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I. INTRODUCTION

The Tevatron is a one-kilometer-radius superconduct-
ing accelerator ring, located at the Fermi National Ac-
celerator Laboratory (Fermilab), in Batavia, Illinois.
The ring is used in two modes: as a source of high-
energy beams for fixed-target experiments and, in con-
junction with the Antiproton Source, as a proton-
antiproton collider, operating with a pp̄ center-of-mass
energy of As51.8 TeV. The Tevatron collider has been
the world’s accelerator-based high-energy frontier since
it first began taking data in 1987 and has thus been a
prime location to search for the final pieces of the stan-
dard model (Glashow, 1961; Weinberg, 1967; Salam,
1968) and new phenomena beyond.

With the discovery of the top quark at the Tevatron
(Abe et al., 1994a, 1995a; Abachi et al., 1995a), the
standard-model particle spectrum is almost complete,
with only the Higgs boson (and, arguably, the tau neu-
trino) lacking direct experimental confirmation. If the
interactions of the leptons, quarks, and gauge bosons of
the standard model remain perturbative up to very high
energies (as appears to be the case from the measured
running of the gauge couplings), then the mechanism
responsible for electroweak symmetry breaking
(EWSB) is expected to contain one or more fundamen-
tal scalar Higgs bosons that are light, i.e., with masses of
the order of the symmetry-breaking scale.

The Higgs mechanism (Higgs, 1964, 1966; see also En-
glert and Brout, 1964; Guralnik et al., 1964) plays a cru-
cial role in the standard model. The neutral component
of the Higgs boson acquires a vacuum expectation value
to give mass to the W and Z gauge bosons as well as to
the standard-model fermions. In addition, the couplings
of the Higgs boson to the gauge bosons and fermions are
such as to cancel the infinities in the electroweak radia-
tive corrections and prevent unitarity violation in the
longitudinal scattering of the gauge bosons. However, if
the standard model is valid up to an energy cutoff of
Lcutoff'MPlanck (MPlanck51.2231019 GeV), the model
937(4)/937(45)/$24.00 ©1999 The American Physical Society
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has a fundamental problem, the so-called naturalness
problem (Wilson, 1979; Maiani, 1980; ’t Hooft, 1980;
Veltman, 1981).

The radiative corrections to the Higgs-boson mass
squared calculated in the standard model are quadrati-
cally divergent (proportional to Lcutoff

2 ). A physical
Higgs mass of the order of the electroweak scale re-
quires a cancellation of one part in 1016 between these
radiative corrections, which come from the interactions
of the Higgs bosons with all other particles in the theory
and the bare Higgs mass at the Planck scale:

mH
2 .mH

2 ~Lcutoff!2aLcutoff
2 . (1)

Either there is an extreme ‘‘fine tuning’’ necessary to
have a cancellation of two independent effects (the
naturalness problem), or there must be some new prin-
ciple at work.

Supersymmetry (SUSY)1 is a new symmetry which
provides a well-motivated extension of the standard
model with an elegant solution to the naturalness prob-
lem. Supersymmetric transformations relate fermionic
and bosonic degrees of freedom. Each left-handed and
right-handed fermion of the standard model is postu-
lated to have its own bosonic superpartner with equal
mass and coupling strengths. Similarly, each standard-
model boson would have its own fermionic superpart-
ner, again with equal mass and couplings. Because
bosons and fermions induce radiative effects of opposite
signs, SUSY naturally provides an exact cancellation of
the otherwise quadratically divergent radiative correc-
tions to the Higgs-boson mass (Ferrara et al., 1974; Il-
iopoulos and Zumino, 1974; Wess and Zumino, 1974b;
Witten, 1981).

Given that no superparticles have been observed so
far, it is assumed that SUSY is broken, and that in gen-
eral the sparticles must be heavier than their partners. In
order to break SUSY without spoiling the necessary
cancellation of quadratic divergences, the splittings be-
tween the masses of the standard-model particles and
their SUSY partners should not be much larger than a
few TeV. If SUSY is a consistent description of Nature,
then the lower range of sparticle masses can be within
reach of the Tevatron (Ellis, Enqvist, et al., 1986; Bar-
bieri and Giudice, 1988; Anderson et al., 1997), motivat-
ing a wide range of searches in a large number of chan-
nels (Dawson, 1985). The mass of the lightest neutral
Higgs boson is strongly constrained within SUSY
(Carena, Espinosa et al., 1995; Carena, Quirós, and
Wagner, 1996; Carena, Zerwas et al., 1996; Haber et al.,

1Some fundamental SUSY papers are those of Gervais and
Sakita (1971), Gol’fand and Likhtam (1971), Neveu and
Schwarz (1971), Ramond (1971), Volkov and Akulov (1973),
Wess and Zumino (1974a), Wess and Bagger (1983), Arnowitt
et al. (1984), Nilles (1984), Haber and Kane (1985), Mohapatra
(1986), West and (1986), and Barbieri (1988). For the reader
just beginning on supersymmetry, we recommend Dawson
(1996), and Tata (1996, 1997). Intended for theorists: Bagger
(1996), Dine (1996), Lykken (1996).
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1997) and could be within reach of the upgraded Teva-
tron (Dai et al., 1993; Mrenna and Kane, 1994; Stange
et al., 1994b; Amidei et al., 1996b; Kim et al., 1996; Yao,
1996; Mrenna, 1997b). In addition, the decay of the
heavy top quark, pair produced in strong interactions
with a cross section of .6 pb at the Tevatron, gives a
unique mechanism for producing lighter supersymmetric
particles which might not otherwise be produced at a
large rate in proton-antiproton collisions.

Two experimental collaborations, CDF and DØ, have
large, general-purpose detectors at Fermilab. The Teva-
tron had initial running periods in 1985 and 1987 with
low luminosity.2 In 1988–1989 (the ‘‘89 run’’), the Teva-
tron operated at As51.8 TeV with an average instanta-
neous luminosity of 1.631030 cm22 s21, and the CDF de-
tector collected approximately 4.4 pb21 of data. In 1992–
1993 (Run Ia), CDF and DØ accumulated
approximately 20 and 15 pb21, respectively, and in
1994–1995 (Run Ib), 90 and 108 pb21, for a total Run I
integrated luminosity of more than 100 pb21 per
detector.3 The average instantaneous luminosity during
Run I was approximately 131031 cm22 s21. A new run
(Run II) utilizing the new main injector and recycler
rings and other major accelerator improvements is
scheduled to begin around the year 2000, reaching an
average instantaneous luminosity of 131032 cm22 s21

and an expected integrated luminosity of 1000 pb21 per
year (Peoples, 1996). In addition, the energy of the ma-
chine will be increased to As52 TeV, substantially in-
creasing the cross section for producing heavy particles
(the top quark pair-production cross section, for ex-
ample, increases by 40% from As51.8–2 TeV). Run II,
with an upgraded collider and detectors, holds a great
deal of promise for Higgs-boson and sparticle searches.

II. THE MINIMAL SUPERSYMMETRIC EXTENSION OF
THE STANDARD MODEL

In the past two decades, a detailed picture of the mini-
mal supersymmetric extension of the standard model
(MSSM) has emerged.4 In the MSSM, the particle

2The 1985 run produced the first detected luminosity, with 20
events recorded by CDF.

3The difference in integrated luminosities in Run Ib comes
partly from the fact that DØ uses the 11.3 pb21 from Run Ic
while CDF ignores it, and the fact that the DØ experiment
normalizes its luminosity (and hence all cross sections) to an
inelastic cross section that is 2.4% smaller than that used by
CDF. For the actual luminosities used in each analysis see
Table I.

4For details see Dimopoulos and Georgi (1981), Dimopoulos,
Raby, and Wilczek (1981), Ibañez and Ross (1981), Amaldi
et al. (1991), Anselmo et al. (1991), Ellis, Kelley, and Nanopo-
ulos (1991), Langacker and Lou (1991), Langacker and Polon-
sky (1993), Carena, Pokorski, and Wagner (1993), Faraggi and
Grinstein (1994), Bagger, Matchev, and Pierce (1995), Bar-
bieri, Cigfaloni, and Strumia (1995), Bastero-Gil and Mercader
(1995), Chankowski et al. (1995a, 1995b), and Langacker and
Polonsky (1995).
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spectrum is doubled by SUSY. Moreover, to generate
masses for up- and down-type fermions while preserving
SUSY and gauge invariance, the Higgs sector must con-
tain two doublets (Fayet, 1975). After EWSB, there is a
quintet of physical Higgs boson states: two CP-even sca-
lar (h ,H), one CP-odd pseudoscalar (A), and a pair of
charged (H6) Higgs bosons (Gunion, 1990). All the
Higgs bosons and other standard-model particles have
superpartners with the same quantum numbers under
the standard-model gauge groups SU(3)C3SU(2)L
3U(1)Y , but with different spins (Wess and Bagger,
1983; Arnowitt et al., 1984; Nilles, 1984; Haber and
Kane, 1985; Mohapatra, 1986; West, 1986; Barbieri,
1988). The spin-1/2 partners of the gauge bosons (gaugi-
nos) are denoted as winos W̃6, zinos Z̃ , photinos5 g̃ ,
and gluinos g̃ . The spin-1/2 partners of the Higgs bosons
(Higgsinos) are H̃1 , H̃2 , and H̃6. Because of EWSB,
the Higgsinos and SU(2)L3U(1)Y gauginos mix to give
physical mass eigenstates consisting of two Dirac fermi-
ons of electric charge one, the charginos x̃1,2

6 , and four
neutral Majorana fermions, the neutralinos x̃124

0 . The
spin-0 partners of the fermions (sfermions)6 are squarks
Q̃ ,7 sleptons l̃ , and sneutrinos ñ . Each charged lepton
or quark has two scalar partners, one associated with
each chirality. These are named ‘‘left-handed’’ squarks
and sleptons, which belong to SU(2)L doublets, and
‘‘right-handed’’ squarks and sleptons, which are SU(2)L
singlets. The neutrinos have only left-handed superpart-
ners ñ , which belong to SU(2)L doublets. The gluino g̃
and squarks Q̃ carry color indices and are SU(3)C oc-
tets and triplets, respectively.

The MSSM Lagrangian contains interactions between
particles and sparticles fixed by SUSY. There are also a
number of soft SUSY-breaking mass parameters. ‘‘Soft’’
means that they break the mass degeneracy between
standard-model particles and their SUSY partners with-
out reintroducing quadratic divergences while respecting
the gauge invariance of the theory. The soft SUSY-
breaking parameters are extra mass terms for gauginos
and scalar fermions, and trilinear scalar couplings. The
exact number of extra parameters depends on the exact
mechanism of SUSY breaking. In the remainder of this
section, the MSSM particle spectrum and properties will
be described in general, as well as with reference to spe-
cific SUSY-breaking scenarios and variations.

A. Sparticle spectrum

The chargino and neutralino masses and their mixing
angles (that is, their gaugino and Higgsino composition)
are determined by the standard-model gauge-boson

5The superpartners of the U(1)Y and SU(2)L gauge bosons
(before EWSB) are the bino B̃ , the unmixed neutral wino W̃3 ,
and the unmixed charged winos W̃1 and W̃2 .

6Charge conjugate scalars are denoted by* , e.g., Q̃* .
7To allow easier reading, we use the nonstandard symbol Q̃

instead of q̃ . This has no special significance.
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masses (MW and MZ), tan b,8 two soft SUSY-breaking
parameters [the SU(2)L gaugino mass M2 and the
U(1)Y gaugino mass M1], and the SUSY Higgsino mass
parameter m, all evaluated at the electroweak scale
MEW .9 Explicit solutions are found by considering the
232 chargino MC and 434 neutralino MN mass
matrices:10

MC5S M2 &MWsb

&MWcb m D ; MN5S Mi Z

ZT Mm
D ;

Mi5S M1 0

0 M2
D ; Mm5S 0 2m

2m 0 D ;

Z5S 2MZcbsW MZsbsW

MZcbcW 2MZsbcW
D . (2)

MC is written in the W̃12H̃1 basis, MN in the B̃2W̃3

2H̃12H̃2 basis, with the notation sb5sin b, cb
5cos b, sW5sin uW , and cW5cos uW . In general, the
mass eigenstates are admixtures of the interaction states,
but, for large values of umu or M1 and M2 , the limit is
reached where the mass eigenstates are mostly pure
gaugino or Higgsino states (independent of tan b). In
particular, if umu@MZ and M1 ,M2.MZ , with M1
,M2 , the lightest eigenstates are gaugino-like and the
heaviest are Higgsino-like, leading to the following spec-
trum:

M x̃1
6.M2 ; M x̃2

6.umu;

M x̃1
0.M1 ; M x̃2

0.M2 ; M x̃3
0.M x̃4

0.umu. (3)

Similarly, if M1 ,M2@MZ and umu.MZ , the lightest
eigenstates are Higgsino-like and the heaviest are
gaugino-like:

M x̃1
6.umu; M x̃2

6.M2 ;

M x̃1
0.M x̃2

0.umu; M x̃3
0.M1 ; M x̃4

0.M2 . (4)

Another interesting example, where x̃1
0 is Higgsino-like,

x̃2
0 is photino-like, and all other charginos and neutrali-

nos are mixtures, occurs for M15M2.umu.MZ and
tan b.1:

M x̃1,2
6 5

1
2

uM21m7A~M22m!214MW
2 u;

M x̃1
05umu; M x̃2

05M1 ;

M x̃3,4
0 5

1
2

uM21m7A~M22m!214MZ
2 u. (5)

8One Higgs doublet, H2 , couples to u , c , and t , while the
other, H1 , couples to d , s , b , e , m, and t. The parameter tan b
is the ratio of vacuum expectation values ^H2&/^H1&[v2 /v1 ,
and v25v1

21v2
2, where v is the order parameter of EWSB.

9The electroweak scale MEW is roughly the scale of the
sparticle masses themselves. Usually in the literature, for sim-
plicity, MEW.MZ .

10Beware of different sign conventions for m in the literature.
Both PYTHIA and ISAJET use the convention used here.
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Since the SU(3)C symmetry of the standard model is
not broken, the gluinos have masses determined by the
SU(3)C gaugino mass parameter M3 .11 The neutralinos
and the gluinos are Majorana particles and do not dis-
tinguish between states and their charged conjugate. De-
pending on their Higgsino or gaugino composition, the x̃
couplings to gauge bosons and left- and right-handed
sfermions will differ substantially, and the production
and decay processes will strongly depend on that com-
position (see the discussion below).

The mass eigenstates of squarks and sleptons are, in
principle, mixtures of their left- and right-handed com-
ponents, given for the first generation by

mũL

2 .mQ1

2 1mu
21DũL

, mũR

2 .mU1

2 1mu
21DũR

,

m
d̃L

2 .mQ1

2 1md
21Dd̃L

, m
d̃R

2 .mD1

2 1md
21Dd̃R

,

mẽL

2 .mL1

2 1me
21DẽL

, mẽR

2 .mE1

2 1me
21DẽR

,

m ñe

2 .mL1

2 1D ñe
, (6)

where mQ1

2 , mL1

2 , mU1

2 , mD1

2 , and mE1

2 are soft SUSY-

breaking parameters and Df̃L
5MZ

2 cos(2b)(T3f

2Qf sin2 uW) and Df̃R
5MZ

2 cos(2b)Qf sin2 uW are D

terms12 associated with EWSB (T3f
is the weak-isospin

eigenvalue of the fermion and Qf the electric charge). A
similar expression holds for the second (third) genera-
tion with the substitutions u˜c(t), d˜s(b), e˜m(t),
1˜2(3). In most high-energy models, the soft SUSY-
breaking sfermion mass parameters are taken to be
equal at the high-energy scale, but, in principle, they can
be different for each generation or even within a genera-
tion. However, the sfermion flavor dependence can have
important effects on low-energy observables, and it is
often strongly constrained. The suppression of flavor-
changing neutral currents (FCNC’s), such as KL
˜p°nn̄ , requires that either (i) the squark soft SUSY-
breaking mass matrix be diagonal and degenerate, or (ii)
the masses of the first- and second-generation sfermions
be very large (Misiak et al., 1997).

The left-right sfermion mixing is determined by the
product of soft SUSY-breaking parameters and the mass
of the corresponding fermion. Unless the soft SUSY-
breaking parameters for the first two generations are
orders of magnitude greater than for the third genera-
tion, the mixing in the first two generations can be ne-
glected and Q̃L ,R , with Q̃5ũ ,d̃ , c̃ , s̃ , and l̃ L ,R , ñ l , with
l 5e ,m , are the real mass eigenstates, with masses
mQ̃L ,R

and m l̃ L ,R
,m ñ l

, respectively. For the third-
generation sfermions, the left-right mixing can be non-

11The physical gluino mass is shifted from the value of the
gluino mass parameter M3 because of radiative corrections. As
a result, there is an indirect dependence on the squark masses.

12D terms are terms in the scalar potential which are quartic
in the fields and are proportional to the gauge couplings
squared.
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trivial. The mass matrix for the top squarks (stops) in
the ( t̃ L , t̃ R) basis is given by

M
t̃
2
5S mQ3

2 1mt
21D t̃ L mt~At2m/tan b!

mt~At2m/tan b! mU3

2 1mt
21D t̃ R

D , (7)

where At is a soft SUSY-breaking parameter.13 Unless
there is a cancellation between At and m/tan b, left-right
mixing occurs for the stop squarks because of the large
top-quark mass. The stop mass eigenstates are then
given by

t̃ 15cos u t̃ t̃ L1sin u t̃ t̃ R ,

t̃ 252sin u t̃ t̃ L1cos u t̃ t̃ R , (8)

where the masses and mixing angle u t̃ are fixed by di-
agonalizing the squared-mass matrix, Eq. (7). Because
of the large mixing, the lightest stop t̃ 1 can be one of the
lightest sparticles. For the sbottom, an analogous for-
mula for the mass matrix holds, with mU3

˜mD3
, At

˜Ab , D t̃ L ,R
˜Db̃L ,R

, mt˜mb , and tan b˜1/tan b. For
the stau, substitute mQ3

˜mL3
, mU3

˜mE3
, At˜At ,

D t̃ L ,R
˜D t̃L ,R

, mt˜mt , and tan b˜1/tan b. The param-
eters At , Ab , and At can be independent soft SUSY-
breaking parameters, or they might be related by some
underlying principle. When mb tan b or mt tan b is large
@O(mt)# , left-right mixing can also become relevant for
the sbottom and stau. It will become clear below that Ab
and At do not contribute in a major way to left-right
mixing, since they do not have a tan b enhancement.

The Higgs-boson spectrum at tree level can be ex-
pressed in terms of the weak gauge-boson masses, the
CP-odd Higgs-boson mass MA , and tan b:14

Mh ,H
2 5~1/2!@MA

2 1MZ
2

7A~MA
2 1MZ

2 !224MZ
2 MA

2 cos2 2b# ,

MH6
2

5MA
2 1MW

2 . (9)

These relations yield Mh&MZ , but this result is strongly
modified by radiative corrections that depend on other
MSSM parameters (Brignole et al., 1991; Ellis, Ridolfi,
and Zwirner, 1991a and 1991b; Haber and Hempfling,
1991; Okada et al., 1991a, 1991b; Drees and Nojiri, 1992;
Hempfling and Hoang, 1994; Kodaira et al., 1994; Casas
et al., 1995). The dominant radiative corrections to Mh
grow as mt

4 and are logarithmically dependent on the
third-generation squark masses. The heavy CP-even
and charged Higgs-boson masses, MH and MH6, respec-
tively, are directly controlled by MA . If all SUSY par-
ticles were heavy, but MA were small, then the low-

13Beware also of different sign conventions for At . Both
PYTHIA and ISAJET use the convention used here.

14In the MSSM, MA is related to the values of the Higgs soft
SUSY-breaking parameters mH1

and mH2
and the Higgsino

mass parameter m through MA
2 5mH1

2 1mH2

2 12m2.
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energy theory would look like a two-Higgs-doublet
model. For sufficiently large MA , the heavy Higgs dou-
blet decouples, and the effective low-energy theory has
only one light Higgs doublet with standard-model-like
couplings to gauge bosons and fermions.

Within the MSSM, a general upper bound on Mh can
be determined by a careful evaluation of the one-loop
and dominant two-loop radiative corrections (Carena
et al., 1995; Carena, Quirós, and Wagner, 1996; Carena,
Zerwas, et al., 1996; Haber et al., 1997). For mt
5175 GeV and an extremely conservative set of
assumptions,15 the upper bound on the lightest Higgs
mass is maximized, yielding Mh&130 GeV. For more
moderate values of the MSSM parameters, the upper
bound on Mh becomes smaller. Most importantly, given
the general upper bound on Mh of about 130 GeV, the
upgraded Tevatron has the potential to provide a crucial
test of the minimal supersymmetric extension of the
standard model (Dai et al., 1993; Mrenna and Kane,
1994; Stange et al., 1994; Amidei et al., 1996b; Kim et al.,
1996; Yao, 1996; Mrenna, 1997b).

R-parity, defined as R5(21)2S13B1L (Farrar and
Fayet, 1978), is a discrete multiplicative symmetry where
S is the particle spin, B is the baryon number, and L is
the lepton number. All standard-model particles have
R51, while all superpartners have R521, so a single
SUSY particle cannot decay into only standard-model
particles if R-parity is conserved. In this case, the light-
est superpartner is absolutely stable. Astrophysical con-
siderations imply that a stable lightest superpartner
should be electrically neutral (Ellis, Hagelin, et al.,
1984). The best candidates, then, are the lightest neu-
tralino x̃1

0 and the sneutrino ñ , or alternatively the grav-
itino G̃ (see below). Since the lightest superpartner can
carry away energy without interacting in a detector, the
apparent violation of momentum conservation is an im-
portant part of SUSY phenomenology (Farrar and
Fayet, 1978). Additionally, when R-parity is conserved,
superpartners must be produced in pairs from a
standard-model initial state. The breaking of the
R-parity symmetry would result in lepton- and/or
baryon-number-violating processes. While there are
strong experimental constraints on some classes of
R-parity-violating interactions, others are hardly con-
strained at all. Unless it is explicitly stated otherwise,
R-parity conservation is assumed below.

Quite generally, the dependence of the SUSY spec-
trum on tan b can be very strong, and it is necessary to
determine the possible range of values for this essential
parameter of the theory. The fermion masses, which are
not fixed by SUSY, are a function of tan b and the
standard-model Yukawa couplings. For the up- and
down-quark and lepton masses, it follows that mu
5huv sin b, md5hdv cos b, and m l 5h l v cos b, where

15To produce this bound, the masses of all SUSY particles
and MA are chosen to be around one TeV, tan b.20, and the
stop mixing parameters are varied to give the largest possible
effect.
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hf5u ,d ,l is the corresponding Yukawa coupling and v
5174 GeV is the order parameter of EWSB. Equiva-
lently, mu5huv2 , md5hdv1 , and m l 5h l v1 , where v2
5v sin b and v15v cos b. The value of tan b and the
Yukawa couplings can vary in a range consistent with
the experimental values of the fermion masses. How-
ever, for the theory to remain perturbatively well de-
fined up to a given cutoff scale, the Yukawa couplings
should remain finite up to this cutoff scale. Whether this
is the case can be determined by studying the
renormalization-group evolution of each Yukawa cou-
pling from low- to high-energy scales. In particular, the
large value of the top-quark mass is associated with a
large value of the top Yukawa coupling at low energies,
which, depending on tan b, may become too large to be
compatible with a perturbative description of the theory
(Alvarez-Guamé et al., 1983; Bagger et al., 1985;
Bardeen et al., 1992, 1994; Barger et al., 1993; Carena,
Pokorski, and Wagner, 1993; Langacker and Polonsky,
1994). The measured value of the top-quark mass, mt
.175 GeV, defines a lower bound on tan b of about 1.2,
provided that the top Yukawa coupling remains finite up
to a scale of the order of 1016 GeV. If, instead, the top
Yukawa coupling should remain finite only up to scales
of the order of a TeV, values of tan b as low as 0.5 are
still possible.16 A similar situation occurs when tan b is
large, but now the crucial role is played by the bottom
Yukawa coupling. If tan b becomes too large, large val-
ues of the bottom Yukawa coupling are necessary to
obtain values of the bottom mass compatible with ex-
periment. The exact bound on tan b depends on the
SUSY spectrum, since there are radiative corrections to
the bottom mass coming from sparticle exchange loops
(Carena et al., 1994b; Hall et al., 1994; Hempfling, 1994).
Generically, it can be shown that values of tan b>60 are
difficult to obtain if the MSSM is expected to remain a
valid theory up to scales of order 1016 GeV.

B. Supergravity

At present, the exact mechanism of SUSY breaking is
unknown. Supergravity (SUGRA) models assume the
existence of extra superfields (the so-called ‘‘hidden sec-
tor’’) which couple to the MSSM particles only through
gravitational-like interactions. When SUSY is spontane-
ously or dynamically broken in the hidden sector, some
of the components of the hidden sector acquire vacuum
expectation values. Interaction terms between those
components of the hidden sector and the MSSM super-
fields give rise to the effective soft SUSY-breaking terms
of the MSSM, which are proportional to vacuum expec-
tation values of the hidden sector divided by powers of
MPlanck . The low-energy Lagrangian then looks like a
SUSY-conserving MSSM with a number of extra terms
that break supersymmetry. Although low-energy gravi-

16This implies that a perturbative description of the MSSM
would only be valid up to the weak scale, which is, of course,
not a very interesting possibility.
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tational interactions depend only on mass and spin, the
general supergravity Lagrangian may contain higher-
dimensional interactions between the hidden sector and
MSSM superfields that are flavor dependent.

The number of possible SUSY-breaking terms is over
one hundred. In the minimal supergravity scenario, how-
ever, the MSSM sparticles couple universally to the hid-
den sector, and the number of terms is greatly reduced.
Using this guiding principle, at a scale of order MPlanck
(or, approximately, MGUT , the scale where the gauge
couplings unify), all scalars (Higgs bosons, sleptons, and
squarks) are assumed to have a common squared mass
m0

2, all gauginos (bino, wino, and gluino) have a com-
mon mass m1/2 , and all trilinear couplings have the
value A0 . After specifying tan b, all that remains is to
relate the values of the soft SUSY-breaking parameters
specified at MGUT to their values at MEW . This is ac-
complished using renormalization-group (RG) equa-
tions (Martin, 1997). The physical sparticle masses are
then determined using relations like Eq. (6), or by di-
agonalizing mass matrices like those in Eqs. (2) and (7).
Finally, the Higgsino mass parameter is determined (up
to a sign) by demanding the correct radiative EWSB. At
the tree level, this requires

tan2 b5
m21mH1

2 1MZ
2 /2

m21mH2

2 1MZ
2 /2

, (10)

where mH1
and mH2

are soft SUSY-breaking mass pa-
rameters for the two Higgs doublets evaluated at MEW .

Not surprisingly, the masses of the gluinos, charginos,
and neutralinos are strongly correlated. The gaugino
mass parameters Mi at the electroweak scale depend
mainly on the running of the gauge couplings between
MGUT and MEW :

M35
a3~M3!

aGUT
m1/2.2.6m1/2 ,

M25
a2~M2!

aGUT
m1/2.0.8m1/2 ,

M15
a1~M1!

aGUT
m1/2.0.4m1/2 (11)

(where we consider m1/2;MEW). As will be shown be-
low, once the RG evolution of the Higgs mass param-
eters is included in Eq. (10), it follows that the Higgsino
mass term m tends to be larger than the bino and wino
masses M1 and M2 , becoming the largest for values of
tan b closest to 1. As a result, the lightest two neutrali-
nos and the lightest chargino tend to be gaugino-like.
This is similar to the example presented in Eq. (3) with
the approximate mass hierarchy

M x̃2
0.2M x̃1

0.M x̃1
6.1/3Mg̃ . (12)
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The lightest neutralino x̃1
0 can be the lightest superpart-

ner.
Because sleptons have only electroweak quantum

numbers and the lepton Yukawa couplings are small, the
slepton mass parameters do not evolve much from
MGUT to MEW . The left- and right-handed soft SUSY-
breaking parameters at the scale MEW which determine
the mass eigenstates through Eq. (6) are given by

mL1,2

2 .mL3

2 .m0
210.5m1/2

2 ;

mE1,2

2 .mE3

2 .m0
210.15m1/2

2 . (13)

For tan b>40, the third-generation mass parameters
also receive non-negligible contributions from the t
Yukawa coupling in their running, which can modify
these expressions. The different coefficients of m1/2 in
Eq. (13) arise from the different electroweak quantum
numbers for sleptons in SU(2)L doublets and singlets. If
m0 and m1/2 are of the same order of magnitude, physi-
cal slepton masses are dominated by m0 . When m0 is
small, the sneutrino can be the lightest superpartner in-
stead of the x̃1

0. The ñ mass is fixed by the sum rule
m ñ l

2 5m
l̃ L

2
1MW

2 cos 2b.

The squark mass parameters evolve mainly through
the strong coupling to the gluino, so their dependence
on the common gaugino mass is stronger than for slep-
tons. For the first and second generation, the left- and
right-handed soft SUSY-breaking parameters at MEW
are given approximately by

mQ1,2

2 .m0
216.3m1/2

2 ; mU1,2

2 .mD1,2

2 .m0
215.8m1/2

2 .
(14)

In general, the squarks are heavier than the sleptons or
the lightest neutralino and chargino. Since first- and
second-generation squark soft SUSY-breaking param-
eters are the same for squarks with the same quantum
numbers, flavor-changing neutral currents are sup-
pressed.

For the third-generation squarks, the large top and
bottom Yukawa couplings play a crucial role in the evo-
lution of the RG equation. As mentioned generically in
Sec. II.A, the top Yukawa coupling ht is related to the
top-quark mass by mt5(246/&)ht sin b GeV and the
bottom Yukawa coupling hb is given by mb
5(246/&)hb cos b GeV, so that hb is large (of order ht)
when tan b is about 40 or larger. When ht at MGUT is
sufficiently large, its low-energy value is independent of
its exact value at MGUT . This behavior is known as the
infrared fixed-point solution of the top-quark mass (Hill,
1981; Alvarez-Guamé et al., 1983; Bagger et al., 1985;
Hill et al., 1985; Bardeen et al., 1992, 1994; Barger,
Berger, and Ohmann, 1993; Langacker and Polonsky,
1994). With the definition Yt[ht

2/(4p), the infrared
fixed-point value of Yt at the scale mt is Yt

ir.8a3/9.
Within the one-loop approximation, the effects of the
top Yukawa coupling on the evolution of the RG equa-
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tion can be parametrized in terms of the ratio Yt /Yt
ir .

For small and moderate values of tan b, the left- and
right-handed soft SUSY-breaking parameters which de-
termine the stop and sbottom masses are then given by
(Carena, Olechowski, et al., 1994a; Carena and Wagner,
1994a, 1995; Drees and Martin, 1996; Carena,
Chankowski, et al., 1997)

mQ3

2 .m0
2S 12

1
2

Yt

Yt
irD 1m1/2

2 F6.31
Yt

Yt
ir S 2

7
3

1
Yt

Yt
irD G ,

mU3

2 .m0
2S 12

Yt

Yt
irD 1m1/2

2 F5.81
Yt

Yt
ir S 2

14
3

12
Yt

Yt
irD G ,

(15)
and mD3

.mD1,2
. For large tan b, assuming t2b Yukawa

coupling unification at high energies [Yb5Yt at MGUT ,
which is a generic prediction of SO(10) GUT models],
the expressions for the third-generation soft SUSY-
breaking parameters are (Carena, Olechowski, et al.,
1994b):

mQ3

2 .m0
2S 12

6
7

Yt

Yt
irD

1m1/2
2 F6.31

Yt

Yt
ir S 241

12
7

Yt

Yt
irD G ,

mU3

2 .mD3

2 .m0
2S 12

6
7

Yt

Yt
irD

1m1/2
2 F5.82

Yt

Yt
ir S 241

12
7

Yt

Yt
irD G . (16)

Contributions proportional to A0
2 and A0m1/2 with a

prefactor proportional to (12Yt /Yt
ir) are also present

in Eqs. (15) and (16). For mt.175 GeV, the value of the
ratio Yt /Yt

ir varies from 3/4 to 1 depending on tan b,
with Yt /Yt

ir
˜1 as tan b˜1, and Yt /Yt

ir.0.85 for tan b
540. The value of At is governed by m1/2 , and, for large
values of the top Yukawa coupling, depends weakly on
its initial value and tan b (Carena, Olechowski, et al.,
1994a; Carena, Chankowski, et al., 1997),

At.S 12
Yt

Yt
irD A022m1/2 . (17)

The exact values of Ab and At are not important, since
the mixing in the stau and sbottom sectors is governed
by the terms mbm tan b and mtm tan b, respectively. In
supergravity models, the above relations between the
mass parameters lead to the general prediction mQ̃
>0.85Mg̃ (for the five lightest squarks and small or mod-
erate tan b).

The soft SUSY-breaking parameters in the Higgs sec-
tor also have simple expressions. For small and moder-
ate tan b (Carena, Olechowski, et al., 1994a; Carena and
Wagner, 1994a; Drees and Martin, 1996; Carena,
Chankowski, et al., 1997),

mH1

2 .m0
210.5m1/2

2 ,
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mH2

2 .m0
2S 12

3
2

Yt

Yt
irD 1m1/2

2 F0.51
Yt

Yt
ir S 2713

Yt

Yt
irD G .

(18)
Substituting these relations back into Eq. (10) yields the
result

m21MZ
2 /25m0

2F11S 3
2

Yt

Yt
ir 21 D tan2 bG 1

tan2 b21

1m1/2
2 H 0.52F0.51

Yt

Yt
ir

3S 2713
Yt

Yt
irD G tan2 bJ 1

tan2 b21
. (19)

Note in Eq. (18) that mH2

2 ,0, which is usually a suffi-

cient condition to induce EWSB. For large tan b, the
Higgs mass parameters are more complicated. In the
limit of t2b Yukawa unification, they simplify to
(Carena, Olechowski, et al., 1994b)

mH1

2 .mH2

2 .m0
2S 12

9
7

Yt

Yt
irD

1m1/2
2 F0.51

Yt

Yt
ir S 261

18
7

Yt

Yt
irD G (20)

and Eq. (19) must be modified accordingly. All of these
relations are only approximate: the coefficients of m1/2
depend on the exact values of as and the scale of the
sparticle masses, while the coefficients of m0 and A0
depend mainly on tan b.

The supergravity model presented here is minimal
(mSUGRA) in the sense that it is defined in terms of
only five parameters at a high scale: m0 , m1/2 , A0 , tan b,
and the sign of m. It is natural to question the exact
universality of the soft SUSY-breaking parameters
(Carena and Wagner, 1994b; Pomarol and Polonsky,
1994; Matalliotakis and Nilles, 1995; Olechowski and
Pokorski, 1995). For example, in a SU(5) SUSY GUT
model, the left-handed sleptons and right-handed down-
type squarks reside in the same 5 multiplet of SU(5)
and naturally have the common mass parameter m0

(5) at
the GUT scale. Similarly, ũL , d̃L , ũR , and ẽR , which
reside in the same 10 multiplet, have a common mass
m0

(10) . The two Higgs-boson doublets reside in different

5 and 5̄ multiplets, with masses m0
(58) and m0

(5̄8) . There
is no symmetry principle that demands that all these
mass parameters be the same. The most naive break-
down of exact universality is to consider different values

for m0
(58) and m0

(5̄8) , taking m0 as the common mass for
sleptons and squarks.

Depending on the exact mechanism of SUSY break-
ing, it may occur that m1/2.0. Low-energy gaugino
masses are then dominated by contributions of stop-top
and Higgs-Higgsino loops (Barbieri et al., 1983; Barbieri
and Maiani, 1989). In this case, the gluino could be the
lightest superpartner with a mass of Mg̃& a few GeV
and the lightest neutralino may be somewhat heavier
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due to contributions from electroweak loops (Farrar and
Masiero, 1994; Farrar, 1995). Light-gluino scenarios are
being explored by many experiments (Barate et al.,
1997; Farrar, 1997).

C. Gauge-mediated supersymmetry breaking

In supergravity, gravitational interactions generate
the soft SUSY-breaking terms in the MSSM Lagrangian.
Alternatively, soft SUSY-breaking terms can be gener-
ated through gauge interactions. This has the feature
that mass degeneracies between sfermions with the same
quantum numbers (and, hence, the same gauge cou-
plings) occur naturally, which suppresses flavor-
changing neutral currents. Also, in gauge-mediated
models, the scale of the SUSY breaking is much smaller
than the scale where gravity becomes relevant, so there
is no possibility of Planck-scale corrections to these de-
generacies (as there can be between the GUT and
Planck scales in supergravity; Kolda, 1998). In simple
models (Dine et al., 1995a, 1995b), the existence of
heavy messenger superfields c with standard-model
quantum numbers is postulated. Supersymmetry is bro-
ken in a hidden sector, which also couples to the mes-
sengers, so that the c fermion components have mass
M , while the scalar components have masses MA16x ,
where x is a dimensionless parameter that controls the
size of SUSY breaking. The MSSM gauginos and sfer-
mions acquire masses different from their standard-
model partners because of the radiative effects gener-
ated by the messenger fields. It is more convenient to
define L[xM , which fixes L as the overall mass scale of
the MSSM sparticles. The gaugino masses at a low-
energy scale m are

Mi~m!5
a i~m!

4p
g~x !~bi2bi8!L , (21)

where i specifies the gauge group, bi is the MSSM coef-
ficient of the beta function for the running of a i , bi8
includes the additional effect of the messenger fields in
the running, and g(x).11x2/6. The scalar soft SUSY-
breaking parameters acquire values

mi
2~m!52L2(

i
S a i~M !

4p D 2

Ci$f~x !~bi2bi8!

1g~x !2@~bi2bi8!2/bi#@a i
2~m!/a i

2~M !21#%,

(22)

where C155/3Y2, C253/4, and C354/3 (Y is the weak
hypercharge), and f(x).11x2/36. The formula in Eq.
(22) ignores Yukawa couplings and will be modified for
the stop and possibly sbottom and stau (Carena,
Chankowski et al., 1998; Wagner, 1998). By comparing
the previous two equations, one can see that the gaugino
and scalar masses are roughly of the same order of mag-
nitude. Even after evolving these mass parameters to
MEW (ignoring the effects of Yukawa couplings), sfer-
mions with the same quantum numbers acquire the
same masses, yielding a natural mass hierarchy between
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weakly and strongly interacting sfermions; the hierarchy
of the gaugino masses is fixed by the gauge couplings (as
in supergravity models). If the superfields c reside in a
complete representation of SU(5) or SO(10), then uni-
fication of the gauge couplings at a high scale is not
compromised, though the unification will occur at stron-
ger values of the couplings and at a slightly different
scale from the naive GUT scale. One distinctive feature
of these models is that the spin-3/2 superpartner of the
graviton, the gravitino G̃ , can play a crucial role in the
phenomenology. Since the gravitino mass is given by the
relation MG̃5ML/MPlanck , the gravitino can be very
light (depending only on the value of M), in contrast to
supergravity, where the gravitino has a mass on the or-
der of MW . As a result, in gauge-mediated supersymme-
try breaking, the gravitino can be the lightest superpart-
ner.

In the above discussion, it is assumed that the messen-
gers c form a complete GUT multiplet. However, if the
messengers were neutral under some gauge group, then
the associated gauginos would be massless at one-loop
order because of gauge invariance. In particular, it is
possible to construct a model in which the gluino is a
stable lightest superpartner with a mass of a few tens of
GeV (Raby, 1997). In this case, the missing energy sig-
nal for SUSY disappears, since a stable lightest super-
partner gluino will form stable hadrons.

D. R-parity violation

One simple extension of the MSSM is to break the
multiplicative R-parity symmetry. At present, neither
experiment nor any theoretical argument demands
R-parity conservation, so it is natural to consider the
most general case of R-parity breaking. It is convenient
to introduce a function of superfields called the super-
potential, from which the Feynman rules for
R-parity-violating processes can be derived. The
R-parity-violating (RPV) terms which can contribute to
the superpotential17 are

WRPV5l ijkLiLjĒk1l ijk8 LiQjD̄k1l ijk9 ŪiD̄jD̄k,
(23)

where i ,j ,k are generation indices (1,2,3), L1
i [nL

i , L2
i

5l L
i and Q1

i 5uL
i , Q2

i 5dL
i are lepton and quark com-

ponents of SU(2)L doublet superfields; Ei5eR
i , Di

5dR
i , and Ui5uR

i are lepton, down-, and up-quark
SU(2)L singlet superfields, respectively. The unwritten
SU(2)L and SU(3)C indices imply that the first term is
antisymmetric under i↔j , and the third term is antisym-
metric under j↔k . Therefore iÞj in LiLjĒk, and jÞk
in ŪiD̄jD̄k. The coefficients l ijk , l ijk8 , and l ijk9 are
Yukawa couplings, and there is no a priori generic pre-

17In Eq. (23) bilinear terms are ignored. A discussion of the
phenomenological implications of such terms can be found in
the literature (Diaz, 1997b, 1997a; Carena, Pokoski, and Wag-
ner, 1998).
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diction for their values. In principle, WRPV contains 45
extra parameters over the R-parity-conserving MSSM
case.

Expanding Eq. (23) as a function of the superfield
components, we derive the interaction Lagrangian from
the first term,

LLLE5l ijk$ñL
i eL

j ēR
k 1 ẽL

i nL
j ēR

k 1~ ẽR
k !* nL

i eL
j 1H.c.%,

(24)

and from the second term,

LLQD5l ijk8 $ñL
i dL

j d̄R
k 2 ẽL

i uL
j d̄R

k 1d̃L
j nL

i d̄R
k 2ũL

j eL
i d̄R

k

1~ d̃R
k !* nL

i dL
j 2~ d̃R

k !* eL
i uL

j 1H.c.%. (25)

Both of these sets of interactions violate lepton number.
The ŪD̄D̄ term, instead, violates baryon number. In
principle, all types of R-parity-violating terms may coex-
ist, but this can lead to a proton with a lifetime shorter
than the present experimental limits. The simplest way
to avoid this is to allow only operators that conserve
baryon number but violate lepton number or vice versa.

These new couplings have several effects on the
SUSY phenomenology: (1) lepton- or baryon-number-
violating processes are allowed, including the production
of single sparticles (instead of pair-production); (2) the
lightest superpartner is no longer stable, but can decay
to standard-model particles within a collider detector;
(3) because it is unstable, the lightest superpartner need
not be the neutralino or sneutrino, but can be charged or
colored.

Present data are in remarkable agreement with
the standard-model predictions, and very strong bounds
on the R-parity-breaking operators can be derived from
the following processes: (a) charged-current uni-
versality, (b) G(t˜enn̄)/G(t˜mnn̄), (c) the bound on
the mass of ne , (d) neutrinoless double-beta decay,
(e) atomic parity violation, (f) D02D̄0 mixing,
(g) R l 5Ghad(Z0)/G l (Z0), (h) G(p˜e n̄)/G(p˜mn̄),
(i) BR(D1

˜K̄0* m1nm)/BR(D1
˜K̄0* e1ne), (j) nm

deep-inelastic scattering, (k) BR(t˜pnt), (l) heavy-
nucleon decay, and (m) n2n̄ oscillations. Additional
limits can be derived from deep-inelastic experiments at
HERA (Bhattacharyya, 1997; Dreiner, 1998). On the
other hand, within the allowed values of the
R-parity-violating couplings, l ijk ,l ijk8 , a whole new
world opens up for SUSY searches.

E. Run-Ia parameter sets

Some CDF and DØ SUSY searches are analyzed in
the framework of the so-called ‘‘SUGRA-inspired mod-
els.’’ Since these analyses have been made for a very
specific choice of parameters, they do not generically
represent supergravity scenarios. To avoid any misun-
derstanding, we refer to these models as Run-Ia param-
eter sets, or RIPS. To understand the limits that appear
in many published analyses, it is necessary to state ex-
plicitly the framework behind RIPS.
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First, there are five main input parameters: Mg̃ , mQ̃ ,
MA , tan b, and the magnitude and sign of m. The gluino
mass Mg̃ is defined to be M3 , which is equivalent to
specifying m1/2 and hence M1 and M2 using the unifica-
tion relations, Eq. (11). The chargino and neutralino
properties are then fixed by M1 , M2 , tan b, and m. In
practice, the value of m is set much larger than M1 and
M2 , so the properties of the neutralinos, charginos, and
gluino are similar to those in a pure supergravity model.

Next, all squark soft SUSY-breaking mass parameters
are set to mQ̃ , and the D terms are neglected. The re-
sult is that the first five squarks are degenerate in mass.
This may be unrealistic if tan b is large, since the sbot-
tom mass can be naturally lighter because of non-
negligible off-diagonal elements in the sbottom mass
matrix. The stop squarks are made heavier than the
other squarks by fixing At5m/tan b [see Eq. (7)], which
tunes away the mixing between t̃ L and t̃ R . The resulting

stop masses are m t̃ 1
5m t̃ 2

5Am
Q̃
2

1mt
2. Therefore ex-

perimental limits placed on RIPS show no sensitivity to
the stop squarks. Note that, in supergravity models, the
stop soft SUSY-breaking parameters mQ3

2 and mU3

2 are

generally not equal and are smaller than the other
squark parameters at MEW , so that one stop squark is
lighter than the other squarks.

Giving the other five squarks a common value at the
weak scale ignores the details of running from the GUT
scale [see Eq. (14)] and the different D terms. However,
if we use an average of the two formulas in Eq. (14),
a specific m1/2 and mQ̃ roughly determine a value of
m0

2. Whenever there is a solution with m0
2.0 (which

implies mQ̃.0.85Mg̃), RIPS has many features of a
supergravity model. Indeed, when mQ̃.Mg̃ , the
approximate supergravity relations m

l̃ L

2
5m

Q̃
2

20.73Mg̃
2

20.27MZ
2 cos 2b, m

l̃ R

2
5m

Q̃
2

20.78Mg̃
210.23MZ

2 cos 2b,

and m ñ
25m

Q̃
2

20.73Mg̃
210.5MZ

2 cos 2b are used to fix the
slepton masses.18 The region mQ̃,Mg̃ is very hard to
realize in supergravity models, but is also worth investi-
gating. In this case, for some analyses, a constant value
of 350 GeV is set by hand for m l̃ L

, m l̃ R
, and m ñ . Ac-

cordingly, experimental limits placed on RIPS when
mQ̃,Mg̃ show little sensitivity to the sleptons.

Finally, the Higgs mass MA is used to determine the
Higgs-boson sector. This is equivalent to considering
partial nonuniversality for the scalar sfermion and
Higgs-boson soft SUSY-breaking mass parameters at

high energies, i.e., m0Þm0
(58)Þm0

(5̄8) (see the discussion
near the end of Sec. II.B). In practice, the CP-odd
Higgs-boson mass MA is set to a large value, so that the
lightest neutral Higgs boson h has standard-model-like

18Observe that the D terms for the sleptons, although correct,
are negligible in comparison with the approximation made in
defining a common mQ̃ . However, D terms are included to
assure the correct splittings between the l̃ L and ñ masses.
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FIG. 1. A one-quarter-cross-section view of the CDF detector.
couplings to gauge bosons and fermions, and all other
Higgs bosons are so heavy they are not kinematically
accessible at the Tevatron.

III. THE CDF AND DØ DETECTORS

The CDF (Abe et al., 1988) and DØ (Abachi et al.,
1994) detectors are located at the interaction regions B0
and D0 in the accelerator ring.19 Both detectors feature
particle-tracking detectors close to the interaction re-
gion, surrounded by quasihermetic calorimetry covering
the region of pseudorapidity20 of approximately uhu,4.
Muon detection systems are located outside the calorim-
eters for both detectors.

A. The CDF detector

The CDF detector (see Fig. 1) is distinguished by its
magnetic spectrometer: a 3-m-diameter, 5-m-long super-
conducting solenoidal magnet, which creates a 1.4-T
field uniform at the 0.1% level and contains the particle-
tracking detectors. A four-layer silicon-microstrip vertex
detector (SVX; Amidei et al., 1994), located directly out-
side the beampipe, tracks charged particles in the r2f
plane. The SVX measures the impact parameter of

19The Tevatron ring has sixfold symmetry, with the centers of
the straight sections labeled as A0, B0, C0, D0, E0, and F0.

20The pseudorapidity h is defined as 2ln(tan(u/2). In the
CDF and DØ coordinate systems, u and f are the polar and
azimuthal angles, respectively, with respect to the proton-
beam direction z.
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tracks coming from secondary vertices of bottom and
charm decays with a typical resolution of 30 mm, provid-
ing heavy-flavor tagging for jets. A set of vertex time
projection chambers (VTX) surrounding the SVX pro-
vides tracking in the radial and z directions and is used
to find the z position of the p̄p interaction. Outside the
VTX, from a radius of 30–150 cm, the 3.2-m-long central
tracking chamber is used to measure the momentum of
charged particles, with up to 84 measurements per track.

The calorimeter is divided into a central barrel
(uhu,1.1), end plugs21 (1.1,uhu,2.4), and forward/
backward modules (2.4,uhu,4.2). Each of these is seg-
mented into projective22 electromagnetic and hadronic
towers subtending 0.1 in h by 15° in f in the central
calorimeter and 5° elsewhere. Wire chambers with
cathode-strip readout give information on electromag-
netic shower profiles in the central and plug calorim-
eters. A system of drift chambers outside the magnet
coil and in front of the electromagnetic calorimeters
serves as a ‘‘preradiator,’’ allowing additional photon/p0

discrimination on a statistical basis. Muons are identified
with the central muon chambers, situated outside the
calorimeters in the region where uhu,1.1.

The magnetic spectrometer measures muon and other
charged-particle transverse momenta with a resolution
spT

/pT,0.001pT (pT in GeV) and allows a precision

21‘‘End plugs’’ because they plug into the ends of the solenoid
and central calorimeter.

22Projective means pointing approximately at the interaction
region.
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calibration of the electromagnetic calorimeters by com-
paring the measured calorimeter response to the mea-
sured momentum from high-energy electrons from W
decays (Abe et al., 1994b). Electron energies are mea-
sured with a resolution sE /E50.135/AET % .01 (ET in
GeV).23 Jets are reconstructed as energy clusters in the
calorimeter, using a cone algorithm (Flaugher and
Meier, 1990) with a cone radius of either R50.7 (Abe
et al., 1992) or R50.4 (Abe et al., 1994c) in Dh3Df
space. The jet energy resolution in the central region is
approximately sE /E50.80/AE % 0.04 (E in GeV).

Missing transverse energy,24 (E” T), a key quantity in
SUSY searches, is calculated as (E tower (n̂• r̂) r̂, where
the sum is over both electromagnetic and hadronic calo-
rimeter towers25 in uhu,3.6, E tower is the energy mea-
sured in the tower, n̂ is the unit vector pointing in the
direction of the center of the tower from the event ver-
tex, and r̂ is the unit vector in the radial direction. The
E” T is always corrected for the momentum of muons; for
many SUSY analyses, it is also corrected for the calo-
rimeter response to jets. The typical resolution on a
component of E” T is 5.7 GeV in Z0

˜e1e2 events.

B. The DØ detector

The DØ detector (see Fig. 2) consists of three major
components: a nonmagnetic central tracking system,

23The symbol % denotes addition in quadrature, e.g., a % b
5Aa21b2. The total resolution can be parametrized this way
when there are two or more independent components of reso-
lution.

24The transverse momentum of a particle with momentum p
is pT5p sin u. The analogous quantity using energy, defined as
ET5E sin u, is called transverse energy.

25A tower is a cell in h2f space.

FIG. 2. The DØ detector.
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central and forward liquid-argon sampling calorimeters,
and a toroidal muon spectrometer. The central tracking
system consists of four detector subsystems: a vertex
drift chamber, a transition radiation detector, a central
drift chamber, and two forward drift chambers. Its outer
radius is 76 cm. The system provides identification of
charged tracks in the pseudorapidity range uhu<3.5. It
measures the trajectories of charged particles with a
resolution of 2.5 mrad in f and 28 mrad in u. Using the
reconstructed charged tracks, one can reconstruct the
position of the primary interaction along the beamline
direction with a resolution of 8 mm. The central tracking
system also measures the ionization of tracks to allow
single charged particles to be distinguished from e1e2

pairs from photon conversion. The transition radiation
detector aids in distinguishing electrons from charged
pions.

The calorimeter is transversely segmented into
pseudoprojective towers with Dh3Df50.130.1 and
provides full coverage to uhu<4.2. The calorimeter is
divided into three parts, a central calorimeter and two
end calorimeters. These are further segmented into an
inner electromagnetic section, followed by a fine had-
ronic section, and then a coarse hadronic section. Be-
tween the central and end-cap calorimeters, a set of scin-
tillator tiles provides improved energy resolution for jets
that straddle the two detectors. The electromagnetic
calorimeter is divided into 32 modules in f, each of
which has 22 layers, each approximately 1 radiation
length26 thick, with liquid argon as the active element
and 238U plates as the passive element. These layers are
arranged into four longitudinal segments per tower,
called cells. The first cell contains two layers, the second
cell contains two more layers, the third cell is finely seg-
mented, with Dh3Df50.0530.05, and contains seven
layers, and the last cell contains ten layers. The fine had-
ronic calorimeter uses a uranium-niobium alloy as its
passive element, and the coarse hadronic uses copper.
The electron energy resolutions, as measured in the
electromagnetic calorimeter, are sE /E50.130/AET

% 0.0115% 0.4/E for uhu,1.1, and sE /E50.157/AE
% 0.010% 0.4/E for 1.4<uhu<3.0 (Zhu, 1994). The azi-
muthal position resolution for electrons above 50 GeV
as measured by the calorimeter is 2.5 mm. The muon
spectrometer provides muon detection in the range uhu
<3.3. The total thickness of the calorimeter plus the
toroid varies from 13 to 19 interaction lengths, making
hadronic punchthrough backgrounds negligible. The
muon momentum resolution is sp /p50.18(p2p0)/p
% 0.008p (p in GeV/c, p052 GeV/c). The DØ detector
has a compact tracking volume which helps control
backgrounds to prompt muons from in-flight decays of p
and K mesons. Jets are reconstructed as energy clusters
in the calorimeter, using a cone algorithm with a cone
radius of R50.5 or R50.7 in Dh3Df (Abachi et al.,

26The radiation length is the mean distance traversed by an
electron in a given material during which it radiates a fraction
12e21 of its energy via bremsstrahlung.
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1995). The jet energy resolution is approximately
sE /E50.8/AE (E in GeV; Abachi et al., 1995c).

Missing ET is calculated using the vector sum of en-
ergy deposited in all calorimeter cells, over the full calo-
rimeter coverage for uhu<4.2, with corrections applied
to clustered cells to take account of the jet energy scale,
and to unclustered cells as determined from studies of
ET balance in Z0

˜e1e2 events that do not contain had-
ronic calorimeter clusters. The resolution on a compo-
nent of E” T in ‘‘minimum-bias’’ events27 is 1.1 GeV
10.02 (ET , where (ET is the scalar sum of transverse
energies in all calorimeter cells. For some analyses, the
E” T is corrected for the presence of muons, which leave
only a small fraction of their energy in the calorimeter.

C. Experimental realities

There are potentially two types of backgrounds to any
experimental signature, physics and instrumental. Phys-
ics backgrounds mimic the event signature even in an
ideal detector, while instrumental backgrounds arise be-
cause of detector flaws. Experimental signatures—
SUSY or otherwise—are identified from ‘‘objects,’’ the
building blocks of the event. Examples of objects that
CDF and/or DØ use are electrons, muons, taus, E” T ,
so-called ‘‘generic jets’’ (presumably from quarks and/or
gluons, but without flavor identification), c’s, b’s, pho-
tons, and, using another level of kinematic reconstruc-
tion, W’s, Z’s, and t’s. The selection of each of these
objects carries with it an efficiency and also a ‘‘fake
rate,’’ a probability that the object is actually a different
object which has been misidentified. The description of
an object as an ‘‘electron,’’ for example, more precisely
means an ‘‘electron candidate that passes the electron
cuts,’’ no more and no less.

For the majority of searches, the signal and its physics
backgrounds can be estimated using Monte Carlo simu-
lation. The output of an event generator such as ISAJET
(Paige and Protopopesco, 1986; Baer, Paige, et al., 1986)
or PYTHIA (Sjöstrand, 1994; Mrenna, 1997a) can be
folded with relatively simple parametrizations of the de-
tector response to give a good description of the data. A
typical simple simulation transforms the final-state par-
tons from a Monte Carlo into jets, using a clustering
algorithm similar to the one used for the data. It then
convolutes the momenta of the electrons, photons,
muons, and jets with the appropriate experimental reso-
lutions, generating ‘‘smeared’’ momenta. Missing ET is
calculated by first summing the smeared visible mo-
menta, and then adding the effects of additional
minimum-bias events in the same beam crossing. When
calculating the geometric acceptance of the detector, it is
necessary to include the distribution for the interaction

27These events are defined by the requirement that a beam-
beam collision take place as measured by arrays of scintillation
counters forward and backward near the beampipe, and there-
fore they have a smaller selection bias than events selected
with more selective triggers.
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
vertex position in z , which is Gaussian with an RMS of
approximately 30 cm. Finally, the detection efficiencies
are applied for electrons, photons, b quarks, t’s, and
muons (jets above 20 GeV are usually found with good
efficiency). Initial- and final-state gluon radiation values
need to be included, since they can affect the efficiency
by adding extra jets which can modify the event signa-
ture or promote backgrounds into the signature.

In order to make even rough predictions of instru-
mental backgrounds, imperfections in the detectors must
be taken into account. Two effects make these difficult
to estimate: fakes and tails on jet energy resolution dis-
tributions. Because of the very large multijet production
rate at the Tevatron, there can be significant fake back-
grounds, even if the fake probability is very small. Fakes
are very complicated, and the fake rate must be evalu-
ated for each analysis using the appropriate data. In gen-
eral, the efficiency for properly identifying an object and
the probability that another object fakes it are comple-
mentary. For signatures dominated by instrumental
backgrounds, tighter selection criteria (‘‘cuts’’) make for
a purer sample, but reduce efficiency. For signatures
dominated by physics backgrounds, looser cuts are pre-
ferred because they produce a higher efficiency for the
same ratio of signal to background. Fakes are an espe-
cially serious problem for signatures involving photons
and taus, b- and c-quark tagging, and E” T in events with
jets. Although jet energy resolutions are roughly Gauss-
ian, even small non-Gaussian tails, convoluted with the
large jet cross section, can lead to significant numbers of
events with large fake E” T . In addition, there are some
other factors that contribute to fakes and that are
unique to working at the Tevatron, such as the long in-
teraction region, the existence of multiple collisions in a
single event, the presence of the main ring in the same
tunnel as the beam, and larger cosmic-ray backgrounds
than found at detectors that are deeper underground
(such as the LEP experiments). Even a full detector
simulation cannot correctly model all detector imperfec-
tions and these other effects.

IV. THE PRESENT STATUS OF SPARTICLE SEARCHES

Most previous Tevatron searches have been made un-
der very specific assumptions. Several of the classic sig-
natures, such as ‘‘jets1E” T’’ (Baer, Tata, and Woodside,
1989, 1990, 1991), ‘‘trileptons’’ (Baer, Hagiwara, and
Tata, 1987; Nath and Arnowitt, 1987; Barbieri, Carava-
glios, et al., 1991; Baer, Kao, and Tata, 1993b, Lopez
et al., 1993, 1994, 1995; Kamon et al., 1994; Diehl et al.,
1995), and ‘‘same-sign dileptons’’ (Barger et al., 1985;
Baer, Kao, and Tata, 1993a; Barnett et al., 1993) are
likely to be fruitful in many models; others may be spe-
cific to a certain model. We advocate a signature-based
approach, in which a broad range of channels are stud-
ied for departures from standard model expectations,
without engineering the analysis for a specific class of
models (see Appendix). While this may sound obvious,
it is a large task with no well-defined beginning. With
the experience of several years of data-taking, however,
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experimentalists now have an idea of what they can do
well. Signatures involving high-pT isolated electrons,
muons, and photons, b quarks, c quarks, t leptons,
and/or E” T can be measured accurately and have under-
standable backgrounds. Such signatures, then, are a
practical starting point for the new generation of
searches. In addition, there are motivations that are
more general than the predictions of specific models for
studying samples of (i) high-mass, high-E” T events to
probe gluino and squark production, (ii) inclusive lep-
tons, lepton pairs, and gauge bosons (g, W , and Z) to
probe both direct and cascade production of charginos
and neutralinos, and (iii) third-generation fermions (t ,
b , and t) to probe decays of light squarks and sleptons,
as well as decays of Higgs bosons and Higgsinos. When
setting limits, it is convenient to use specific models
(such as SUGRA or RIPS), which reduce the number of
free parameters but the quoted limits are valid only in
that context and are not general limits. New physics may
appear where we do not expect it.

In the sections below we discuss the status of SUSY
searches at the Tevatron as of the summer of 1997.28 We
also discuss the phenomenology behind these searches
and comment on possible improvements. Table I sum-
marizes those CDF and DØ analyses that have been
published or presented at conferences. The pace and
scope, as well as the sophistication, of supersymmetry
searches at the Tevatron have grown enormously in the
last several years as the emphasis has shifted beyond the
top quark and more data have become available; there
are many analyses currently in progress. A much
broader picture of the Tevatron’s capabilities should
emerge as these results become available.

A. Charginos, neutralinos, and trileptons

In supergravity models, the light neutralinos and
charginos are much lighter than the gluino or squarks,
and may be the only sparticles directly accessible at the
Tevatron. In general, the lightest neutralino is a good
lightest-superpartner candidate, so, assuming all chargi-
nos and neutralinos are relatively light, a discussion of
their phenomenology is a good starting point for an
overview of Tevatron searches.

Chargino and neutralino pairs would be produced
directly29 at hadron colliders through their electroweak
couplings to squarks and the vector bosons g, W , and Z .
The production cross sections are not a simple function
of chargino and neutralino masses, but also depend on

28The Large Electron-Positron Collider (LEP) is also sensi-
tive to SUSY production and, in many cases, its sensitivity is
comparable to or exceeds the sensitivity of the Tevatron. The
set of analyses performed at LEP is too extensive to report in
this review, so only the most relevant results will be men-
tioned, with references to recent reviews and summaries
(Janot, 1997; Grivaz, 1998; Hinchliffe, 1998; Schmitt, 1998).

29They may also be produced indirectly in the decays of
heavier sparticles.
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their (model-dependent) mixings and the squark masses.
Quite generally, there are three contributions to x̃x̃ pro-
duction: (i) s-channel gauge-boson production, (ii)
t-channel squark exchange, and (iii) interference. For
type (i), the reactions qq̄8˜W*˜x̃ i

6x̃ j
0 and qq̄

˜g* /Z*˜x̃ i
1x̃ j

2 occur through wino and Higgsino
components, and qq̄˜Z*˜x̃ i

0x̃ j
0 through Higgsino

components of the neutralinos and charginos,
respectively.30 In type (ii), the scattering quarks and an-
tiquarks exchange squarks subject to the constraint that
Q̃R couples only to the bino component of neutralinos,
and Q̃L to bino and wino components of the neutralinos
and to charginos. Any Q̃R or Q̃L coupling to Higgsino
components is proportional to the corresponding quark
mass and can be ignored for chargino and neutralino
pair production (even though b̃ and t̃ have large cou-
plings, the contribution of b and t initial states from
hadrons is small). Hence, in chargino pair production
(e.g., x̃1

1x̃1
2), only Q̃L exchange is important, since Q̃R

only couples to the charged Higgsino. In the case when
all squarks are heavy, type-(i) contributions dominate.
When the squarks are sufficiently light, both types (ii)
and (iii) can be important. For example, if umu
@M1 ,M2 [see Eq. (3)], then x̃1

0, x̃2
0, and x̃1

6 are mostly
gaugino-like, and both Q̃L and Q̃R can have elec-
troweak strength couplings to them. If, on the other
hand, umu!M1 ,M2 [see Eq. (4)], Q̃ exchange is only im-
portant for the heavier states, which might not be kine-
matically accessible.

Figure 3 shows the production cross sections of vari-
ous chargino and neutralino pairs at the Tevatron for
the limiting cases considered earlier in Eqs. (3) and (4).
In this figure, tan b52, mQ̃5500 GeV, and the gauginos
obey the unification relations [see Eq. (11)]. The left
figure is generated by fixing m521 TeV and varying
m1/2 , the right figure by fixing m1/251 TeV and varying
m. For reference, the standard-model W6h production
cross section is shown as a function of Mh . The example
of Eq. (3) is most like a pure supergravity model, in
which the couplings of Wx̃1

6x̃2
0 and Zx̃1

1x̃1
2 are large, so

the x̃1
6x̃2

0 and x̃1
1x̃1

2 production cross sections are the
largest.

Charginos and neutralinos can also be produced in
associated production: Q̃x̃ and g̃x̃ . This is discussed fur-
ther in Sec. IV.B.

The decay patterns for the charginos and neutralinos
are also very model dependent. When kinematically al-
lowed, a tree-level two-body decay dominates over a
tree-level three-body decay, because the latter has an
extra factor of g2/(4p2) in the decay rate. Possible two-
body decays of the chargino are to W6x̃1

0, H6x̃1
0, l̃ L ,Rn ,

ñl , and Q̃q8. The heavier chargino x̃2
6 can also decay

to Zx̃1
6 and hx̃1

6 (when Higgs bosons are part of the
event signature, the final states can contain heavy-flavor

30An asterisk superscript on a gauge boson refers to a reso-
nance off the mass shell.
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TABLE I. A compilation of results from Run-I Tevatron SUSY searches as of the summer of 1997. The symbol b denotes an
additional b-tagged jet. Also listed are the references and the section of this paper where each analysis is discussed. More
information is available for DØ at http://www-d0.fnal.gov/public/new/new–public.html, and for CDF at http://www-cdf.fnal.gov/

Sparticle Signature Expt. Run *Ldt(pb21) Ref. Sec.

Charginos E” T1trilepton CDF Ia 19 Abe et al. (1996a) IV.A

and E” T1trilepton CDF Iab 107 Bevensee (1997) 9

neutralinos E” T1trilepton DØ Ia 12.5 Abachi et al. (1996a) 9

E” T1trilepton DØ Ib 95 Abbott et al. (1997a) 9

gg1E” T or jets CDF Ib 85 Culbertson (1998) IV.I

gg1E” T DØ Iab 106 Abachi et al. (1997e) 9

Squarks E” T1>3,4 jets CDF Ia 19 Abe et al. (1997a) IV.B

and E” T1>3,4 jets DØ Ia 13.5 Abachi et al. (1995d) 9

gluinos E” T1>3 jets DØ Ib 79.2 Abachi et al. (1997a) 9

dilepton1>2 jets CDF Ia 19 Abe et al. (1996b) 9

E” T1dilepton1>2 jets CDF Ib 81 Done (1996) 9

E” T1dilepton DØ Ib 92.9 Abachi et al. (1997b) 9

Stop E” T1l 1>2 jets1b CDF Ib 90 Azzi (1997) IV.C

E” T1l 1>3 jets1b CDF Iab 110 Wilson (1997) 9

dilepton1jets DØ Ib 74.5 Abachi et al. (1996c) 9

E” T12 jets DØ Ia 7.4 Abachi et al. (1996b) 9

E” T1g1b CDF Ib 85 Culbertson (1998) IV.I

Sleptons ggE” T DØ Iab 106 Abachi et al. (1997e) IV.I

Charged dilepton1E” T CDF Ia 19 Abe et al. (1994e), Wang (1994)1 IV.E

Higgs t12 jets1E” T CDF Ia 19 Abe et al. (1996c)2 9

t1b1E” T1(l ,t , jet) CDF Iab 91 Abe et al. (1997b) 9

t1b1E” T1(l ,t , jet) DØ Iab 125 Abachi et al. (1997c) 9

Neutral WH˜l 1E” T1b1jet CDF Iab 109 Abe et al. (1997c) IV.F

Higgs WH˜l 1E” T1b1jet DØ Ib 100 Abachi et al. (1997b) 9

WH ,ZH˜gg12 jets DØ Ib 101.2 Abachi et al. (1997d) 9

ZH˜b1jet1E” T DØ Ib 20 Abachi et al. (1997d) 9

WH ,ZH˜2 jets12b’s CDF Ib 91 Valls (1997) 9

R violating dilepton1>2 jets CDF Iab 105 Chertok (1998) IV.G

Charged lightest superpartner slow, long-lived particle CDF Ib 90 Maeshima (1997) IV.H

1This analysis uses 18.7 pb21 from Run Ia and a signature of a hadronically decaying t1>1 jet1E” T .
2This analysis uses 19.3 pb21 from Run Ia and a signature of two leptons1E” T .
quarks or tau leptons). When no two-body final states
are kinematically allowed, the chargino will decay to a
three-body final state with contributions similar to those
for chargino production (described previously): (i) vir-
tual gauge-boson decays, (ii) virtual sfermion decays,
and (iii) interference. A common decay is x̃6

˜x̃0f f̄8. If
sfermions are much heavier than a chargino, then type
(i) dominates, and the decays proceed through W* with
branching ratios similar to those of the on-shell W bo-
son. Virtual squarks and sleptons can significantly alter
the branching ratios to a specific f f̄8 final state depend-
ing on the squark and slepton masses, so that a 100%
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branching ratio to l nx̃1
0 or jjx̃1

0 final states is possible. A
three-body decay x̃ j

6
˜ g̃qq̄8 can occur through virtual

squark decays, provided the gluino is light enough (see
Appendix).

Similarly, for neutralinos, the two-body decays to
Zx̃0, hx̃0, W7x̃6, H7x̃6, l̃ L ,Rl , ñn , or Q̃q will domi-
nate when kinematically allowed. When this is not the
case, the three-body decay x̃ i

0
˜x̃ j

0f f̄ (or x̃0
˜ g̃qq̄) can

occur through virtual Z bosons, squarks, or sleptons.
Three-body decays can also be in competition with a
loop decay, so that x̃2

0
˜x̃1

0g , since the same factor of
g2/(4p)2 coming from a loop integral for a two-body
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decay also appears in the three-body decay rate. Such a
decay is important when the x̃1

0 is Higgsino-like and x̃2
0 is

gaugino-like, or vice versa.
It should be noted that the lightest stau mass eigen-

state t̃1 can be significantly lighter than the selectron or
smuon. This arises naturally for large tan b when the tau
Yukawa coupling becomes of O(1) and the left-right
mixing becomes sizable. In this case, neutralinos and
charginos may decay preferentially to t leptons.

FIG. 3. Production cross sections at the Tevatron for chargino
and neutralino pair production vs the lightest chargino mass
for two limiting models discussed in the text: large umu (a) and
small umu (b). The Wh cross section (curve ii) is shown for
reference as a function of Mh .
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In general, for x̃2
0x̃1

6 production, the final states are (i)
four leptons and E” T , or (ii) two leptons, two jets, and
E” T , or (iii) four jets and E” T . Some of the leptons can be

FIG. 4. Limits on the cross-section3branching ratio of x̃1
6

2x̃2
0 production in the trilepton mode vs chargino mass. Typi-

cally, M x̃2
0.M x̃1

6.2M x̃1
0. (a) The CDF 95% C.L. limits in

107 pb21 of data. The limit is on the sum of the signals for eee ,
eem , mmm, and mme when x̃1

6
˜l nx̃1

0 and x̃2
0
˜l l x̃1

0. The sig-
nals expected for three different Run-Ia parameter sets sce-
narios are shown for comparison (Baer and Tata, 1993); (b)
similar limits from DØ, but for the average of all four channels
(to compare to the CDF limit, multiply by 4). The curves (A),
(B), and (C) show the Run Ia, Run Ib, and combined limits.
Curve (i) shows the predicted cross section3branching
ratio assuming BR(x̃1

6
˜l nx̃1

0)5BR(x̃2
0
˜l 1l 2x̃1

0)51/3 (l

5e ,m ,t). Curve (ii) assumes BR(x̃1
6
˜l nx̃1

0)50.1 and
BR(x̃2

0
˜l 1l 2x̃1

0)50.033. For both CDF and DØ, kinematic
efficiencies are calculated using the production cross section
from ISAJET. The region excluded by LEP now extends up to a
chargino mass of about 85 GeV and should restrict both CDF
and DØ analyses.
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TABLE II. Selection criteria and results for the CDF trilepton gaugino search. The ‘‘very loose’’
muon category refers to isolated stiff tracks that leave only small amounts of energy in the calorim-
eters, but do not have a corresponding track in a muon chamber (this substantially increases the
acceptance).

Quantity Criteria/cut value

Lepton ID categories 1 tight12 loose, uSQuÞ3
Lepton isolation SET,2 GeV in a cone R50.4

Tight ET
e , h range .11 GeV, uhu,1.0

Loose ET
e , h range .5 GeV, uhu,2.4

Tight pT
m , h range .11 GeV, uhu,0.6

Loose pT
m , h range .4 GeV, uhu,1.0

Very loose muon pT
m , h range .10 GeV, uhu,1.0

Z ,Y ,J/c mass window cuts 75–105, 9 –11, 2.9–3.1 GeV
Df between highest 2ET leptons ,170°
DR between any 2 leptons .0.4
E” T .15 GeV

*Ldt 107 pb21

Expected background 1.2 events
Observed events 0 events
neutrinos. For x̃1
1x̃1

2 production, the final states are (i)
two acollinear charged leptons and E” T , or (ii) one
charged lepton, two jets, and E” T , or (iii) four jets and
E” T . A wide variety of signatures is possible from the
production of other chargino and neutralino combina-
tions.

Trileptons

The production of x̃1
6x̃2

0, followed by the decays x̃1
6

˜x̃1
0l n and x̃2

0
˜l 1l 2x̃1

0, is a source of three charged
leptons (e or m) and E” T , called trilepton events (the E” T
is silent). The trilepton signal has small standard-model
backgrounds and is consequently one of the ‘‘golden’’
SUSY signatures (Baer, Hagiwara, and Tata, 1987; Nath
and Arnowitt, 1987; Barbieri, Caravaglios et al., 1991;
Baer, Kao, and Tata, 1993b; Baer and Tata, 1993; Lopez
et al., 1993, 1994, 1995; Kamon et al., 1994; Baer, Chen,
et al., 1995, 1996; Diehl et al., 1995).

The overall efficiency for x̃1
6x̃2

0 production with de-
cays into three detected leptons is set mainly by the
branching ratio for the trilepton final state, which is
highly model dependent. The efficiency also depends on
mass splittings between the x̃1

6 and x̃2
0 and the x̃1

0. For
example, if the two-body decay chain x̃2

0
˜ l̃ l and l̃

˜l x̃1
0 occurs, and the mass splitting between x̃2

0 and l̃

or between l̃ and x̃1
0 is small, one of the leptons can be

too soft to detect. In addition, if the mass splitting be-
tween x̃1

0 and x̃2
0 is large, decays to real Z or h bosons

are possible. Real Z bosons have a small branching ratio
to e1e2 and m1m2 and are a standard-model back-
ground, and h will decay mainly to bb̄ , decreasing the
trilepton rate. A similar discussion holds for the decays
of the x̃1

6 , especially in supergravity since M x̃1
6.M x̃2

0.
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For example, in SUGRA models, the branching ratios
can be BR(x̃1

6
˜l nx̃1

0)50.22, BR(x̃2
0
˜l 1l 2x̃1

0)
50.32 when the sleptons are off-shell but lighter than
the squarks, or BR(x̃1

6
˜l nx̃1

0)50.66, BR(x̃2
0

˜l 1l 2x̃1
0).0 when the sneutrinos are light enough to

allow x̃2
0
˜ ñn on-shell. The branching fractions also de-

pend on tan b, and, for large tan b, decays to b’s and t’s
are enhanced. The decays of x̃2

0 to e1e2 and m1m2 are
strongly suppressed for large tan b, falling a factor of
about 5 between tan b52 and tan b520 if the squarks
are much heavier than the sleptons (Baer, Chen et al.,
1997).

The results of the CDF (Abe et al., 1996a; Bevensee,
1997) and DØ searches (Abachi et al., 1996a; Abbott
et al., 1997a) are shown in Fig. 4 analyzed using Run-Ia
parameter sets (RIPS; see Sec. II.E). The searches in-
clude four channels: e1e2e6, e1e2m6, e6m1m2, and
m6m1m2. The CDF analysis is based on the cuts listed
in Table II and requires one lepton with ET.11 GeV,
passing tight identification cuts, and two other leptons
with ET.5 GeV (electrons) or pT.4 GeV (muons),
passing loose identification cuts. All leptons must be iso-
lated, meaning there is little excess ET in a cone of size
R50.4 in h2f space centered on the lepton. The event
must have two leptons with the same flavor and opposite
sign. If two leptons of the same flavor and opposite
charge have a mass consistent with the J/C , Y, or Z
boson, the event is rejected. The detection efficiency for
an event that decayed to three leptons is on the order of
5% (the branching ratios are discussed above). After
this selection, six events remain in the data set, while the
expected background, dominated by Drell-Yan pair pro-
duction plus a fake lepton, is eight events. After de-
manding E” T.15 GeV, no events remain, while 1.2 are
expected from standard-model sources.
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TABLE III. Selection criteria and results for the DØ run-Ib trilepton search.

Channel and trigger
eee Trigger eem Trigger emm Trigger mmm Trigger

Energy ordered .22,5,5 eE” T .22(e),5,5 eE” T .9(e),10,5 em .17,5,5 m

ET (GeV) .14,9,5 2eE” T .14,9,5(m) 2eE” T .17(m),5,5 m .5,5,5 mm

.9(e),10(m),5 em .5,5,5 mm
Mass window cut 80–100 GeV None 0–5 GeV 0–5 GeV
E” T .15 GeV .10 GeV .10 GeV .10 GeV
Df up2Dfe ,eu.0.2 None up2Dfm ,mu.0.1 up2Dfm ,mu.0.1
cuts 2 leading e’s all combinations

*Ldt 94.9 pb21 94.9 pb21 89.5 pb21 75.3 pb21

Background 0.3460.07 0.6160.36 0.1160.04 0.2060.04
Observed 0 0 0 0
The DØ analysis requires leptons with ET.5 GeV
satisfying the selection criteria of Table III. However,
several different triggers are used, and some lepton cat-
egories are required to have a larger ET to pass the
various trigger thresholds. All leptons are required to be
isolated. To reduce events with mismeasured E” T , the
E” T must not be along or opposite a muon. Additional
cuts are tuned for each topology. For example, the back-
ground from Drell-Yan pair production plus a fake lep-
ton is highest in the eee channel, so these events are
rejected if an electron pair is back to back. The E” T cut is
15 GeV for eee , and 10 GeV for the other three topolo-
gies. The detection efficiency for an event that decayed
to three leptons ranges from 1% for the mmm mode to
5% for the eee mode. No events are observed in any
channel, with a total of 1.26 events expected from (i)
Drell-Yan production plus a fake lepton and (ii) heavy-
flavor production.

To compare the DØ and CDF 95%-C.L. results, note
that the two experiments present different quantities:
the DØ limit is the average of the results from the four
modes (eee , eem , emm , and mmm), while the CDF limit
is on the sum. After accounting for this difference, the
CDF limit is twice as sensitive at a given x̃1

6 mass. The
CDF limit shown is compared to three RIPS, which have
different ratios of mQ̃ to Mg̃ . The DØ limit is compared
to a wide variety of possible branching ratios. Curve (i)
assumes BR(x̃1

6
˜l nx̃1

0)5BR(x̃2
0
˜l l x̃1

0)51/3 (no
hadronic decays), while curve (ii) assumes BR(x̃1

6

˜l nx̃1
0)50.1, and BR(x̃2

0
˜l l x̃1

0)50.033 (gauge-
boson-like decays). The DØ theory curve assumes heavy
squarks, suppressing the squark exchange diagram, but
the CDF curves do not. The wide differences in the
theory curves in Fig. 4 show the dangers of quoting a
mass limit rather than a cross section3branching ratio
limit.

The experimental limit on the cross section (times
branching ratio) depends on the kinematics of the de-
cays, mostly through the mass splitting between x̃1

6 , x̃2
0,

and the lightest superpartner. For m.0, the mass split-
ting M x̃1

62M x̃1
0 is smaller, and the lepton pT cuts are less

efficient. As long as the sleptons are heavier than x̃1
6
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and x̃2
0, the leptonic decays of x̃1

6 and x̃2
0 through virtual

W and Z bosons and sleptons have similar kinematics,
since the decays are dominated by phase space. How-
ever, when the experimental result is presented as a
limit on the mass of the lightest chargino rather than as
a cross-section limit, the result is highly model depen-
dent. The theoretical cross section and branching ratios
are strongly affected by the SUSY parameters. If slep-
tons and squarks are both heavy, the decays of x̃1

6 and
x̃2

0 to leptons follow the pattern of the standard-model
gauge particles. If the sleptons are light and the squarks

FIG. 5. The overall trilepton signal rate (Mrenna et al., 1996)
for an ensemble of minimal supergravity models as a function
of the lightest chargino mass M x̃1

6. The kinematics cuts are
different from those used in the present experimental analyses.
The different symbols refer to solutions showing interesting
behavior where x̃2

0 has (A) a neutral ‘‘invisible’’ branching ra-
tio (generally x̃2

0
˜ ñ n̄) .90%, (B) a large destructive interfer-

ence in three-body leptonic decays, (C) a branching ratio to
Higgs of .50%, or (D) all other solutions. The horizontal
lines represent the 5s discovery reach for various integrated
luminosities. Generically, the present LEP limit on the
chargino mass is about 85 GeV with some dependence on the
MSSM parameter space (vertical line).
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are heavy, decays to trileptons are enhanced.
Figure 5 shows the wide variation in total kinematic

efficiency3cross section3branching ratio at a given
chargino mass for the trilepton signature by sampling a
large ensemble of minimal supergravity (mSUGRA)
models (Mrenna et al., 1996). The horizontal lines rep-
resent the 5s discovery reach for various integrated lu-
minosities. While the Tevatron reach can be quite good
for sufficiently high luminosities, no absolute lower limit
on the chargino mass is possible even in the restrictive
mSUGRA framework.

To recapitulate, Tevatron data on the trilepton signa-
ture bounds the product of cross section and branching
ratio for x̃2

0x̃1
6 production below about 25 fb for

chargino masses below about 100 GeV. This limit as-
sumes unification relations between the neutralino and
chargino masses. It can be interpreted to exclude
chargino masses below about 68–78 GeV for some lim-
ited choices of RIPS. Generically, LEP data have the
potential to exclude chargino masses close to the kine-
matic limit. At present, this implies a limit of about 85
GeV. For the details of the variation of this limit as a
function of the MSSM parameters, see Schmitt (1998).

B. Squarks and gluinos

Since the Tevatron is a hadron collider, it can produce
gluinos and squarks through their SU(3)C couplings to
quarks and gluons. The dominant production mecha-
nisms are gg ,qq̄˜ g̃ g̃ or Q̃Q̃* , qq˜Q̃Q̃ , and qg
˜Q̃g̃ ,q̄g˜Q̃* g̃ . Because QCD is unbroken,31 the pro-
duction cross sections of gluinos and squarks can be cal-
culated as a function of only the squark and gluino
masses (ignoring electroweak radiative corrections). Fig-
ure 6 shows the production cross sections for squarks
and gluinos as a function of the sparticle masses at As
51.8 TeV (a) and 2 TeV (b), where next-to-leading-
order (NLO) supersymmetric QCD corrections have
been included (Beenakker, Hopker, and Spira, 1996;
Beenakker, Hopker et al., 1996a, 1996b, 1996c). The to-
tal cross sections can be of the order of a few picobarns
for squark and gluino masses up to 400 GeV. The NLO
corrections are in general significant and positive (evalu-
ated at the scale32 Q5m̄ , the average mass of the two
produced particles), and are much less sensitive to the

31The strong couplings of gluinos and squarks are the same as
those of gluons and quarks, so that the production cross sec-
tions are the usual strong-interaction cross sections.

32In the perturbative calculation of scattering probabilities in
field theory, two scales appear: a factorization scale, where the
parton distribution functions are evaluated, and a renormaliza-
tion scale, where the running coupling is evaluated. In practice,
these scales are chosen to be the same. This scale should be
representative of the typical momentum flowing through a
Feynman diagram. In Drell-Yan production, for example, the
scale is the invariant mass of the Drell-Yan pair. The higher
the order of a perturbative calculation, the less the dependence
on this scale.
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choice of scale than a leading-order calculation. In Fig.
6, five degenerate squark flavors are assumed,33 which is
one way to suppress flavor-changing neutral currents.

The ultimate detectability of squarks and gluinos de-
pends upon their decays, which, in turn, depends on the
electroweak couplings of the squarks and the mixings in
the neutralino and chargino sector. Since squarks and
gluinos decay into charginos and neutralinos, their sig-
natures can be similar to x̃x̃ production, but with accom-
panying jets. If mQ̃.Mg̃ , then the squark has the two-
body decay Q̃˜ g̃q . The gluino has then the possible
decays g̃˜qq̄x̃ i

0 or g̃˜qq̄8x̃ i
6 , where q can stand for t

or b as well, or even g̃˜t t̃ * or t̄ t̃ if kinematically al-
lowed. The gluino can also decay via one-loop diagrams,
as in g̃˜gx̃ i

0 . If, instead, mQ̃,Mg̃ , then the gluino has
the two-body decay g̃˜Q̃q . The squarks can then decay
as Q̃L ,R˜qx̃ i

0 , ũL˜dx̃ i
1 , and d̃L˜ux̃ i

2 . The final
event signatures depend on the decay channels of the
charginos and neutralinos, but typically involve E” T and
a multiplicity of jets and/or leptons. The three-body or
top-stop decay modes of the gluino can produce a higher
multiplicity of standard-model particles in their decays
than the squark two-body decays to neutralinos or
charginos, particularly if Q̃˜qx̃1

0 is the dominant
squark decay. On the other hand, the lightest superpart-
ner in gluino decays must share energy with more par-
ticles, producing less E” T on the average (see Fig. 7).

Gluinos and squarks may also be produced at the
Tevatron in association with charginos or neutralinos
(analogous to W and Z1jet production). These pro-
cesses can be more important than pair production of
gluinos and squarks if the latter are kinematically lim-
ited. Event signatures are similar to those from Q̃ and g̃
production, but possibly with fewer jets, though the
events may still pass the selection criteria for the squark
and gluino searches. For example, Q̃x̃1

6 production will
result in one less jet than Q̃Q̃ production, assuming the
decay Q̃˜q8x̃1

6 or Q̃˜qx̃1
0.

Promising signatures for squark and gluino produc-
tion are (i) multiple jets and E” T (Baer, Tata, and Wood-
side, 1989, 1990, 1991) and (ii) isolated leptons and jets
and E” T (Baer, Kao, and Tata, 1993a; Barnett et al., 1993;
Barger et al., 1985).

1. Jets1E” T

Both CDF and DØ have performed searches for
events with jets and E” T . This signature has significant
physics and instrumental backgrounds. The three domi-
nant physics backgrounds are (i) Z˜nn̄ plus jets, (ii)
W˜tn plus jets, where the t decays hadronically, and
(iii) t t̄˜t plus jets, where the t decays hadronically. The
E” T in leptonic W decays peaks at MW/2.40 GeV, with a
long tail at high E” T due to off-shell or high-pT W’s and

33Assuming the same mass for the bottom squark is a simpli-
fication that becomes questionable in the large-tan b region.



955Carena et al.: Supersymmetric particles at the Tevatron
energy mismeasurements, so a cut at a large value of E” T
is needed to remove these events. Instrumental back-
grounds come from mismeasured vector-boson, top, and
QCD multijet events. Backgrounds from vector-boson
production occur for W˜en ,mn plus jets events when

FIG. 6. Production cross sections for gluinos and squarks at
the Tevatron vs sparticle mass MX : (a) Predictions for Run I
(As51.8 TeV) assuming degenerate masses for five flavors of
squarks. For Q̃Q̃* and Q̃Q̃ production, MX is the squark mass
and Mg̃5200 GeV. For g̃ g̃ production, MX is the gluino mass
and MQ̃5200 GeV. For Q̃g̃ production (i), MX is the squark
mass and Mg̃5200 GeV; for (ii), MX is the gluino mass and
MQ̃5200 GeV. The scale is the average mass of the two pro-
duced sparticles. (b) The same curves with As52 TeV. The
bands show the change in rate caused varying the scale from
1/2 to 2 times the average mass of the produced particles.
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the lepton is lost in a crack or is misidentified as a jet.
The same problem can occur when the W is produced in
a t t̄ event. QCD multijet production is a background
when jet energy mismeasurements cause false E” T .

The DØ Run-Ia analysis (Abachi et al., 1995d)
searches for events with three or more jets and E” T and,
separately, for events with four or more jets and E” T .
The analysis is described in Table IV. The resulting mass
limits on squarks and gluinos are shown in the right-
hand figure in Fig. 8 (the plot containing the CDF results
also shows the DØ Ia results) and were set using a RIPS
model with the following parameters: MH65500 GeV,
tan b52, m52250 GeV, and M l̃ 5mQ̃ . The efficiency,
branching ratios, and theoretical cross sections were cal-
culated using ISAJET and a detector simulation, assum-
ing five flavors of squarks with the same mass and ne-
glecting top-squark production.

DØ also has a three-jet analysis (Abachi et al., 1997a)
based on 79.2 pb21 of Run-Ib data. The basic require-
ments are three jets with ET.25 GeV and a central
leading jet (uhu,1.1). The E” T may be significantly over-
estimated if the wrong interaction vertex is used;34 to
reduce this effect, the tracks in the leading jet are re-
quired to point back to the primary vertex. The E” T is
required to be uncorrelated in f with any jet. A cut on
the scalar sum of the ET of the nonleading jets, called
HT , effectively reduces events from vector-boson back-
grounds. The leading jet is also required to have ET
.115 GeV because the only available unbiased sample

34The calculation of E” T uses the event vertex to calculate ET
for all objects.

FIG. 7. The E” T distribution from simulations of squark/gluino
events in the DØ detector based on ISAJET and GEANT. The
simulation used minimal supergravity mass relations assuming
tan b52, A050, and m,0 and seven values of m0 and m1/2 .
The numbers in the upper-right-hand corner of each plot are
the mean and RMS of the distribution. The normalization is
arbitrary.



956 Carena et al.: Supersymmetric particles at the Tevatron

Rev. Mod. Phys
TABLE IV. Selection criteria for Tevatron squark and gluino searches in the three or four jets
1E” T channels. Cuts specific to the DØ four-jet analysis are in parentheses.

Quantity

Experiment

DØ CDF

Trigger E” T.40 GeV E” T.35 GeV

1 jet with ET
j .50 GeV

E” T .75–100,(65) GeV .60 GeV with S.2.2 GeV1/2

ET
j .25,(20) GeV .15 GeV, uhu,2.4

Leading ET
j .115 GeV uhu,1.1,(N .A .) .50 GeV

HT.100–160,(N .A .)
Df i between 5.7°,Df i,174.3° Df i.30°
E” T and jet i ; A(Df12180°)21Df2

2.28.6° Df1,160°

i51 is the leading jet
Leptons Veto all (N.A.) Veto all
Vertices Confirmed (only one) Any number
to study the QCD multijet background had this require-
ment. These cuts are summarized in Table IV. Vector-
boson backgrounds are estimated using VECBOS (Ber-
ends et al., 1991), while the t t̄ background uses HERWIG
(Marchesini and Webber, 1988a, 1988b) normalized to
the DØ-measured t t̄ cross section. The detector simula-
tion is based on the GEANT (Brun and Carminati, 1993)
program. Two techniques were used to calculate the
QCD multijet background. One compares the opening
angle between the two leading jets and the E” T in the
signal sample to the distribution in a generic multijet
sample. The other selects events from a single jet trigger
which pass all the selection criteria except for the E” T
requirement. The E” T distribution is fit in the low-E” T
region and extrapolated into the signal region. The com-
plete set of background estimates can be found in Table
V.

The DØ data have been analyzed in the context of a
minimal supergravity model. For fixed tan b, A0 , and
sign of m, exclusion curves are plotted in the m02m1/2
plane, Fig. 8(a). The limits are from the three-jet,
79.2-pb21 analysis only. Efficiencies and branching ra-
tios are calculated using ISAJET for production of gluinos
and five flavors of squarks with the same mass, neglect-
ing the top squark. For each point in the m02m1/2 plane,
the E” T and HT cuts are reoptimized based on the pre-
dicted background and SUSY signal. The total
efficiency3branching ratio is in the range 5–8%. Figure
7 shows the E” T as a function of m0 and m1/2 for tan b
52, A050, and m,0. When m0@m1/2 , the E” T signature
is degraded, because mQ̃@Mg̃ and thus higher-
multiplicity g̃ g̃ events dominate. Since higher multiplic-
ity also means higher HT , varying the cuts can maintain
sensitivity. These results are robust within the
mSUGRA framework (Abachi et al., 1997a).

The CDF analysis of the Run Ib data set is not yet
complete, but the Run-Ia result based on 19 pb21 has
been published (Abe et al., 1997a). The basic require-
ments are three or four jets and E” T.60 GeV. The full
set of cuts is listed in Table IV. As in the DØ search, the
., Vol. 71, No. 4, July 1999
direction of the E” T is not allowed to coincide with that
of a jet, and events with leptons are rejected to reduce
the background from W and top events. The variable S ,
which indicates the significance of the E” T , is used to
reduce fake E” T measurements; S is calculated by divid-
ing the E” T by the square root of the scalar sum of the
ET in the calorimeters. The total efficiency3branching
ratio is in the range 2–15%. The vector-boson back-
grounds are estimated using VECBOS normalized to the
CDF Wjj data. Top backgrounds are determined using
ISAJET normalized to the CDF-measured top cross sec-
tion. The QCD background is estimated using an inde-
pendent data sample based on a trigger that required
one jet with ET.50 GeV. First all analysis cuts (Table
IV) are applied to this sample except for the S cut, the
E” T cut, and the three- or four-jets cut. Next the E” T dis-
tribution is fit and the number of events expected to pass
the E” T cut is derived. Finally the efficiency of the last
three cuts is applied to arrive at the final background
estimate, shown in Table V.

The limits derived from the CDF analysis are shown
in Fig. 8(b) within the RIPS framework (see Sec. II.E).
In RIPS, a heavy gluino implies a heavy x̃1

0, so a light
squark (mQ̃'M x̃1

0) decay will not produce much E” T .

The consequence is an apparent hole in the CDF limit
for small mQ̃ and large Mg̃ . However, lighter gluinos
always produce a large E” T because of the enforced mass
splitting between Mg̃ and M x̃1

0. The branching ratios are

calculated within the model. The results of this analysis
do not change substantially as parameters are varied
within the RIPS framework (Abe et al., 1997a).

The results summarized in Fig. 6 are complemented
by the dilepton1E” T analysis shown in Figs. 7 and 9. The
limits on the gluino and squark masses in each scenario
(minimal SUGRA and RIPS) will be discussed below.

2. Dileptons1E” T

If, in the cascade decay chain of the Q̃’s and g̃’s, two
charginos decay x̃1

6
˜l nx̃1

0, or one neutralino decays
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FIG. 8. Limits from jets1E” T searches: (a) The DØ excluded
region in the m02m1/2 plane with fixed parameters tan b52,
A050, and m,0. The heavy solid line is the limit contour of
the DØ jets and missing transverse energy analysis. The
dashed line is the limit contour of the DØ dielectron analysis.
The lower hatched area is a region where minimal supergravity
is not compatible with electroweak symmetry breaking. The
upper hatched region shows where the sneutrino is the lightest
superpartner. (b) The CDF mass limits on squarks and gluinos
from the search in jets and E” T (Abe et al., 1997a), using
19 pb21 of data and the ISAJET 7.06 Run-I parameter set
(RIPS) with tan b54, m52400 GeV, At52100 GeV, and
mA5500 GeV. For mQ̃,Mg̃ , the cross section used is leading
order, and three or more jets are required. For Mg̃,mQ̃ , the
cross section is NLO (Beenakker et al., 1996a; 1996b; 19966c;
Beenakker, Hopker, and Spira, 1996a) and four jets are re-
quired. The line labeled ‘‘DØ PRL’’ is the DØ result from Run
Ia using 13.5 pb21 of data (Abachi et al., 1995d).
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x̃2
0
˜l 1l 2x̃1

0, the final state can contain two leptons,
jets, and E” T (Barger et al., 1985; Baer, Kao, and Tata,
1993a; Barnett et al., 1993). This channel has the advan-
tage of being relatively clean experimentally. The re-
quirement of two leptons significantly reduces jet back-
grounds and removes most of the W backgrounds.
Requiring that the mass of the two leptons be inconsis-
tent with the Z mass removes most of the remaining
vector-boson backgrounds. If the leptons are required to
have pT.20 GeV, the major background from physics
processes is t t̄˜bW1b̄W2

˜bb̄l 1l 2E” T . As the cut
on lepton pT is lowered, Z˜t1t2, where the t’s decay
semileptonically, also becomes an important back-
ground. The instrumental backgrounds are small. The
spectacular signature of like-sign, isolated dileptons,
which is difficult to produce in the standard model, can
occur whenever a gluino is produced directly or in a
cascade decay, since the gluino is a Majorana particle
(neutralinos are also Majorana particles and can pro-
duce the same signature). This property is exploited in
the CDF dilepton searches, but not the DØ searches,
since the DØ detector cannot determine the sign of a
particle’s charge. Nonetheless, the DØ analysis achieves
a similar sensitivity to that of the CDF analysis by using
higher pT thresholds. The kinematic efficiency for these
searches ranges from 5–10 %. Due to the small branch-
ing ratio to leptons, the overall efficiency varies from
0.1–0.2% for the models considered.

Figures 9 and 10 show the DØ (Abachi et al., 1997b)
and CDF (Abe et al., 1996b; Done, 1996) results from
run Ib, once again compared to mSUGRA and RIPS,
respectively. The CDF limit is based on NLO cross sec-
tions (Beenakker, Hopker, et al., 1996a, 1996b, 1996c;
Beenakker, Hopker, and Spira, 1996), which tend to im-
prove the limit by 10–30 GeV, and the DØ limit is based
on leading-order cross sections. The DØ limits on m0
and m1/2 are calculated including contributions from the
production of all sparticles (for instance, associated pro-
duction of neutralinos or charginos with squarks or glui-
nos), while the CDF result only considers Q̃ and g̃ pro-
duction. Table VI gives the selection criteria for the two
analyses. The experimental cuts are chosen to identify
two high-pT leptons, which come predominantly from Q̃
and g̃ decays into charginos or neutralinos which in turn
decay into real or virtual W or Z bosons. In both analy-
ses, the branching ratios for dilepton production are
computed as defined in the given RIPS or mSUGRA
framework.

DØ has also presented an experimental limit in the
Mg̃2mQ̃ plane (Fig. 11), which allows a comparison
with the CDF limit (Fig. 10). For mQ̃@Mg̃ or, equiva-
lently, for m0@m1/2 , g̃ g̃ pair production is the dominant
SUSY process. As m0(mQ̃) is varied with the other pa-
rameters fixed, the branching ratios for the three-body
gluino decays to charginos or neutralinos and jets be-
come fairly constant, so the production rate of leptonic
final states becomes constant; the experimental limit
consequently approaches a constant value asymptoti-
cally, as can be seen in both the DØ and CDF plots.
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TABLE V. The number of expected and observed events for Tevatron squark and gluino searches in
the jets1E” T channel after performing the cuts in Table IV.

DØ CDF

Analysis 3 jets 4 jets 3 or 4 jets 4 jets
*Ldt(pb21) 79.2 13.5 19 19

W6 1.5660.6760.42 4.261.2 13.962.166.0 2.660.961.7

Z˜l l̄ ,nn̄ 1.1160.8360.36 1.060.4 5.060.962.7 0.460.260.4

t t̄ 3.1160.1761.35 – 4.260.360.5 2.260.260.4

QCD multijets 3.5462.64 1.660.9 10.2610.764.2 3.263.861.3
Total background 9.360.863.3 6.862.4 33.5611616 86464
Events observed 15 5 24 6
Observe that, for large enough values of the gluino
mass, the leptons easily pass the experimental cuts, so
the experimental efficiency also becomes constant.

The relation mQ̃!Mg̃ is not possible in minimal su-
pergravity, and is treated in an ad hoc manner in RIPS.
There is no limit in this region for either opposite- or
like-sign dilepton pairs because the large, fixed slepton
masses limit the branching ratios to leptonic final states.
The possibility of like-sign dilepton pairs is further re-
duced because both the g̃ g̃ and g̃Q̃ cross sections (which
produce like-sign leptons because the gluino is a Majo-
rana particle) and the Q̃Q̃ cross section (which produces
like-sign leptons because the squarks have the same
charge) are small in this region. It is very difficult for
Q̃Q̃* production to yield like-sign leptons in general.

When mQ̃.Mg̃ , the g̃ g̃ cross section is supplemented
by the g̃Q̃ cross section. Just above the diagonal line at
Mg̃5mQ̃ (i.e., mQ̃ just larger than Mg̃) in Figs. 10 and
11, there are ‘‘noses’’ in the limit plots, with the limit
becoming stronger close to the diagonal.

The limits in Figs. 10 and 11 are for a specific choice of
parameters within the RIPS or mSUGRA framework. If
m, At , and tan b are varied, the branching ratios into
charginos or neutralinos can vary strongly. The sensitive
dependence on the parameters can be seen within mini-
mal supergravity models from the DØ limits in Fig. 9.
The dip in the tan b52 limit (a), around m0570 GeV, is
a point where m l̃ .M x̃2

0.m ñ and BR(x̃2
0
˜nn̄x̃1

0).1, so

the detection efficiency is very sensitive to the choice of
high-energy parameters m0 and m1/2 . In Fig. 9(b), with
tan b56, the limits are severely reduced compared to
Fig. 9(a), with tan b52, in the region where the squark
mass is large compared to the gluino mass. For large
tan b, the mass splitting M x̃1

6 ,x̃2
02M x̃1

0 is reduced, so that

the leptons from the x̃1
6 and x̃2

0 decays are softer. The
nontrivial shape of the limit curves results from an inter-
play between the cross section’s being larger when m0
and m1/2 are smaller (sparticle masses are smaller) and
the mass splittings being smaller. Consequently, al-
though the dileptons1jets1E” T signature is an excellent
discovery channel with little standard model back-
ground, it is hard to set significant parameter limits even
using minimal supergravity models.
., Vol. 71, No. 4, July 1999
From the present analyses in the E” T1jets and
dileptons1E” T channels, some preliminary conclusions
can be drawn on the squark and gluino masses. These
depend, however, on the assumed SUSY parameters.
The DØ limit on the gluino mass effectively develops a
plateau for large m0 at 185 GeV for tan b52, and at 134
GeV for tan b56. The CDF limit on the gluino mass is
180 GeV for tan b54 for large mQ̃ . Instead, for equal
squark and gluino masses, the DØ mass limit for tan b
52 is 267 GeV, using all SUSY production and decay
modes in the model. From the CDF analyses and mQ̃
.Mg̃ , the limit is about 220 GeV for tan b54. A direct
comparison of all the above results is rather difficult
since DØ and CDF have done analyses assuming differ-
ent sets of MSSM parameters (see Figs. 8–11). More-
over, CDF considers only squark and gluino production,
while DØ considers all possible sparticle production,
and the associated production of neutralinos or chargi-
nos with squarks or gluinos can have an impact on the
experimental limits.

It would be very useful for purposes of comparing and
combining the two experimental limits to have both col-
laborations use at least one common model (such as
mSUGRA) and agree on several values of the param-
eters to do the searches. For example, the two collabo-
rations could present their limits in the m1/2-tan b plane
(for large m0). Second, they could move (partially) to-
wards more experimentally based quantities by plotting
contours of cross-section limit and also contours of
acceptance3efficiency in the m0-m1/2 plane. This would
eliminate the strong model dependence on the branch-
ing ratios. The experimental acceptance for the signa-
ture of two leptons1jets is much less model dependent,
since it simply reflects the hard kinematics from the de-
cays of two heavy objects. A presentation of cross
section3branching ratio limits, in addition to the mass
limits, would be of more general use to model builders.

In summary, the Tevatron data exclude gluinos with
masses below about 180–185 GeV (and above 50 GeV)
for any squark mass, and can probe squark masses in the
range 220–267 GeV for gluino masses larger than the
squark masses. However, the exact limits are model de-
pendent and assume that five flavors of squarks have the
same mass. Top squarks are not included in the analysis,



959Carena et al.: Supersymmetric particles at the Tevatron
but are studied separately. For comparison, LEP data
exclude bottom squarks with masses below about 53–78
GeV, depending on the left-right mixing and the mass
splittings (Schmitt, 1998).

C. Top squarks

The top squark (stop) is a special case worth a sepa-
rate discussion. The mass degeneracy in the stop sector
is expected to be strongly broken, and, for sufficiently
large left-right mixing, the lightest stop can be rather

FIG. 9. The DØ limits on the minimal supergravity parameters
m0 and m1/2 from the two leptons, two jets, and E” T search
(Abachi et al., 1997b): (a) the limits for tan b52, A050, and
m,0; (b) the same plot for tan b56, A050, and m,0. In both
plots, the dark shaded area is the region in which minimal
supergravity is not compatible with electroweak symmetry
breaking. Selected contours of squark and gluino masses are
also shown.
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light, possibly lighter than the lightest chargino. The
lightest stop has about a tenth the production cross sec-
tion of a top quark of the same mass, because the
threshold behavior is b3 (compared to b for fermion
pairs) and only half the scalar partners are being consid-
ered. At leading order, the cross section is independent
of the gluino mass and depends only on the stop mass.35

Due to the large left-right mixing, the NLO supersym-
metry QCD corrections must deal with different left-
and right-handed couplings of the quarks to squarks and
gluinos. The results for the stop pair-production cross
section as a function of the stop mass are plotted in Fig.
12 (Beenakker, Kramer et al., 1998).

The stop can be produced directly as t̃ t̃ * pairs or,
depending on the stop mass, indirectly (Baer, Drees
et al., 1991) in decays of the top t˜ t̃ x̃1

0, or sparticles,
such as x̃ i

6
˜b t̃ . Also depending on the stop mass, one

of three decay modes is expected to dominate. If (a)
m t̃ 1

.m x̃1
61mb , then t̃ 1 can decay into bx̃1

1 , followed

by the decay of the chargino. This can look similar to the
top decay t˜bW , but with different kinematics and
branching ratios for the final state. Instead, if the stop is
the lightest charged SUSY particle, it is expected to de-

35Since the incoming partons are not tops, if flavor-changing
neutral currents are suppressed by a supersymmetric GIM
mechanism, stop production via gluino interchange is not al-
lowed. After including the NLO supersymmetry QCD correc-
tions, the dependence on mg̃ and stop mixing becomes explicit,
but, in practice, numerical results are insensitive to the exact
gluino mass and the mixing.

FIG. 10. CDF limits on the squark and gluino masses from the
two like-sign leptons, two jets, and E” T search in 81 pb21. The
limits were set using the ISAJET 7.06 Run-I parameter set
(RIPS) with tan b54, m52400 GeV, At52100 GeV, and
mA5500 GeV.
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cay exclusively through a chargino-bottom loop as (b)
t̃ 1˜cx̃1

0, which looks quite different from standard-
model top decays. Finally, the stop can decay (c) t̃
˜bWx̃1

0 through a real or virtual top quark.
The possible signals from t̃ t̃ * production, with decay

(a) and depending on the chargino decay modes, are (i)
bb̄l 1l 2E” T , (ii) bb̄l 6jjE” T , or (iii) bb̄jjjjE” T . These
are similar to t t̄ final states, except that (iii) has real E” T .
If decay (b) dominates, this yields a signature of two
acollinear charm jets and E” T . Finally, if decay (c) oc-
curs, the events are similar to t t̄ events, except that the
kinematics of the individual t and t̄ are altered and there
can be much more E” T .

TABLE VI. Selection criteria for Tevatron searches for
squarks or gluinos in the dileptons, two jets, and E” T channel.

Quantity

Experiment

DØ CDF

*Ldt(pb21) 92.9 81

ET
e1 ,ET

e2 .15,15 GeV .11,5 GeV

pT
m1 ,pT

m2 N.A. .11,5 GeV

ET
j1 ,j2 .20 GeV .15 GeV

Mass window cut MZ612 GeV N.A.

DR between leptons and jets N.A. .0.7
E” T .25 GeV .25 GeV
Like-sign dileptons No requirement Yes

FIG. 11. Excluded region from various DØ analyses in the
mQ̃-Mg̃ plane with fixed minimal supergravity (mSUGRA) pa-
rameters tan b52, A050, and m,0. Note that there are no
mSUGRA models in the region to the right of the diagonal
thin line. The heavy solid line is the limit contour of the DØ
Run-Ib three jets1missing transverse energy analysis. The
dashed line is the limit contour of the DØ Run-Ib dielectron
analysis. The dot-dashed line is the limit contour of the DØ
Run-Ia three and four jets and missing transverse energy
analysis shown only in the region with valid minimal super-
gravity models.
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If the stop mass is in the range 100–150 GeV, t̃ t̃ *
production may be too small to observe and it might be
easier to observe a light stop in top-quark decays t
˜ t̃ x̃1

0. If x̃1
0 is Higgsino-like, then the BR(t˜ t̃ x̃1

0) can
be 50%. If decay (a) occurs, then top-quark events have
the same signatures as in the standard model but have
more E” T and softer jets and leptons. In case (b), fewer
leptons and jets are produced and the E” T distribution is
affected. If there is one standard-model top decay and
one SUSY top decay, the final state can be bl 6cE” T ,
which would appear at a small rate in the Wjj sample,
but not in the standard-model t t̄ event sample.

An indirect limit can also be set on the decay (b).
Such decays would not fall in the standard-model t t̄
dilepton or lepton1jets samples, but instead would de-
plete them. Given a theoretical prediction for the t t̄ pro-
duction cross section, the branching ratio for decays
which deplete the standard-model t t̄ samples can be
bounded in a straightforward manner. If decay (a) oc-
curs, the analysis is more involved, since the kinematic
acceptance for the stop decays must be calculated for
many different choices of MSSM parameters. Also in
case (a), some t̃ t̃ * events will feed into the top-quark
event samples.

1. Direct top-squark pair production

DØ has searched for t̃ t̃ * production with t̃˜cx̃1
0 us-

ing 7.4 pb21 of Run Ia data (Abachi et al., 1996b). The

FIG. 12. The cross section for pair production of one stop
quark vs the stop mass at the Tevatron, calculated to next-to-
leading order. The band represents the variation of the scale
from 1/2 to 2 times the stop mass. The top pair-production
cross section vs the top mass is shown for reference, calculated
only at leading order. The band represents the variation of the
scale from 1/2 to 2 times the transverse mass pT % mt , where
pT is the transverse momentum of the top quark.
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signature is two acollinear jets and E” T , satisfying the
selection criteria in Table VII. The dijet cross section at
the Tevatron is large, and thus this signature has large
instrumental backgrounds (without c-quark tagging). It
also has backgrounds from vector-boson production.
The QCD and vector-boson backgrounds would, na-
ively, be a factor of 1/as larger than for the hadronic
squark/gluino search, as this search requires only two
jets while the latter searches require at least three or
four jets. This is not the case, since the multijet back-
grounds can be controlled by requiring that Df.45°
between the E” T and each jet, and that the jets not be
back to back. The vector-boson backgrounds are con-
trolled by requiring that the two leading jets be sepa-

TABLE VII. Selection criteria for the DØ 2 jet1E” T hadronic
direct stop pair-production search. j1 and j2 are the leading
and subleading jets ranked by ET .

Quantity DØ

ET
j1 ,ET

j2 .30 GeV

Dfj12j2 90°,Df,165°
Dfj12E” T 10°,Df,125°
Dfj22E” T 10°,Df

Lepton veto e and m

E” T .40 GeV

FIG. 13. Mass limits from the DØ search for t̃ t̃ * production
with the decay t̃˜cx̃1

0 at the Tevatron (Abachi et al., 1996b).
The decay is kinematically forbidden in the two solid gray re-
gions. The hatched regions marked Q t̃ show the LEP excluded
regions as a function of the stop mixing angle, which deter-
mines the strength of the stop coupling to the Z boson. The
mixing does not affect the tree-level process at hadron collid-
ers.
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
rated by at least Df.90°. After these cuts, the domi-
nant backgrounds are from W and Z boson production
and decay, with the largest being W˜tn . If the t decays
hadronically, only one additional jet is necessary to fake
the signature. Top-quark production is not as important
a background for the light stop search as for the conven-
tional hadronic squark search because of the lower jet-
multiplicity requirement. As with the hadronic squark/
gluino searches, the cuts are not very efficient for signal
events. The efficiency is largest when the stop is heavy
compared to the x̃1

0 (near the kinematic boundary for
the decay t̃ 1˜tx̃1

0), reaching a maximum value of only
4%. The mass difference m t̃2M x̃1

0 determines the ET of

the charm jet and rapidly limits this search mode as the
charm jets become soft (see Fig. 13).

With the assumption that BR( t̃ 1˜cx̃1
0)51, the pre-

dicted SUSY final state depends only on M x̃1
0 and m t̃ 1

.

The result of this search is a 95%-C.L. exclusion limit on
a region in the M x̃1

02m t̃ 1
plane, shown in Fig. 13. The

production rate has been calculated using only leading-
order production cross sections evaluated at the scale
Q252stu/(s21t21u2) from ISAJET, so the limit will
change somewhat if reevaluated with NLO production
cross sections.

CDF and DØ have also presented results from a
search for t̃ 1 t̃ 1* production, with t̃ 1˜bx̃1

6 (Baer, Sender,
and Tata, 1994) followed by x̃1

6
˜W* x̃1

0. The two-body
decay of the stop is dominant if kinematically allowed.
The three-body decay of the chargino through a virtual
W boson dominates as long as the sleptons and squarks
are heavy enough. The analysis assumes branching ra-
tios of unity for both of these decays. The CDF search is
in the lepton1jets channel and uses a shape analysis of
the transverse mass36 of the lepton and E” T (Azzi, 1997).
The selection criteria are given in Table VIII. For both
searches, the detection efficiency is smaller than for t t̄
production with a top quark of the same mass because
of the softer leptons from the three-body decay x̃1

6

˜l nx̃1
0. The mass splitting M t̃2M x̃1

6 sets the efficiency

for detecting the jets. The results of the CDF search are

36Transverse mass squared is MT
2 5(upWT

l u1uE”¢ Tu)22(pWT
l 1E”¢ T)2

and is a useful experimental quantity when information about
the longitudinal component of momentum is missing.

TABLE VIII. Selection criteria for the CDF lepton1jets
1b-tag direct stop pair-production search. l 5e or m.

Quantity CDF cuts

ET
l .20 GeV

E” T .20 GeV

ET
j1 , h range .15 GeV, uhu,2.0

ET
j2 , h range .8 GeV, uhu,2.4

Jets <4, ET
j .8 GeV

SVX b tag 1, ET
j .8 GeV
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shown in Fig. 14(a). The decay x̃1
6
˜W* x̃1

0 is assumed
using the masses (i) M x̃1

6580 GeV and M x̃1
0530 GeV

and (ii) M x̃1
6570 GeV and M x̃1

0530 GeV. Given these

mass choices, there is little other parameter dependence.
Presently, the cross-section limits are above the pre-
dicted cross sections due to the high ET cuts.

DØ searches in the dilepton channel (Abachi et al.,
1996c) using the cuts listed in Table IX. The signature is
similar to the squark and top-dilepton searches. The re-
sults are shown in Fig. 14(b), assuming M x̃1

6547 GeV

and M x̃1
0528.5 GeV. A substantial background comes

from Z˜t1t2, again requiring a high threshold for the

FIG. 14. Limits on cross section3branching-ratio for direct
stop production vs the stop mass: (a) The CDF limit from
90 pb21 of data assuming the decay mode t̃˜bx̃1

1(˜W* x̃1
0)

for two choices of chargino mass: 80 GeV (symbols) and 70
GeV (solid line). The lightest-superpartner mass is fixed at 30
GeV. One W must decay semileptonically, giving a signature
of a lepton, E” T , and jets. The theoretical cross section (dashed
line) is from ISAJET 7.06. (b) The DØ 95% C.L. limit for a final
state containing two electrons, E” T , and jets (solid line; see
Abachi et al., 1996c). The mass of the lightest chargino is as-
sumed to be 47 GeV. The predicted cross section3branching
ratio from ISAJET is also shown (dashed line).
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ET cuts, and no limit can be set.
The above analyses were done in regions of SUSY

parameters that have been excluded by LEP. They
show, however, the procedures to be followed in redoing
these studies for other regions of the MSSM parameter
space.

2. Top-squark production from top decays

CDF has presented another analysis using the silicon-
vertex-tagged lepton1jets sample to search for the de-
cay t˜ t̃ 1x̃1

0, with t̃ 1˜bx̃1
6 (Wilson, 1997). If one of the

top quarks in a t t̄ event decays t˜bW(˜l n) and the
other t˜ t̃ 1x̃1

0 followed by t̃ 1˜bx̃1
6(˜jjx̃1

0) or t
˜bW(˜jj) and t˜ t̃ 1x̃1

0 followed by t̃ 1˜bx̃1
6

(˜l nx̃1
0), the signature is bb̄l njj1E” T , the same as in

the standard model, but where the E” T includes the mo-
mentum of the x̃1

0. The lepton1jets channel has a large
number of events, so a kinematic analysis can be per-
formed on the event sample. Due to the mass of the x̃1

0

and the intermediate sparticles in the decay chain, the
jets from the SUSY decay are significantly softer. This
difference is exploited as the basis of the search.

The cuts listed in Table X are optimized for accep-
tance of the SUSY decay and rejection of W1jets back-
ground. A likelihood function is computed for each

TABLE IX. Selection criteria for the DØ dielectron1jets
1E” T direct stop pair-production search.

Quantity DØ cuts

ET
e1 ,ET

e2 .16,8 GeV

ET
j .30 GeV

ET
e11ET

e21uE” Tu ,90 GeV

Mee ,60 GeV
E” T .22 GeV

TABLE X. Selection criteria for the CDF search for top de-
caying into stop in the signature of one lepton (l ), E” T , and
three jets including at least one b tag, where l 5e or m. The
quantity ucos u* u is the polar angle of a jet in the rest frame of
the l , E” T , and jets. DRi is the distance between a jet i and the
next-nearest jet in h2f space. The jets are ordered in ET , so
ET

1 .ET
2 .ET

3 .

Quantity CDF cuts

*Ldt 110 pb21

ET
l .20 GeV

E” T .45 GeV
MT(l E” T) .40 GeV
pT(l E” T) .50 GeV
ET

1,2 .20 GeV, uhu,2.0
ET

3 .15 GeV, uhu,2.0
ucos u* u1,2,3 ,0.9, 0.8, 0.7
DR1,2,3 >0.9
Number of SVX b tags >1 for ET

j .15 GeV
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event reflecting the probability that the jets with the
second- and third-highest ET in the event are consistent
with the stiffer standard-model distribution (as com-
pared to the SUSY distribution). The distribution of this
likelihood function shows a significant separation of
these two hypotheses. After applying the cuts listed in
Table X, nine events remain, all of which fall outside of
the SUSY signal region. For stop masses between 80 and
150 GeV and chargino masses between 50 and 135 GeV,
a BR(t˜ t̃ 1x̃1

0)550% is excluded at the 95% C.L., pro-
vided that M x̃1

0520 GeV. Because M x̃1
0 is fixed in this

manner, it is not related to M x̃1
6 as in supergravity. At

present, only this one example is available (for a value
of M x̃1

0 already excluded by LEP); more statistics will

significantly improve it.
The most robust Tevatron limit on top squarks comes

from pair production with the decay t̃˜cx̃1
0. The rela-

tive reach of the Tevatron and LEP is illustrated in Fig.
13. The Tevatron limit (labeled DØ) extends to stop
masses of 90 GeV, provided that the splitting between
the stop and lightest-superpartner mass is greater than
about 40 GeV. This limit depends only on the assump-
tion BR( t̃˜cx̃1

0)51. The LEP limit depends moder-
ately on the details of the stop left-right mixing. A stop
mass of below about 71–77 GeV can be excluded as long
as the mass splitting is greater than about 10 GeV
(Schmitt, 1998; Asai et al., 1997).

D. Sleptons

At hadron colliders, sleptons can be directly pair pro-
duced through their electroweak couplings to the g, Z ,

FIG. 15. Production cross sections for sleptons vs slepton mass
at the Tevatron. The Drell-Yan cross section for producing
e1e2 (curve b) is plotted as a function of Me1e252MX . On
this scale, the Drell-Yan peak (Z˜e1e2) would appear at
MX545 GeV.
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and W bosons. Figure 15 shows the cross sections as a
function of the corresponding slepton mass compared to
the differential Drell-Yan pair-production cross section,
dsD-Y /dQ , where Q52MX . The rate for slepton pair
production is at most a few tens or hundreds of fb at the
Tevatron, and so far neither collaboration has presented
results on searches for sleptons in the supergravity or
RIPS framework (we describe limits in gauge-mediated
models later).

A (stable) charged slepton is not a viable lightest-
superpartner candidate, so the decays l̃ L ,R

6
˜l 6x̃ i

0 or
l̃ L

6
˜nx̃ i

6 are expected. The sneutrino, instead, can be
the lightest superpartner, or it can decay invisibly ñ
˜nx̃1

0 or visibly ñ˜x̃ i
6l 7. If m ñ,m l̃ ,M x̃1

0, then the

decay l̃ ˜l 8n8ñ (or l̃ ˜qq̄ ñ) is possible. Promising sig-
natures are (i) e1e2,m1m2,t1t2 plus E” T (Baer, Chen
et al., 1994), (ii) em ,et ,mt plus E” T , and (iii) e , m, or t
1jets plus E” T (or jets plus E” T). Although charged slep-
ton production can lead to charged leptons in the final
state, there is no guarantee.

The major background to same-flavor lepton pairs is
Drell-Yan pair production, with fake E” T from mismea-
surement of the lepton or jets in the event. Most of this
background can be removed by vetoing on a dilepton
mass window around the Z mass, by requiring signifi-
cant E” T(>25 GeV), and by vetoing events with the E” T
pointing in f along one of the leptons or a jet. Top-
quark production is also a major background to a slep-
ton heavier than the lighter gaugino, as it produces
dilepton events that have real E” T (Baer et al., 1994). Un-
tangling a few heavy-slepton events from top events
would be difficult at the present low level of statistics.

Inclusive searches have the advantage of a larger ac-
ceptance than searches in exclusive channels. A unique
signature of slepton production directly or in cascade
decays would be the apparent violation of lepton univer-
sality. If the sleptons are not degenerate, both the pro-
duction and decays of the sleptons will favor one or two
leptons over the others, resulting in an imbalance in the
detected e/m/t ratios in SUSY-enhanced channels. The
dominant backgrounds to inclusive leptons come from
heavy flavor production (e.g., b quarks), and (single) W
and Z boson production (Abe et al., 1995b). Because
sparticles are produced in pairs, it may be possible to
discriminate against standard-model backgrounds by re-
quiring the identification of a part of the decay of the
second sparticle. Examples of channels that may have
enhanced SUSY contributions over standard-model
backgrounds (and hence possibly apparent lepton uni-
versality violation) are those that have, in addition to
the lepton, a g , W , Z , additional lepton, or third-
generation particle.

The relative importance of slepton production to
other sparticle production processes is much larger at
LEP than at the Tevatron. The present LEP data ex-
clude selectrons below about 75 GeV, provided the mass
difference between the selectron and lightest superpart-
ner is greater than 10 GeV. The limits on smuons and
especially staus are less stringent (Schmitt, 1998).
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E. Charged Higgs bosons

Even though Higgs bosons are not sparticles, the dis-
covery of a charged Higgs boson would be considered
indirect evidence for supersymmetry.37 If it is light
enough, the charged Higgs boson H6 can be produced
in the decay of the top quark t˜bH1 (Godbole and
Roy, 1991; Guchait and Roy, 1997). At tree level, the
branching fraction for this decay depends on the
charged Higgs-boson mass and tan b. When kinemati-
cally allowed, this branching ratio is larger than 50% for
tan b less than approximately 0.7 or greater than ap-
proximately 50, and completely dominates for very small
or very large values of tan b. However, as discussed in
Sec. II.A, values of tan b<0.6–0.7 or above 60 would be
associated with large top or bottom Yukawa couplings,
which will become infinite at scales not far above the
TeV scale. In general, at reasonably small values of
tan b, the charged Higgs boson decays H1

˜cs̄ ; at large
tan b it instead decays H1

˜t1nt .
CDF has searched for the decay t˜bH1 using both

direct (Abe et al., 1994d; Abe et al., 1997b) and indirect
(Bevensee, 1997) methods. [See also Jessop, 1994. This
analysis uses 4.2 pb21 from the 1989 run and a signature
of a hadronically decaying t1>1 jet1E” T .] Direct
searches look for an excess over standard-model expec-
tations of events with t leptons from the charged Higgs-
boson decay H1

˜t1nt (dominant for large tan b). On
the other hand, indirect searches are ‘‘disappearance’’
experiments, relying on the fact that decays into the
charged Higgs-boson mode will deplete the standard-
model decays t˜bW , decreasing the number of events
in the dilepton and lepton1jets channels.

The CDF direct search at large tan b uses two sets of
cuts, listed in Table XI, to search for an excess of t’s in
t t̄ events. The first set selects a sample containing a t
that decays hadronically, an SVX b-tagged jet, E” T and
objects indicating activity from the second top decay: a
second jet and a third jet or lepton. As MH6 approaches
mt , the b produced in the top decay t˜bH becomes
less energetic, causing a reduced efficiency for the jet
and b-tagging requirements. To maintain efficiency in
this region, a second set of cuts accepts events that have
two high-ET t’s and E” T .

The signature for hadronically decaying t’s is a nar-
row jet associated with one or three tracks, with no
other tracks nearby. Typically the t tracks are required
to be within a cone of opening angle 10° with no other
tracks within 30°. Fake rates, measured as the probabil-
ity that a generic jet is identified as a t, are approxi-
mately 1% or less. These fake rates are too high to iden-
tify t’s in a sample dominated by QCD. However, if
another selection criterion is added that further purifies
the sample, t’s can be identified with a good signal-to-
background ratio. For example, hadronic decays of the t

37If MH6&300 GeV, then there must exist extra light-matter
fields beyond the standard-model to partially cancel the H6

contribution to BR(b˜sg).
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are observed in (i) monojet (W˜tn), (ii) lepton, E” T
and jet (Z˜tt), and (iii) the lepton1jets top-quark
samples (Gallinaro, 1996; Hohlmann, 1997).

The CDF direct search for t t̄ events with one or two
charged Higgs bosons decaying to t leptons sets limits by
two methods. In the first method, a t t̄ production cross
section and a SUSY model (MH6 and tan b) is assumed
and the number of expected t events is computed. If the
number expected is too large to be consistent with the
observed number at the 95% C.L., the SUSY model is
excluded for that t t̄ cross section. This method excludes
a charged Higgs boson with mass less than about 150
GeV (100 GeV) if tan b is greater than approximately
100 (50) and the top cross section38 is 7.5 pb, as shown in
Fig. 16(a).

The second method combines the observation of t
˜bW decays into leptons (e or m) and jets with the
number of t decays from the direct search. This has the
advantage that a top production cross section does not
need to be assumed. The lepton1jets sample defines a
top production cross section which, in turn, through the
SUSY model, predicts the number of t events expected.
If the number is too large to be consistent with the ob-

38The reader should be aware that there are subtleties in
analyses that assume cross sections. The CDF experiment nor-
malizes all cross sections to its measured proton-antiproton
cross sections, rather than to a hard process such as W produc-
tion. The CDF total cross section, in the judgment of one of
the authors (HF), is most likely 10% too high, and thus all
cross sections (in particular, the top cross section) are too high.
For analyses that compare different channels internally this
has no effect, but for analyses that compare to theoretical pre-
dictions the reader should be careful. The DØ experiment nor-
malizes to a weighted mean of the CDF and E710 values for
the total cross section, which is 2.4% lower than the CDF
value.

TABLE XI. Selection criteria for the CDF direct search for t
˜bH6(˜tn) in 100 pb21 of data. The t’s are identified in
their hadronic decay modes as one or three isolated, high-pT
tracks. Events are accepted if they pass the cuts in either analy-
sis path. The ET of a t candidate is the ET of the correspond-
ing cluster in the calorimeter.

Quantity CDF

Analysis path 1:

ET
t .20 GeV

E” T .30 GeV

ET
j1 , SVX tagged .15 GeV

ET
j2 .10 GeV

Additional object e , m, t or
3rd jet with ET.10 GeV

Analysis path 2:

ET
t1 ,ET

t2 .30 GeV

Df(t1 ,t2) ,160°
E” T .30 GeV
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servation, the model is excluded. The limits set by this
method are presented in detail elsewhere (Abe et al.,
1997b). Qualitatively, the limits are similar to those set
by the indirect method (discussed below).

At small tan b, a direct search is difficult since the
charged Higgs boson decays into two jets. Instead, only
the indirect method is applied. This method can also be
used for large-tan b searches. The observed numbers of
dilepton and lepton1jets events are consistent (at the
95% C.L.) with a minimum production and decay rate in

FIG. 16. Limits from searches for charged Higgs-boson decays
of the top quark in t t̄ events. (a) Exclusion space for the CDF
search. The shaded regions are from the indirect searches. For
the regions labeled s t t̄55.0 and 7.5 pb, a top production cross
section is assumed and points are excluded if the predicted
SUSY decays have depleted the standard-model channels to
an extent that they are inconsistent with the data. The ‘‘ratio
method’’ is an indirect method comparing the number of
lepton1jets events to the number of dilepton events, and no
top cross section is assumed. The region excluded with solid
lines at high tan b is from a direct search for events where one
or both top quarks decay to bH1(˜t1n) and information
from the standard-model channels is ignored. (b) The results
of a DØ indirect search for a charged Higgs boson assuming
mt5175 GeV and a t t̄ production cross section of 5.53 pb and
4.77 pb. This limit is based on the full Run-I DØ data sample.
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the standard-model. For an assumed t t̄ cross section
(and a charged Higgs-boson mass and tan b), a simula-
tion of the expected mixture of standard-model and
charged Higgs-boson decays predicts a number of events
in the standard-model channels. At some points in the
parameter space, the decays to charged Higgs bosons
are more pronounced. If the number expected in a
standard-model channel is not consistent with the rate
defined by the data, the assumed values are excluded.
This method provides the limit displayed in Fig. 16(a).
The cross section of 5 pb is the expected cross section
for a top mass of 175 GeV; the curves using 7.5 pb show
the sensitivity of the limit to the assumed top cross sec-
tion. Also shown in the figure is how the limit in the
region of large tan b can be extended using the assump-
tions of the indirect method. In this region the possibil-
ity that a t decay produces a high-pT lepton is included.

The area in Fig. 16(a) labeled ‘‘ratio method’’ is the
exclusion region for an indirect search that does not
make an assumption for the t t̄ cross section. If charged
Higgs-boson decays were competing with standard-
model decays, the ratio of dilepton events to lepton1jets
events would decrease, regardless of the t t̄ cross section.
This occurs because the lepton1jets yield is propor-
tional to the standard-model branching ratio, while the
dilepton yield is proportional to the branching ratio
squared. For each SUSY parameter point, the
lepton1jets sample can be used to infer a top cross sec-
tion which, in turn, predicts a number of dilepton events.
The point is excluded if the prediction is inconsistent
with the dilepton data. Although this method excludes
less parameter space, it is important since the t t̄ cross
section may be enhanced by SUSY mechanisms such as
g̃˜t t̃ (Mrenna and Kane, 1996). At present, this
method only excludes values of tan b&0.7, which are not
of much interest according to present theoretical bias.

DØ has also searched for a charged Higgs boson
lighter than the top quark using the indirect method
(Abachi et al., 1997c). The analysis compares the num-
ber of events observed in the lepton1jets channel to the
number predicted assuming a theoretical t t̄ production
cross section. The limits depend on the mass of the
charged Higgs boson, tan b, and the top-quark mass mt .
Table XII shows the selection criteria used in the search.
Figure 16(b) shows the excluded region.

Recent studies have shown that quantum SUSY ef-
fects (supersymmetry QCD and electroweak radiative
corrections) to the decay mode t˜bH1 (with subse-
quent decays into t’s) may be important and should be
considered in future analyses (Guasch et al., 1995;
Coarasa et al., 1998; Guasch and Sola, 1998; Sola, 1998).

In conclusion, Tevatron data can probe charged
Higgs-boson masses as large as mt for very large or very
small tan b. However, for values of tan b compatible
with a perturbative description of the MSSM up to
scales near MGUT , the masses that can be probed are of
the order of 100 GeV. In contrast, the LEP search for
charged Higgs-boson pair production in a generic two-
doublet extension of the standard model can exclude a
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charged Higgs-boson mass below about 52 GeV for any
reasonable tan b (Barate et al., 1998; Hinchliffe, 1998).
In the MSSM, the charged Higgs-boson mass will typi-
cally be beyond the reach of LEP.

F. Neutral Higgs bosons

Within the MSSM, the main production channels for
the lightest CP-even Higgs boson h at the Tevatron are
the same as for a standard-model Higgs boson, Wh or
Zh production (Stange et al., 1994). The cross sections
behave in such a way that these channels are relevant
for large values of the CP-odd mass MA (the standard-
model limit) or for small MA and small tan b. The heavy
CP-even Higgs boson H will become relevant for
searches at an upgraded Tevatron through ZH , WH
production, in some region of parameter space, comple-
mentary to the one relevant for the light CP-even
Higgs-boson searches. In addition, the enhancement of
the bottom Yukawa coupling in the large-tan b regime
can render the production processes hbb̄ , Abb̄ , and
Hbb̄ useful to perform searches in a large region of pa-
rameter space (Dai et al., 1996).

Both collaborations have searched for a neutral Higgs
boson in the mode qq̄8˜W*˜W(˜en ,mn)h(˜bb̄).
DØ has searched in 100 pb21 of data using a data sample
containing a lepton, E” T and two jets (Abachi et al.,
1997b). One of the jets must have a muon associated
with it for b tagging. The cuts are listed in Table XIII.
The detection efficiency is in the range 2–5%, not in-
cluding the branching ratio of the W . The b tag alone
has an efficiency of 10–15 %. Twenty-seven events pass
the selection criteria; 25.563 events are expected from
Wjj and t t̄ . The limits shown in Fig. 17 are set by a

TABLE XII. Selection criteria of the DØ search for a charged
Higgs boson produced in top-quark decays. In addition, events
are vetoed if the E” T is aligned in f within 25° of a muon or if
the muons in a m event with a m-tagged jet have a good fit to
the decay Z˜mm . The neutrino is reconstructed from the lep-
ton and the E” T using a W mass constraint and selecting the
lowest pz solution. HT is the scalar sum of the jet ET . Apla-
narity is 3/2 times the smallest eigenvalue of the tensor: Mab

5(pi
api

b/(pi
2 where the sum is over the jets, lepton, and neu-

trino.

Quantity DØ topological DØ tagged

ET threshold on leptons 20 GeV 20 GeV
Max h for leptons 2 (e) 1.7 (m) 2 (e) 1.7 (m)
Number of jets 4 3
jet ET threshold 15 GeV 20 GeV

E” T 25 GeV (e) 20 (m) 20 GeV

HT 180 GeV 110 GeV

Sum of lepton ET and E” T 60 GeV N.A.
Aplanarity 0.065 0.04
uhWu 2.0 N.A.
m-tagged jets veto require
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simple event-counting method and by fitting the bb̄ dijet
mass spectrum.

CDF has recently completed a similar search for the
same decay mode using 109 pb21 of data (Abe et al.,
1997c). All events must have one SVX b tag. These
events are split into single-tagged (one SVX tag) and
double-tagged samples [two SVX tags or one SVX and
one lepton (e or m) tag]. Efficiencies for the single-
tagged events, not including the W branching ratio, are
in the range 3–5 %; the tag by itself contributes a 25%
efficiency. The 36 single-tagged events or six double-

TABLE XIII. Selection criteria of Tevatron searches for the
associated production of a neutral Higgs boson and a W or Z ,
and the Higgs boson decays to bb̄ .

Quantity CDF DØ

WH˜l nbb̄

ET
e (ET

m) .25(20) GeV .20(20) GeV

E” Te (m) .25(20) GeV .20(20) GeV

ET
j1 ,ET

j2 .15 GeV .15 GeV

b tagging one SVX tag one m tag

(W ,Z)H˜jjbb̄

Quantity CDF

ET
j124 .15 GeV

b tagging 2 SVX tags

PT(bb̄) .50 GeV

FIG. 17. Limits from CDF and DØ for the associated produc-
tion of a neutral Higgs boson and a W or Z boson. The CDF
limits are shown for the final states of l nbb̄ and jjbb̄ , and the
DØ limit is for the final-state l nbb̄ . The limit is set using a
simple counting method and by fitting the bb̄ spectrum
(‘‘shapes’’). The predicted standard-model cross section
3branching ratio is also shown for reference (lower solid line).
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tagged events are consistent with the 3065 (3.060.6)
expected from the standard-model W1jets and t t̄ . Both
the single- and double-tagged dijet mass distributions
are fit simultaneously to set the limits shown in Fig. 17.

The process qq̄˜Z*˜Zh occurs at a comparable
rate to the W* process. CDF has searched for both as-
sociated production processes assuming W/Z˜jj (Valls,
1997). The event selection criteria are listed in Table
XIII. In 91 pb21 of data, 589 events remain, consistent
with the expectation from QCD heavy-flavor production
and fake tags. To set limits, the bb̄ dijet mass spectrum
is fit. Also shown in Fig. 17 is the standard-model pro-
duction cross section for Wh and Zh as a function of the
Higgs boson mass. The present experimental limits are
roughly two orders of magnitude away from the pre-
dicted cross section. However, Run II will provide at
least 20 times the data and a substantially improved ef-
ficiency. This plus the possibilities of looking at other
decay modes (i.e., Zh˜nnbb̄) holds promise for Higgs
physics at the Tevatron (Mrenna and Kane, 1994;
Mrenna, 1997b).

DØ has also searched for a fermio-phobic Higgs bo-
son, i.e., one with suppressed couplings to fermions
(Abachi et al., 1997d). For a light neutral Higgs boson,
the decay through a virtual W loop to a gg final state can
be dominant (Stange et al., 1994a). Events are selected
containing two photons with ET.20 and 15 GeV, and
two jets with ET.20 and 15 GeV (see Table XIV). No
evidence of a resonance is seen in the mass distribution
of the two photons, and DØ excludes, at a 95% C.L.,
such Higgs bosons with masses less than 81 GeV. The
branching fraction for h˜gg is taken from Stange et al.
(1994a).

At present, none of the Tevatron limits on neutral
Higgs-boson production exclude any theoretically fa-
vored regions of MSSM parameter space. For large mA ,
LEP data can exclude a standard-model-like Higgs bo-
son with mass below about 90 GeV. For small mA and
intermediate or large values of tan b, LEP excludes
masses below about 75 GeV from hA production
(Hinchliffe, 1998; Treille, 1998).

G. R-parity violation and a short-lived lightest superpartner

Allowing for R-parity violation (RPV) in the MSSM
opens a host of possibilities at the Tevatron. Either con-
sidering baryon-number-violating operators (UDD) or

TABLE XIV. Selection criteria for the DØ search for a Higgs
boson produced in association with a hadronically decaying W ,
and which decays to two photons.

Quantity DØ

ET threshold on photons 1 above 20 GeV, 1 above 15

uhu on photons ,1.1 or 1.5,uhu,2.25
ET threshold jets 1 above 20 GeV, 1 above 15
uhu on jets ,2
vector sum of photon ET ,10 GeV
vector sum of jet ET ,10 GeV
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
lepton-number-violating ones (LLE and LQD), there
are many resonant and nonresonant particle production
mechanisms and subsequent decay processes which have
been analyzed in the literature (Dimopulos, Ezmailza-
deh, et al., 1990; Dreiner and Ross, 1991; Roy, 1992;
Barger et al., 1994; Baer, Kao, and Tata, 1995; Guchait
and Roy, 1996; Kalinowski et al., 1997) and which cer-
tainly deserve detailed experimental studies. In this sec-
tion we restrict ourselves to the experimental analyses
performed so far.

The possible excess of HERA events at large Q2 has
triggered interest in studying the consequences of the
interaction of a light squark (preferably a top or charm
squark) with an electron and a d quark (Choudhury and
Raychaudhuri, 1997). If the gluino were heavier than
this squark, then gluino pair production at the Tevatron
and the decay g̃˜ c̄ c̃L through R-conserving couplings,
followed by the RPV decay c̃L˜e1d , would yield the
signature of two electrons and four jets. If the RPV de-
cay c̃L˜e1d is allowed through the coupling l1218 , then
from the structure of the R-parity-violating Lagrangian
[Eq. (24)] it follows that s̃L˜ned , d̃R˜e2c , and d̃R
˜nes are also allowed. If mc̃L

.ms̃L
(which is guaran-

teed) .md̃R
(which is probable), then the gluino decays

equally to c̃Lc̄ , s̃Ls̄ , and d̃Rd̄ (1H.c.) final states. As-
suming that only R-parity-violating decays occur, then
1/2 of gluino decays produce a charged lepton. There-
fore g̃ g̃ production produces like-sign dileptons 1/8 of
the time. The requirement of only R-parity-violating de-
cays demands M x̃1

0.mQ̃ .

CDF has performed a search (Chertok, 1998) for an
R-parity-violating squark with the signature of two like-
sign electrons and two jets. In 105 pb21 of Run Ia and Ib
data, no events remain after all cuts are applied (see
Table XV). Varying the masses of the SUSY particles
does not alter the acceptance significantly, since they are
heavy enough for the decay products to easily pass the
ET thresholds. Because of this, the limit on the
cross section3branching ratio is approximately constant
at 0.19 pb. For mc̃L

5200 GeV, this excludes Mg̃

,230 GeV, assuming BR( g̃ g̃˜e6e6X)51/8.
Allowing for possible R-parity-conserving squark de-

cays, the decay Q̃˜qx̃1
0 is possible, where x̃1

0 is the light-
est superpartner. Since the lightest superpartner has no
R-parity-conserving decays kinematically accessible, the
R-parity-violating decay x̃1

0
˜cd̄e6 occurs through a vir-

tual charm or down squark, while x̃1
0
˜ds̄n occurs

through a virtual strange or down squark. The exact

TABLE XV. Selection criteria of the CDF search for
R-parity-violating processes using 105 pb21 of data.

Quantity CDF

ET
e1 ,ET

e2 .15 GeV, uhu,1.1

Qe1
1Qe2

62

ET
j1 ,ET

j2 .15 GeV, uhu,2.4

S5E” T /ASEt ,5 GeV1/2



968 Carena et al.: Supersymmetric particles at the Tevatron
branching ratio for x̃1
0
˜e61X depends on sparticle

masses and the mixing of the neutralinos. For the analy-
sis, five squark masses are assumed to be degenerate and
any squark pair can lead to like-sign dielectron events,
since x̃1

0 is a Majorana particle. Squark masses less than
210 GeV are excluded if the mass of the x̃1

0 is more than
half of the squark mass and the gluino is heavy. For
lighter x̃1

0, the three-body decay of the x̃1
0 can produce

electrons that are too soft to satisfy selection criteria.
In all sparticle searches, the LEP results have consid-

ered the possibility of R-parity-violating decays. In most
cases, the previously stated LEP results apply equally
well to this scenario (Schmitt, 1998).

H. R-parity violation and long-lived heavy charged
sparticles

If R-parity is violated, and the lightest superpartner is
charged, it can manifest itself as a long-lived charged
particle (see Sec. II.D) in a collider detector. The par-
ticle can be identified by measuring the dE/dx energy
loss as it passes through the CDF silicon vertex and cen-
tral trackery chamber detectors. For a given momentum,
a heavy particle has a slower velocity and hence a
greater energy loss than a relativistic particle (b.1). If
the particle is weakly interacting or massive enough to
suppress showering kinematically, it will penetrate the
detectors and be triggered on and reconstructed as a
muon with too much energy loss. A result using part of
the Run I data has been presented by CDF (Maeshima,
1997) and is updated with the full data set here. In
90 pb21 of inclusive muon triggers (pT.30 GeV), CDF
searches for particles with ionization consistent with
bg,0.6 and finds 12 events depositing more than twice
the energy expected from a minimum ionizing muon.
This is consistent with the number of events expected
from muons that overlap with other tracks to fake a
large dE/dx signal.

The CDF method could be used in the future to ex-
clude some SUSY scenarios with R-parity violation. For
example, the lightest tau slepton could be the lightest
superpartner. Its production rate through
R-parity-conserving couplings can be determined from
Fig. 15. If l333 is the only large RPV coupling, the decay
t̃˜tnt can occur with a lifetime fixed by l333 and m t̃
(see Sec. II.D). For small enough l333 , this decay can
occur outside the tracker, leading to the desired signal if
the t̃ is traveling slowly enough.

LEP data exclude long-lived (lifetime greater than a
microsecond) charged particles in the mass range of
45–90 GeV. In the MSSM, a lower limit of about 82
GeV can be derived for smuons and staus. Long-lived
charginos are excluded for masses below about 90 GeV
(Schmitt, 1998; Ackerstaff et al., 1998).

I. Photon and E” T signatures

1. An unexpected turn: The CDF eeggE” T event

Supersymmetry has so many parameters that the full
range of its allowed signatures may be hard to predict.
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
In April 1995, the CDF experiment recorded an event
with a very unusual topology (Park, 1996) which may
have SUSY interpretations. It had four electromagnetic
clusters, which passed the typical cuts for two electrons
and two photons, and E” T . A display of the event is
shown in Fig. 18.

The electron in the central region of the detector is
well isolated and is associated with a track that has a pT
in good agreement with the e2 hypothesis. The two pho-
tons are also well isolated and have no associated tracks.
The ‘‘electron’’ at large h is more difficult to identify
positively. The associated track should only cross a part
of the inner central tracking chamber where the occu-
pancy is too high to find the track. Hence, its charge
cannot be determined. The vertex time-projection cham-
ber, a wire chamber surrounding the SVX but inside the
central tracking chamber, measuring in the r2z view,
has a track at the correct h for the electron hypothesis.
The path through the cluster and the event vertex can be
searched for tracks in the SVX, and this analysis is un-
derway. The probability that the event could be pro-
duced in the standard model, including the probability
that one or more of the objects is fake, is being esti-
mated. Possible sources include: (i) standard-model
WWgg events, (ii) an event that is part real and part
fake, such as a WWg event with an additional jet which
fakes a photon, (iii) a cosmic-ray interaction and a phys-
ics event occurring in the beam crossing, or (iv) two
physics events occurring in the same beam crossing. The
preliminary results indicate that the number of expected
l l ggE” T events is many orders of magnitude less than
one. However, the data set was derived from over three
trillion collisions, and the probability of all signatures
which would be considered ‘‘rare’’ must be estimated
(an impossible task) to determine the significance of one
event.

There have been two main proposals for a possible
SUSY explanation of the event: the gravitino lightest-

FIG. 18. The very unusual CDF event containing two ‘‘elec-
trons,’’ two ‘‘photons,’’ and missing ET . The display is the
calorimeter cylinder unrolled into a plane. The towers repre-
sent energy deposition, with the height of the tower propor-
tional to ET .
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superpartner and the Higgsino lightest-superpartner
models [for non-SUSY explanations, see Bhattacharyya
and Mohapatra (1997) and Rosner (1997), for example].
Both proposals also suggest other signatures that should
be expected within these models and that are presented
in the following. The Tevatron collaborations have com-
pleted some of these searches, which are also discussed
below.

2. Gauge-mediated low-energy SUSY breaking: Gravitino
lightest superpartner

The CDF analysis of the above event reminded theo-
rists of low-energy SUSY-breaking models (Ambrosanio
et al., 1996a; Dimopoulos et al., 1996; Dimopoulos, Dine,
Raby, and Thomas, 1997; Dimopoulos, Thomas, and
Wells, 1997a, 1997b; Ellis, Lopez, and Nanopoulos,
1997) which had long ago lost favor to supergravity
models. In these models the (usually ignored) gravitino
(G̃) is very light and becomes the lightest superpartner.
The lightest standard-model superpartner becomes the
next-to-lightest supersymmetric particle (NLSP), which
is unstable and decays into its standard-model partner
plus the Goldstino component of the gravitino (Fayet,
1977, 1979; Casalbuoni et al., 1988). In the simplest
gauge-mediated models, the squarks are heavy and the
gauginos obey the unification relationship in Eq. (11).
Generically the NLSP can be a neutralino or a slepton
(most plausibly a right-handed slepton and, due to the
larger Yukawa coupling, a t̃). If the scale of SUSY
breaking is not far above the electroweak scale (< a few
thousand TeV), the NLSP will decay within the detec-
tor, leading to distinctive signatures as displaced vertices
or heavy charged sleptons decaying into leptons, possi-
bly with a kink to a minimum ionizing track (Dimopou-
los et al., 1996; Dimopoulos, Dine, Raby, and Thomas,
1997; Dimopoulos, Thomas, and Wells, 1997a, 1997b;
Dimopoulos, Dine, Raby, Thomas, and Wells, 1997b).

If a gaugino-like neutralino with a short lifetime is the
NLSP, all sparticles decay down to x̃1

0 which then decays
to a photon and E” T . The production of x̃2

0x̃1
6 , x̃1

1x̃1
2 ,

and l̃ R
1 l̃ R

2 pairs, followed by cascade decays, leads to
the final states WZgg1E” T , Wl 1l 2gg1E” T , WWgg
1E” T , and l 1l 2gg1E” T , all with comparable rates
(Dimopoulos, Thomas, and Wells, 1997a, 1997b). A logi-
cal starting place for searches is in the inclusive two-
photon-and-E” T channel (Ambrosanio et al., 1996b). In
particular, the CDF event can be interpreted as either
ẽ ẽ* production (Dimopoulos et al., 1996; Dimopoulos,
Dine, Raby, and Thomas 1997; Ellis, Lopez, and Nan-
opoulos, 1997), followed by ẽ˜ex̃1

0 or x̃1
1x̃1

2 production
(Ellis, Lopez, and Nanopoulos, 1997), followed by x̃1

2

˜e2n̄ex̃1
0. If the coupling between the gravitino and

matter is large enough, then the lightest neutralino can
decay x̃1

0
˜gG̃ inside a collider detector, yielding the

desired signature of e1e2ggE” T . However, it follows
that if one adjusts the parameters of the model to ex-
plain the multilepton-plus-photons CDF event, then a
very large rate of multijet-plus-multileptons-plus-
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photon(s) events is to be expected (Ambrosanio et al.,
1996b; Baer, Brhlik, et al., 1997).

Signatures of photons1E” T can point towards models
of low-energy SUSY breaking, but there are other pos-
sible signatures in these models (Dicus et al., 1997a,
1997b; Dimopoulos, Dine, Thomas, and Wells, 1997). If
the NLSP is a neutralino which is mainly Higgsino-like,
then x̃1

0 decays to the lightest Higgs boson (or the heavy
CP-even or the CP-odd neutral Higgs bosons if they are
sufficiently light) plus a gravitino. The Higgs boson will
subsequently decay into bb̄ . Hence the signature of four
b jets, which reconstruct the lightest Higgs-boson mass
in pairs, plus E” T is possible. If the NLSP is a right-
handed slepton, then the decay l̃ ˜l G̃ occurs, yielding
lepton pairs and E” T as final signature of slepton pair
production. The dilepton signature will suffer from large
irreducible backgrounds, but the production and decay
of heavier sparticles can give spectacular signals. For ex-
ample, the pair production of a left-handed slepton
which cascade-decays into a right-handed slepton and a
neutralino can yield six leptons1E” T in the final state.
Also, since the NLSP slepton can be t̃R , signatures with
many t leptons are possible.

If any of the above signatures were observed experi-
mentally, a measurement of the decay length of the
NLSP would provide information about the scale of su-
persymmetry breaking. However, the scale of SUSY
breaking might be sufficiently large that a NLSP slepton
would penetrate the calorimeter and decay outside the
detector. In this case, heavy charged particle pair pro-
duction, possibly appearing as ‘‘muons,’’ without missing
energy could be a manifestation of gauge-mediated low-
energy SUSY-breaking models.

3. Higgsino lightest superpartner

The Higgsino lightest-superpartner model (Ambro-
sanio et al., 1996a) involves a region of MSSM param-
eter space in which the x̃2

0 is photino-like and the x̃1
0 is

Higgsino-like, so the radiative decay x̃2
0
˜gx̃1

0 dominates
over other x̃2

0 decay modes [see, for example, Eq. (5);
Haber, Kane, and Quirós, 1986a, 1986b]. The event can
again be interpreted as (i) ẽ ẽ* production, but with ẽ
˜ex̃2

0, or (ii) x̃1
1x̃1

2 production, with x̃1
2
˜e2n̄ x̃2

0, and
the subsequent radiative decay of the x̃2

0 yielding the
observed signature.

In these models, photons arise only from the decay of
x̃2

0. Other signatures involving two photons might come
from the process ñ ñ*˜nn̄x̃2

0x̃2
0, but there is no guaran-

tee that the ñ is light enough to produce a substantial
signal. Because the x̃2

0 is photino-like, direct x̃2
0x̃2

0 pro-
duction is not large. In this model, the dominant neu-
tralino and chargino production processes are
x̃1

1x̃1
2 ,x̃1

0x̃3
0 and x̃1

6x̃1
0 ,x̃1

6x̃3
0. None of these involve the

direct production of x̃2
0. Typically, the decay x̃3

0
˜Z* x̃1

0

occurs, yielding no photon. One of the next largest pro-
cesses is x̃1

6x̃2
0, which would produce a trilepton signa-

ture in supergravity models, but can produce l gE” T or
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jjgE” T signatures in the Higgsino lightest-superpartner
model.

If the stop is light, this discussion changes, because the
x̃1

6 can decay x̃1
6
˜b t̃ 1 , followed by t̃ 1˜cx̃1

0. The sig-

FIG. 19. The E” T spectra in the searches for events with two
photons and E” T : (a) The DØ results, where one photon has
ET.25 GeV and the other has ET.12 GeV (Abachi et al.,
1997e). The points are the data. The solid line is the estimated
background from dijet events and direct photon events. The
dotted and dashed lines are predicted distributions (310)
from gauge-mediated models using the parameters listed and
M1.2M2 . (b) The CDF results for events with two central
photons and ET.25 GeV. Events which have any jet with
ET.10 GeV pointing within 10 degrees in azimuth of the E” T

are removed. The solid histogram shows the resolution from
the Z˜e1e2 control sample. The dashed line shows the ex-
pected distribution from all SUSY production in a model
(Ambrosanio et al., 1996b) with M25225 GeV, m5300 GeV,
tan b51.5, and MQ̃5300 GeV.
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nature is then a rather distinct gbcE” T . However, such a
light stop would appear in top decays, depleting the ob-
served standard-model decays to a potentially unaccept-
able level. This is only true, though, if there are no other
sources of top-quark production from SUSY, which
there obviously can be. Surprisingly, such models can be
constructed in accord with the present SUSY limits
(Mrenna and Kane, 1996). If the gluinos are heavy
enough so that g̃˜t t̃ 1* or ˜ t̄ t̃ 1 , and gluino production
is further fed by squark decay Q̃˜qg̃ , then one can
compensate for the lost top quarks in SUSY decay
modes. This leads to more sources of gbcE” T events than
just x̃1

6x̃2
0 events, as well as other signatures.

4. Inclusive two-photons-and-E” T signatures

The generic ggE” T1X signature has no significant
background from real photons. The main backgrounds
are caused by jets and electrons faking photons. The
standard-model production of W(˜en)g plus jets can
fake some of the signatures if the electron is misidenti-
fied as a photon. These events have an E” T spectrum
typical of W events, peaked at about MW/2.40 GeV,
with a long tail to high E” T . The dominant instrumental
background, however, is from dijet and g1jet produc-
tion, where the large production cross section over-
comes the small probability (.1024 –1023) that a jet
fakes a photon.

Figure 19 shows the E” T distributions from DØ (a) and
CDF (b) diphoton events (Culbertson, 1998; Abachi
et al., 1997e) after imposing the selection criteria given
in Table XVI. The DØ histogram contains fewer events
because the trigger included E” T.14 GeV while the
CDF trigger had no E” T requirement. For the DØ analy-
sis, the shape of the E” T spectra agrees well with back-
grounds containing two electromagneticlike clusters,
where at least one of the two clusters fails the photon
selection criteria. Two events satisfy all selection crite-
ria, with a predicted background, dominated by jets fak-
ing photons, of 2.360.9 events. For the CDF analysis,
the shape of the E” T distribution is in good agreement
with the resolution of the Z˜e1e2 control sample. The
event on the tail in E” T is the ‘‘eeggE” T’’ event. If the
source of this event is an anomalously large WWgg pro-
duction cross section that yields one event in l l ggE” T ,
CDF would expect dozens of events with two photons
and four jets. However, the jet multiplicity spectrum in
diphoton events is well modeled by an exponential, and
there are no diphoton events with three or four jets. As

TABLE XVI. Selection criteria for gg1E” T1X searches.

Quantity DØ CDF

ET
g1 ,ET

g2 .20, 12 GeV .25, 25 GeV

uhgu ,1.2 or between 1.5 and 2.0 ,1.1

E” T .25 GeV .35 GeV

Df between N.A. .10°

E” T and nearest jet
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mentioned before, events with diphotons, jets, and E” T
can be signatures of gauge-mediated low-energy
supersymmetry-breaking models.

DØ presents limits (Abachi et al., 1997) in the frame-
work of the Gravitino lightest-superpartner scenario by
considering neutralino and chargino pair production.
Assuming M2.2M1 and large values of mQ̃ , the signa-
tures are a function of only M2 , m, and tan b. Event
rates are predicted using PYTHIA (Sjöstrand, 1994;
Mrenna, 1997a). Approximately 50% of events have two
photons that would pass the kinematic cuts. Approxi-
mately 33% of those events pass all cuts for a very good
total efficiency in the range 15–26 %. Figure 20 shows
the limit on the cross section for x̃1

6x̃1
6 and x̃1

6x̃2
0 pro-

duction as a function of the x̃1
6 mass when umu is large

and thus the x̃1
6 mass is approximately twice the x̃1

0

mass. The figure also shows, more generally, the ex-
cluded region in the M2-m plane (m,0 gives larger
x̃1

6 ,x̃2
02x̃1

0 mass splittings, small umu means x̃1
6 , x̃1

0 , and
x̃2

0 are more Higgsino-like), along with a prediction for
the region that might explain the CDF eeggE” T event as
chargino pair production. The latter explanation re-
quires 100 GeV,M x̃1

6,150 GeV with M x̃1
0,0.6M x̃1

6 to

produce one event with a reasonable probability (Ellis,
Lopez, and Nanopoulos, 1997).

As can be seen from Fig. 20, the cross-section limit is
typically 0.24 pb for either x̃1

1x̃1
2 or x̃1

6x̃2
0 production.

By combining all chargino and neutralino pair-
production processes, a x̃1

6 with mass below 150 GeV is
excluded. Hence, to keep the chargino interpretation of
the eeggE” T event, it is necessary to expand on the
analysis of Ellis, Lopez, and Nanopoulos (1997). The
chargino mass limit is much higher than in supergravity
models, because of the 100% branching fraction for the
decay x̃1

0
˜gG̃ and the high detectability of the photon

and E” T . The result eliminates the possibility of observ-
ing signatures of this particular model at LEP200. The
E” T cut needed to control QCD backgrounds makes the
analysis sensitive to the mass splittings between x̃1

0 and
x̃1

6 or x̃2
0. However, the simplest models predict unifica-

tion mass relations between the gauginos, which thus
gives acceptable mass splittings.

DØ also has a limit on the cross section for ẽ ẽ*
˜e2e1x̃2

0x̃2
0, ñ ñ*˜nn̄x̃2

0x̃2
0 , and x̃2

0x̃2
0
˜ggx̃1

0x̃1
0 using

the same analysis as for the gravitino lightest-
superpartner search. Such signatures might also be ex-

TABLE XVII. Summary of the 85 pb21 data sample for the
CDF gbE” T search. Limits are set using all cuts that result in
two events.

Quantity Cut
Cumulative number

of events

ET
g , ID cuts .25 GeV 511335

SVX b-tag >1 1487

ET
b , uhu,2.0 .30 GeV 1175

E” T .20 GeV 98

E” T ,Df(g2E” T),2.93 .40 GeV 2
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pected in Higgsino lightest-superpartner models. The
limit on the cross section for such processes is about 0.35
pb for M x̃2

0 –M x̃1
0.30 GeV, which is close to the maxi-

mum cross section predicted in these models.

FIG. 20. Limits from the DØ search for events with two pho-
tons and E” T : (a) The DØ cross-section limit on x̃1

6x̃1
6 and

x̃1
6x̃2

0 production, assuming M x̃1
6'2M x̃1

0 and BR(x̃1
0
˜gG̃)

5100%. The upper dotted curve is the cross section from
PYTHIA and the lower dotted curve is the limit from the DØ
collaboration on x̃1

6x̃2
0 production (Abachi et al., 1997e). The

upper and lower dashed curves are the limits on x̃1
1x̃1

2 produc-
tion from PYTHIA and the DØ Collaboration, respectively. The
vertical line marks the lower limit on the chargino mass con-
sidering all chargino and neutralino pair production and all
values of m. (b) The limits on the parameters M2 and m in
gauge-mediated models based on PYTHIA for tan b52 and
MQ̃5800 GeV (Abachi et al., 1997e). The hatched area is the
region proposed (Ellis, Lopez, and Nanopoulos, 1997) to ex-
plain the CDF eeggE” T event. The solid line shows the DØ
bounds. The long-dashed and dash-dotted lines show contours
of M x̃1

65150 GeV and M x̃1
0575 GeV, respectively. The dotted

lines show an interpretation of preliminary LEP results at an
energy of 161 GeV.
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Provided that a x̃1
0 NLSP decays to a photon and a

gravitino lightest superpartner well within the detector,
Tevatron data can exclude a chargino mass of about 150
GeV. The LEP data are used to derive a comparable
limit (Schmitt, 1988). For both the Tevatron and LEP,
strong limits are lacking for the case of a heavy,
Higgsino-like lightest superpartner because of the small
production rate and significant backgrounds.

5. Single photon, heavy flavor, and E” T

CDF has searched for the signature gbcE” T , as pre-
dicted in Higgsino lightest-superpartner models with a
light stop (Mrenna and Kane, 1996). The data sample of

FIG. 21. CDF results from the search for the signature bgE” T

in a scenario where x̃2
0
˜gx̃1

0 and the stop is light: (a) The E” T

distribution, and (b) the jet multiplicity distribution with ET

.15 GeV in events with a photon and a SVX b tag. The jet
multiplicity histogram is made by requiring E” T.20 GeV. The
SUSY model is normalized to the area of the data histogram,
scaling by a factor of 100 for the E” T histogram and a factor of
10 for the n jet histogram. The SUSY model has a Higgsino
lightest superpartner (Mrenna and Kane, 1996) generated with
PYTHIA 6.1.
Rev. Mod. Phys., Vol. 71, No. 4, July 1999
85 pb21 contains events with an isolated photon with
ET

g .25 GeV and a jet with an SVX b tag (see Table
XVII). The E” T spectrum of these events can be seen in
Fig. 21. After requiring E” T.20 GeV, 98 events remain
(Culbertson, 1998).

The estimated background to the 98 events is 77623
620 events. The shape is consistent with background.
About 60% of the background is due to jets faking pho-
tons, 13% to real photons and fake b tags, and the re-
mainder to standard-model gbb̄ and gcc̄ production; all
of these sources require fake E” T . When the E” T cut is
increased to 40 GeV, two events remain. Calculating a

FIG. 22. Data from the CDF searches for dileptons in t t̄
events: (a) Scatterplot of the angle Df(E” T ,l j) between the
corrected E” T and the closest lepton or jet vs corrected E” T for
the ee , mm, and em candidate events, compared with the ex-
pected distributions for t t̄ and background. Background and
top contributions are not normalized to the expected number
of events. (b) The distribution of E” T significance vs E” T for
events with a primary lepton and a tau candidate (the slopes of
the data and background are different, because the back-
ground is dominated by QCD) in the CDF data compared with
the t t̄ Monte Carlo. Three of the four final candidate events
(stars) have b-tagged jets.
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TABLE XVIII. Typical final states from sparticle decay, as-
suming x̃0,x̃6, l̃ , ñ,Q̃(Þ t̃ ,b̃), g̃ . HLSP denotes models with a
Higgsino lightest superpartner and GLSP denotes models with
a Gravitino lightest superpartner. Event signatures from spar-
ticle pair production can be constructed by combining two de-
cays.

Particle Intermediate state Final state Comment

x̃ i
0

˜E” T

˜l l̄ E” T

˜jjE” T

˜gE” T HLSP, GLSP

˜t t̃ * ˜bWc̄E” T m t̃,mb1M x̃1
6

¯
˜bWb̄l E” T

¯
˜bWb̄jjE” T

˜bb̃* ˜bb̄E” T

x̃ i
6

˜l E” T

˜jjE” T

˜l gE” T HLSP, GLSP
˜jjgE” T HLSP, GLSP

˜b t̃ * ˜bc̄E” T m t̃,mb1M x̃1
6

¯
˜bb̄l E” T

¯
˜bb̄jjE” T

˜tb̃* ˜bWb̄E” T

l̃ ˜l x̃1
0

˜l E” T

˜l x̃2
0

˜l E” T

¯
˜l l 8 l̄ 8E” T

¯ ˜l jjE” T

˜l gE” T HLSP, GLSP
˜nx̃1

6
˜l E” T

¯ ˜jjE” T

¯ ˜bc̄E” T m t̃,mb1M x̃1
6

ñ ˜nx̃1
0

˜E” T

˜nx̃2
0

˜E” T

¯
˜l 8l̄ 8E” T

¯ ˜jjE” T

˜gE” T HLSP, GLSP
˜l x̃1

6
˜l l̄ 8E” T

¯ ˜l jjE” T

¯ ˜l bc̄E” T m t̃,mb1M x̃1
6

t̃ ˜cx̃1
0

˜cE” T m t̃,mb1M x̃1
6

˜bx̃1
6

˜bl E” T

¯ ˜bjjE” T

˜tx̃1
0

˜bWE” T M t̃.mt1M x̃1
0

˜b̃W ˜bWE” T

b̃ ˜bx̃1
0

˜b E” T

˜bx̃2
0

˜bE” T

¯
˜bl l̄ E” T

¯ ˜bjjE” T

˜tx̃1
6

˜bWl E” T

¯ ˜bWjjE” T

¯
˜bWb̄cE” T

m t̃,mb1M x̃1
6
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95% confidence limit, more than 6.43 events of anoma-
lous production in this topology are excluded.

The efficiency used in the limits is derived from a
‘‘baseline’’ model with M x̃1

0540 GeV, M x̃2
0570 GeV,

m t̃ 1
560 GeV, mQ̃5250 GeV, and Mg̃5225 GeV.39 The

distribution of the number of jets in the data is shown in
Fig. 21 compared to that expected from backgrounds
and the SUSY model (scaled 310). There are more jets
expected in the SUSY model than the data indicate be-
cause of the hard kinematics of squark and gluino de-
cays. The baseline model predicts a total efficiency
3branching ratio of 1.5%, resulting in 6.65 events
expected, so this model is excluded (at the 95% C.L.).
This result does not rule out the Higgsino lightest-
superpartner model in general, only one version with a
fairly light mass spectrum. A more general limit can be
set by holding the lighter sparticle masses constant and
varying the squark and gluino masses. In this case
squarks and gluinos less than 200 GeV and 225 GeV,
respectively, are excluded.

J. Other anomalies: Top dilepton events

There are other anomalies in the current data beyond
the ‘‘eeggE” T’’ event. These are, so far, either single,

39This analysis predates LEP results which exclude this ex-
ample.

TABLE XVIII. (Continued).

Particle Intermediate state Final state Comment

˜ t̃ W ˜cWE” T m t̃,mb1M x̃1
6

¯ ˜bl WE” T

¯ ˜bjjWE” T

Q̃ ˜jx̃1
0

˜jE” T

˜jx̃2
0

˜jE” T

¯
˜jl l̄ E” T

¯ ˜jjjE” T

˜jx̃1
6

˜jl E” T

¯ ˜jjjE” T

¯ ˜jbc̄E” T m t̃,mb1M x̃1
6

˜j g̃ ˜jjjE” T

˜jgE” T HLSP, GLSP

g̃
˜jQ̃ ˜jjE” T

˜t t̃ * ˜bWc̄E” T m t̃,mb1M x̃1
6

˜bb̃* ˜bb̄E” T

˜jjx̃1
0

˜jjE” T

˜jjx̃2
0

˜jjE” T

¯
˜jjl l̄ E” T

¯ ˜jjjjE” T

˜jjx̃1
6

˜jjl E” T

¯ ˜jjjjE” T

¯ ˜jjbc̄E” T

˜t t̄ x̃1
0

˜bWb̄WE” T

˜tb̄x̃1
6

˜bWb̄l E” T

¯
˜bWb̄jjE” T
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TABLE XIX. Examples of R-parity-conserving SUSY signatures at the Tevatron: Jets1E” T . Not all
signatures are listed—we have (somewhat arbitrarily) restricted the list. We assume that the lightest
superpartner is the x̃1

0. Note that Q̃ decays give one or three jets, g̃ decays give two, four, or six jets,
and the x̃ i

6 , x̃ i
0 , l̃ , and ñ decays give an even number of jets.

R-parity-conserving Signatures: Jets1E” T

Signature Production Decay

jE” T Q̃x̃1
0 Q̃˜qx̃1

0

jjE” T Q̃Q̃* Q̃˜qx̃1
0; Q̃*˜q̄x̃1

0

x̃1
6x̃1

0 x̃1
6
˜qq̄x̃1

0

t̃ t̃ * t̃˜cx̃1
0

jjjE” T Q̃x̃1
0 Q̃˜qx̃1

6 , x̃1
6
˜qq̄x̃1

0

Q̃g̃ Q̃˜qx̃1
0 ; g̃˜qq̄x̃1

0

jjjjE” T Q̃Q̃* Q̃˜qx̃1
0; Q̃*˜qx̃1

6
˜q(qq̄x̃1

0)

g̃ g̃ g̃˜qq̄x̃1
0

5jE” T Q̃g̃ Q̃˜qx̃1
6
˜q(qq̄x̃1

0); g̃˜qq̄x̃1
0

6jE” T Q̃Q̃* Q̃˜qx̃1
6
˜q(qq̄x̃1

0)

g̃ g̃ g̃˜qq̄x̃1
0; g̃˜qQ̃˜q(qx̃1

6
˜q(qq̄x̃1

0))

.6jE” T Q̃g̃ Q̃˜qx̃1
6
˜q(qq̄x̃1

0); g̃˜qQ̃˜q(qx̃1
6
˜q(qq̄x̃1

0))

g̃ g̃ g̃˜t t̃˜(Wb)(x̃1
6b)˜(jjb)(jjbx̃1

0); g̃˜qq̄x̃1
0

rare events or discrepancies on the tails of distributions
where statistics are low and backgrounds difficult to cal-
culate. In addition, there is the problem of calculating
probabilities for ‘‘anomalies’’ a posteriori. The expected
number of events in any one channel from SUSY is usu-
ally small with the present integrated luminosity. New
physics will most likely show up as a few events on the
tails of standard-model distributions. Since there are
many potential SUSY signatures, one can only follow a
strategy of systematically analyzing all high-mass chan-
nels and looking for discrepancies on the tails of distri-
butions. The single events such as the ‘‘eeggE” T’’ event
have been useful as ‘‘guideposts’’ indicating promising
new channels, such as the gbjE” T channel described
above. It is still possible that a sensible picture of these
events will emerge from the Run-I data when a com-
plete survey of all channels is completed using both de-
tectors. At the very least, this is an important exercise
for preparing the Run-II analyses.

As discussed earlier, the signature of dileptons12
jets1E” T is a promising SUSY search channel (see Sec.
IV.B.2). However, such events would also be a back-
ground to the standard-model top-quark search using
dileptons. The consistency of this dilepton sample with

that expected from t t̄ production has been the subject of
intense investigation. There are a number of peculiari-
ties, none by themselves statistically significant at a level
required to claim new physics. However, there are sev-
eral events that have low probabilities of being from top
ys., Vol. 71, No. 4, July 1999
TABLE XX. Examples of R-parity-conserving SUSY signa-
tures at the Tevatron: b tags1jets1E” T . We have shown only a
few modes. The signatures change depending on the relative
masses of the b̃ , t̃ , x̃1

6 , and x̃1
0.

R-parity-conserving signatures: b quarks

Signature Production Decay

bE” T b̃x̃1
0 b̃˜bx̃1

0

bjE” T b̃ t̃ b̃˜bx̃1
0 ; t̃˜cx̃1

0

bjjE” T b̃g̃ b̃˜bx̃1
0 ; g̃˜qq̄x̃1

0

t̃ x̃1
0 t̃˜bx̃1

6

bjjjE” T b̃b̃ b̃˜bx̃1
0 ; b̃˜ t̃ W , t̃˜cx̃1

0

b̃ t̃ b̃˜bg̃ , g̃˜qq̄x̃1
0 ; t̃˜cx̃1

0

bjjj . . . E” T b̃b̃ b̃˜bg̃g̃˜qq̄x̃1
0 ; b̃˜ t̃ W t̃˜cx̃1

0

bbj . . . E” T b̃b̃ b̃˜bx̃1
0

t̃ t̃ * t̃˜bx̃1
6 , x̃1

6
˜qq8x̃1

0

bbbj . . . E” T g̃b̃ g̃˜bb̄x̃1
0 ; b̃˜bx̃1

0

g̃ t̃ g̃˜bb̄x̃1
0 ; t̃˜bx̃1

6 , x̃1
6
˜qq8x̃1

0

bbbbj . . . E” T g̃g̃ g̃˜bb̄x̃1
0

bbl jjE” T t̃ t̃ t̃˜bx̃1
6 , x̃1

6
˜enx̃1

0 , x̃1
6
˜qq8x̃1

0

bbl l E” T t̃ t̃ t̃˜bx̃1
6 , x̃1

6
˜enx̃1

0
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TABLE XXI. Examples of R-parity-conserving SUSY signatures at the Tevatron: leptons. We have
shown only a few modes. Note that (for example) ẽ decays can give no, one, or three (charged)
leptons, and ñ decays can give one or two leptons. The signatures will change depending on the
relative masses of the sneutrinos and sleptons in the different generations. We have not shown
explicitly the differences in the ‘‘left’’ and ‘‘right’’ slepton decays. The decays that single out the t (for
example, from the H1) are omitted here. Decay modes involving neutralinos and charginos can be
created by feed-down from squark and gluino decays. Gluino decays can lead to leptons with uncor-
related charges.

R-parity-conserving signatures: ‘‘generic’’ leptons

Signature Production Decay

l E” T l̃ ñ l̃ ˜l x̃1
0 ; ñ˜nx̃1

0

x̃1
6x̃2

0 x̃1
6
˜l nx̃1

0 ; x̃2
0
˜nnx̃1

0

l l E” T x̃1
6x̃1

6 x̃1
6
˜l nx̃1

0

x̃2
0x̃2

0 x̃2
0
˜l l x̃1

0 ; x̃2
0
˜nnx̃1

0

l̃ l̃ l̃ ˜l x̃1
0

l l l . . . E” T x̃1
6x̃2

0 x̃1
6
˜l nx̃1

0 ; x̃2
0
˜l l x̃1

0

x̃2
0x̃2

0 x̃2
0
˜l l x̃1

0 ; x̃2
0
˜l l x̃1

0

l̃ l̃ l̃ ˜l x̃2
0 , x̃2

0
˜l l x̃1

0

l ;2 l̃ ñ l̃ ˜l x̃2
0 , x̃2

0
˜l l x̃1

0 ; ñ˜l x̃1
6

l j . . . E” T x̃1
6x̃2

0 x̃1
6
˜l nx̃1

0 ; x̃2
0
˜qq̄x̃1

0

g̃ g̃ g̃˜qq8lx̃1
6 ; g̃˜qq̄x̃1

0

l l j . . . E” T l̃ l̃ l̃ ˜l x̃1
0 ; l̃ ˜nx̃1

6(˜l nx̃1
0)

x̃1
6x̃2

0 x̃1
6
˜qq8x̃1

0 ; x̃2
0
˜l l x̃1

0

g̃ g̃ g̃˜qq8x̃1
6 , x̃1

6
˜l nx̃1

0

t̃ t̃ * t̃˜bx̃1
6 , x̃1

6
˜l nx̃1

0

l l l . . . j . . . E” T x̃1
6x̃3

0 x̃1
6
˜l nx̃1

0 ; x̃3
0
˜qq̄x̃2

0(˜l l x̃1
0)

g̃ g̃ g̃˜qq8x̃1
6 ; g̃˜qq̄x̃2

0

decay or any other standard-model process. This is well
documented inside CDF (see also Barnet and Hall,
1996). Such events should be taken seriously as potential
SUSY candidates.

The most interesting of the anomalous CDF events
(Park, 1996; Hohlmann, 1997) is event 129 896 of run
67 581, which has three clean, isolated, high-pT leptons,
large E” T , and a high-ET jet. In addition, the most ener-
getic of the leptons is a positron with ET.200 GeV, sig-
nificantly larger than is typical for top events (0.06
60.02 events are expected). The corrected E” T is over
100 GeV, also large for top decay (0.660.1 events are
expected). The event contains a jet with ET.100 GeV;
the total transverse energy plus E” T is about 450 GeV.
The other two leptons are an electron with ET
527 GeV and a muon (m2) with pT527 GeV/c . The
invariant mass of the e1e2 pair is 130 GeV, well away
from MZ ; the pair has very high pT . In the standard-
model top-quark analysis, the event is classified as a
dilepton1two-jet event, because the lower ET electron
fails the fiducial cut by 4 mm and is thus defined to be a
jet; however, the electron passes all other standard elec-
tron criteria and is a ‘‘golden’’ electron in all other
., Vol. 71, No. 4, July 1999
ways.40 The kinematics of the event are unusual: the in-
variant mass Memj is on the order of mt , while the other
hemisphere contains only the high-ET positron. The
three isolated leptons and the kinematics make the
event unlikely to come from standard-model top pro-
duction and decay. The event is a high-mass trilepton
1E” T event and is consequently a good SUSY candidate
(Barnett and Hall, 1996).

Other discrepancies in the top dilepton sample in-
volve the kinematics. Some of the anomalous behavior
in the kinematics can be seen in Fig. 22(a), which shows
E” T versus Df between the E” T and the nearest jet or
lepton (Hohlmann, 1997; Abe et al., 1997d). Also shown
is the distribution expected from Monte Carlo t t̄ events,
but corresponding to 100 times the luminosity. There are
several events out in regions less populated by top-
quark events (one is the trilepton event). Figure 22(b)
shows the distribution in E” T significance (Hohlmann,

40In the top-quark analysis, the fiducial volume was conserva-
tively chosen to be the same as for the precision electroweak
measurement of the ratio of W to Z cross sections. The 4-mm
miss does not affect the electron identification.



976 Carena et al.: Supersymmetric particles at the Tevatron

Rev. Mod. Phys
TABLE XXII. Examples of R-parity-conserving SUSY signatures at the Tevatron: g’s1E” T . In the
gravitino lightest-superpartner scenario (GLSP), x̃1

0
˜gG̃ always occurs if the x1

0 is the NLSP. If the
decay has a long lifetime (LLG), one of the two x̃1

0 may decay outside the detector. In the Higgsino
lightest-superpartner scenario (HLSP), x̃2

0
˜gx̃1

0 often occurs.

R-parity-conserving signatures: Photons
Signature Production Decay Comment

gE” T x̃1
0x̃1

0
x̃1

0
˜gG̃ , x̃1

0
˜gG̃ LLG

gjE” T Q̃x̃1
0 Q̃˜qx̃1

0 , x̃1
0
˜gG̃ LLG

gjjE” T x̃1
6x̃1

0
x̃1

6
˜Wx̃1

0 , x̃1
0
˜gG̃ LLG

x̃1
6x̃2

0 x̃1
6
˜qq8x̃1

0 , x̃2
0
˜gx̃1

0 HLSP

gjjj . . . E” T g̃g̃ g̃˜qQ̃˜q(qx̃1
6
˜q(qq̄x̃1

0)) LLG

Q̃g̃ Q̃˜qx̃1
0 ; g̃˜qq̄x̃2

0 , x̃2
0
˜gx̃1

0 HLSP

gbE” T x̃1
6x̃2

0
x̃1

6
˜ t̃ b , t̃˜cx̃1

0 ; x̃2
0
˜gx̃1

0 HLSP

gl E” T x̃1
6x̃1

0 x̃1
6
˜enx̃1

0 , x̃1
0
˜g g̃ LLG

x̃1
6x̃2

0 x̃1
6
˜enx̃1

0 ; x̃2
0
˜gx̃1

0 HLSP

ẽ ñ ẽ˜ex̃2
0 , x̃2

0
˜gx̃1

0 ; ñ˜nx̃1
0 HLSP

gl jj . . . E” T g̃g̃ g̃˜qq8x̃1
6(˜enx̃1

0); g̃˜qq̄x̃2
0 , x̃2

0
˜gx̃1

0 HLSP

gl l E” T x̃2
0x̃2

0 x̃2
0
˜eex̃1

0 ; x̃2
0
˜gx̃1

0 HLSP

gl l jj . . . E” T g̃g̃ g̃˜qq̄x̃2
0 , x̃2

0
˜eex̃1

0 , x̃2
0
˜gx̃1

0 HLSP

ggjj . . . E” T x̃1
6x̃2

0
x̃1

6
˜qq8x̃1

0 ; x̃2
0
˜qq̄x̃1

0 , x̃1
0
˜gG̃ GLSP

ggl jj . . . E” T x̃1
6x̃2

0
x̃1

6
˜enx̃1

0 ; x̃2
0
˜qq̄x̃1

0 , x̃1
0
˜gG̃ GLSP

ggl l jj . . . E” T ẽẽ ẽ˜ex̃1
0 , x̃1

0
˜gG̃ GLSP

x̃1
6x̃1

7 x̃1
6
˜enx̃2

0 , x̃2
0
˜gx̃1

0 HLSP
1997) versus E” T for the CDF tau-lepton top sample.
None of these latter discrepancies is at a significant sta-
tistical level; these will be channels of great interest in
Run II.

V. CONCLUSIONS

As can be seen from Table I, there has been a large
effort in SUSY searches at the Tevatron. However,
given the wide range of possible experimental signatures
in the minimal supersymmetric extension of the stan-
dard model, there is still work in progress and much to
be done. Many Run-I analyses are under way.

Our quantitative conclusions on Run I are reflected in
the figures and tables of this review. Here we shall add a
few more general qualitative observations:

(1) A systematic exploration of signatures and channels
is just starting. In addition, the detectors have not
yet been exploited fully; for example, better c tag-
ging and dijet resolution to investigate final states
with reconstructed W and Z bosons may be pos-
sible. These tools will allow the study of new chan-
nels.

(2) There are some events involving leptons and/or pho-
tons that are provocative and that can be ‘‘guide-
posts’’ for Run II and further Run-I analyses.
., Vol. 71, No. 4, July 1999
(3) There is a substantial need for theorists and experi-
mentalists to work together to understand better
how to derive and present limits from the Tevatron.
We should move on parallel paths toward more
‘‘model-independent’’ predictions and limits (e.g.,
presenting plots of cross section versus experimen-
tally measured quantities like thresholds) and con-
front specific models in ways that allow the two ex-
periments to compare results.

(4) The analyses so far are luminosity limited: the reach
of the searches is just entering the interesting re-
gions.

In Run II, two upgraded detectors at the Tevatron
will collect more data at a higher energy of 2 TeV. The
nominal integrated luminosity is 2 fb21, with a possible
extension to 10 or even 30 fb21. The production cross
sections for heavy sparticles will increase significantly
with the higher energy. Chargino and neutralino
searches, as well as squark and gluino searches, will
cover a wide range of SUSY parameter space in Run II.
And, finally, by extending Run II up to an integrated
luminosity of about 20 fb21 and combining search chan-
nels, the Tevatron can perform a crucial test of the
MSSM Higgs-boson sector.

The experience gained from Run-I analyses will
greatly increase the quality of the Run-II searches (Ami-
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dei et al., 1996a; Amundson, et al., 1997). New triggering
capabilities will open up previously inaccessible chan-
nels, particularly those involving t’s and heavy flavor.
Increased b-tagging efficiency and E” T resolution will en-
hance many analyses. A factor of 20 or more data com-
bined with improved detector capabilities makes the
next run at the Tevatron an exciting prospect.
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APPENDIX: DECAY MODES AND SIGNATURES OF
SUPERSYMMETRY

Table XVIII lists typical decay modes of supersym-
metric particles. Tables XIX, XX, XXI, and XXII list
experimental signatures and examples of supersymmet-
ric decays that could lead to the signatures.
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