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Top-squark searches at the Fermilab Tevatron in models of low-energy supersymmetry breaking
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We study the production and decays of top squarks at the Fermilab Tevatron collider in models of low-
energy supersymmetry breaking. We consider the case where the lightest standard model~SM! superpartner is
a light neutralino that predominantly decays into a photon and a light gravitino. Considering the lighter top
squark to be the next-to-lightest standard model superpartner, we analyze top squark signatures associated with
jets, photons and missing energy, which lead to signals naturally larger than the associated SM backgrounds.
We consider both 2-body and 3-body decays of the top squarks and show that the reach of the Tevatron can be
significantly larger than that expected within either the standard supergravity models or models of low-energy
supersymmetry breaking in which the top squark is the lightest SM superpartner. For a modest projection of the
final Tevatron luminosity,L.4 fb21, top squark masses of order 300 GeV are accessible at the Tevatron
collider in both 2-body and 3-body decay modes. We also consider the production and decay of ten degenerate
squarks that are the supersymmetric partners of the five light quarks. In this case we find that common squark
masses up to 360 GeV are easily accessible at the Tevatron collider, and that the reach increases further if the
gluino is light.
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I. INTRODUCTION

The standard model with a light Higgs boson provide
very good description of all experimental data. The cons
tency of the precision electroweak data with the predictio
of the standard model suggests that, if new physics is pre
at the weak scale, it is most probably weakly interacting a
consistent with the presence of a light Higgs boson in
spectrum. Extensions of the standard model based on s
broken low-energy supersymmetry~SUSY! @1# provide the
most attractive scenarios of physics beyond the stand
model satisfying these properties. If the supersymme
breaking masses are&O(1 TeV), supersymmetry stabilize
the hierarchy between the Planck scaleM P and the elec-
troweak scale. Furthermore, the minimal supersymmetric
tension of the standard model~MSSM! significantly im-
proves the precision with which the three gauge coupli
unify and leads to the presence of a light Higgs boson wit
mass below 135 GeV@2#.

Perhaps the most intriguing property of supersymmetr
that local supersymmetry naturally leads to the presenc
gravity ~supergravity!. In the case of local supersymmetr
the Goldstino provides the additional degrees of freed
necessary to make the gravitino a massive particle@3#. In the
simplest scenarios, the gravitino massmG̃ is directly propor-
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tional to the square of the supersymmetry breaking sc
AFSUSY:

mG̃.FSUSY/A3M P , ~1.1!

whereM P denotes the Planck mass.
The relation between the supersymmetry breaking sc

AFSUSY and the masses of the supersymmetric partners
pends on the specific supersymmetry breaking mechan
In general, the superpartner massesMSUSY are directly pro-
portional toFSUSY and inversely proportional to the messe
ger scaleMm at which the supersymmetry breaking is com
municated to the visible sector:

MSUSY.CM

FSUSY

Mm
, ~1.2!

whereCM is the characteristic strength of the coupling b
tween the messenger sector and the visible one. If the br
down of supersymmetry is related to gravity effects,Mm is
naturally of the order of the Planck scale andCM is of order
one; hence, forAFSUSY;1011 GeV, MSUSY is naturally at
the TeV scale. In gauge-mediated symmetry break
~GMSB! @4,5#, instead, the couplingsCM are associated with
the standard model gauge couplings~times a loop suppres
sion factor!, so that aFSUSY/Mm&100 TeV yields masses o
the order of 100 GeV for the lighter standard model sup
partners.

When relevant at low energies, the gravitino interactio
with matter are well described through the interactions of
spin 1/2 Goldstino component@3#. The Goldstino has deriva
tive couplings with the visible sector with a strength propo
©2002 The American Physical Society10-1



le

cl
rio
ol
ce
s
tr

S
y

er
u

te

if

h
icl
e
c-

la
V

-

pe
ll
i

e
P

t
w
of

tr

n

he

o
a

, it
no.
the

ino,
by
in

spe-
t

pho-
tive
d.

ed
s
s no

n,
ller
e

neu-

e

nal

o-

p
In
s a

ass
on

pling

n-
rks,
, are
ec-

nd
in
est

her
the

of
ses

CARENA et al. PHYSICAL REVIEW D 66, 115010 ~2002!
tional to 1/FSUSY. In scenarios with a high messenger sca
of order M P , Eqs. ~1.1! and ~1.2! imply that the gravitino
has a mass of the same order as the other SUSY parti
and its interactions are extremely weak. In such scena
the gravitino plays no role in the low-energy phenomen
ogy. However, in low-energy supersymmetry breaking s
narios, such as GMSB, in which the messenger scale is
nificantly lower than the Planck scale, the supersymme
breaking scale is much smaller. Typical values in the GM
case areMm;1052108 GeV, leading to a supersymmetr
breaking scaleAFSUSY roughly between 105 and a few times
106 GeV. The gravitino then becomes significantly light
than the superpartners of the quarks, leptons and ga
bosons, and its interaction strength is larger. As the ligh
supersymmetric particle~LSP!, the gravitino must ultimately
be produced at the end of all superparticle decay chainsR
parity is conserved~for an analysis of the case ofR-parity
violation see, Ref.@6#!.

Depending on the strength of the gravitino coupling, t
decay length of the next-to-lightest supersymmetric part
~NLSP! can be large~so that the NLSP is effectively stabl
from the point of view of collider phenomenology; this o
curs whenAFSUSY*1000 TeV), intermediate~so that the
NLSP decays within the detector giving rise to spectacu
displaced vertex signals; this occurs when 1000 Te
*AFSUSY*100 TeV), or microscopic~so that the NLSP de
cays promptly; this occurs whenAFSUSY&100 TeV) @7–9#.
The decay branching fractions of the standard model su
partners other than the NLSP into the gravitino are typica
negligible. However, if the supersymmetry breaking scale
very low, AFSUSY!100 TeV ~corresponding to a gravitino
mass!1 eV), then the gravitino coupling strength can b
come large enough for superpartners other than the NLS
decay directly into final states containing a gravitino@9,10#.
In any case, the SUSY-breaking scale must be larger than
mass of the heaviest superparticle; an approximate lo
bound ofAFSUSY.1 TeV corresponds to a gravitino mass
about 1023 eV.

In many models, the lightest amongst the supersymme
partners of the standard model particles is a neutralino,x̃1

0.

The partial width forx̃1
0 decaying into the gravitino and a

arbitrary SM particleX is given by

G~x̃1
0→XG̃!.KXNX

mx̃
1
0

96p S mx̃
1
0

AM PmG̃

D 4S 12
mX

2

mx̃
1
0

2 D 4

,

~1.3!

whereKX is a projection factor equal to the square of t
component in the NLSP of the superpartnerX̃, andNX is the
number of degrees of freedom ofX. If X is a photon, for
instance,NX52 and

KX5uN11 cosuW1N12 sinuWu2, ~1.4!

where Ni j is the mixing matrix connecting the neutralin
mass eigenstates to the weak eigenstates in the b
B̃,W̃,H̃1 ,H̃2.
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If the neutralino has a significant photino component
will lead to observable decays into the photon and graviti
Since the heavier supersymmetric particles decay into
NLSP, which subsequently decays into photon and gravit
supersymmetric particle production will be characterized
events containing photons and missing energy. This is
contrast to supergravity scenarios, where, unless very
cific conditions are fulfilled@11,12#, photons do not represen
a characteristic signature. The presence of two energetic
tons plus missing transverse energy provides a distinc
SUSY signature with very little standard model backgroun

It might be argued that ax̃1
0, decaying with a large

branching ratio into photons, would be severely constrain
by CERN e1e2 collider LEP data. However, such bound
are extremely model dependent. For example, there exist
tree-level coupling between a photon~or Z) and either two
B-inos or two neutralW-inos. Since theB-ino is associated
with the smallest of all gauge interactions and, in additio
its mass is more strongly renormalized downward at sma
scales compared to theW-ino mass, in many models th
lightest neutralino has a significantB-ino component. There-
fore, if the NLSP is approximately a pureB-ino, the bounds
on its mass depend strongly on the selectron mass~since, at
LEP, pair production ofB-inos or neutralW-inos could occur
through thet-channel exchange of selectrons!. For selectron
masses below 200 GeV, the present bound on such a
tralino is approximately 90 GeV@13# ~the bound weakens
with increasing selectron mass!. As emphasized before, onc
produced, such a neutralino would decay viax̃1

0→gG̃. If x̃1
0

is heavy enough, then the decaysx̃1
0→ZG̃ andx̃1

0→h0G̃ are
also allowed; however, the decay widths into these fi
states are kinematically suppressed compared to thegG̃ final
state and will be important only if either the photino comp
nent ofx̃1

0 is small or if x̃1
0 itself is significantly heavier than

Z andh0 @9#.
In most SUSY models, it is natural for the lighter to

squark, t̃ 1, to be light compared to the other squarks.
general, due to the large top Yukawa coupling, there i
large mixing between the weak eigenstatest̃ L and t̃ R , which
leads to a large splitting between the two top squark m
eigenstates. In addition, even if all squarks have a comm
mass at the messenger scale, the large top Yukawa cou
typically results in the top squark masses being driven~under
renormalization group evolution! to smaller values at the
weak scale. An extra motivation to consider light third ge
eration squarks comes from the fact that light top squa
with masses of about or smaller than the top quark mass
demanded for the realization of the mechanism of el
troweak baryogenesis within the context of the MSSM@14#.

In this paper we examine in detail the production a
decay of top squarks at Run II of the Tevatron collider
low-energy SUSY breaking scenarios wherein the light
neutralino is the NLSP and decays promptly intogG̃. We
also investigate the production and decay of the ot
squarks, and provide an estimate of the reach of Run II of
Tevatron in the heavy gluino limit. We work in the context
a general SUSY model in which the SUSY particle mas
0-2
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arenot constrained by the relations predicted in the minim
GMSB models. We assume throughout that the gravit
coupling is strong enough~or, equivalently, that the scale o
SUSY breaking is low enough! that the NLSP decays
promptly. This implies an upper bound on the supersymm
try breaking scale of a few tens to a few hundred TeV@7–9#,
depending on the mass of the NLSP. Our analysis can
extended to higher supersymmetry breaking scales for w
the NLSP has a finite decay length, although in this c
some signal will be lost on account of the NLSP decay
outside the detector. At least 50% of the diphoton sig
cross section remains though for NLSP decay lengthsct
&40 cm @7#; this corresponds to a supersymmetry break
scale below a few hundred to about a thousand TeV, dep
ing on the mass of the NLSP. Moreover, the displaced ve
associated with a finite decay length could be a very g
additional discriminator for the signal. Thus, in totality, o
choice is certainly not an overly optimistic one.

This paper is organized as follows. In Sec. II we outli
models of low-energy supersymmetry breaking wherein
lighter top squark is the lightest sfermion and, moreover
lighter than the charginos as well as the gluino. In Sec. III
review the top squark pair production cross section at
Tevatron. In Sec. IV we summarize previous studies of
squark production and decay at Run II of the Tevatron. T
is followed, in Sec. V, by a discussion of the SUSY para
eter space and the relative partial widths of the various
squark decay modes. In Sec. VI we describe the signal
each of the top squark decay modes considered. We des
the backgrounds and the cuts used to separate signal
background in each case, and give signal cross sections
cuts. This gives the reach at Run II. We also note the po
bility that top squarks can be produced in the decays of
quarks. In Sec. VII we consider the production and decay
10 degenerate squarks that are the supersymmetric par
of the five light quarks. Finally, we summarize our results
Sec. VIII.

II. LIGHT TOP SQUARK IN LOW-ENERGY
SUPERSYMMETRY BREAKING MODELS

As discussed above, the mass of the graviton as well a
interaction strength are governed by the supersymm
breaking scaleAFSUSY. Low-energy supersymmetry break
ing models are defined as those obtained for low value
AFSUSY (&106 GeV) and hence result in a gravitino lighte
than a few keV. Apart from evading cosmological problem
@15#, a further striking consequence of such models is t
sparticle decays into gravitinos may occur at scales that
be of interest for collider phenomenology. As is appar
from Eq.~1.2!, in such models the messenger mass scaleMm
should be smaller than 109 GeV.

In this paper we are interested in the presence of light
squarks in low-energy supersymmetry breaking scenar
The motivation is simple: assuming that the supersymm
breaking masses are flavor independent, that is the left-
right-handed squark masses of the three generations ar
same at the messenger scale, the lighter top squark turn
to be the lightest of all the squarks. The reasons are twof
On the one hand, there are renormalization group effe
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induced by top-quark Yukawa interactions that tend to red
the top squark mass scale compared to the other sq
masses. On the other, there are non-trivial mixing effects
tend to push the lightest top squark mass down compare
the overall left- and right-squark masses. For similar reaso
it is also natural to assume that the lightest top squark will
lighter than the gluino.

There is a further motivation behind our analysis, nam
that of baryogenesis. A crucial requirement for electrowe
baryogenesis scenarios within the minimal supersymme
extension of the standard model is the presence of a light
squark with mass of the order of, or smaller than, the
quark mass. Since this scenario does not depend on the
ture of supersymmetry breaking, it is very important to d
velop strategies to look for light top squarks in all their po
sible decay modes, in particular in those related to
possibility of low-energy supersymmetry breaking.

In general, light top squarks can induce large correctio
to the precision electroweak parameterDr @16–18#, unless
they are mainly right handed or there is some correlat
between the masses and mixing angles in the top and bo
squark sector@19#. The most natural way of suppressing p
tentially large contributions to the rho parameter is to assu
that there is a large hierarchy between the supersymm
breaking mass parameters for the left- and right-handed
squarks. The simplest and most efficient way of doing this
to assume that sparticles which are charged under the w
gauge interactions acquire large supersymmetry brea
masses. Observe that, under this assumption, the cha
W-ino will also be naturally heavier than the lightest to
squark and, for simplicity, we will assume that both char
nos are heavier than the particle under study. We will furt
assume that the superpartner of theU(1)Y gauge boson, the
so-calledB-ino, is the lightest standard model superpartn

The above-mentioned properties are naturally obtaine
simple extensions of the minimal gauge mediated model.
deed, let us assume that there areN copies of messengers

which transform as complete representations (515̄) of
SU(5) and hence do not spoil the unification relations. U
der the standard model gauge group, some of these fields
then transform as left-handed lepton multiplets (Wi ,i

51, . . . ,N) and their mirror partners (W̄i), while the others
would transform as a right-handed down quark multip

(Ci) and its mirror partner (C̄i). We shall assume thatN
<4 in order to keep the gauge couplings weak up to
grand unification scale@20#. Let us further assume thatWi

andCi couple to two different singlet fieldsS2,3, with

^Sj&5Sj1u2F j , ~2.1!

and, for simplicity, assume that all couplings are of order o
and thatF j!Sj

2 . We will further assume thatS1.S2.S,
whereS characterizes the messenger scale.

In this simple case, the masses of the gauginos at
0-3
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messenger scale will be given by

M35N
a3

4p
L3 ,

M25N
a2

4p
L2 ,

M15N
a1

4p S 2L3

5
1

3L2

5 D , ~2.2!

whereL3'F3 /S3 and L2'F2 /S2 @20,21#. Now, it is easy
to see that forL2.3L3, the weak gaugino can have a ma
similar to that of the gluino~or be even heavier!, while the
B-ino is still much lighter than theW-ino ~about three times
lighter than theW-ino at the messenger scale!.

The squared scalar masses at the messenger scale ar
proportional to the number of messengersN

mQ
2 52NF (

a52,3
CQ

a S aa

4p D 2

La
21CQ

1 S a1

4p D 2S 2

5
L3

21
3

5
L2

2D G ,
~2.3!

where, for a particle transforming in the fundamental rep
sentation ofSU(n), CQ

n 5(n221)/(2n), while CQ
1 53/5(Q

2T3)2. The above quoted masses should be renormalize
the weak scale. The details of this procedure in a gen
gauge mediated model have been given by one of us in
@21#. We shall not repeat these expressions here. For
purpose, it suffices to stress some important details.

As we mentioned before, after renormalization and m
ing effects are added, the right-handed top squark is
lightest squark in the spectrum. The large value of the l
handed top squark mass increases the negative Yuk
dependent radiative corrections to the right-handed
squark mass. Therefore, forL2 larger than a few timesL3
and N.1, the lightest top squark is lighter than the gluin
and theW-ino. Even forN51 this tends to be true, for no
too small values of the messenger scale (S3*107 GeV). No-
tice that, forL2 larger by an order of magnitude thanL3
and/or large values ofN, the right top squark~or, in extreme
cases the right bottom squark! becomes the lightest standa
model superpartner. We shall thus concentrate on c
whereL2, while larger thanL3, is still of the same order.

The sleptons do not play a relevant role in top squ
decays as long as the charginos are heavier than the lig
top squark. One has only to ensure that the lightest slep
does not become lighter than theB-ino. The hierarchy of the
right-handed slepton mass and theB-ino mass is approxi-
mately given by

mẽR

2
'

2M1
2

N
r 1 , ~2.4!

wherer 1 is the appropriate renormalization group factor
lating the masses at the messenger scale to the masses
weak scale. This factor is about 1.5–1.7@20# in the region of
interest for this article and therefore we are led to conclu
that, as long asN<3, theB-ino is the next-to-lightest super
11501
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symmetric particle. Observe that this constraint onN is
somewhat weaker than in the minimal model, due to
appearence of the factor 3/5 in front of the dominantL2

contribution.
In all of the above, we have not discussed the proces

radiative electroweak symmetry breaking and the determ
tion of the m parameter. This is due to the fact that in th
minimal gauge mediated models of the kind we describ
above, the generation of a proper value of the parameterBm
requires the presence of new physics that necessarily m
fies the value of the Higgs mass parameters@22#. It is, there-
fore, justified to treatm as an independent parameter in su
models.

To summarize, we have seen that a mild modification
the simplest gauge mediated models leads to a model w
the top squark is lighter than all the other squarks and a
lighter than the weak and strong gauginos, while theB-ino
remains the next-to-lightest supersymmetric particle. T
unification relations are preserved as long as the numbe
messenger families is less than or equal to 3. The only c
dition for this to happen is that the effective scaleL2 is a few
times larger thanL3, but still of the same order of magni
tude. The relation between the top squark mass and theB-ino
mass will be governed by the hierarchy betweenL2 andL3.
This modification of the minimal gauge mediated models
well justified in order to get consistency of a light top squa
with electroweak precision observables. Some of the s
tons might be lighter than the top squark but, as long as
charginos remain heavy, they have no impact on the
squark phenomenology.

Let us stress that the above should be considered onl
a simple example in which a light top squark, mainly rig
handed, can appear in the spectrum in low-energy supers
metry breaking models. As the nature of supersymme
breaking is unknown, so is the exact spectrum. We o
make the simplifying assumptions that the left- and rig
handed sfermions receive an approximately common mas
the messenger scale and that the gaugino masses are o
same order of magnitude as the squark masses. The
defining feature of our assumption is that theW-ino and the
gluino are heavier than the squarks and that theB-ino is the
next-to-lightest supersymmetric particle. Although the le
handed squarks tend to be heavier than the right-han
ones, the exact spectrum obtained in the simple model
tailed above does not differ markedly from the simplifie
spectrum that we choose to work with. In this kind of mo
els, apart from the somewhat lighter tops squarks, there
be ten squarks approximately degenerate in mass, which
predominantly decay into a quark and aB-ino, which will
susequently decay into photons~or Z bosons! and missing
energy.

III. TOP SQUARK PRODUCTION AT TEVATRON RUN II

Top squarks are produced at hadron colliders overwhe
ingly via the strong interaction, so that the tree-level cro
sections are model independent and depend only on the
squark mass. The production modes of the lighter top squ
0-4
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t̃ 1, at the Tevatron areqq̄→ t̃ 1 t̃ 1* andgg→ t̃ 1 t̃ 1* . The cross
sections for these processes are well known at leading o
~LO! @23,24#, and the next-to-leading order~NLO! QCD and
SUSY-QCD corrections have been computed@25# and sig-
nificantly reduce the renormalization scale dependence.
NLO cross section is implemented numerically in PRO
PINO @25,26#.

We generate top squark events using the LO cross sec
evaluated at the scalem5mt̃ , improved by the NLOK
factor1 obtained from PROSPINO@25,26# ~see Fig. 1!. TheK
factor varies between 1 and 1.5 formt̃ decreasing from 450
to 100 GeV. We use the CTEQ5 parton distribution functio
@27#. We assume that the gluino and the other squarks
heavy enough that they do not affect the NLO cross sect
This is already the case for gluino and squark masses a
about 200 GeV@25#.

Top squarks can also be produced via cascade deca
heavier supersymmetric particles, with a highly mod
dependent rate. To be conservative, we assume that
masses of the heavier supersymmetric particles are l
enough that their production rate at Tevatron energies ca
neglected.

IV. PREVIOUS STUDIES OF TOP SQUARKS AT RUN II

A number of previous studies have considered the p
pects for top squark discovery at Run II of the Tevatro
which we summarize here. In general, the most deta
SUSY studies have been done in the context of supergra
in this case SUSY is broken at the Planck scale so that
gravitino plays no role in the collider phenomenology. Th
the lightest neutralino is the LSP and ends all superpart
decay chains. The reach of the Tevatron for a number of

1Although gluon radiation at NLO leads to a small shift in the t
squarkpT distribution to lowerpT values@25,26#, we do not expect
this shift to affect our analysis in any significant way.

FIG. 1. LO ~dashed! and NLO ~solid! cross sections for top

squark pair production inpp̄ collisions at Tevatron Run I~1.8 TeV!
and Run II~2.0 TeV! from PROSPINO@25,26#. Cross sections are
evaluated at the scalem5mt̃ .
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squark decay modes has been analyzed in Refs.@28,29#. The
signal depends on the decay chain, which in turn depend
the relative masses of various SUSY particles. For su
ciently heavy top squarks, the decayt̃→tx̃1

0 will dominate.
This channel is of limited use at Run II because the
squark pair production cross section falls rapidly with i
creasing top squark mass, and this channel requiresmt̃.mt
1mx̃

1
0, which is quite heavy for the Tevatron in the case

minimal supergravity.2 For lighter top squarks, if a chargin
is lighter than the top squark thent̃→bx̃1

1 tends to dominate
~followed by the decay of the chargino!. The details of the
signal depend on the Higgsino content ofx̃1

1 . If x̃1
1 has a

mass larger thanmt̃2mb , the previous decay does not occ
and the three-body decayt̃→bW1x̃1

0 dominates; this decay
proceeds through the exchange of a virtual top qua
chargino, or bottom squark. If the top squark is too light
decay into an on-shellW boson andx̃1

0, then the flavor-

changing decayt̃→cx̃1
0 tends to dominate. Finally, if a

sneutrino or slepton is light, thent̃→b,1ñ, or t̃→b,̃1n, ,
respectively, will occur~followed by the decays of the slep
ton or the sneutrino, if it is not the LSP!. At Run II with 2
~20! fb21 of total integrated luminosity, in the context o
minimal supergravity one can probe top squark masses u
160 ~200! GeV in the case of the flavor changing deca
while top squark masses as high as 185~260! GeV can be
probed if the top squark decays into a bottom quark an
chargino@29#. A similar reach holds in the case of a ligh
sneutrino@29# and in the case of large tanb when the top
squark can decay intobtnx̃1

0 @30#.
One can also search for top squarks in the decay prod

of other SUSY particles@29#. In top decays, the processt
→ t̃ g̃ is already excluded because of the existing low
bound on the gluino mass.3 Other possibilities arex̃2

→bt̃* and g̃→t t̃ * . Finally, the decaysb̃→ t̃W2 and t̃ H2

have to compete with the preferred decay,b̃→bx̃1
0, and so

may have small branching ratios~depending on the masse
of t̃ , b̃, x̃1

0 andH2). The signals for these processes at t
Tevatron Run II have been considered in minimal supergr
ity in Ref. @29#.

If R-parity violation is allowed, then single top squa
production can occur via the fusion of two quarks. Single t
squark production is kinematically favored compared to
squark pair production and offers the opportunity to meas
R-parity violating couplings. This has been considered
the Tevatron in Ref.@33#, which showed that the top squar
could be discovered at Run II for masses below about
GeV provided that theR-parity violating couplingl9.0.02

2In low-energy SUSY breaking scenarios, however, the m
rangemt̃.mt1mx̃

1
0 is interesting at Tevatron energies because

distinctive signal allows backgrounds to be reduced to a very
level, as we will show.

3The bound on the gluino mass is, however, model depend
Under certain conditions, an allowed window exists for glui
masses below the gauge boson masses@31,32#.
0-5
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20.1 and that the top squark decays viat̃ 1→bx̃1
1 ~followed

by x̃1
1→ l 1n l x̃1

0).
Relatively few studies have been done in the contex

low-energy SUSY breaking with a gravitino LSP. A study
GMSB signals performed as part of the Tevatron Run
workshop@7# considered the decays of various SUSY p
ticles as the NLSP. As discussed before, the NLSP in s
models will decay directly to the gravitino and standa
model particles. If the top squark is the NLSP in such
model, then it will decay viat̃→t (* )G̃→bW1G̃ ~for mt̃

.mb1mW). Note that becauseG̃ is typically very light in
such models,mt̃.mW1mb is sufficient for this decay to
proceed with an on-shellW boson. Reference@29# found
sensitivity at Run II to this decay mode for top squa
masses up to 180 GeV with 4 fb21. This top squark decay
looks very much like a top quark decay; nevertheless, e
for top squark masses nearmt , such top squark decays ca
be separated from top quark decays at the Tevatron u
kinematic correlations among the decay products@34#.

Finally, Ref. @9# considered general GMSB signals at t
Tevatron of the formggE” T1X. The authors of Ref.@9# pro-
vide an analysis of the possible bounds on the top squ
mass coming from the Run I Tevatron data. They analyze
top squark decay mode into a charm quark and a neutra
and also possible three-body decays, by scanning ov
sample of models. They conclude that top squark mas
smaller than 140 GeV can be excluded already by the R
Tevatron data within low-energy supersymmetry break
models independent of the top squark decay mode, assu
that mx̃

1
0.70 GeV.

V. TOP SQUARK DECAY BRANCHING RATIOS

The decay properties of the lighter top squark depend
the supersymmetric particle spectrum. Of particular r
evance are the mass splittings between the top squark an
lightest chargino, neutralino and bottom squark. In our ana
sis, we assume that the charginos and bottom squarks
heavier than the lighter top squark, so that the on-shell
cays t̃→b̃W and t̃→x̃1b are kinematically forbidden. Then
the details of the top squark decay depend on the mass s
ting between the top squark and the lightest neutralino
mt̃,mW1mb1mx̃

1
0, two decay modes are kinematically a

cessible:
~1! the flavor-changing~FC! two-body decayt̃→cx̃1

0.
This two-body decay proceeds through a flavor-chang
loop involving W1, H1 or x̃1 exchange or through a tree
level diagram with at̃ -c̃ mixing mass insertion;

~2! the four-body decay via a virtualW boson, t̃

→W1* bx̃1
0→ j jb x̃1

0 or ,nbx̃1
0 @35#.

The branching ratio of the top squark decay into cha
and neutralino strongly depends on the details of the su
symmetry breaking mechanism. In models with no flav
violation at the messenger scale, the whole effect is indu
by loop effects and receives a logarithmic enhancem
which becomes more relevant for larger values of the m
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senger mass. In the minimal supergravity case, the two-b
FC decay branching ratio tends to be the dominant one
the case of low-energy supersymmetry breaking, this is
necessarily the case. Since the analysis of the four-body
cay process is very similar to the three-body decay descr
below for larger mass splittings between the top squark
the lighter neutralino, here we shall analyze only the cas
which the two-body FC decayt̃→cx̃1

0 is the dominant one
whenevermt̃,mW1mb1mx̃

1
0.

For larger mass splittings, so thatmW1mb1mx̃
1
0,mt̃

,mt1mx̃
1
0, the three-body decayt̃→W1bx̃1

0 becomes ac-

cessible, with x̃1
0→gG̃. This top squark decay proceed

through a virtual top quark, virtual charginos, or virtual bo
tom squarks. Quite generally, this three-body decay w
dominate over the two-body FC decay in this region of ph
space.

For still heavier top squarks,mt̃.mt1mx̃
1
0, the two-body

tree-level decay modet̃→tx̃1
0 becomes kinematically acces

sible and will dominate. Although the three-body and tw
body FC decays are still present, their branching ratios
strongly suppressed.

Let us emphasize that, since theB-ino is an admixture of
theZ-ino and the photino, a pureB-ino neutralino can decay
into either gG̃ or ZG̃ @see Eq.~1.3!#. If the lightest neu-
tralino is a mixture ofB-ino andW-ino components, then the
relative Z-ino and photino components can be varied ar
trarily, leading to a change in the relative branching ratios
gG̃ and ZG̃. If the lightest neutralino contains a Higgsin
component, then the decay toh0G̃ is also allowed. We show
in Fig. 2 the branching ratio of the lightest neutralino in

FIG. 2. Branching ratio for the decay of the lightest neutrali
into a photon and a gravitino as a function of the neutralino ma
Shown are the branching ratio if the neutralino is a pureB-ino ~solid
line! and for 20% and 50% Higgsino admixtures~long and short
dashed lines, respectively! assuming thatmh05120 GeV and that
the other MSSM Higgs bosons are very heavy. For the Higgs

admixture in the lightest neutralino, we choose theH̃1-H̃2 mixing
so that the field content is aligned with that ofh0 and the longitu-
dinal component of theZ boson in order to minimize the branchin
ratio to photons.
0-6
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gG̃ as a function of its mass and Higgsino content.

VI. TOP SQUARK SIGNALS IN LOW-ENERGY SUSY
BREAKING

As discussed in the preceding section, the decay pro
ties of the lighter top squark depend primarily on the m
splitting between the top squark and the lightest neutral
In this section, we proceed with the phenomenological an
sis of the signatures of top squark production associated
the different decay modes. In Sec. VI A we shall analyze
signatures associated with the two-body FC decay, wh
after the neutralino decay leads tot̃→cgG̃. In Sec. VI B we
shall analyze the signatures associated with the three-b
decay, which after neutralino decay leads tot̃→bW1gG̃.
The two-body decayt̃→tx̃1

0, which typically dominates for
mt̃.mt1mx̃

1
0, leads to the same final state as the three-b

decay and therefore the discussion of this case will be
cluded in Sec. VI B. Finally, in Sec. VI C we consider th
possibility that top squarks are produced in the decays of
quarks.

A. Two-body FC decay: t̃\cgG̃

With the top squark undergoing the aforementioned
cay, the final state consists of a pair each of charm j
photons and~invisible! gravitinos. As we will show below,
the backgrounds to this process are small enough tha
need not require charm tagging. Thus the signal consists

2~ jets!12g1E” T .

The selection criteria we adopt are
~1! each event must contain two jets and two photo

each of which should have a minimum transverse mom
tum (pT.20 GeV) and be contained in the pseudorapid
range22.5,h,2.5;

~2! the jets and the photons should be well separated f
each other; namely,

dRj j .0.7, dRgg.0.3, dRj g.0.5

wheredR25dh21df2, with dh (df) denoting the differ-
ence in pseudorapidity~azimuthal angle! of the two entities
under consideration;

~3! the invariant mass of the two jets should be su
ciently far away from theW andZ masses:mj j ¹ ~75 GeV,
95 GeV!;

~4! each event should be associated with a minim
missing transverse momentum (p” T.30 GeV).

The photons and jets in signal events tend to be v
central; in particular, reducing the pseudorapidity cut for
two photons to22.0,h,2.0 would reduce the signal b
less than about 3%.~This change would reduce the bac
ground by a somewhat larger fraction.! Apart from ensuring
observability, these selection criteria also serve to elimin
most of the backgrounds, which are listed in Table I.

A primary source of background is the SM production
j j ggn i n̄ i where the jets could have arisen from either qua
or gluons in the final state of partonic subprocesses. A
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diagrammatic calculation would be very computer-intens
and is beyond the scope of this work. Instead, we cons
the subprocesses that are expected to contribute the bu
this particular background, namelypp̄→2 j 12g1Z1X
with the Z subsequently decaying into neutrinos. These p
cesses are quite tractable and were calculated with the a
the helicity amplitude programMADGRAPH @36#. On imposi-
tion of the above-mentioned set of cuts, this background
the Run II falls to below;0.2 fb.

An independent estimate of thej j ggn i n̄ i background
may be obtained through the consideration of the sing
photon variant, namelyj j gn i n̄ i production, a process tha
MADGRAPH can handle. After imposing the same kinema
cuts ~other than requiring only one photon! as above, this
process leads to a cross section of roughly 0.2 fb. Since
emission of a second hard photon should cost us a fur
power of aem, the electromagnetic coupling constant, th
background falls to innocuous levels. We include both t
estimate and the one based onZ production from the previ-
ous paragraph in Table I. While a naive addition of both ru
the danger of overcounting, this is hardly of any importan
given the overwhelming dominance of one.

A second source of background isbb̄gg (cc̄gg), with
missing transverse energy coming from the semileptonic
cay of one or both of theb ~c! mesons. In this case, though
the neutrinos tend to be soft due to the smallness of theb and
c masses. Consequently, the cut onp” T serves to eliminate
most of this background, leaving behind less than 0.1
This could be further reduced~to &0.001 fb) by vetoing
events with leptons in association with jets. However, suc
lepton veto would significantly impact the selection ef
ciency of our signal, which containscc̄, thereby reducing
our overall sensitivity in this channel.

A third source of background isj j gg production, in
which the jet~light quark or gluon! and/or photon energie
are mismeasured leading to a fakep” T . To simulate the effect
of experimental resolution, we use a~very pessimistic!

TABLE I. Backgrounds tot̃ t̃ * → j j ggE” T . The photon identifi-
cation efficiency is taken to beeg50.8 for each real photon. Se
text for details.

Cross section Cross section
Background after cuts afterg ID

j j ggZ, Z→nn̄ ;0.2 fb ;0.13 fb

j j gnn̄1g radiation ;0.002 fb ;0.001 fb

bb̄gg, cc̄gg &0.1 fb ;0.06 fb

j j gg ;0.2 fb ;0.13 fb

Backgrounds with fake photons

j j (ee→gg) ;531024 fb ;531024 fb
j j g( j→g) ;0.8 fb ;0.8 fb
j j ( j j →gg) ;0.8 fb ;0.8 fb

Total ;2 fb ;2 fb
0-7
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Gaussian smearing:dEj /Ej50.110.6/AEj (GeV) for the
jets anddEg /Eg50.0510.3/AEg(GeV) for the photons.4

While the production cross section is much higher than t
of any of the other backgrounds considered, the ensu
missing momentum tends to be small; in particular, our
on E” T reduces this background by almost 99%.5 On imposi-
tion of our cuts, this fake background is reduced to;0.2 fb.6

Finally, we consider the instrumental backgrounds fro
electrons or jets misidentified as photons. Based on Ru
analyses@38# of electron pair production and taking the pro
ability for an electron to fake a photon to be about 0.4%,
estimate the background due to electrons faking photon
be of order 531024 fb. More important is the backgroun
in which a jet fakes a photon. Based on a Run I analysis@37#
and taking the probability for a jet to fake a photon to
about 0.1%, we estimate the background due toj j j g in
which one of the jets fakes a second photon to be about
fb. Similarly, we estimate that the background due toj j j j in
which two of the jets fake photons is somewhat smaller;
be conservative we take it to be of the same order, i.e., 0.8

Having established that the backgrounds are small, le
now turn to the signal cross section that survives the cuts
Fig. 3 we present these as contours in themt̃ –mx̃

1
0 plane. We

assume that the branching ratio oft̃→cx̃1
0 dominates in the

region of parameter space that we consider here. The bra
ing ratio of x̃1

0→gG̃ is taken from Fig. 2 assuming thatx̃1
0 is

a pureB-ino.7 All our plots are made before detector efficie
cies are applied. With a real detector, each photon is ide
fied with abouteg580% efficiency; thus the cross sectio
shown in Fig. 3 must be multiplied byeg

250.64 in order to
obtain numbers of events.8 While the production cross sec
tions are independent of the neutralino mass, the decay k
matics have a strong dependence onmx̃

1
0. For a givenmt̃ , a

small mass splitting betweenmt̃ andmx̃
1
0 would imply a soft

charm jet, which would often fail to satisfy our selectio
criteria. This causes the gap between the cross section
tours and the upper edge of the parameter space band th

4We have also performed similar smearing for the other ba
ground channels as well as for the signal. However, there it ha
is of any importance as far as the estimation of the total cr
section is concerned.

5This reduction factor is in rough agreement with that found
g1 j events in CDF Run I data in Ref.@37#.

6We note that in the squark searches in supergravity scenario
signal is j jE” T ; in this case a similar background due to dijet pr
duction with fakep” T is present. This background is larger by tw
powers ofa than thej j gg background, yet it can still be reduced
an acceptable level by a relatively hard cut onp” T ~see, e.g., Ref.
@29#!.

7If x̃1
0 is not a pureB-ino, its branching ratio togG̃ will typically

be reduced somewhat when its mass is large~see Fig. 2!. This will
lead to a reduction of the signal cross section at largemx̃

1
0 by typi-

cally a few tens of percent.
8The diphoton trigger efficiency is close to 100%, so we neglec

here.
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are exploring in Fig. 3. This is further compounded at lar
mx̃

1
0 by the fact that a large neutralino mass typically impli

a smallerx̃1
0→gG̃ branching fraction~see Fig. 2!. On the

other hand, a smallmx̃
1
0 results in reduced momenta for th

gravitino and the photon, once again resulting in a loss
signal; however, this is important only formx̃

1
0&70 GeV,

which is not relevant in this search channel.
The signal cross sections are fairly substantial. In parti

lar, the dark area in Fig. 3 corresponds to a signal cr
section of 50 fb or larger at Run I of the Tevatron. Takin
into account the identification efficiency of 64% for the tw
photons, such a cross section would have yielded 3 sig
events in the 100 pb21 collected in Run I over a backgroun
of much less than 1 event. Run I can thus exclude this reg
at 95% confidence level. In particular, we conclude that R
I data exclude top squark masses up to about 200 GeV
large enough mass splitting between the top squark and
neutralino. When the top squark-neutralino mass splitting
small ~i.e., less than about 10–20 GeV!, the charm quark jets
become too soft and the signal efficiency decreases dram

cally. For comparison, a DO” search@39# for inclusive pp̄

→x̃2
01X with x̃2

0→gx̃1
0 in the context of minimal super

gravity yields a limit on the production cross section of abo
1 pb for parent squark masses of order 150-200 GeV. In
preting this in terms of top squark pair production withx̃2

0

→gx̃1
0 reidentified asx̃1

0→gG̃ increases the signal effi
ciency by a factor of;2.7 because every SUSY event no
contains two photons@39#; the DO” analysis then yields a top
squark mass bound of about 180 GeV, in rough agreem

-
ly
s

r

the

it

FIG. 3. Cross sections in fb for top squark pair production

Run II with t̃→cgG̃, after cuts. No efficiencies have yet bee
applied. The black area is excluded by nonobservation ofj j ggE” T

events in Run I.
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with our result.9 In addition, Ref.@9# projected a Run I ex-
clusion of top squarks in this decay channel for masses
low about 160–170 GeV, again in rough agreement with
result.

To claim a discovery at the 5s level, one must observe
large enough number of events that the probability for
background to fluctuate up to that level is less th
5.731027. Because the number of expected backgrou
events in this analysis is small, we use Poisson statistic
find the number of signal events required for a 5s discovery.
Taking the total background cross section to be 2 fb fr
Table I, we show in Table II the expected maximum t
squark discovery mass reach at Tevatron Run II for vari
amounts of integrated luminosity.10 In particular, with 4 fb21

a top squark discovery can be expected in this channe
mt̃,285 GeV, withS/B of more than 2/1.11 Including the
effects of mixing in the composition of the lightest ne
tralino, a 50% reduction in thex̃1

0→gG̃ branching ratio
compared to the pureB-ino case would reduce the top squa
mass reach by only about 20 GeV. For such a reduction
occur in the relevant neutralino mass range of about 2
250 GeV, the lightest neutralino would have to be less th
half B-ino.

B. Three-body decay: t̃\bW¿gG̃

For a large enough splitting between the top squark
neutralino masses, the signature of top squark pair prod

9Note, however, that the non-negligible mass of the LSP of ab
35 GeV assumed in Ref.@39# leads to kinematics that differ signifi
cantly from those in our analysis, in which the gravitino is ess
tially massless.

10The cross sections and numbers of events required for disco
are quoted in terms of integrated luminosities at a single detecto
data from the Collider Detector at Fermilab~CDF! and DO” detec-
tors are combined, the integrated luminosity of the machine is
fectively doubled.

11For comparison, in the case of minimal supergravity a reach

mt̃,180 GeV can be expected in thet̃→cx̃1
0 channel with 4 fb21

at Tevatron Run II; the same reach is obtained in low-energy SU
breaking scenarios in which the top squark is the NLSP rather
the neutralino@29#. In both of these cases, the signal consists
j jE” T , with no photons in the final state.

TABLE II. Number of signal events~S! required for a 5s top
squark discovery at Tevatron Run II in thej j ggE” T channel and the
corresponding signal cross section after cuts and efficiencies
maximum top squark mass reach. We assume a photon ident
tion efficiency ofeg50.80. The number of background events~B!
is based on a background cross section of 2 fb from Table I.

S for a 5s sS3eg
2 Maximum top squark

*L B discovery mass reach

2 fb21 4 14 7.0 fb 265 GeV
4 fb21 8 18 4.5 fb 285 GeV
15 fb21 30 31 2.1 fb 310 GeV
30 fb21 60 42 1.4 fb 325 GeV
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tion would be12 j jWWggE” T . In this analysis, we conside
only the dominant hadronic decay mode of bothW bosons.

This decay mode of the top squark proceeds via th
Feynman diagrams, involving an intermediate off-shell t
quark, chargino or bottom squark. We use the full dec
matrix elements as given in Ref.@40#. Although this intro-
duces several additional parameters into the analysis, a
simplifying assumptions may be made without becoming
model dependent. For example, assuming that the ligh
top squark is predominantly the superpartner of the rig

handed top quark (t̃ R) eliminates the bottom squark ex
change diagram altogether. Even if the top squark contai

mixture of t̃ R and t̃ L , under our assumption that the lighte
top squark is the next-to-lightest standard model superp
ner, the bottom squark exchange diagram will be suppres
by the necessarily larger bottom squark mass. As for
chargino exchange, theW-ino component does not contribut

for a t̃ R decay. Thus the chargino contribution is dominat
by its Higgsino component. Furthermore, if we concentr
on scenarios with large values of the supersymmetric m
parameterm and of theW-ino mass parameter~in which case
the charginos are heavy and the neutralino is almost a p
B-ino!, the chargino exchange contribution is also suppres
and the dominant decay mode is via the diagram involv
an off-shell top quark. To simplify our numerical calcula
tions, we have then assumed that only this diagram cont
utes to the top squark decay matrix element. We h
checked for a few representative points, though, that the
clusion of the bottom squark and chargino diagrams does
significantly change the signal efficiency after cuts as long
we require thatmb̃ , mx̃1.mt̃ .

As the W bosons themselves decay, it might be argu
that their polarization information needs to be retained. Ho
ever, since we do not consider angular correlations betw
the decay products, this is not a crucial issue; the loss of s
information at intermediate steps in the decay does not l
to a significant change in the signal efficiency after cuts. T
is particularly true for the hadronic decay modes of theW,
for which the profusion of jets frequently leads to jet overla
thereby obscuring detailed angular correlations. It is th
safe to make the approximation of neglecting the polari
tion of theW bosons in their decay distributions, and we
so in our analysis.

Before we discuss the signal profile and the backgroun
let us elaborate on the aforementioned jet overlapping. W
six quarks in the final state, some of the resultant jets w
very often be too close to each other to be recognizable
coming from different partons. We simulate this as follow
We count a final-state parton~quark or gluon! as a jet only if
it has a minimum energy of 5 GeV and lies within the pse
dorapidity range23,h,3. We then merge any two jet
that fall within adR separation of 0.5; the momentum of th

ut

-

ry
If

f-

f

Y
n

f

12The backgrounds are again small enough after cuts in this c
nel that we do not need to tag theb quarks. In the case of a discov
ery, one could imagine tagging theb quarks and reconstructing th
W bosons in order to help identify the discovered particle.
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TABLE III. Backgrounds tot̃ t̃ * → j jWWggE” T with both W bosons decaying hadronically. The photo
identification efficiency is taken to beeg50.8 for each real photon. See text for details.

Cross section Cross section
Background after cuts afterg ID

( j j ggZ, Z→nn̄)12 j ;0.003 fb ;0.002 fb

j j nn̄gg12 j ;331025 fb ;231025 fb

(bb̄gg, cc̄gg)12 j ;0.001 fb ;0.0006 fb

j j gg12 j &0.003 fb &0.002 fb

t t̄gg, WW→ j j j j &1024 fb &1024 fb

t t̄gg, WW→ j j ,n, ,5e, m, or t→, ;0.001 fb ;0.0006 fb

t t̄gg, WW→ j j tn, t→ j &0.01 fb &0.006 fb

Backgrounds with fake photons

j j (ee→gg)12 j ;731026 fb ;731026 fb
j j g( j→g)12 j ;0.02 fb ;0.02 fb
j j ( j j →gg)12 j ;0.03 fb ;0.03 fb

Total &0.07 fb ;0.06 fb
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resultant jet is the sum of the two momenta. We repeat
process iteratively, starting with the hardest jet. Our selec
cuts are then applied to the~merged! jets that survive this
algorithm.

The signal thus consists of

n jets12g1E” T ~n<6!.

Hence, all of the SM processes discussed in the prece
section yield backgrounds to this signal when up to fo
additional jets are radiated. Now, the radiation of each h
and well separated jet suppresses the cross section by a f
of order as.0.118. Then, since thej j ggE” T backgrounds
are already quite small after the cuts applied in the preced
section~see Table I!, the backgrounds with additional jets a
expected to be still smaller.13

There exists a potential exception to the last assert
namely the background due tot t̄gg production. To get an
order of magnitude estimate, the cross section fort t̄ produc-
tion at Tevatron Run II is 8 pb@41#. If both of the photons are
required to be energetic and isolated, we would expec
suppression by a factor of orderaem

2 , leading to a cross
section of the order of 0.5 fb. This cross section is la
enough that we need to consider it carefully.

If both W bosons were to decay hadronically, then a s
ficiently large missing transverse energy can only come fr
a mismeasurement of the jet or photon energies. As we h
seen in the preceding section, this missing energy is norm
too small to pass our cuts, thereby suppressing the b

13For the backgrounds in which one or both of the photons
faked by misidentified jets, we have taken into account the la
combinatoric factor that arises when more jets are present to
misidentified.
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ground. If one of theW bosons decays leptonically, howeve
it will yield a sizable amount ofE” T . This background can be
largely eliminated by requiring that no lepton (e or m) is
seen in the detector. This effectively eliminates theW decays
into e or m or decays tot followed by leptonict decays; the
remaining background with hadronict decays is naturally
quite small without requiring additional cuts. Consideratio
such as these lead us to an appropriate choice of criteria
an event to be selected:

~1! At least four jets, each with a minimum transver
momentumpT j.20 GeV and contained in the pseudorap
ity interval of 23,h j,3. Any two jets must be separate
by dRj j .0.7. As most of the signal events do end up with
or more energetic jets~the hardest jets coming typically from
the W boson decays!, this does not cost us in terms of th
signal, while reducing the QCD background significantly.
addition, thet t̄gg events with bothW’s decaying leptoni-
cally are reduced to a level of order 1024 fb by this require-
ment alone.

~2! Two photons, each withpTg.20 GeV and pseudora
pidity 22.5,hg,2.5. The two photons must be separat
by at leastdRgg.0.3.

~3! Any photon-jet pair must have a minimum separati
of dRj g.0.5.

~4! A minimum missing transverse energyE” T.30 GeV.
~5! The event should not contain any isolated lepton w

pT.10 GeV and lying within the pseudorapidity range23
,h,3.

As in the preceding section, the cut onE” T serves to elimi-
nate most of the background events with only a fake miss
transverse momentum~arising out of mismeasurement of je
energies!. In association with the lepton veto, it also elim
nates the bulk of events in which one of theW bosons decays
leptonically~including thet channel!. A perusal of Table III,
which summarizes the major backgrounds after cuts, c
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vinces us that the backgrounds to this channel are very sm
in fact much smaller than those for the previous channel

The signal cross section after cuts~but before photon
identification efficiencies! is shown in Fig. 4 as a function o
the top squark andx̃1

0 masses. We assume that the branch

ratio of t̃→bWx̃1
0 dominates in the region of paramet

space under consideration. The branching ratio ofx̃1
0→gG̃ is

again taken from Fig. 2 assuming thatx̃1
0 is a pureB-ino. The

signal efficiency after cuts is about 45%. For small ne
tralino masses (mx̃

1
0&50 GeV), though, both the photon

and the gravitinos (E” T) tend to be soft, leading to a decrea
in the signal efficiency. For small top squark masses~as well
as for large top squark masses when the top squa
neutralino mass difference is small!, on the other hand, the
jets are soft leading to a suppression of the signal cross
tion after cuts. As one would expect, both of these effects
particularly pronounced in the contours corresponding
large values of the cross section. The additional distortion
the contours for large neutralino masses can, once again
traced to the suppression of thex̃1

0→gG̃ branching fraction
~see Fig. 2!.

The non-observation ofj jWWggE” T events at Run I of
the Tevatron already excludes the region of parameter s
shown in black in Fig. 4. As in the previous section, in th
excluded region at least 3 signal events would have b
produced after cuts and detector efficiencies in the 100 p21

of Run I data, with negligible background. In particular, R
I data excludes top squark masses below about 200 GeV
neutralino masses larger than about 50 GeV.

We show in Table IV the expected maximum top squa
discovery mass reach at Tevatron Run II for various amou

FIG. 4. Cross section in fb for top squark pair production w

t̃→bWgG̃, after cuts. BothW bosons are assumed to decay ha
ronically. The black area is excluded by non-observation
j jWWggE” T events in Run I.
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of integrated luminosity.14 In particular, with 4 fb21, a top
squark discovery can be expected in this channel ifmt̃
,320 GeV.15 If the lightest neutralino is not a pureB-ino,
the reach at large neutralino masses will be reduced. H
ever, the maximum top squark mass reach quoted here
not be affected, because it occurs formx̃

1
0;502100 GeV; in

this mass range the lightest neutralino decays virtually 10
of the time togG̃ due to the kinematic suppression of a
other possible decay modes, unless its photino compone
fine tuned to be tiny.

Including a separate analysis of top squark production
decay with one or more of theW bosons decaying leptoni
cally would yield an increase in the overall signal statisti
however, we do not expect this increase to dramatically a
the top squark discovery reach.

C. Top squark production in top quark decays

If mt̃1mx̃
1
0,mt , then top squarks can be produced in t

decays of top quarks. As we will explain here, most of t
parameter space in this region is excluded by the n
observation of top squark events via direct production or
top quark decays at Run I of the Tevatron. However, so
interesting parameter space for this decay remains allo
after Run I, especially if the lighter top squark is predom
nantly t̃ L .

For mt̃,mb1mW1mx̃
1
0, so that the top squark decays v

t̃→cx̃1
0, the region in whicht→ t̃ x̃1

0 is possible is almost
entirely excluded by the limit on top squark pair producti
at Run I, as shown in Fig. 3. A sliver of parameter space
which the top squark–neutralino mass splitting is sma
than about 10 GeV remains unexcluded. Formt̃.mb1mW

1mx̃
1
0, so that the top squark decays viat̃→bWx̃1

0, the sig-

nal efficiency in the search for direct top squark product

14Again, if data from the CDF and DO” detectors are combined
the integrated luminosity of the machine is effectively doubled.

15For comparison, in the case of minimal supergravity a reach

mt̃,190 GeV can be expected in thet̃→bWx̃1
0 channel with

4 fb21 at Tevatron Run II@29#.

-
f

TABLE IV. Number of signal events~S! required for a 5s top
squark discovery at Tevatron Run II in thej jWWggE” T channel and
the corresponding signal cross section after cuts and efficien
and maximum top squark mass reach. We takeeg50.80. The num-
ber of background events~B! is based on a background cross se
tion of 0.06 fb from Table III.

S for a 5s
Maximum
top squark

*L B discovery sS3eg
2 mass reach

2 fb21 0.1 5 2.5 fb 300 GeV
4 fb21 0.2 6 1.5 fb 320 GeV
15 fb21 0.9 8 0.53 fb 355 GeV
30 fb21 1.8 10 0.33 fb 375 GeV
0-11
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is degraded for light neutralinos with masses below abou
GeV and for top squarks lighter than about 150 GeV. T
prevents Run I from being sensitive to top squark pair p
duction in the region of parameter space in which top qu
decays to top squarks are possible with the top squarks
caying tobWx̃1

0, as shown in Fig. 4. In what follows, w
focus on this latter region of parameter space.

As discussed before, if the lightest neutralino is mos
B-ino, the constraints on its mass are model dependent.
constraints from Tevatron Run I are based on inclus
chargino and neutralino production@9,42# under the assump
tion of gaugino mass unification; the cross section is do
nated by production ofx̃1

6x̃1
7 and x̃1

6x̃2
0. If the assumption

of gaugino mass unification is relaxed, then Run I puts
constraint on the mass ofx̃1

0. At LEP, while the pair produc-
tion of a pureB-ino leads to an easily detectable diphot
signal, it proceeds only viat-channel selectron exchang
The mass bound on aB-ino x̃1

0 from LEP thus depends o
the selectron mass@13#. In particular, for selectrons heavie
than about 600 GeV,B-ino masses down to 20 GeV are st
allowed by the LEP data. Ifx̃1

0 contains a Higgsino admix
ture, it couples to theZ and can be pair produced at LEP v
Z exchange. For a NLSP with mass between 20 and 45 G
as will be relevant in our top quark decay analysis, the L
search results limit theH̃2 component to be less than 1%
Such a smallH̃2 admixture has no appreciable effect on t
top quark partial width tot̃ x̃1

0. We thus compute the partia

width for t→ t̃ x̃1
0 assuming that the neutralino is a pu

B-ino. Taking the lighter top squark to bet̃ 15 t̃ Lcosu t̃

1 t̃Rsinu t̃ , we find

G~ t→ t̃ 1B̃!5F4

9
sin2u t̃1

1

36
cos2u t̃ G a

cos2uW

EB̃

mt

AEB̃
2
2mB̃

2,

~6.1!

where EB̃5(mt
21mB̃

2
2mt̃

2)/2mt . The numerical factors in
the square brackets in Eq.~6.1! come from the hypercharg
quantum numbers of the two top squark electroweak eig
states. Clearly, the partial width is maximized if the light
top squark is a puret̃ R state; it drops by a factor of 16 if th
lighter top squark is a puret̃ L state. In any case, the branc
ing ratio for t→ t̃ B̃ does not exceed 6% formt̃.100 GeV
andmx̃

1
0.20 GeV.16 The signal from top quark pair produc

tion followed by one top quark decaying as in the stand
model and the other decaying tot̃ x̃1

0, followed by the top

squark 3-body decay and the neutralino decays togG̃, is
bbWWggE” T . This signal is the same~up to kinematics! as
that from top squark pair production in the 3-body dec

16For neutralino masses belowmZ , as are relevant here, th

branching ratio intogG̃ is virtually 100%~see Fig. 2!, almost in-
dependent of the neutralino composition.
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region. As in the case of top squark pair production follow
by the 3-body decay, we expect that the background to
process can be reduced to a negligible level. Run I can t
place 95% confidence level exclusion limits on the regions
parameter space in which 3 or more signal events are
pected after cuts and efficiencies are taken into account.
ing the Run I top quark pair production cross section of 6
@41# and a total luminosity of 100 pb21, we compute the
number of signal events as a function of the top squark
neutralino masses and the top squark composition, assum
various values of the signal efficiency after cuts and dete

efficiencies. If t̃ 15 t̃ R , then Run I excludes most of the pa
rameter space below the kinematic limit for this decay ev
for fairly low signal efficiency;20%, as shown in Fig. 5. If

t̃ 15 t̃ L , on the other hand, the signal cross section is m
smaller and Run I gives no exclusion unless the signal e
ciency is larger than 75%, which would already be unfeasi
including only the identification efficiencies for the two ph
tons; even 100% signal efficiency would only yield an e
clusion up tomt̃.118 GeV.

At Run II the top quark pair production cross section is
pb @41# and the expected total luminosity is considerab

higher. This allows top quark decays tot̃ x̃1
0 to be detected

for top squark and neutralino masses above the Run I bo

For t̃ 15 t̃ R , top quark decays to top squarks will be prob
virtually up to the kinematic limit, even with low signal ef
ficiency ;10% and only 2 fb21 of integrated luminosity. If
t̃ 15 t̃ L , so that the signal event rate is minimized, top qua
decays to top squarks would be discovered up to within
GeV of the kinematic limit for signal efficiencies*20% and
4 fb21 of integrated luminosity~see Fig. 6!. In this region of

FIG. 5. 95% confidence level exclusion limits for top qua
decays to top squarks from Run I for various signal efficiencies

the case thatt̃ 15 t̃ R , which gives the largest event rates. The ar

to the left of the curves is excluded. The caset̃ 15 t̃ L gives no
exclusion for the signal efficiencies considered and is not sho
here. The solid line from the upper left to the lower right is t
kinematic limit for mt5175 GeV. The solid line from the uppe
right to the lower left separates the regions in which the 2-body
decay and the 3-body decay of the top squark dominate.
0-12
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parameter space, top squarks would also be discovere
Run II with less than 2 fb21 via direct top squark pair pro
duction ~see Fig. 4!.

VII. TEN DEGENERATE SQUARKS

Having concentrated until now on the production and
cay of the top squark, let us now consider the other squa
In the most general MSSM, the spectrum is of course q
arbitrary. However, low-energy constraints@43# from flavor
changing neutral current processes demand that such sq
be nearly mass degenerate, at least those of the same c
ity. Interestingly, in many theoretical scenarios, such as
minimal gauge mediated models, this mass degeneracy
tween squarks of the same chirality happens naturally
addition the mass splitting between the left-handed and ri
handed squarks associated with the five light quarks turns
to be small. For simplicity, then, we will work under th
approximation that all of these 10 squarks~namely, ũL,R ,
d̃L,R , c̃L,R , s̃L,R and b̃L,R) are exactly degenerate.

A. Production at Tevatron Run II

While the cross sections for the individual pair producti
of the c̃L,R , s̃L,R andb̃L,R are essentially the same as that f
a top squark of the same mass, the situation is more com
cated for squarks of the first generation. The latter dep
sensitively on the gluino mass because of the presenc
t-channel diagrams. Moreover, processes such asūu

→ũLũR* or dd→d̃L,Rd̃L,R become possible and relevant. O
course, in the limit of very large gluino mass, the squa
production processes are driven essentially by QCD
dominated by the production of pairs of mass eigensta
analogous to the top squark production considered alre
In particular, at the leading order, the total production cr

FIG. 6. 5s discovery contours for top quark decays to t
squarks at Run II with 4 fb21 for various signal efficiencies, in the

case thatt̃ 15 t̃ L , which gives the smallest event rates. The ca

t̃ 15 t̃ R would be discovered virtually up to the kinematic limit eve
with 10% signal efficiency, and is not shown here. The solid lin
are as in Fig. 5.
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section for the ten degenerate squarks of a given mas
simply ten times the corresponding top squark product
cross section.

Since a relatively light gluino only serves to increase t
total cross section~see Fig. 7!, it can be argued that the
heavy gluino limit is aconservative one. To avoid consider-
ing an additional free parameter, we shall perform our ana
sis in this limit. To a first approximation, the signal cro
sections presented below will scale17 with the gluino mass
approximately as shown in Fig. 7.

Like top squarks, the 10 degenerate squarks can als
produced via cascade decays of heavier supersymmetric
ticles. To be conservative, we again neglect this source
squark production by assuming that the masses of the hea
supersymmetric particles are large enough that their prod
tion rate at Tevatron energies can be neglected.

The NLO cross sections for production of ten degener
squarks including QCD and SUSY-QCD corrections ha
been implemented numerically in PROSPINO@26#. We gen-
erate squark production events using the LO cross sec
evaluated at the scalem5mq̃ , improved by the NLOK fac-
tor obtained from PROSPINO@26# ~see Fig. 8!, in the limit
that the gluino is very heavy. TheK factor varies between 1
and 1.25 formq̃ decreasing from 550 to 200 GeV. As in th
case of the top squark analysis, we use the CTEQ5 pa
distribution functions@27# and neglect the shift in thepT
distribution of the squarks due to gluon radiation at NLO

17That the gluino exchange diagram has a different topology
compared to the~dominant! quark-initiated QCD diagram indicate
that corresponding angular distributions would be somewhat dif
ent. Thus, the efficiency after cuts is not expected to be stri
independent of the gluino mass. For the most part, though, th
only a subleading effect.

e

s

FIG. 7. Gluino mass dependence of the NLO cross section

production of ten degenerate squarks in 2 TeVpp̄ collisions, from

PROSPINO@26#. Shown are the cross sections forq̃q̃* production
normalized to the value at largemg̃ , for common squark masses o

200, 300, 400 and 500 GeV. Production ofq̃q̃ is small at app̄
collider and is neglected here; it yields an additional 3–15 %
crease in the total cross section at lowmg̃ for this range of squark
masses. Cross sections are evaluated at the scalem5mq̃ .
0-13
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B. Signals in low-energy SUSY breaking

The decays of the ten degenerate squarks are very sim
As long as they are heavier than the lightest neutralin18

they decay viaq̃→qx̃1
0→qgG̃. The signal and background

are then identical to those of the two-body FC top squ
decay discussed in Sec. VI A, and consequently we use
same selection cuts. In fact, in view of the tenfold increase
the signal strength, we could afford more stringent cuts so
to eliminate virtually all backgrounds, but this is not qui
necessary.

The signal cross section after cuts~but before efficiencies!
for production of ten degenerate squarks in the heavy glu
limit is shown in Fig. 9 as contours in themq̃-mx̃

1
0 plane. We

assume that the squarkq̃ decays predominantly intoqx̃1
0.

The branching ratio ofx̃1
0→gG̃ is taken from Fig. 2 assum

ing that x̃1
0 is a pureB-ino. Clearly, the effect of the kine

matic cuts on the signal is very similar to that in the case
the 2-body FC decay of the top squark. The mass reach
course, is much larger due to the tenfold increase in the t
cross section; also, unlike in the case of the top squark,
2-body decay is dominant throughout the entire param
space.

The non-observation ofj j ggE” T events at Run I of the
Tevatron excludes the region of parameter space show
black in Fig. 9. As in our top squark analysis, in this e
cluded region, at least 3 signal events would have been
tected in the 100 pb21 of Run I data, with negligible back
ground. In particular, we estimate that Run I data exclu
the ten degenerate squarks up to a common mass of a
280 GeV. As in the case of 2-body FC top squark deca

18As before, we do not allow the possibility of cascade dec
through other neutralinos and/or charginos. Were we to allow th
the channel we are considering would be somewhat suppressed
additional, more spectacular, channels would open up.

FIG. 8. LO ~dashed! and NLO ~solid! cross sections for the

production of ten degenerate squarks in the heavy gluino limit inpp̄
collisions at Tevatron Run I~1.8 TeV! and Run II~2.0 TeV! from
PROSPINO @26#. Cross sections are evaluated at the scalem
5mq̃ .
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when the mass splitting between the squarks and the
tralino is too small~i.e., less than about 40 GeV!, the jets
become soft and the signal efficiency decreases dramatic
leaving an unexcluded region of parameter space. The”
search for inclusivepp̄→x̃2

01X with x̃2
0→gx̃1

0 @39# yields a
limit on the production cross section of about 0.5 pb f
parent squark masses above about 250 GeV. Interprete
terms of pair production of 10 degenerate squarks in
largemg̃ limit with x̃2

0→gx̃1
0 reidentified asx̃1

0→gG̃ again
increases the signal efficiency by a factor of;2.7 because
every event contains two photons@39#; the DO” analysis then
yields a bound on the common squark mass of about
GeV, again in rough agreement with our result.19

Taking the total background cross section to be 2 fb~see
Table I!, we show in Table V the expected maximum disco
ery mass reach for ten degenerate squarks at Tevatron R
for various amounts of integrated luminosity.20 In particular,
with 4 fb21 a squark discovery can be expected in this ch
nel if mq̃,360 GeV. Again, if the lightest neutralino is not
pure B-ino, the reach at large neutralino masses will be
duced. However, this will have very little effect on the max
mum squark mass reach quoted here, because this maxi
reach occurs formx̃

1
0;100–150 GeV, where all neutralin

decay modes other thangG̃ suffer a large kinematic suppres

s
e,
but

19Reference@39# quotes a squark mass bound of 320 GeV for t
casemq̃!mg̃ in the context of low-energy SUSY breaking; we e
pect that this is due to the contribution of chargino and neutra
production to the total SUSY cross section in their analysis.

20Again, if data from the CDF and DO” detectors are combined
the integrated luminosity of the machine is effectively doubled.

FIG. 9. Cross section in fb for production of 10 degener

squarks in Run II in the heavy gluino limit withq̃→qgG̃, after
cuts. The black area is excluded by non-observation ofj j ggE” T

events in Run I.
0-14
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sion. From Fig. 2 it is evident that the neutralino branch
fraction intogG̃ will be reduced by no more than 10% in th
mass range as long as the neutralino is at least 50%B-ino;
such a reduction in the neutralino branching fraction w
lead to a reduction of only a few GeV in the maximu
squark mass reach.

VIII. CONCLUSIONS

In models of low-energy SUSY breaking, signatures
SUSY particle production generically contain two hard ph
tons plus missing energy due to the decays of the two n
tralino NLSPs produced in the decay chains. Standard m
backgrounds to such signals are naturally small at Run I
the Tevatron. We studied the production and decay of
squarks at the Tevatron in such models in the case where
lightest standard model superpartner is a light neutralino
predominantly decays into a photon and a light gravitino.
considered 2-body flavor-changing and 3-body decays of
top squarks. The reach of the Tevatron in such model
larger than in the standard supergravity models and tha
models with low-energy SUSY breaking in which the to
squark is the NLSP, rather than the neutralino. We estim
that top squarks with masses below about 200 GeV can
excluded based on Run I data, assuming that 50 GeV&mx̃

1
0

&mt̃210 GeV. For a modest final Run II luminosity o
4 fb21, top squark masses up to 285 GeV are accessibl

TABLE V. Number of signal events~S! required for a 5s squark
discovery at Tevatron Run II, assuming production of 10 degene
squarks in the limit that the gluino is very heavy, and the cor
sponding signal cross section after cuts and efficiencies and m
mum squark mass reach. We takeeg50.80. The number of back
ground events~B! is based on a background cross section of 2
from Table I.

S for a 5s sS3eg
2 Maximum squark mass

*L B discovery reach

2 fb21 4 14 7.0 fb 345 GeV
4 fb21 8 18 4.5 fb 360 GeV
15 fb21 30 31 2.1 fb 390 GeV
30 fb21 60 42 1.4 fb 405 GeV
hy
-

.
cl.
d
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the 2-body decay mode, and up to 320 GeV in the 3-bo
decay mode.

Top squarks can also be produced in top quark decays
found that, within the context of low-energy SUSY breakin
with the top squark as the next-to-next-to-lightest SUSY p
ticle, the region of parameter space in which top squark p
duction in top quark decays is possible is almost entir
excluded by Run I data if the lighter top squark is predom
nantly right handed; however, an interesting region is s
allowed if the lighter top squark is predominantly le
handed, due to the smaller branching ratio oft→ t̃ Lx̃1

0. Run
II will cover the entire parameter space in which top deca
to a top squark are possible.

We also studied the production and decay of the
squarks associated with the five light quarks, assumed to
degenerate. In models of low-energy SUSY breaking,
decays of the ten degenerate squarks lead to signals iden
to those for the 2-body flavor-changing top squark deca
The cross section for production of ten degenerate squark
the Tevatron is significantly larger than that of the t
squark. We estimate that the 10 degenerate squarks
masses below about 280 GeV can be excluded based on
I data, assuming thatmx̃

1
0&mq̃240 GeV. For a final Run II

luminosity of 4 fb21, squark masses as large as 360 GeV
easily accessible in the limit that the gluino is very hea
The production cross section, and hence the discovery re
increases further with decreasing gluino mass.
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