lett. BI53 (1985) 335

M. Drees, M. M. Nojiri, Nucl. Phys. B 369 (1992) 54

A. Bartl, W. Majerotto, W. Porod, Z. Phys. C64 (1994) 499,
erratum 7. Phys. C68 (1995) 518

W. de Boer et al., Proc. of the Workshop “e*Te™ Collisions at TeV Energies: The
Physics Potential”, DESY 96-123D, p. 377, ed. P. M. Zerwas

for a review see, e. g., M. Drees, S. P. Martin, Wisconsin preprint MADPH-95-

J. F. Gunion, H. E. Haber, Nucl. Phys. B272 (1986) 1

OPAL Collaboration, R. Akers et al., Phys. Lett. B337 (1994) 207

ALEPH Collaboration, Contribution #0416 to the International Europhysics
Conference on High Energy Physics, Brussels, 1995;

J.-F. Grivaz, Rapporteur Talk, International Furophysics Conference on High
Energy Physics, Brussels, 1995

L. Rolandi (ALEPH), H. Dijkstra (DELPHI), D. Strickland (L3), G. Wilson
(OPAL), Joint Seminar on the First Results of LEP1.5, CERN, Dec. 12, 1995;
ALEPH Coll., Phys.Lett. B373 (1996) 246;

L3 Coll., H. Nowak and A. Sopczak, L.3 Note 1962 (June 1996);

L3 Coll., B. Adeva et al., Phys. Lett. B377 (1996) 289;

OPAL Coll., S. Asai and S. Komamiya, OPAL Physics Note PN-205 (Feb. 1996);
OPAL Coll., K. Ackerstaff et al., CERN-PPE/96-133.

DO Collaboration, F. Abachi et al., Phys. Rev. Lett. 76 (1996) 2222
M. Drees, K. I. Hikasa, Phys. Lett. B252 (1990) 127

K. I. Hikasa, M. Kobayashi, Phys. Rev. D36 (1987) 724

H. Eberl, A. Bartl, W. Majerotto, Nucl. Phys. B472 (1996) 481

W. Beenakker, R. Hopker, P. M. Zerwas, Phys. Lett. B349 (1995) 463

16


http://xxx.lanl.gov/abs/hep-ph/9504324
http://xxx.lanl.gov/abs/hep-ph/9603410

[25] A. Arhrib, M. Capdequi-Peyranere, A. Djouadi, Phys. Rev. D 52 (1995) 1404
[26] See e.g. M. Peskin, 17th SLAC Summer Institute, SLAC-PUB-5210 (1990)

[27] H. Baer, V. Barger, D. Karatas, X. Tata, Phys. Rev. D 36 (1987) 96;
R. M. Barnett, J. F. Gunion, H. E. Haber, Phys. Rev. Lett. 60 (1988) 401; Phys.
Rev. D 37 (1988) 1892

[28] A. Bartl, W. Majerotto, B. Mésslacher, N. Oshimo, S. Stippel, Phys. Rev. D43
(1991) 2214
[29] W. Porod, T. Wéhrmann, hep-ph/9608472, to be publ. in Phys. Rev. D

____________

[30] J. Ellis, G. Ridolfi, F. Zwirner, Phys. Lett. B262 (1991) 477,
V. Barger, M. S. Berger, A. L. Stange, R. J. N. Phillips, Phys. Rev. D45 (1992)
4128

[31] T. Sjostrand, Comp. Phys. Comm. 82 (1994) 74
[32] C. Peterson et al., Phys. Rev. D27 (1983) 105

[33] A. Sopczak in the Proc. of the workshop “Physics at LEP2”, Vol. 2, CERN 96-01,
eds.: G. Altarelli, T. Sjostrand, F. Zwirner

[34] A. Sopczak, Proc. of the workshop on “Physics and Experiments with Linear
e¢Te™ Colliders”, Waikoloa, Hawaii, eds. F. A. Harris, S. L. Olsen, S. Pakvasa, X.
Tata, (World Scientific, 1993) p. 666; Z. Phys. C65 (1995) 449

[35] H. Nowak, A. Sopczak, L3 note #1962 (1996)

[36] J. Amundson et al., Report of the Supersymmetry Theory Subgroup, 1996 Snow-
mass Workshop on “New Directions for High Energy Physics”

17


http://xxx.lanl.gov/abs/hep-ph/9608472

Figure Captions

Fig. 1a: Contour lines for the total cross section of ete™ — 11 %1 in fb at /s =
500 GeV as a function of mj and cos 6;. (mz, =300 GeV and my = 300 GeV.)

Fig. 1b: Total cross section of ete™ — 11 ?1 in fb at /s = 500 GeV as a function of
cos 3, for unpolarized (U) as well as left (L) and right (R) polarized e~ beams and
mz, = 180 GeV. (m;, = 300 GeV and my = 300 GeV.)

Fig. 2a: Contour lines for the total cross section of ete™ — toty in fb at Vs =2 TeV
as a function of my, and cos ;. (m;, = 300 GeV and m; = 700 GeV.)

Fig. 2b: Total cross section of eTe™ — oty in fb at /s = 2 TeV as a function of
cos 3, for unpolarized (U) as well as left (L) and right (R) polarized e~ beams and
mg, = 700 GeV. (m; =300 GeV and my = 700 GeV.)

Fig. 3a: Contour lines for the total cross section of ete™ — ?)1 ?)1 in fb at /s =
500 GeV as a function of mj and cosf;. (mg2 = 300 GeV and mj; = 300 GeV.)

Fig. 3b: Total cross section of ete™ — ?)1 ?)1 in fb at /s = 500 GeV as a function of
cos 0;, for unpolarized (U) as well as left (L) and right (R) polarized e~ beams and
m;, = 180 GeV. (mz, = 300 GeV and m; = 300 GeV.)

Fig. 4a: Contour lines for the total cross section of ete™ — 7 7 in fb at Vs =
500 GeV as a function of ms and cos 0;.

Fig. 4b: Total cross section of ete™ — 7, 7y in fb at /s = 500 GeV as a function of
cos 0z, for unpolarized (U) as well as left (L) and right (R) polarized e~ beams and
ms, = 180 GeV.

Fig. 5: Total cross section of eTe™ — 0,7, at /s = 500 GeV as a function of m;_,
for unpolarized (U) as well as left (L) and right (R) polarized e~ beams.

Fig. 6: Total cross section of ete™ — 1 i) at m;, = 180 GeV and cosf; = 0.7 as a
function of \/s. (m;, = 300 GeV, m; =300 GeV.)

Fig. 7: Gluon, gluino-top, initial state, and total radiative corrections relative to the
tree level cross section of ete™ — 1,1, at m;, = 180 GeV and cosf; = 0.7 as a func-

tion of \/s. (mg, =300 GeV, m; = 300 GeV.)

Fig. 8a: Kinematically allowed parameter domains in the M — p plane for m; =
180 GeV and tan 3 = 2 for the decays: a) {; — c¢X%, b) {1 — bW+ % ¢) i1 — ¢xY,
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d) #; — bxT. e) {1 — bX7. The grey area is covered by LEP2 for /s = 190 GeV.

Fig. 8b: Kinematically allowed parameter domains in the M — u plane for m; =
180 GeV and tan 3 = 30 for the decays: a) by — bYY, b) by — bYY, c) by — bx3. The
grey area is covered by LEP2 for /s = 190 GeV.

Fig. 9a: Branching ratios for the #; decays as a function of M for m;, = 180 GeV,
cos 0; = 0.7, tanﬂ = 2, and g = —500 GeV. The curves correspond to the following
transitions: oty — cx{, m £, — byF, x4 — bW ). The grey area is covered by
LEP2 for \/s = 190 GeV.

Fig. 9b: Branching ratios for the by, decays as a function of M for my, = 180 GeV,
cos ¥y = 0.7, tan # = 30, and p = —500 GeV. The curves correspond to the following
transitions: o by — bxl, Ob, — bx9. The grey area is covered by LEP2 for /s = 190
GeV.

Fig. 10a: Branching ratios for the by decays as a function of M for my, = 180 GeV,
cos ¥y = 0.7, tan # = 30, and p = —130 GeV. The curves correspond to the following
transitions: o by — bXp 0by — by9, A by — bx3. The grey area is covered by LEP2
for /s = 190 GeV.

Fig. 10b: Branching ratios for the 71 decays as a function of M for mz = 180 GeV,
cos#: = 0.7, tan § = 30, and g = —130 GeV. The curves correspond to the following
transitions: o 7p = 77X, 07 = 73, A7 = 7x3, O7 = 7, ™ 71 — v, x7. The
grey area is covered by LEP2 for /s = 190 GeV.

Fig. 10c: Branching ratios for the v, decays as a function of M for m; = 180 GeV,
tan # = 30, and g = —130 GeV. The curves correspond to the following transitions:
o, = v, XY, O, = v XS, A vy = v X9, O vy = v, X0, m b — 7 X, The grey area
is covered by LEP2 for /s = 190 GeV.

Fig. 11: Branching ratio for the decays of the heavier stop as a function of M for
tan f =2 and p = —1 TeV.

(a) shows the decays into fermions: — 15 — 1§, 0y — ¢t XY, Oly — X5, m £, — bYT.
(b) shows the decays into bosons: oty — Zit;, Oty — h%%, ANty — H%y,
Oty — A, m 1, - WH ?)1. The grey area is covered by LEP2 for /s = 190
GeV.

Fig. 12: Branching ratio for the decays of the heavier shottom as a function of M
for tan f =30 and p = —1 TeV.
(a) shows the decays into fermions: — 62 b, 0by — [3%¢ Dby — bxs,m by — tX7-

b) shows the decays into bosons: 062 — Zbl O 62 — K9 Abz — HY bl
( y 2 2 2
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<>?)2 — A ?)1, | ?)2 — Wy, 0?92 — H~1;. The grey area is covered by LEP2
for /s = 190 GeV.

Fig. 13: Branching ratio for the decays of the heavier stau as a function of M for
tan = 30 and p = —1 TeV.

(a) shows the decays into fermions: o 7, — 7X{, O — 75, ® 72 — v, X7 .

(b) shows the decays into bosons: o7, — Z7, O 7 — A7, A7 — H°7,
O 7y — A 7. The grey area is covered by LEP2 for /s = 190 GeV.

Fig. 14: Branching ratio for the decays of the tau sneutrino as a function of M for
tan = 30 and p = —1 TeV.

(a) shows the decays into fermions: o o, — v, Xy, OO0, — v, Y9, ®m o, — 7]

(b) shows the decays into bosons: m . — W* 7, ey, — HT 7. The grey area is
covered by LEP2 for /s = 190 GeV.

Fig. 15: Background reactions and their cross sections for /s = 500 GeV.

Fig. 16: F,;;/\/s < 0.4 for YYexVe, qq, WW, eWv, tt, Z7Z, eeZ.

Fig. 17: miyy, > 120 GeV for xSexle, qq, WW, eWw, tt, ZZ, eeZ.

Fig. 18: Sensitivity for an ete™ — t~1%~1 — \Jexde signal. Open histograms show the
simulated signal, solid and hatched histograms show the remaining background after
all selection cuts are applied.

Fig. 19: Thrust < 0.85 for Y701 b, qq. WW, eWw, tt, 77, eeZ.

Fig. 20: Number of cluster > 60 for Y7bx1 b, qq, WW, eWu, tt, ZZ, eeZ.

Fig. 21: Sensitivity for an ete™ — iy — T b7 b signal. Open histograms show the
simulated signal, solid and hatched histograms show the remaining background after
all selection cuts are applied.

Fig. 22: Detection confidence levels. (a) Y{ by b channel. (b) x{ex%¢ channel.

Fig. 23: Discovery region for /s = 500 GeV and £ = 50 fb™". In the shaded area a

3o effect is expected.

Fig. 24: Discovery region for /s = 800 GeV and £ = 200 fb™'. In the shaded area

a 3o effect is expected.

Fig. 25: Error bands for the total tree-level cross section of ete™ — {11 in b
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at /s = 400 GeV and /s = 500 GeV as a function of m; and cos#;. The dot
corresponds to m; = 180 GeV and cosf; = 0.57. The error bands are defined by
(0'400,A0'400) == (182,41) fb and (0'500,A0'500) == (474,55) h.

Fig. 26: FError bands (dashed) and the corresponding error ellipse as a function
of m;, and cosf; for the total tree-level cross sections of efe™ — 11, in fb at
Vs = 500 GeV with 90% left- and right-polarized electron beam. The dot cor-
responds to mj; = 180 GeV and cosf; = 0.57. The error bands are defined by
(or,Aop) = (48.6,6.0) fb and (ogr, Aogr) = (46.1,4.9) fb.
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