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The Yukawa couplings of the tau lepton and the bottom quark become comparable to, or even exceed,
electroweak gauge couplings for large values of the supersymmetry parameter tanb. As a result, the lightest
tau sleptont̃1 and bottom squarkb̃1 can be significantly lighter than corresponding sleptons and squarks of the
first two generations. Gluino, chargino, and neutralino decays to third generation particles are significantly
enhanced when tanb is large. This affects projections for collider experiment reach for supersymmetric
particles. In this paper, we evaluate the reach of the Fermilab Tevatronpp̄ collider for supersymmetric signals
in the framework of the minimal supergravity model. We find that the reach via signatures with multiple
isolated leptons~e andm! is considerably reduced. For very large tanb, the greatest reach is attained in the
multijet1ET

miss signature. Some significant extra regions may be probed by requiring the presence of an
identifiedb jet in jets1ET

miss events, or by requiring one of the identified leptons in clean trilepton events to
actually be a hadronic 1 or 3 charged prong tau. In an appendix, we present formulas for chargino, neutralino,
and gluino three body decays which are valid at large tanb. @S0556-2821~98!02119-5#

PACS number~s!: 14.80.Ly, 11.30.Pb, 13.85.Qk
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I. INTRODUCTION AND MOTIVATION

The minimal supergravity~MSUGRA! model@1# is com-
monly regarded as the paradigm framework for phenome
logical analyses of weak scale supersymmetry. The vis
sector is taken to consist of the particles of the minimal
persymmetric standard model@2# ~MSSM!. One posits, in
addition, the existence of ‘‘hidden sector’’ field~s!, which
couple to ordinary matter fields and their superpartners o
via gravity. The conservation ofR parity is assumed. Super
symmetry is broken in a hidden sector of the theory; sup
symmetry breaking is then communicated to the visible s
tor via gravitational interactions. The technical assumpt
of minimality implies that kinetic terms for matter fields tak
the canonical form; this assumption, which is equivalent
assuming an approximate global U(n) symmetry betweenn
chiral multiplets, leads to a common mass squaredm0

2 for all
scalar fields, and a common trilinear termA0 for all A pa-
rameters. These parameters, which determine the spar
particle mass splitting in the observable sector are take
be comparable to the weak scaleMweak. In addition, moti-
vated by the apparently successful gauge coupling unifi
tion in the MSSM, one usually adopts a common valuem1/2
for all gaugino masses at the scaleMGUT.231016 GeV.
For simplicity, it is commonly assumed that in fact the sca
masses and trilinear terms unify atMGUT as well. The result-
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ing effective theory, valid at energy scalesE,MGUT, is then
just the MSSM with the usual soft supersymmetry~SUSY!
breaking terms, which in this case are unified atMGUT. The
soft SUSY breaking scalar and gaugino masses, the trilin
A terms and in addition a bilinear soft termB, the gauge and
Yukawa couplings and the supersymmetricm term are all
then evolved fromMGUT to some scaleM.Mweak using
renormalization group equations~RGE’s!. The large top
quark Yukawa coupling causes the squared mass of on
the Higgs fields to be driven negative, resulting in the bre
down of electroweak symmetry; this determines the value
m2. Finally, it is customary to trade the parameterB for
tanb, the ratio of Higgs field vacuum expectation value
The resulting weak scale spectrum of superpartners and
couplings can thus be derived in terms of four continuo
plus one discrete parameters

m0 , m1/2, A0 , tanb, and sgn~m!, ~1.1!

in addition to the usual parameters of the standard mode
The consequences of the MSUGRA model have been

vestigated for collider experiments at the CERN LEP2e1e2

collider @3#, the Fermilab Tevatronpp̄ collider @4,5#, the
CERN Large Hadron Collider~LHC! pp collider @6# and a
possible Next Lineare1e2 Collider ~NLC! operating atAs
.500 GeV@7,8#. In all but the last of these studies~where
© 1998 The American Physical Society08-1



h

er
e

o

-
ha
ry

te

e.

o

e
ts
e

e
at

g
is
m
-

e
n

o

o
ta
s

ar
o

n
pos-
r of

a
a

-

ak

a

ar

1,
g

e-
nd

p
nst

y
of
f
tive
-

tan

BAER, CHEN, DREES, PAIGE, AND TATA PHYSICAL REVIEW D58 075008
the effect of the tau Yukawa coupling on aspects of the p
nomenology of the stau sector is carefully examined!, small
to moderate values of the parameter tanb;2–10 have been
adopted. This was due in part to the fact that event gen
tors such asISAJET @9# had not been constructed to provid
reliable calculations for large tanb. In particular, effects of
tau and bottom Yukawa couplings

f b5
gmb

&MW cosb
, f t5

gmt

&MW cosb
~1.2!

which become comparable to the electroweak gauge c
plings and even to the top Yukawa couplingf t
5gmt /(&MW sinb) if tan b is large, had not been com
pletely included. The correct inclusion of these couplings
a significant impact@10,11# on the search for supersymmet
at colliders.

In the MSUGRA model, the parameter tanb can be as
large as tanb;mt /mb , where the quark masses are evalua
at a scale;Mweak; since the runningmb is considerably
smaller than 5 GeV, tanb values up to 45–50 are possibl
Such large tanb values are indeed preferred in some SO~10!
grand unified theory~GUT! models with Yukawa coupling
unification. In practice, one finds that if tanb is chosen to be
too large,f b diverges beforeMGUT. A slightly stronger up-
per limit on tanb is obtained from the requirement thatmA

2,
the mass of the pseudoscalar Higgs boson, should be p
tive. The precise value of the upper bound on tanb depends
somewhat on the other MSUGRA parameters.

In a recent paper@11#, we reported on an upgrade of th
event generatorISAJET that correctly incorporated the effec
of t and b Yukawa interactions so that it would provid
reliable predictions for supersymmetry with large tanb.
Novel phenomenological implications special to large valu
of tanb were pointed out: in particular, it was noted th
while Tevatron signals in multilepton~e and m! channels
were greatly reduced, there could be new signals involvinb
jets andt leptons via which to search for SUSY. In th
paper, we focus our attention on the search for supersym
try at the Main Injector~MI ! upgrade of the Fermilab Teva
tron pp̄ collider (As52 TeV, integrated luminosity*Ldt
52 fb21! and the proposed TeV33 upgrade~As52 TeV, in-
tegrated luminosity*Ldt525 fb21! for the case where tanb
is large.

A. Sparticles masses at large tanb

Large b and t Yukawa couplings significantly alter th
mass spectra of the sparticles and Higgs bosons as show
Fig. 1. Here we plot various sparticle and Higgs bos
masses versus tanb for MSUGRA parameters m1/2
5150 GeV, A050, and ~a! m05150 GeV and ~b! m0
5500 GeV, for both signs ofm. We fix the pole massmt
5170 GeV.

The b and t Yukawa couplings contribute negatively t
the renormalization group running of the sbottom and s
soft masses, driving them to lower values than soft mas
for the corresponding first and second generation squ
and sleptons. In addition, the off-diagonal terms in the sb
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tom and stau mass-squared matricesmb(2Ab1m tanb) and
mt(2At1m tanb) can result in significant mixing betwee
left and right sbottom and stau gauge eigenstates, and a
sible further decrease in the physical masses for the lighte
the two sbottom~and stau! mass eigenstatesmb̃1

andmt̃1
. If

tanb is small,t̃1. t̃R , while ~because of top quark Yukaw
interactions! b̃1.b̃L . The impact of bottom and tau Yukaw
interactions can be seen in Fig. 1:mt̃1

.mẽR
at low tanb,

and as tanb increases,mt̃1
decreases, whilemẽR

remains

constant. Likewise,mb̃1
decreases with increasing tanb,

while md̃L
remains constant. In the case of frame~a!, ulti-

matelymb̃1
drops belowmW̃1

andmZ̃2
so that the two body

decaysW̃1→ t̃1nt and Z̃2→ t̃1t become allowed, and domi
nate the branching fractions.

It is well known that at low to moderate values of tanb,
the large top Yukawa coupling drives the Higgs massmH2

2 to

negative values, resulting in a breakdown of electrowe
symmetry. At large tanb, the largeb and t Yukawa cou-
plings drive the other soft Higgs boson mass-squaredmH1

2 to

small or negative values as well. This results overall in
decreasein mass for the Higgs pseudoscalarmA relative to
its value at small tanb. Since the values of the heavy scal
and charged Higgs boson masses are related tomA , they
decrease as well. This effect is also illustrated in Fig.
where the massmA decreases dramatically with increasin
tanb. The curves are terminated at the value of tanb beyond
which mA

2,0, and the correct pattern of electroweak symm
try breaking is not obtained as already mentioned. We fou
that the pseudoscalar massmA , obtained using the one-loo
effective potential, is unstable by up to factors of 2 agai
scale variations for relatively low values of scale choiceQ
;MZ . This instability would be presumably corrected b
inclusion of two-loop corrections. We find the choice
scaleQ;Amt̃ L

mt̃ R
to empirically yield stable predictions o

Higgs boson masses in the RG improved one-loop effec
potential~where we include contributions from all third gen
eration particles and sparticles!. This scale choice effectively

FIG. 1. Selected sparticle and Higgs boson masses versusb
for the MSUGRA model for parameters~a! (m0 ,m1/2,A0)
5(150,150,0) GeV and~b! (m0 ,m1/2,A0)5(150,500,0) GeV, for
both signs of the parameterm. We takemt5170 GeV.
8-2
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FIG. 2. Chargino (W̃1) and neutralino (Z̃2) branching fractions versus tanb. In ~a! and ~b!, we take the parameters (m0 ,m1/2,A0)
5(150,150,0) GeV while in~c! and ~d! we take (m0 ,m1/2,A0)5(150,500,0) GeV. In all frames,m.0 andmt5170 GeV. The disconti-
nuities are an artifact of the narrow width approximation. InISAJET, widths for three body and two-body decays are separately computed
transition is, of course, smooth since the virtual particle smoothly goes on-shell.
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includes some important two loop effects, and yields pred
tions for light scalar Higgs boson massesmh in close accord
with the results of Ref.@12#.

B. Sparticle decays at large tanb

For large values of tanb, b andt Yukawa couplings be-
come comparable in strength to the usual gauge interacti
so that Yukawa interaction contributions to sparticle dec
rates are non-negligible and can even dominate. This co
manifest itself as lepton nonuniversality in SUSY even
Also, because of the reduction of masses referred to ab
chargino and neutralino decays to stau, sbottom and var
Higgs bosons may be allowed, even if the correspond
decays would be kinematically forbidden for small tanb val-
ues. The reduced stau, sbottom, and Higgs boson masse
also increase sparticle branching ratios to third genera
particles via virtual effects. These enhanced decays to t
generation particles can radically alter the expected SU
signatures at colliders.

We have recalculated the branching fractions for theg̃,
b̃i , t̃ i , t̃ i , ñt , W̃i , Z̃i , h, H, A, andH6 particles and spar
ticles including sbottom and stau mixing as well as effects
b and t Yukawa interactions. For Higgs boson decays,
use the formulas in Ref.@13#. We have recalculated the de
cay widths for g̃→tbW̃i and g̃→bb̄Z̃i . These have been
calculated previously by Bartlet al. @14#; our results agree
with theirs if we use pole fermion masses to calculate
Yukawa couplings. InISAJET, we use the running Yukawa
couplings evaluated at the scaleQ5mg̃ (mt) to compute de-
cay rates for the gluino (W̃i ,Z̃i). This seems a more appro
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priate choice, and it significantly alters the decay widt
when effects of f b are important. TheZ̃i→tt̄Z̃j and Z̃i

→bb̄Z̃j decays take place via eight diagrams (f̃ 1,2, fD1,2, Z,
h, H, andA exchanges!. In our calculation ofg̃ and Z̃i de-
cays, we have neglectedb and t masses except in th
Yukawa couplings and in the phase space integration.
have also computed the widths for decaysW̃i→Z̃jtn which
are mediated byW, t̃1,2, ñt and H6 exchanges; in these
cases, we retainmt effects only in the Yukawa couplings
Formulas for these three-body decays are presented in
Appendix.

To illustrate the importance of the Yukawa coupling e
fects, we show selected branching ratios ofW̃1 and Z̃2 in
Fig. 2. In all frames we takem.0. Frames~a! and~b! are for
the MSUGRA case (m0 ,m1/2,A0)5(150,150,0) GeV;
frames~c! and ~d! show the same branching fractions, b
take m05500 GeV instead. In frame~a!, for low tanb we
see that theW̃1→enZ̃1 andW̃1→tnZ̃1 branching ratios are
very close in magnitude, reflecting the smallness off t . For
tanb*10, these branchings begin to diverge, with t
branching to t’s becoming increasingly dominant. Fo
tanb.40, the two body modeW̃1→ t̃1n opens up and
quickly dominates. Since this decay is followed byt̃1

→tZ̃1 , the end products of chargino decays here are alm
exclusively tau leptons plus missing energy.

In frame ~b!, we see at low tanb the Z̃2→eēZ̃1 and Z̃2

→tt̄Z̃1 branchings are large~;10%! and equal, again be
cause of the smallness of the Yukawa coupling. Except
parameter regions where the leptonic decays ofZ̃2 are
8-3
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BAER, CHEN, DREES, PAIGE, AND TATA PHYSICAL REVIEW D58 075008
strongly suppressed,W̃1Z̃2 production leads to the wel
known 3l (5e,m) signature for the Tevatron collider@15#.
As tanb increases beyond about 5, these branchings a
diverge, and increasinglyZ̃2→tt̄Z̃1 dominates. Results o
phenomenological analyses of trilepton signals for tab
;8–10 obtained using older versions ofISAJET should,
therefore, be interpreted with caution. For tanb.40, Z̃2

→tt̃1 opens up, and becomes quickly close to 100%. N
the edge of parameter space (tanb;45), theZ̃2→Z̃1h decay
opens up, resulting in a reduction of theZ̃2→tt̃1 branching
fraction.

In frame ~c!, the large value ofm05500 GeV yields a
large value ofmt̃1

~and other slepton masses! even if tanb is

large. In this case, theW̃1 branching fractions are dominate
by the virtual W boson, so thatB(W̃1→Z̃1en) and B(W̃1

→Z̃1tn) are nearly equal over almost the entire range
tanb. The branching fractions ofZ̃2 for m05500 GeV are
shown in frame~d!. As in frame~c!, the branching fraction
of Z̃2 to t’s and e’s is nearly the same except when tanb
>35– 40. In this case, there is a steadily increasing bran
ing fraction of Z̃2→Z̃1bb̄ ~and to some extent, also ofZ̃2

→Z̃1tt̄!, which is mainly a reflection of the increasing im
portance of virtual Higgs bosons in theZ̃2 three-body de-
cays. We mention that for values of tanb somewhat below
the range where the decayZ̃2→Z̃1h becomes kinematically
allowed, contributions fromall neutral Higgs bosons are im
portant.

The above considerations motivated us to begin a syst
atic exploration of how signals for supersymmetry may
altered if tanb indeed turns out to be very large. To facilita
this analysis, we have incorporated the above calculat
into the computer programISAJET7.32, so that realistic simu
lations of sparticle production and decay can be made
large tanb.

Another important effect at large tanb is that tau Yukawa
interactions can alter the mean polarization of thet’s pro-
duced in chargino and neutralino decays. This, in turn, al
the energy distribution of the visible decay products of thet.
Thet polarization information is saved inISAJET and used to
dictate the energy distribution of thet decay products.

The rest of this paper is organized as follows. In Sec.
we describe aspects of our event generation and analysis
gram for Tevatron experiments, including a catalog of so
of the possible signals for supersymmetry at large tanb. In
Sec. III, we present numerical results of our generation
supersymmetric signals and SM backgrounds, and show
reach of the Tevatron MI and TeV33 in the parameter sp
of the MSUGRA model. In Sec. IV, we present a summa
and conclusions from our work. Some lengthy three-bo
decay formulas are included in the Appendix.

II. EVENT SIMULATION, SIGNATURES, AND CUTS

In several previous works@4#, a variety of signal channel
for the discovery of supersymmetry at the Tevatron w
investigated, and plots were shown for the reach of the Te
tron MI and TeV33 in the parameter space of the MSUGR
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model. The simulation of SUSY signal events was restric
to parameter space values of tanb52 and 10. The promising
discovery channels that were investigated included the
lowing: multijet1ET

miss events~veto hard, isolated leptons!
~J0L!; events with a single isolated lepton plus jets1ET

miss

~J1L!; events with two opposite sign isolated leptons p
jets1ET

miss ~JOS!; events with two same sign isolated lepto
plus jets1ET

miss ~JSS!; events with three isolated leptons plu
jets1ET

miss ~J3L!; events with two isolated leptons1ET
miss ~no

jets, clean! ~COS!; events with three isolated leptons1ET
miss

~no jets, clean! ~C3L!. In these samples, the number of le
tons isexactlythat indicated, so that these samples are n
overlapping. For Tevatron data samples on the order of
fb21, the J0L signal generally gave the best reach for sup
symmetry. It is the classic signature for detecting gluinos a
squarks at hadron colliders. For larger data samples typ
of those expected at the MI or TeV33, the C3L signal usua
gave the best reach. In the present paper, we will ext
these results to the large tanb region of MSUGRA param-
eter space; we will also look for new signatures which m
be indicative of supersymmetry at large tanb.

By examining the branching fractions in Fig. 2, we expe
in general at large tanb that there would be a reduction i
supersymmetric events containing isolatede’s or m’s. We
also expect for large tanb and smallm0 a more conspicuous
presence of isolatedt leptons~defined by hadronic one- o
three-charged prong jets as discussed below!. For large tanb
and largem0 , we expect an increased presence of taggeb
jets ~defined by displaced decay vertices or by identificat
of a muon inside of a jet!. For these reasons, we have e
panded the set of event topologies via which to search
SUSY to include, in addition: multijet1ET

miss events which
include at least one taggedb jet ~J0LB!; multijet1ET

miss

events which include at least one taggedt jet ~J0LT!;
multijet1ET

miss events which include at least either a tagg
b jet or a taggedt jet ~J0LBT!; opposite-sign isolated dilep
ton plus jet1ET

miss events where at least one of the isolat
leptons is actually a taggedt jet ~JOST!; same-sign isolated
dilepton plus jet1ET

miss events where at least one of the is
lated leptons is actually a taggedt jet ~JSST!; isolated trilep-
ton plus jet1ET

miss events where at least one of the isolat
leptons is actually a taggedt jet ~J3LT!; clean opposite-sign
isolated dilepton1ET

miss events where at least one of the is
lated leptons is actually a taggedt jet ~COST!; clean isolated
trilepton1ET

miss events where at least one of the isolated le
tons is actually a taggedt jet ~C3LT!. We note that some o
these event samples are no longer nonoverlapping; for
stance, the J0LB sample is a subset of the canonicalET

miss

~J0L! sample. In the tau samples, the lepton multiplicity
again exactly that indicated, except that at least one of
leptons is required to be identified as at.

To model the experimental conditions at the Tevatron,
use the toy calorimeter simulation packageISAPLT. We simu-
late calorimetry covering24,h,4 with cell size Dh
3Df50.130.0875. We take the hadronic~electromagnetic!
energy resolution to be 70%/AE (15%/AE). Jets are defined
as hadronic clusters withET.15 GeV within a cone with
8-4



the

SUPERSYMMETRY REACH OF FERMILAB TEVATRON . . . PHYSICAL REVIEW D 58 075008
FIG. 3. Gluino and squark mass contours in them0 vs m1/2 parameter plane, for~a! tanb52, ~b! tanb520, ~c! tanb535, and~d!
tanb545. In all frames, we takeA050, m.0, andmt5170 GeV. The bricked regions are excluded by theoretical constraints, while
gray regions are excluded by LEP2 bounds onmW̃1

.

e
n

th
t b
ul

pl

u

n-

sa

n

te

0–

ron

a-

e
try

e
ntal

lly

ith
ere
.

ti-
DR5ADh21Df250.7. We require thatuh j u<3.5. Muons
and electrons are classified as isolated if they havepT

.5 GeV, uh( l )u,2.5, and the visible activity within a con
of R50.3 about the lepton direction is less tha
max@ET(l)/4,2 GeV#. For taggedb jets, we require a jet~us-
ing the above jet requirement! to have in additionuh j u,2
and to contain ab hadron. Then the jet is identified as ab jet
with a 50% efficiency. To identify at jet, we require a jet
with just 1 or 3 charged prongs withpT.1 GeV within 10°
of the jet axis, and no other charged prongs within 30° of
jet axis. The invariant mass of the three prong jets mus
less thanmt , and the net charge of the three prongs sho
be 61. QCD jets withpT515 (>50) GeV are misidentified
ast jets with a probability@16# of 0.5%~0.1%!, with a linear
interpolation in between. In our analysis, we neglect multi
scattering effects, nonphysics backgrounds from photon
jet misidentification, and make no attempt to explicitly sim
late any particular detector.

We incorporate in our analysis the following trigger co
ditions: ~1! one isolated lepton withpT( l ).15 GeV and
ET

miss.15 GeV; ~2! ET
miss.35 GeV; ~3! two isolated leptons

each withET.10 GeV andET
miss.10 GeV; ~4! one isolated

lepton with ET.10 GeV plus at least one jet plusET
miss

.15 GeV; ~5! at least four jets per event, each withET

.15 GeV. Thus, every signal or background event must
isfy at least one of the above conditions.

We have generated the following physics backgrou
processes usingISAJET: t t̄ production, W1 jets, Z1 jets,
WW, WZ, andZZ production and QCD~mainly frombb̄ and
cc̄ production!. Each background subprocess was genera
07500
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with subprocess final state particles inpT bins of 25–50
GeV, 50–100 GeV, 100–200 GeV, 200–400 GeV, and 40
600 GeV.

III. THE REACH OF THE FERMILAB TEVATRON
FOR MSUGRA

We present our main results for the reach of the Tevat
for MSUGRA at large tanb in the m0 vs m1/2 parameter
space plane forA050 and for tanb52, 20, 35, and 45. Our
results are shown form.0 only. For small tanb;2, them
,0 results differ substantially from them.0 results, and are
shown in Ref.@4#. As tanb increases, the positive and neg
tive m results become increasingly indistinguishable.

In Fig. 3 we show for orientation contours of constantmg̃
and mq̃ in the m0 vs m1/2 plane. The bricked regions ar
excluded by either lack of appropriate electroweak symme
breaking, or due to thet̃1 or W̃1 being the LSP instead of th
Z̃1 . The gray regions are excluded by previous experime
sparticle searches, and the excluded region@3# is dominantly
formed by the LEP2 bound thatmW̃1

.80 GeV @17#. The
most noticeable feature of Fig. 3 is that the theoretica
excluded region increases significantly as tanb increases. In
the low m0 region, this is due to the decrease int̃1 mass,
making it become the LSP. The contours ofmg̃ and mq̃ on
the other hand are relatively constant and change little w
tanb. The region to the left of the dotted lines denotes wh
the decay modesW̃1→ t̃1n andZ̃2→ t̃1t become accessible

As in our previous analysis of signals at low tanb @4#, for
channels involving jets, we require of all signals, jet mul
8-5
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FIG. 4. A plot of points accessible to Tevatron MI and TeV33 searches for MSUGRA viaET
miss1 multijet events. A 5s signal above

background is found for some value ofET
c for the MI for gray squares, while white squares are accessible only at TeV33. Points with c

are inaccessible to MI and TeV33.
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plicity, njets2nt2 jets>2; ET
miss.40 GeV; and ET( j 1),

ET( j 2).ET
c , and ET

miss.ET
c , where the parameterET

c is
taken to beET

c515, 40, 60, 80, 100, 120, 140, 160 GeV. Th
requirement serves to give some optimization of cuts
different masses of SUSY particles.

We generate signal events for each point on
25 GeV325 GeV grid in them02m1/2 plane. For an observ
able signal, we require at least five signal events after all c
~including those detailed below! are imposed, withNsignal

exceeding 5ANbackground. Any signal is considered observ
able if it meets the observability criteria for at leastone of
the values ofET

c . In addition, we require the ratio of signa
and background to exceed 0.2 for all luminosities.

A. Reach via the J0L channel

As in Ref.@4#, for multijet1ET
missevents~J0L!, we require

in addition to the above transverse sphericityST.0.2 and

Df(ET
missW,ETj

W ).30°. In Fig. 4, we show the Tevatron reac
via the J0L channel. We found no parameter space po
accessible to Tevatron experiments with 0.1 fb21 of inte-
grated luminosity~approximately the run I data sample! in
this or any other channel; points denoted by gray squares
accessible with 2 fb21 while those with open squares a
accessible with 25 fb21. Points denoted by crosses are n
visible at any of the luminosity upgrade options consider
In frame ~a!, no black squares are visible; regions norma
accessible to Tevatron experiments with just 0.1 fb21 of in-
tegrated luminosity have been excluded by the negative
sults of LEP2 searches for charginos. This is strictly va
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only within the model framework, and should not be r
garded as a direct bound onmg̃ . Regardless of the LEP2
bounds, Tevatron experiments should directly probe this
gion via the independent search for strongly interacting sp
ticles. Note that even within the MSUGRA framework, fo
m,0 and tanb52, wheremW̃1

is considerable heavier fo

the samem1/2 values, there still exist parameter space poi
accessible with only 0.1 fb21 @4#. A significant number of
gray squares appear in frame~a!, denoting regions withmg̃

;400 GeV that can be probed at the MI. As tanb increases,
the theoretically excluded region absorbs some of th
points at lowm0 , while some of the highm0 points become
inaccessible. In the latter case, much of the signal actu
comes fromW̃1W̃1 andW̃1Z̃2 production, and these particle
decay decreasingly into jetty final states, so the J0L sig
diminishes. Finally, for very large tanb545, none of the
parameter space in this channel is open to MI searches.
TeV33, we see thatm1/2;175 GeV (mg̃;475 GeV) can be
probed in all of the frames~a!–~d! as long asm0 is not much
larger. The largest reach occurs whenET

c attains its largest
value ofET

c5160 GeV.

B. Reach via the J0LB channel

In Fig. 5, we show the reach in theET
miss1 jets channel,

where in addition we require at least one taggedb jet ~J0LB!.
Comparing with Fig. 4, we see that the requirement o
taggedb jet considerably reduces the reach of the MI. Fu
thermore, the parameter space points withm1/25175 GeV
are no longer accessible to TeV33. In other words, a hig
8-6
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FIG. 5. Same as Fig. 4, except we require in addition that at least one of the jets be an identifiedb jet.
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ET
c value is more efficient in maximizing signal-to

background for largem1/2 than requiring an extrab jet. How-
ever, for largem0 andm1/2;125– 150 GeV, the extrab tag
does somewhat increase the reach of TeV33 for SU
Comparison of Figs. 4 and 5 shows three additional po
accessible in frame~a!, two in frame~b!, and one in frame
~d!. We have also tried to extend the parameter space re
by requiring an identifiedt jet ~J0LT! or either at or b jet
~J0LBT! along with ET

miss1 jets. In both of these cases, n
additional reach was achieved beyond the results of Fig
and 5.

C. Reach via the JOS and JSS channels

The reach of Tevatron upgrades on the JOS channe
presented in Fig. 6. We require, in addition to the conditio
at the beginning of this section events with exactly two o
posite sign isolated leptons~e and m!, with ET( l 1)
.10 GeV and a veto oft jets. At the Tevatron at low tanb,
signals in this channel mainly come fromW̃1Z̃2 production,
where Z̃2 decays leptonically, andW̃1 decays hadronically
while top production is a major source of SM backgroun
There is significant reach by the Tevatron MI and TeV33
this channel at low tanb, as seen in frame~a!. As tanb
increases, theZ̃2 leptonic branching fraction decreases~see
Fig. 2!, so that the MI has no reach in this channel f
tanb>20. The reach of TeV33 is severely limited in th
channel at high tanb as well.

We have also examined the reach of the MI and TeV
for same-sign dileptons~JSS channel!, where we require in
addition events to contain exactly two same sign isola
leptons, again withET( l 1).10 GeV and a veto oft jets. The
reach of Tevatron upgrades in this channel for MSUGRA
07500
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not very promising. The signal should result mainly fromg̃g̃
and g̃q̃ production mechanisms, but these have only sm
cross sections for parameter space points beyond the rea
LEP2. We found almost no reach for MSUGRA in this cha
nel beyond the LEP2 bounds forany values of tanb.

We have also studied the Tevatron reach in the dilep
plus jets channels where we required in addition that at le
one of the leptons be a taggedt jet: the JOST and JSST
channels. In each of these cases, a small increase in r
was obtained for large values of tanb and low m0 beyond
the corresponding ‘‘tauless’’ channels. Most of this ad
tional region can also be probed via the J3L channel d
cussed below, so we do not show these results here.

D. Reach via the J3L channel

For small values of tanb, the J3L channel considerabl
increases the region of MSUGRA parameters beyond w
can be probed via theET

miss channel at a high luminosity
Tevatron. In addition to the generic cuts for all the sign
involving jets, we require the following analysis cuts for th
J3L channel: events containing exactly three isolated lept
with ET( l 1).10 GeV and a veto oft jets plus we veto
events withuM ( l 1l 2)2MZu,8 GeV. The reach in the J3L
channel after all cuts are imposed is shown in Fig. 7. Si
the signal almost always involves a leptonically decay
Z̃2 , it is not surprising to see that the large reach at low tab
is gradually diminished until there is almost no reach
tanb;45.

We have also examined the Tevatron reach in the tril
ton plus jets channels where we required in addition tha
least one of the leptons be a taggedt jet: the J3LT channel.
8-7
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FIG. 6. A plot of the reach of the Tevatron MI and TeV33 for MSUGRA via the IOS signal.
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As before, only a slight additional reach was obtained
large tanb and lowm0 beyond what could be probed via th
‘‘tauless’’ J3L channel. Here, and in the jetty dilepton cha
nels mentioned above, this is presumably because secon
leptons from tau decay tend to be soft, and fail to satisfy
acceptance requirements. Again, we do not show these
sults here.
07500
t

-
ary
e
re-

E. Reach via the C3L and C3LT channels

For small tanb;2, and a large enough integrated lum
nosity, the maximum reach of the Tevatron was oft
achieved via the clean trilepton channel fromW̃1Z̃2→3l
1ET

miss. For the C3L signal, following our earlier analys
@4# we implement the following cuts: we require threeiso-
FIG. 7. A plot of the reach of the Tevatron MI and TeV33 for MSUGRA via the J3L signal.
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FIG. 8. A plot of the reach of the Tevatron MI and TeV33 for MSUGRA via the C3L signal.
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lated leptons~e andm! within uh l u,2.5 in each event, with
ET( l 1).20 GeV, ET( l 2).15 GeV, andET( l 3).10 GeV;
we require ET

miss.25 GeV; we require that the invarian
mass of any opposite-sign, same flavor dilepton pair not
construct theZ mass, i.e., we require thatum( l l̄ )2MZu
>8 GeV; we finally require the events to beclean, i.e., we
veto events with jets. Our calculated background in t
channel is 0.2 fb.

In Fig. 8, we show the reach in the C3L channel for t
four cases of tanb. In frame ~a!, we see at low tanb that
indeed there is no reach beyond the current LEP2 boun
the C3L channel for 0.1 fb21. For the MI integrated luminos
ity, however, there is considerable reach to values ofm1/2
;225 GeV, and for TeV33, the reach extends tom1/2
;250 GeV, corresponding tomg̃;700 GeV. As tanb in-
creases, the branching fraction for a leptonic decay ofZ̃2 and
W̃1 decrease. In frame~b!, in fact, we find no reach for
SUSY via the C3L channel for MI and considerably reduc
reach for TeV33, except at largem0 . For smaller values of
m0 a complicated interference between various amplitu
reduces the leptonic decay width ofZ̃2 . As tanb increases
even further to 35 and 45 as in frames~c! and ~d!, the C3L
reach is wiped out at lowm0 . Some reach remains at larg
m0 in frame ~c!, where the branching fraction BF(Z̃2

→ l l̄ Z̃1);BF(Z→ l l̄ ). In frame~d!, most of this region also
becomes inaccessible because of the increased importan
~virtual! Higgs boson mediated decays ofZ̃2 which lead to a
strong enhancement of its decay tobb̄Z̃1 .

We have also examined the reach for clean trilepto
where one of the leptons is actually an identifiedt jet
~C3LT!. In this case, we relax the additionalpT requirements
on the leptons. This increases the chance of detecting
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softer secondary leptons from the decay of tau~s!. Trigger 4
presumably plays an important role for this class of even
The reach via this channel is shown in Fig. 9. In fram
~b!–~d!, significant additional reach is gained in the lowm0

regions, beyond that shown in any of the previous figur
Notice that the region where the signal is observable is wh
chargino and neutralino decays to realt̃1 are accessible~see
Fig. 3!. The reach in the C3LT channel effectively exten
the reach of TeV33 tom1/2;250 GeV for at least some valu
of m0 for all the values of large tanb considered. We remark
that the gain in reach via channels involving taus is limit
because we require the presence of additional hard lepton~e
or m!, jets orET

miss in order to be able to trigger on the even
Because secondary leptons from the decay of a tau tend t
soft, the development of an efficientt trigger may signifi-
cantly enhance the reach when tanb is large.

F. Reach via the COS and COST channels

In our previous studies@4# we had already noted that fo
small values of tanb, a study of the clean opposite sig
dilepton channel~COS! would allow a confirmation of the
signal in the C3L channel for a large range of MSUGR
parameters. For the COS channel, we require the follow

~i! Exactly two isolatedOS’s ~either e or m! leptons in
each event, withET( l 1).10 GeV andET( l 2).7 GeV, and
uh( l )u,2.5. In addition, we requireno jets, which effec-
tively reduces most of thet t̄ background.

~ii ! We requireET
miss.25 GeV to remove background

from Drell-Yan dilepton production, and also the bulk of th
background fromg* ,Z→tt̄ decay.

~iii ! We require f( l l̄ ),150°, to further reduceg* ,Z
→tt̄ background.
8-9
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FIG. 9. A plot of the reach of the Tevatron MI and TeV33 for MSUGRA via the C3LT signal.
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We
~iv! We require theZ mass cut: invariant mass of an
opposite-sign, same flavor dilepton pair not reconstruct thZ
mass, i.e., um( l l̄ )2MZu.8 GeV. Finally, we requireB

5uET
missWu1upT( l 1)u1upT( l 2)u,100 GeV. Our calculated

background in this case is 64 fb.
We have checked that while there is an observable sig

at the MI ~TeV33! for m1/2;150 ~175! GeV, and if m0
&100 GeV, there is no observable signal for any of the
lowed regions of the plane if tanb>20. We have also exam
ined this channel by requiring in addition that at least one
the leptons be an identifiedt jet ~COST!. In this case, no
reach for MSUGRA was found for any of the tanb values
considered. We therefore do not show these figures.

G. Variation of signal with the A parameter

Up to now, we have fixed the parameterA0 to be zero
which, of course, does not mean that theA parameters vanish
at the weak scale. To give the reader some idea of the va
tion of theW̃1 andZ̃2 branching fractions and of the impo
tant signals withA0 , we show in Fig. 10 the branching frac
tions for ~a! W̃1 decay,~b! Z̃2 decay, and~c! sample signal
cross sections form05m1/25150 GeV and tanb535. The
curves are terminated atA0 values for whicht̃1 becomes the
lightest sparticle. In frames~a! and ~b! we see that the
branching fraction three body decays to tau increases as
mass gap between the lighter stau and the chargino or
tralino reduces until the decaysW̃1→ t̃1n and Z̃2→tt̃1 be-
come allowed. This occurs at the extreme left and the
treme right of the plots, where the branching fraction
these decays~which are the only accessible two body d
cays! becomes essentially unity. The spikes nearA05
2100 GeV are an artifact: inISAJET, the three-body decay
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are turned off when the neutralino mass equals the stau m
rather thanmt̃1

1mt , where the two-body decay become

accessible.
In frame ~c! we show cross sections for the four eve

topologies which establish the total reach of the Tevatron
discussed in the last section. For the jetty channels, we
ET

c560 GeV. The cross section in theET
miss channel is rather

insensitive toA0 as might have been anticipated. The cro
section in the J0LB channel appears to increase asA0 varies
from large positive values to the most negative values in
figure. This may seem surprising since neutralinos no lon
decay into bottom jets. We have checked that for large ne
tive values ofA0 the t squark becomes relatively light, an
since it decays viat̃1→bW̃1 , it is a significant source of such
events. Another surprising feature of the figure is that
C3LT cross sections do not show a large increase at
edges of the curve where decays to taus dominate. The
son is that at the extreme ends,umt̃1

2mZ̃1
u becomes small,

so that the daughter tau int̃1→Z̃1t becomes soft and fails to
pass our acceptance cuts. Indeed this mass difference is
4 GeV for the caseA052300 GeV, which explains why this
cross section actuallydecreases. We see that the C3L cros
section is surprisingly constant over the entire range ofA0 ,
even for the cases of large positiveA0 . For A05500 GeV,
we have checked thatW̃1Z̃2 is indeed a subdominant sourc
of C3L events. In this case, most trileptons come from sl
ton production~mainly l̃ ñ!, but there is a substantial contr
bution from the production of the heavier charginos and n
tralinos; W̃2 decays into realW as well as into sleptons
while Z̃3 can decay to realW or Z as well as to sleptons
There is thus a plethora of sources for these events.
expect that this is true for otherA0 values also. Finally, we
8-10



th
n

at

rg
ll
ad
t
c
h

ab
T.
h
t
om

m
.

the
ds

ach
st

p-
the

ar-
os

. It
be
ds
be

nic
onic
s

on
ch
rig-
nts
.
uns

nd

op-
m-

ne
c
as
ys-
as
De-
5-
3-

se

ter

es

e

SUPERSYMMETRY REACH OF FERMILAB TEVATRON . . . PHYSICAL REVIEW D 58 075008
remark that the signal cross sections vary much less withA0
than might have been anticipated from the variations in
branching fractions. We caution the reader that we have
made an exhaustive investigation of whether or not this st
ment remains true for all values ofm0 , m1/2, and tanb.

IV. SUMMARY AND CONCLUSIONS

To summarize the reach of Tevatron upgrades for la
and small tanb, we show in Fig. 11 the SUSY reach via a
of the channels that were examined, for both the upgr
options of the Tevatron. Thus, if a parameter space poin
accessible via any channel, we place an appropriate box,
responding to the integrated luminosity that is required. T
cumulative reach shown in the figure is completely est
lished with just four channels: J0L, J0LB, C3L, and C3L
For some points, the signal may be observable in more t
one of these or other channels studied in this paper. I
possible that some additional reach may be gained by c
bining several channels to gain a net ‘‘5s’’ signal, even
though the significance in each of these channels is so
what smaller. We do not consider this added detail here

We see from Fig. 11 that as tanb increases, the SUSY

FIG. 10. The dependence of~a! W̃1 branching fractions,~b! Z̃2

branching fractions, and~c! cross sections for selected topologi
on the model parameterA0 . We fix m05m1/25150 GeV and
choose tanb535 for illustration. In frame~c! we also show the
error bars in our calculation of the cross sections which are du
Monte Carlo integration.
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reach of Tevatron upgrades is significantly reduced. For
MI option, there is no reach beyond current LEP2 boun
that can be established at tanb545. The TeV33 option has
some reach in all frames, but clearly a much reduced re
for large tanb. In particular, there are parameter regions ju
beyond the current LEP2 bounds for which there will beno
observable signaleven with the luminosity of TeV33. The
reduction of the reach is mostly due to the depletion of le
tonic signals, especially the clean three lepton signal, in
region of large tanb. Note that the branching ratio forW̃1

and Z̃2 to decay into electrons and muons plus missing p
ticles is actually quite large if charginos and neutralin
dominantly decay into real or virtualt̃1 . However, the sec-
ondary leptons produced in subsequentt decays are usually
too soft to pass our trigger criteria or acceptance cuts
might be worthwhile to investigate whether these cuts can
lowered without introducing unacceptably large backgroun
~e.g., from heavy flavors, where the lepton happens to
isolated and the jet is lost, or from jets faking leptons! or via
a development of a special trilepton trigger.

Modes with identified~hadronically decaying! taus could
only partly compensate this loss of reach in the lepto
channels. Again the problem seems to be that the hadr
decay products of thet leptons are frequently too soft to pas
the cut ET(t2 jet).15 GeV. It might be worthwhile to
study if this cut can be lowered, e.g., by focusing only
one-prongt decays, for which QCD backgrounds are mu
smaller than in the three-prong channel. In addition, the t
gers adopted in our study are not very efficient for eve
with rather soft leptons plust jets, as in our C3LT sample
We therefore believe that the reach of future Tevatron r
could be extended significantly in the region of large tanb if
it is possible to devise strategies to reliably identify, a
perhaps even trigger on taus with visiblepT smaller than 15
GeV. We remark, however, that even without such devel
ments, experiments at the LHC will probe the entire para
eter plane shown at least via theET

miss channel.
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APPENDIX: SPARTICLE DECAY WIDTHS
FOR LARGE tan b

In this appendix we give analytical expressions for tho
three-body partial widths that are sensitive tob or t Yukawa
couplings and/or tof̃ L- f̃ R mixing ( f 5b,t). We first list the
relevant couplings, and then give results forZ̃i→Z̃j f f̄ , W̃i

→tntZ̃j , Z̃i→W̃j f f̄ , andg̃→btW̃i .
Many of the couplings and kinematic functions that en

to
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FIG. 11. A plot of the combined reach of the Tevatron MI and TeV33 for MSUGRA viaall of the signal channels considered in th
paper.
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our computations have been defined in our earlier pap
Instead of rewriting these lengthy definitions again, we p
vide the reader with references to the papers from wh
these couplings are used. In these studies, the two charg
were denoted byW̃2 andW̃1 instead ofW̃1 andW̃2 , respec-
tively. Also, the lighter~heavier! neutralCP even Higgs sca-
lar was denoted byHl (Hh) rather than byh ~H!, while the
CP odd pseudoscalar was denoted byHp rather thanA. The
corresponding couplings are characterized by superscripl,
h, and p. To facilitate the use of these couplings from t
earlier literature, we use this older notation to denote
charginos and neutral Higgs bosons in the formulas liste
this Appendix.

1. Couplings

The couplings of electroweak neutralinos and chargi
to a fermion and a sfermion are affected by mixing betwe
SU~2! doublet ~L-type! and singlet~R-type! sfermions. We
write the sfermion mass eigenstates as

f̃ 15cosu f f̃ L2sin u f f̃ R ,

f̃ 25sin u f f̃ L1cosu f f̃ R , ~A1!

wheref̃ 1 denotes the lighter eigenstate. Since there is noL-R
mixing in the sneutrino sector, some couplings remain un
fected. We list these for completeness, using the notatio
Refs.@18# and @19#:
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Ã
Z̃i

n
5~gv3

~ i !2g8v4
~ i !!/&, ~A2a!

Ã
W̃2

t
52g sin gR , ~A2b!

Ã
W̃2

n
52g sin gL , ~A2c!

B
W̃2

t
52 f t cosgL . ~A2d!

Here, g and g8 are the SU~2! and U(1)Y gauge couplings,
and f f the Yukawa couplings of fermionf. The correspond-
ing couplings of the heavier chargino mass eigenstateW̃1

can be obtained by the substitutions@18#

W̃2→W̃1 : cosgL,R→2ux,y sin gL,R ,

sin gL,R→ux,y cosgL,R . ~A3!

In the calculation of the partial widths, we will ignor
terms}mb ,mt when doing the Dirac traces. It then becom
convenient to write the matrix elements in terms of couplin
to fermions with fixed chirality. In the following we denot
all left-handed couplings with the symbola, and right-
handed couplings withb. The chargino couplings to the
lighter third generation squark mass eigenstates can be
ten as

a
W̃2

t̃ 1
52g sin gR cosu t1 f t cosgR sin u t , ~A4a!

b
W̃2

t̃ 1
52 f b cosgL cosu t , ~A4b!
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a
W̃2

b̃1
52g sin gL cosub1 f b cosgL sin ub ,

~A4c!

b
W̃2

b̃1
52 f t cosgR cosub . ~A4d!

The corresponding couplings to third generation sleptons
be obtained by the substitutions

q̃→ l̃ : u l→0, ub→ut , f t→0, f b→ f t . ~A5!

Similarly, the couplings to the heavier sfermion mass eig
statesf̃ 2 can be obtained by substituting:

f̃ 1→ f̃ 2 : cosu f→sin u f , sin u f→2cosu f . ~A6!

Finally, the couplings of the heavier chargino state can ag
be computed using Eq.~A3!.

The couplings of neutralinos tob andt ~s!fermions can be
written as

a
Z̃i

f̃ 1
5Ã

Z̃i

f
cosu f2 f fv2

~ i ! sin u f , ~A7a!

b
Z̃i

f̃ 1
5 f fv2

~ i ! cosu f1B̃
Z̃i

f
sin u f , ~A7b!

whereÃ
Z̃i

f
, B̃

Z̃i

f
are as in Ref.@19#. The couplings to fermions

with weak isospinI 3511/2 can be computed from Eqs
~A7! by inserting the corresponding unmixed couplings;
addition, one has to replace the componentv2

( i ) of the neu-
tralino eigenvector byv1

( i ) . The couplings to heavier sfer
mion eigenstates can again be obtained by applying
~A6!.

Finally, we introduce the charged Higgs-boson
chargino–neutralino couplings

a
W̃2

~ i !
5cosbA2

~ i ! , b
W̃2

~ i !
52sin bA4

~ i ! , ~A8a!

a
W̃1

~ i !
5cosbA1

~ i !uy , b
W̃1

~ i !
52sin bA3

~ i !ux ,

~A8b!
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wherei is the neutralino index; theAk
( i ) can be found in Ref.

@20#.

2. Z̃ j˜Z̃ i f f̄ decays

We are now in a position to present our results for t
partial widths for decays involving third generation ferm
ons. We begin with the decay of a neutralino into a ligh
neutralino and abb̄ or t1t2 pair. This decay can procee
through the exchange of the two sfermion mass eigenst
f̃ 1,2, through the exchange of aZ boson, or through the ex
change of one of the three neutral Higgs bosons of
MSSM. The partial width can therefore be written as

G~ Z̃j→Z̃i f f̃ !5
1

2
Nc~ f !

1

~2p!5

1

2mZ̃j

~G f̃1GZ1GHl ,h

1GHp
1GZ f̃1GHl ,hf̃1GHpf̃ !, ~A9!

where the color factorNc( f )53 (1) for f 5b (t). Recall
that we setmf50 when evaluating Dirac traces. As a resu
the Higgs boson andZ exchange diagrams do not interfe
with each other.1

The pure sfermion exchange contributionis given by

G f̃5G f̃ 1
1G f̃ 2

1G f̃ 1,2
, ~A10!

where

G f̃ k
5GLL

f̃ k 1GRR
f̃ k 1GLR

f̃ k ~k51,2!, ~A11a!

G f̃ 1,2
5GL

f̃ 1GL
f̃ 21GL

f̃ 1GR
f̃ 21GR

f̃ 1GL
f̃ 21GR

f̃ 1GR
f̃ 2.

~A11b!

Here, the subscriptsL andR refer to the chirality of the SM
fermion coupling to the heavier neutralinoZ̃j . The quantities
appearing in Eq.~A11! are
y
ys into top
GLL
f̃ k 54~a

Z̃ j

f̃ k!2$@~a
Z̃i

f̃ k!21~b
Z̃i

f̃ k!2#c~mZ̃j
,mf̃ k

,mZ̃i
!1~21!u i1u j~a

Z̃i

f̃ k!2f~mZ̃j
,mf̃ k

,mZ̃i
!%, ~A12a!

GRR
f̃ k 54~b

Z̃ j

f̃ k!2$@~a
Z̃i

f̃ k!21~b
Z̃i

f̃ k!2#c~mZ̃j
,mf̃ k

,mZ̃i
!1~21!u i1u j~b

Z̃i

f̃ k!2f~mZ̃j
,mf̃ k

,mZ̃i
!%, ~A12b!

GLR
f̃ k 528a

Z̃ j

f̃ kb
Z̃ j

f̃ ka
Z̃i

f̃ kb
Z̃i

f̃ kY~mZ̃j
,mf̃ k

,mf̃ k
,mZ̃i

!, ~A12c!

1This would be a very bad approximation forZ̃j→Z̃i t t̄ decays. However, if these decays are allowed,Z̃j has numerous two-body deca
modes into real gauge and Higgs bosons and lighter neutralinos and charginos. The branching ratios for neutralino three-body deca
quarks are therefore always negligibly small. Analogous remarks apply toW̃j→Z̃i t b̄ decays.
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GL
f̃ 1GL

f̃ 258a
Z̃ j

f̃ 1a
Z̃ j

f̃ 2$@a
Z̃i

f̃ 1a
Z̃i

f̃ 2
1b

Z̃i

f̃ 1b
Z̃i

f̃ 2#c̃~mZ̃j
,mf̃ 1

,mf̃ 2
,mZ̃i

!1~21!u i1u ja
Z̃i

f̃ 1a
Z̃i

f̃ 2f̃~mZ̃j
,mf̃ 1

,mf̃ 2
,mZ̃i

!%,

~A12d!

GR
f̃ 1GR

f̃ 258b
Z̃ j

f̃ 1b
Z̃ j

f̃ 2$@a
Z̃i

f̃ 1a
Z̃i

f̃ 2
1b

Z̃i

f̃ 1b
Z̃i

f̃ 2#c̃~mZ̃j
,mf̃ 1

,mf̃ 2
,mZ̃i

!1~21!u i1u jb
Z̃i

f̃ 1b
Z̃i

f̃ 2f̃~mZ̃j
,mf̃ 1

,mf̃ 2
,mZ̃i

!%,

~A12e!

GL
f̃ 1GR

f̃ 2528a
Z̃ j

f̃ 1b
Z̃ j

f̃ 2a
Z̃i

f̃ 2b
Z̃i

f̃ 1Y~mZ̃j
,mf̃ 1

,mf̃ 2
,mZ̃i

!, ~A12f!

GL
f̃ 2GR

f̃ 1528a
Z̃ j

f̃ 2b
Z̃ j

f̃ 1a
Z̃i

f̃ 1b
Z̃i

f̃ 2Y~mZ̃j
,mf̃ 1

,mf̃ 2
,mZ̃i

!. ~A12g!
-

e

-

if

si

-

d

ral

in
s.

tri-

rs

o
ea
The kinematic functionsc, f, andY are given in Ref.@21#,2

and u i is 0 ~1! if the sign of thei th eigenvalue of the neu
tralino mass matrix is positive~negative! @18#. The functions
c̃ and f̃, which depend on two sfermion masses are gen
alizations of the functionsc andf which depend on just one
sfermion mass: to definec̃, we simply split the squared fac
tor where the top squark mass occurs in Eq.~A6a! of Ref.
@21#, into two such factors, with each one containing a d
ferent sfermion mass. Similarly,f̃ is generalized fromf by
writing mf̃ 1

in the first factor outside the square parenthe

in Eq. ~A6b! of Ref. @21#, andmf̃ 2
inside the square paren

thesis. In other words, when the two sfermionsf̃ 1 and f̃ 2

have the same mass,c̃5c and f̃5f.
For completeness, we also give thesquared Z exchange

contribution, which is not affected by sfermion mixing:

GZ5128e2uWi j u2~a f
21b f

2!mZ̃j

p2

2

3E
mZ̃i

Emax
dE

BfAE22m
Z̃i

2

~m
Z̃i

2
1m

Z̃j

2
2MZ

222EmZ̃j
!2

3H E@m
Z̃i

2
1m

Z̃j

2
2~21!u i1u j2mZ̃i

mZ̃j
#

2mZ̃j S E21m
Z̃i

2
1

Bf

3
~E22m

Z̃i

2
! D

1~21!u i1u jmZ̃i
~m

Z̃i

2
1m

Z̃j

2
22mf

2!J . ~A13!

Here, e is the QED coupling,Wi j is the ZZ̃i Z̃j coupling

2Note that the third line in Eq.~A6h! of that paper should come
with a positive overall sign. Furthermore, the last term in the fi
denominator in Eq.~A6a! should bem

t̄

2
, rather thanmt

2. Of course,
mt is repaced by the appropriate fermion mass in the definition
these functions. Finally, although the number of arguments app
ing in theY function are different from that in Ref.@21#, the corre-
spondence is obvious.
07500
r-

-

s

given in Ref.@22#, anda f , b f are the left- and right-hande
Z f f̄ couplings in the notation of Ref.@23#. Finally, the upper
integration limit is given by

Emax5

m
Z̃i

2
1m

Z̃j

2
24mf

2

2mZ̃j

~A14!

and

Bf5A12
4mf

2

m
Z̃i

2
1m

Z̃j

2
22EmZ̃j

. ~A15!

The pure scalar Higgs boson exchange contributioncan
also be written as a single integral:

GHl ,h
52p2S gmf

MW cosb D 2

mZ̃j
E

mZ̃i

Emax
dEBfAE22m

Z̃i

2

3~m
Z̃i

2
1m

Z̃j

2
22mZ̃j

E22mf
2!@E1~21!u i1u jmZ̃i

#

3F sin a~Xi j
l 1Xji

l !

m
Z̃i

2
1m

Z̃j

2
22mZ̃j

E2mHl

2

1
cosa~Xi j

h 1Xji
h !

m
Z̃i

2
1m

Z̃j

2
22mZ̃j

E2mHh

2 G 2

. ~A16!

Here, Xi j
l ,h are the couplings of the light and heavy neut

scalar Higgs boson to two neutralinos anda is the angle
describing mixing in the scalar Higgs sector as defined
Ref. @20#, andmHlh

2 are the masses of the two Higgs boson

The upper integration limit is again given by Eq.~A14!.
The squared pseudoscalar Higgs boson exchange con

bution can be cast in a quite similar form:

t

f
r-
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GHp
52p2Fgmf tan b

MW
~Xi j

p 1Xji
p !G2

mZ̃j

3E
mZ̃i

Emax
dEBfAE22m

Z̃i

2

3

~m
Z̃i

2
1m

Z̃j

2
22mZ̃j

E22mf
2!@E2~21!u i1u jmZ̃i

#

~m
Z̃i

2
1m

Z̃j

2
22mZ̃j

E2mHp

2 !2
.

~A17!

The couplingsXi j
p can again be found in Ref.@20#.

We now turn to the various interference terms listed
Eq. ~A9!. The Z-sfermion interference contributionscan be
written as

GZ f̃5GZ f̃1
1GZ f̃2

, ~A18!

with

GZ f̃k
532eW̃i j @a

Z̃i

f̃ ka
Z̃ j

f̃ k~a f2b f !2b
Z̃i

f̃ kb
Z̃ j

f̃ k~a f1b f !#
p2

2mZ̃j

3E
4mf

2

~mZ̃j
2mZ̃i

!2 ds

s2MZ
2

3H 2
1

2
Q8~mZ̃j

EQ1m
f̃ k

2
2m

Z̃j

2
2s2mf

2!

2
1

4mZ̃j

@~m
f̃ k

2
2m

Z̃i

2
2mf

2!~m
f̃ k

2
2m

Z̃j

2
2mf

2!

1~21!u i1u jmZ̃i
mZ̃j

~s22mf
2!#

3 log
mZ̃j

~EQ1Q8!2m2

mZ̃j
~EQ2Q8!2m2J . ~A19!

Here we have introduced the quantities

m25s1m
f̃ k

2
2m

Z̃i

2
2mf

2, EQ5

s1m
Z̃j

2
2m

Z̃i

2

2mZ̃j

,

Q5AEQ
2 2s, ~A20!

and

Q85QA12
4mf

2

s
.

The real couplingW̃mn is defined to be

W̃mn5~2 i !um1un~21!umWmn , ~A21!

with Wmn given in Ref.@22#.
Finally, theHiggs-sfermion interference contributionscan

be written as
07500
GHl ,h,pf̃5GHl ,h,pf̃ 1
1GHl ,h,pf̃ 2

, ~A22!

whereHl , Hh , andHp again denote the light scalar, heav
scalar, and pseudoscalar Higgs boson, respectively.
separate contributions in Eq.~A22! are given by

GHl f̃ k
5

2p2

mZ̃j

gmf sin a

MW cosb
~Xji

l 1Xi j
l !@a

Z̃i

f̃ kb
Z̃ j

f̃ k
1a

Z̃ j

f̃ kb
Z̃i

f̃ k#

3~21!u i1u jJH~mZ̃j
,mf̃ k

,mHl
,mZ̃i

,u i1u j !,

~A23a!

GHhf̃ k
5

2p2

mZ̃j

gmf cosa

MW cosb
~Xji

h 1Xi j
h !@a

Z̃i

f̃ kb
Z̃ j

f̃ k
1a

Z̃ j

f̃ kb
Z̃i

f̃ k#

3~21!u i1u jJH~mZ̃j
,mf̃ k

,mHh
,mZ̃i

,u i1u j !,

~A23b!

GHpf̃ k
5

2p2

mZ̃j

gmf tan b

MW
~Xji

p 1Xi j
p !@a

Z̃i

f̃ kb
Z̃ j

f̃ k
1a

Z̃ j

f̃ kb
Z̃i

f̃ k#

3~21!11u i1u jJH~mZ̃j
,mf̃ k

,mHp
,mZ̃i

,11u i1u j !.

~A23c!

The functionJH is defined as

JH~mZ̃j
,mf̃ ,mH ,mZ̃i

,u!

5E
4mf

2

~mZ̃j
2mZ̃i

!2 ds

s2mH
2 F1

2
sQ8

1
sm

f̃

2
2mf

2~mZ̃
i
21mZ̃

j
2!1~21!umZ̃i

mZ̃j
~s22mf

2!

4mZ̃j

3 log
mZ̃j

~EQ1Q8!2m2

mZ̃j
~EQ2Q8!2m2G , ~A24!

wherem2, EQ , Q, andQ8 have been defined in Eq.~A20!.

3. W̃j˜Z̃ itnt decays

These decays proceed via the exchange of aW boson, a
charged or neutral third generation slepton, or a char
Higgs boson. The partial widths can thus be written as

G~W̃j
2→Z̃it

2n̄t!5
1

2

1

~2p!5

1

2mW̃j

~GW1Gñ1Gt̃1GH

1GWñ1GWt̃1Gñt̃1GH ñ1GH t̃ !.

~A25!

The Higgs andW exchange contributions do not interfer
since we neglected terms}mt when doing the Dirac algebra

The squared W exchange contributionis given by
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GW54g4
p2

3 E
mZ̃i

Emax
dE

AE22m
Z̃i

2

~m
W̃j

2
1m

Z̃i

2
22mW̃j

E2MW
2 !2

3$~ uXj
i u21uYj

i u2!@3~m
W̃j

2
1m

Z̃i

2
!mW̃j

E

22m
W̃j

2
~2E21m

Z̃i

2
!#23~ uXj

i u22uYj
i u2!

3mW̃j
mZ̃i

~m
W̃j

2
1m

Z̃i

2
22EmW̃j

!%. ~A26!

HereXj
i andYj

i are theWW̃jZ̃i couplings as defined in Ref
@18#, and the upper integration limitEmax is given by Eq.
~A14! with mZ̃j

→mW̃j
andmf→0.

The squared sneutrino exchange contributionis given by

Gñ52~Ã
Z̃i

n
!2@~Ã

W̃j

t
!21~B

W̃j

t
!2#2c~mW̃j

,mñt
,mZ̃i

!.

~A27!
-

07500
The couplings appearing in Eq.~A27! have been defined in
Eqs. ~A2!, and the kinematical functionc is given in Ref.
@21#.

The pure scalar tau exchange termscan be written as

Gt̃5Gt̃1
1Gt̃2

1Gt̃1t̃2
, ~A28!

where

Gt̃k
52~a

W̃j

t̃k !2@~a
Z̃i

t̃k!21~b
Z̃i

t̃k!2#c~mW̃j
,mt̃k

,mZ̃i
!, ~A29a!

Gt̃1t̃2
54a

W̃j

t̃1 a
W̃j

t̃2 @a
Z̃i

t̃1a
Z̃i

t̃2
1b

Z̃i

t̃1b
Z̃i

t̃2#c̃~mW̃j
,mt̃1

,mt̃2
,mZ̃i

!.

~A29b!

The couplings appearing in Eqs.~A29! have been defined in
Eqs.~A4!–~A7!, and the functionsc, c̃ are as defined above

The squared charged Higgs boson exchange contribut
is
GH5p2mW̃j S gmt tan b

MW
D 2E

mZ̃i

Emax
dEAE22m

Z̃i

2
~m

W̃j

2
1m

Z̃i

2
22EmW̃j

!$E@~a
W̃j

~ i !
!21~b

W̃j

~ i !
!2#12~21!u i1u jmZ̃i

a
W̃j

~ i !
b

W̃j

~ i !
%

~m
W̃j

2
1m

Z̃i

2
22EmW̃j

2mH1
2

!2
.

~A30!
Here,Emax is the same as in Eq.~A26!, the H1W̃j
2Z̃i cou-

plings have been defined in Eqs.~A8!, andu j ([u2 or u1 in
the notation of Ref.@18#!50 ~1! if the corresponding eigen
value of the chargino mass matrix is positive~negative!.

The W-sneutrino interference contributionis not affected
by t̃L- t̃R mixing and contributions} f t ; it can be written as

GWñ524&g2~21!u i1u j Ã
W̃j

t
Ã

Z̃i

n
@~Xj

i 2Yj
i !I 1~mW̃j

,mñt
,mZ̃i

!

2~Xj
i 1Yj

i !I 2~mW̃j
,mñt

,mZ̃i
!#, ~A31!

where we have introduced the functions

I 1~mW̃ ,mf̃ ,mZ̃!5
p2

2mW̃
E

0

~mW̃2mZ̃!2 ds

s2MW
2

3F2
1

2
Q~mW̃EQ1m

f̃

2
2m

W̃

2
2s!

2
~m

f̃

2
2m

Z̃

2
!~m

f̃

2
2m

W̃

2
!

4mW̃

3 log
mW̃~EQ1Q!2m2

mW̃~EQ2Q!2m2G , ~A32a!
I 2~mW̃ ,mf̃ ,mZ̃!5
p2

8mW̃
E

0

~mW̃2mZ̃!2 ds

s2MW
2 mZ̃s

3 log
mW̃~EQ1Q!2m2

mW̃~EQ2Q!2m2 . ~A32b!

The quantitiesm2, EQ , and Q are as in Eq.~A20!, with
mZ̃j
→mW̃ , mZ̃i

→mZ̃ andmf̃ k
→mf̃ .

The same functions also appear in theW-scalar tau inter-
ference contributions:

GWt̃5GWt̃1
1GWt̃2

, ~A33!

where

GWt̃k
54&g2a

W̃j

t̃k a
Z̃i

t̃k@~Xj
i 1Yj

i !I 1~mW̃j
,mt̃k

,mZ̃i
!

2~Xj
i 2Yj

i !I 2~mW̃j
,mt̃k

,mZ̃i
!#. ~A34!

The couplingsXj
i , Yj

i can be found in Ref.@18#; the remain-
ing couplings appearing in Eq.~A34! have been introduced
in Eqs.~A4!–~A7!.

The sneutrino-scalar tau interference termscan be writ-
ten as

Gñt̃5Gñt̃1
1Gñt̃2

, ~A35!

where
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Gñt̃k
524Ã

Z̃i

n
a

W̃j

t̃k @B
W̃j

t
b

Z̃i

t̃kY~mW̃j
,mñt

,mt̃k
,mZ̃i

!

2~21!u i1u j Ã
W̃j

t
a

Z̃i

t̃kf̃~mW̃j
,mñt

,mt̃k
,mZ̃i

!#.

~A36!

The functionsY, f̃ have already been defined.
The charged Higgs-sneutrino interference termis given

by

GH ñ52&Ã
Z̃i

n
B

W̃j

t gmt tan b

mW
I H~mW̃j

,mH1,mñt
,mZ̃i

!,

~A37!

where we have introduced the function

I H~mW̃j
,mH ,mf̃ ,mZ̃i

!

5
p2

2mW̃j

E
0

~mW̃j
2mZ̃i

!2 ds

s2mH
2 H 1

2
sQb

W̃j

~ i !

1
1

4mW̃j

@b
W̃j

~ i !
sm

f̃

2
1~21!u i1u ja

W̃j

~ i !
mW̃j

mZ̃i
s#

3 log
mW̃j

~EQ1Q!2m2

mW̃j
~EQ2Q!2m2J , ~A38!

the quantitiesm2, EQ , andQ are as in Eq.~A20!, with mZ̃j

→mW̃j
. The charged Higgs couplings appearing in the in

grand of Eq.~A38! have been defined in Eqs.~A8!.
The same function also appears in thecharged Higgs-

scalar tau interference contributions:
07500
-

GH t̃5GH t̃1
1GH t̃2

, ~A39!

where

GH t̃k
52&a

W̃j

t̃k b
Z̃i

t̃k
gmt tan b

MW
I H~mW̃j

,mH1,mt̃k
,mZ̃i

!.

~A40!

The partial widths for the analogous neutralino
chargino decays are given by crossing:

G~ Z̃i→W̃j
1t2n̄t!5G~W̃j

2→Z̃it
2n̄t!~mW̃j

↔mZ̃i
!.
~A41!

Note thatZ̃i can also decay intoW̃j
2t1nt final states, with

equal probability. However, these neutralino decays are u
ally not very important, since they are either phase sp
suppressed, or have to compete with two-body decays of
heavy neutralinos.

4. g̃˜W̃i tb̄ decays

These decays proceed through the exchange of any o
four top squark and sbottom mass eigenstates; in the l
ub , f b→0 considered in the existing literature@21#, only one
of the two sbottom eigenstates contributes here, sinceb̃R
does not couple to charginos in this limit. Fortunately t
general case does not introduce terms with new Dirac st
ture in the matrix elements; the necessary phase space
grals can therefore be extracted from the Appendix of R
@21#.

We begin by defining eight kinematical functions:
G1~mg̃ ,mt̃ ,mW̃!5mg̃E dEtptEt~mg̃
21mt

222Etmg̃2m
W̃

2
!2

~mg̃
21mt

222Etmg̃2m
t̃

2
!2~mg̃

21mt
222Etmg̃!

, ~A42a!

G2~mg̃ ,mb̃ ,mW̃!5mg̃E dEb̄E
b̄

2
l1/2~mg̃

21mb
222Eb̄mg̃ ,m

W̃

2
,mt

2!

3
mg̃

21mb
22mt

222Eb̄mg̃2m
W̃

2

~mg̃
21mb

222Eb̄mg̃2m
b̃

2
!2~mg̃

21mb
222Eb̄mg̃!

, ~A42b!

G3~mg̃ ,mb̃ ,mW̃!5~21!uw̃4mg̃mW̃mtE dEb̄E
b̄

2
l1/2~mg̃

21mb
222Eb̄mg̃ ,m

W̃

2
,mt

2!

3
1

~mg̃
21mb

222Eb̄mg̃2m
b̃

2
!2~mg̃

21mb
222Eb̄mg̃!

, ~A42c!

G4~mg̃ ,mt̃ ,mb̃ ,mW̃!5~21!u g̃1uW̃mg̃mW̃E dEt

mg̃
21mt

222Etmg̃2mt
2

3FEb̄~max!2Eb̄~min!2
m

b̃

2
1mt

222Etmg̃2m
W̃

2

2mg̃
log XG , ~A42d!
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G5~mg̃ ,mt̃ ,mb̃ ,mW̃!5~21!u g̃
mt

2 E dEt

mg̃
21mt

222Etmg̃2m
W̃

2

mg̃
21mt

222Etmg̃2m
t̃

2 log X, ~A42e!

G6~mg̃ ,mt̃ ,mb̃ ,mW̃!5
1

2 E dEt

mg̃
21mt

222Etmg̃2m
t̃

2 H Fmg̃~mg̃
21mt

222Etmg̃2m
W̃

2
!2

m
b̃

2
2mg̃

2

mg̃
~2Etmg̃2mt

22mg̃
2!G log X

12~2Etmg̃2mt
22mg̃

2!@Eb̄~max!2Eb̄~min!#J , ~A42f!

G7~mg̃ ,mt̃ ,mb̃ ,mW̃!5~21!uW̃
1

2
mW̃mtE dEt
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21mt

222Etmg̃2m
t̃

2 H 2@Eb̄~max!2Eb̄~min!#2
m

b̃

2
2mg̃
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mg̃
log XJ ,
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,mt̃ 2

,mW̃!5~21!u g̃mtmg̃E dEt

~mg̃
21mt

222Etmg̃2m
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2
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21mt

222Etmg̃2m
t̃ 1

2
!~mg̃

21mt
222Etmg̃2m

t̃ 2

2
!
. ~A42h!

Here,u g̃50 ~1! if a positive~negative! gluino mass parameter is chosen, anduW̃ (5u2 or u1 in the notation of Ref.@18#! is
the corresponding quantity for the chargino mass eigenstate. Further, we have introducedEb̄(min, max)@21#, which are given
by

~mg̃
21mt

222mg̃Et1mb
22m

W̃

2
!~mg̃2Et!7ptl

1/2~mg̃
21mt

222mg̃Et ,mb
2,m

W̃

2
!

2~mg̃
21mt

222Etmg̃!
. ~A43!
on

t
ere
Also,

pt5AEt
22mt

2 ~A44a!

and

X5
m

b̃

2
12Eb̄~max!mg̃2mg̃

2

m
b̃

2
12Eb̄~min!mg̃2mg̃

2 . ~A44b!

Finally, the limits of integration overEt in Eqs. ~A42! are
from mt to (mg̃

21mt
22(mW̃1mb)2)/2mg̃ , while the integra-

tion over Eb̄ in Eqs. ~A42b! and ~A42c! goes frommb to
@mg̃

22(mt1mW̃)2#/2mg̃ .
The partial widths for the processes under considerati
07500
can be written as

G~ g̃→tb̄W̃i !5
1

~2p!2

1

2mg̃
p2gs

2

3S G t̃ 1
1G t̃ 2

1G t̃ 1 t̃ 2
1G b̃1

1G b̃2
1 (

k,l 51

2

G t̃ kb̃l D ,

~A45!

wheregs is the SU(3)c gauge coupling. Note that in the limi
mb→0 the two sbottom exchange diagrams do not interf
with each other. The individual contributions in Eq.~A45!
are given by
G t̃ k
5@~a

W̃i

t̃ k !21~b
W̃i

t̃ k !2#@G1~mg̃ ,mt̃ k
,mW̃i

!2~21!k sin~2u t!G8~mg̃ ,mt̃ k
,mt̃ k

,mW̃i
!#, ~A46a!

G t̃ 1 t̃ 2
522~a

W̃i

t̃ 1 a
W̃i

t̃ 2
1b

W̃i

t̃ 1 b
W̃i

t̃ 2 !cos~2u t!G8~mg̃ ,mt̃ 1
,mt̃ 2

,mW̃i
!, ~A46b!
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b̃k !21~b
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b̃k !2#G2~mg̃ ,mb̃k
,mW̃i

!2a
W̃i

b̃k b
W̃i

b̃k G3~mg̃ ,mb̃k
,mW̃i

!, ~A46c!
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G t̃ 1b̃1
5~cosu t sin uba
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W̃i
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1sin u t cosubb

W̃i

b̃1 a
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t̃ 1 !G6~mg̃ ,mt̃ 1
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,mW̃i
!

2~cosu t cosuba
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1sin u t sin ubb
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W̃i
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b̃1 b
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1sin u t cosuba

W̃i

b̃1 a
W̃i

t̃ 1 !G7~mg̃ ,mt̃ 1
,mb̃1

,mW̃i
!. ~A46d!

The couplings appearing in Eqs.~A46! are listed in Eqs.~A4!–~A7!. The other top-squark–sbottom interference contributio
can be obtained from Eq.~A46d! by substituting the appropriate coupling constants and squark masses; in addition, one
apply the substitution rules~A6! to the factors in Eq.~A46d! that depend on third generation squark mixing angles. Finally,
note that gluinos have the same partial widths for decays intotb̄W̃i

2 and t̄bW̃i
1 final states.

These formulas have been incorporated into the event generatorISAJET 7.32 @9#. Finally, we remark that we have als
updated the formula forG(g̃→t t̄ Z̃i) that appears in Ref.@21# to includet̃ L2 t̃R mixing effects. This has also been incorporat
into ISAJET.
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