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Reach of Fermilab Tevatron upgrades in gauge-mediated supersymmetry breaking models

Howard Baer,1 P. G. Mercadante,2 Xerxes Tata,2 and Yili Wang2

1Department of Physics, Florida State University, Tallahassee, Florida 32306
2Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822

~Received 15 March 1999; published 14 July 1999!

We examine signals for sparticle production at the Fermilab Tevatron within the framework of gauge-
mediated supersymmetry breaking models for four different model lines, each of which leads to qualitatively
different signatures. We identify cuts to enhance the signal above standard model backgrounds, and useISAJET

to evaluate the supersymmetry reach of experiments at the Fermilab Main Injector and at the proposed TeV33.
For the model lines that we have examined, we find that the reach is at least as large, and frequently larger,
than in the minimal supergravity framework. For two of these model lines, we find that the ability to identify
b-quarks andt-leptons with high efficiency and purity is essential for the detection of the signal.
@S0556-2821~99!03615-2#

PACS number~s!: 14.80.Ly, 11.30.Pb, 12.60.Jv, 13.85.Qk
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I. INTRODUCTION

Models where gauge interactions@1,2# rather than gravity
serve as messengers of supersymmetry breaking have
the focus of many recent phenomenological analyses@3–15#
of supersymmetry~SUSY!. In these models, sparticle mass
and decay patterns differ from those in the extensively st
ied minimal supergravity~MSUGRA! model@16# which has
served as the framework for many experimental analyse
supersymmetry. Perhaps the most important difference
tween the MSUGRA framework and gauge-mediated SU
breaking~GMSB! models with a low SUSY breaking scale
the identity of the lightest SUSY particle~LSP!. In the

former case, the lightest neutralino (Z̃1) is almost always the
LSP, while in the GMSB framework, the gravitino is muc
lighter than other sparticles. Moreover, while the gravitino
essentially decoupled in MSUGRA scenarios, the coupli
of the Goldstino~which forms the longitudinal componen
of the massive gravitino!, though much smaller than gaug
couplings, may, nonetheless, be relevant for collider phy
in that they can cause the next to lightest SUSY part
~NLSP! to decay into a gravitinoinside the detector. The
precise decay pattern and lifetime of the NLSP depends

its identity and on model parameters. For instance, ifZ̃1 is

the NLSP, it would decay viaZ̃1˜G̃1g, and if kinemati-

cally allowed, also viaZ̃1˜G̃1Z, or into the various Higgs

bosons of SUSY models viaZ̃1˜G̃1h, H, or A. If, on the

other hand, the NLSP is a slepton, it would decay vial̃

˜G̃1 l , etc. Sparticles other than the NLSP decay only v
rarely to gravitinos, so that it is safe to neglect these dec
in any analysis. Thus heavier sparticles cascade deca
usual to the NLSP, which then decays into the gravitino
described above.

Sparticle signatures differ from those in the MSUGR
framework for two basic reasons. First, if the NLSP is n
the lightest neutralino, the cascade decay patterns to
NLSP are modified. Second, the NLSP~which need not be
electrically neutral! itself decays into a gravitino and stan
dard model~SM! particles. The gravitinos escape the expe
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mental apparatus undetected resulting inE” T in SUSY events.
In the GMSB framework, however, neutralino NLSP deca
may also result in isolated photons orZ or Higgs bosons
which could provide additional handles to reduce SM ba
grounds to the SUSY signal. If the NLSP is a slepton,
SUSY events should contain leptons of the same flavor
the slepton NLSP in addition toE” T . While it may be pos-
sible to have other candidates for the NLSP, this does
seem to be the case in the simplest realizations of the GM
framework, and we will not consider this possibility any fu
ther.

Within the minimal GMSB~MGMSB! framework, super-
symmetry breaking in a hidden sector is communicated
the observable sector via SM gauge interactions of mes
ger particles @with quantum numbers ofSU(2) doublet
quarks and leptons# whose mass scale is characterized byM.
As a result, the soft SUSY breaking masses induced for
various sparticles are directly proportional to the strength
their gauge interactions. Thus, colored squarks are hea
than sleptons, and gluinos are heavier than electrow
gauginos. The observable sector sparticle masses and
plings are determined~at the scaleM ) by the GMSB model
parameter set:

L,M ,n5 ,tanb,sgn~m!,Cgrav . ~1.1!

Of these,L is the most important parameter in that it sets t
scale of sparticle masses. The model predictions for the m
parameters at the scaleM are then evolved down to the spa
ticle mass scale via renormalization group evolution~RGE!.
Radiative breaking of electroweak symmetry determinesumu.
The weak scale SUSY parameters depend only weakly
the messenger mass scaleM, since this primarily enters a
the scale at which the mass relations predicted by the m
are assumed to be valid. There is an additional depende
of the sparticle spectrum onM due to threshold effects@17#,
but this is also weak as long asM /L is not very close to
unity. Messenger quarks and lepton, it is assumed, can
classified into complete vector representations ofSU(5): the
number (n5) of such multiplets is required to be<4 for the
messenger scaleM5O(100 TeV) in order that the gaug
couplings remain perturbative up to the grand unificat
©1999 The American Physical Society01-1
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FIG. 1. The four regions of theL-tanb parameter plane discussed in Sec. I of the text. We fixM53L, and takem to be positive. The
heavy solid lines denote the boundaries between these regions. The grey region is excluded because electroweak symmetry is n
broken. The shaded regions should be probed by experiments at LEP and are nearly excluded becausemt̃<76 GeV ~vertical shading!,

Z̃1<84 GeV~horizontal shading! or mh<95 GeV~or mA<83 GeV) ~diagonal shading!. The dot-dashed contours are where the charg
mass is 95, 200 or 350 GeV, while the dotted line is the contour ofmẽ1

590 GeV.
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scale. Finally, the parameterCgrav>1 @13# ~essentially, the
ratio of hidden sector to messenger sector SUSY brea
vevs! can be used to dial the gravitino mass beyond its m
mum value. Effectively,Cgrav parametrizes the rate for spa
ticle decays into a gravitino. This decay is most rapid wh
Cgrav51, while for larger values ofCgrav , the NLSP may
decay with an observable decay vertex, or may even be
ficiently long-lived to pass all the way through the detect
In this extreme case, SUSY event topologies would be id
tical to those in the MSUGRA model ifZ̃1 is the NLSP.
However, for the case where a charged slepton is the NL
SUSY events would necessarily contain a pair of penetra
tracks from the long-lived slepton NLSP, which might b
detectable at the Fermilab Tevatron as ‘‘additional~possibly
slow! muons’’ @11,14#. In our analysis, we assume that th
NLSP decays promptly and fixCgrav51; i.e., we do not
attempt to model the additional handle displaced verti
might provide to reduce SM backgrounds.

Many of the phenomenological implications depend o
weakly on the parameterM. Thus, theL-tanb plane pro-
vides a convenient panorama for illustrating the diversity
phenomenological possibilities in GMSB scenarios. This
shown in Fig. 1 forM53L and ~a! n551, ~b! n552, ~c!
n553, and~d! n554. We choosem to be positive, since for
this choice, the model predictions@6,18# are well within ex-
perimental constraints@19# from the decayb˜sg over es-
sentially the whole plane. In region 1 in Fig. 1~a!–1~d! ~the
boundaries of these regions are the heavy solid lines!, the
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lightest neutralino is the NLSP, so thatZ̃1˜G̃g ~and toZ
and Higgs bosons if these decays are kinematically allow!.
In region 2,mt̃1

,mZ̃1
, while other sleptons are heavier tha

Z̃1, and cascade decays of sparticles terminate int̃1, except
immediately above the boundary between regions 1 an
where the decayZ̃1˜ t̃1t is kinematically forbidden. For
parameters in region 2, we thus expect an excess oft leptons
in SUSY events@9#. In regions 3 and 4 in Fig. 1~b!–1~d!, not
only t̃1, but alsoẽ1.ẽR and m̃1.m̃R , are lighter thanZ̃1.
Thus neutralinos are effectively sources of real~dominantly
right-handed! sleptons. In region 3,l̃ 1˜ lG̃ because its de-
cay l̃ 1˜ t̃1t l ( l 5e,m) is kinematically forbidden. The de
cay m̃1˜nmt̃1nt which occurs via suppressed muo
Yukawa couplings is kinematically allowed, and may com
pete with the decay tom̃1˜mG̃; for Cgrav51, we find that
this decay~which has been included in our computation!, is
unimportant. In region 4, the decaysl̃ 1˜ t̃1t̄ l and
l̃ 1˜tD 1t l are also allowed, and compete with the graviti
decay of l̃ 1. Frequently, the stau decays ofl̃ 1 dominate its
decays to gravitino, and then, as for region 2, SUSY eve
will be characterized by an abundance of taus in the fi
state. Signals from sparticle production will clearly depe
on which of these regions the model parameters happe
lie.

The gray regions in Fig. 1 are excluded because the
served pattern of electroweak symmetry breaking is not
1-2
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tained: in the wedge in the upper left corner,mt̃R

2
,0, while

in the band on top,mA
2,0. The non-observation of sparticl

signatures in experiments at the CERNe1e2 collider LEP
excludes other portions of the plane. Within the minim
supersymmetric standard model~MSSM! charginos have
been excluded ifmW̃1

<90–95 GeV. While this limit has

been obtained assuming that charginos and selectrons d
into a stable neutralino which escapes detection, we ex
that an even more striking signature is obtained ifZ̃1 decays
via Z̃1˜gG̃. The leftmost dot-dashed line in Fig. 1 is th
contourmW̃1

595 GeV: to its left, charginos are lighter tha
95 GeV. To assist the reader in assessing the sparticle m
scale, we have also shown mass contours formW̃1

5200 GeV andmW̃1
5350 GeV. MSSM searches for aco

linear electron pairs exclude selectrons lighter than abou
GeV. This limit should certainly be valid within this frame
work if ẽ1˜G̃e ~region 3! or even if it decays toZ̃1 that
subsequently decays to a photon~region 1!. The dotted line
is the contourmẽ1

590 GeV. For the case whereẽ1 mainly

decays tot̃1, the actual bound may be somewhat weaker,
closer to the MSSM stau bound;76 GeV. The most strin-
gent experimental limit for then551 and n552 cases in
frames~a! and ~b! comes from the the LEP search@20# for
gg1E” T events frome1e2

˜Z̃1Z̃1 production. The cross
section for this process depends on the selectron mass.
ALEPH analysis@20# for n551 results in the lower limit,
mZ̃1

>84 GeV@21#. For larger values ofn5, the selectron to

Z̃1 mass ratio is smaller, so that the corresponding cr
section is even larger than in then551 case. Indeed the
DELPHI Collaboration @20# has obtained a preliminar
boundmZ̃1

*88 GeV forn552, for parameters in region 1

If mt̃1
<mZ̃1

, Z̃1s act as sources of staus and add to the sig
from direct stau pair production. The DELPHI search f
acollinear tau pairs still limitsmZ̃1

<86–90 GeV, and also

the boundsmt̃1
<76 GeV, regardless ofmZ̃1

. In Fig. 1, in

the horizontally hatched regionmZ̃1
<84 GeV, whereas in

the region with vertical hatches,mt̃1
<76 GeV. Finally, the

LEP experiments@22# have a preliminary bound of 91–9
GeV on the mass of the SM Higgs boson. Since, for sm
values of tanb, the lighter Higgs bosonh of the GMSB
framework is frequently close to the SM Higgs boson,
also show the regions withmh<95 GeV ~the diagonally
hatched area in the lower left corner! in Fig. 1. Furthermore,
LEP analyses excludemA&83 GeV when tanb is large.
This excludes the thin~diagonally hatched! sliver where
tanb;53. The reader should appreciate that the vari
shaded regions that we have shown are not formal exp
mental limits, but indicate the reach of present experime
within the GMSB framework.

We see from Fig. 1 that current experiments have alre
probed regions 1 and 2 ifn5.2. On the other hand, forn5
51, we have just these two regions, whilen552, all four
regions are still possible. Since experimental signatu
within the GMSB framework differ significantly from thos
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in the MSSM and MSUGRA models, it is of interest to r
assess the sensitivity of Fermilab Tevatron experiments
signals from sparticle production at the upcoming run II
the Fermilab Tevatron Main Injector~MI ! as well as at the
proposed luminosity upgrade~dubbed TeV33! where an in-
tegrated luminosity;25 fb21 might be accumulated. This
is the main purpose of this paper. We had begun this p
gram in an earlier study@6# where we had computed cros
sections for various SUSY event topologies for models w
n551 expected at the Fermilab Tevatron: in this case,
NLSP is dominantly the hypercharge gaugino. Here, we fi
repeat this analysis for somewhat different model para
eters, using cuts and acceptances more appropriate to ru
We have also fixed a bug in the program@23# which resulted
in an underestimate of the chargino pair production cr
section. We also examine cases with larger values ofn5 for
which we expect the phenomenology to change qualitativ
from our earlier study. Toward this end, we first examine
model line withn552 with tanb515 wheret̃1 is the NLSP
and significantly lighter than other sleptons. Next, we exa
ine a model line withn553 where all right handed slepton
are roughly degenerate in mass~the co-NLSP scenario!, and
whereẽ1 (m̃1) dominantly decay viaẽ1˜eG̃ (m̃1˜mG̃).
Finally, we examine a non-minimal model where the NLS
is dominantly a Higgsino-like neutralino. This is not becau
we believe this is any more likely than the MGMSB sc
narios previously discussed, but because it leads to qua
tively different experimental signatures. In view of the fa
that the underlying mechanism of SUSY breaking, and he
the resulting mass pattern, is unknown, it seems worthw
to explore implications of unorthodox scenarios, particular
when they lead to qualitative differences in the phenomen
ogy.

In the next section, we describe the upgrades that we h
made toISAJET to facilitate the simulation of the minima
GMSB framework that we have described, as well as sev
of its non-minimal extensions. In Sec. III we specify fo
different model lines and discuss strategies for separating
SUSY signal from SM background for each of these. O
main result is the projection for the reach of experiments
the MI and at TeV33. We end in Sec. IV with a summary
our results together with some general remarks.

II. SIMULATION OF GAUGE MEDIATED SUSY
BREAKING SCENARIOS

We use the event generator programISAJET v 7.40 for
simulating SUSY events at the Tevatron. SinceISAJET has
been described elsewhere@24#, we will only discuss recent
improvements that we have made that facilitate the simu
tion of the MGMSB model specified by the parameter
~1.1!, and also, some of its variants. The ‘‘GMSB option
allows one to use the parameter set~1.1! as an input.ISAJET

then computes sparticle masses at the messenger scaM,
then evolves these down to the lower scale relevant for p
nomenology, and finally calculates the ‘‘MSSM parameter
that are then used in the evaluation of sparticle cross sect
and decay widths. The decays of neutralinos into gravitin
Z̃i˜G̃g, Z̃i˜G̃Z, and Z̃i˜G̃h,H,A as well as~approxi-
1-3
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mately! the Dalitz decayZ̃i˜e1e2G̃ are included inISAJET.

The decaysl̃ 1˜ lG̃ and t̃1˜tG̃, as well as the three bod

decays@25# l̃ 1˜ t̃1t̄ l and l̃ 1˜tD 1t l , which are mediated by
a virtual neutralino, have also been included. The widths
corresponding three body decays mediated by virt
chargino exchange are suppressed by the lepton Yuk
coupling, and are also included. These decays can be sig
cant only for smuons, and only whenmm̃1

2mt̃1
&mt so that

the neutralino-mediated three body decays ofm̃1 are kine-
matically very suppressed or forbidden. Although forCgrav
51, we have not found this to be important, for larger valu
of Cgrav , the ~long-lived! smuon may dominantly decay vi
the chargino mediated decay to a stau, and may alter
apparent curvature of the ‘‘smuon track’’ in the detec
@26#.

We have also included inISAJET the facility to simulate
several non-minimal gauge-mediated SUSY breaking mo
that involve additional parameters. While these will be irr
evant to the analysis performed in our present study, we h
chosen to describe this for completeness because it
prove useful to readers studying extensions of the mini
class of models.

The parameterR” allows the user to adjust@27# the ratio
between the gaugino and scalar masses by scaling the fo
by the factorR” which is equal to unity in the minimal GMSB
framework.

In GMSB models, additional interactions are needed
generate the dimensionalm andB parameters that are esse
tial from phenomenological considerations. These inter
tions can split the soft SUSY breaking masses of Higgs
lepton doublets~at the messenger scale! even though these
have the same gauge quantum numbers. These addit
contributions to the squared masses of Higgs doublets
couple to up and down type fermions, are parametrized@27#
by dmHu

2 anddmHd

2 , respectively. These parameters are z

in the minimal model.
If the hyperchargeD-term has a non-zero expectatio

value DY in the messenger sector, it will lead to addition
contributions to sfermion masses at the messenger s
which may be parametrized@27# as dmf̃

2
5g8YDY . The

value of DY ~which is zero in the minimal GMSB frame
work! is constrained as it can lead to an unacceptable pa
of electroweak symmetry.

Finally, allowing incomplete messenger representati
@17# can effectively result in different numbers (n51

, n52
and

n53
) for each factor of the gauge group.ISAJET allows the

user to simulate these non-minimal models using
GMSB2 command.

To model the experimental conditions at the Fermi
Tevatron, we use the toy calorimeter simulation packa
ISAPLT. We simulate calorimetry covering24<h<4 with a
cell size given byDh3Df50.130.087, and take the had
ronic ~electromagnetic! calorimeter resolution to be
0.7/AE (0.15/AE). Jets are defined as hadronic clusters w
ET.15 GeV within a cone ofDR5ADh21Df250.7 with
uh j u<3.5. Muons and electrons withET.7 GeV anduh l u
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,2.5 are considered to be isolated, if the scalar sum of e
tromagnetic and hadronicET ~not including the lepton, of
course! in a cone with DR50.4 about the lepton to be
smaller thanmax„2 GeV,ET( l )/4…. Isolated leptons are als
required to be separated from one another byDR>0.3. We
identify photons withinuhgu,1 if ET.15 GeV, and con-
sider them to be isolated if the additionalET within a cone of
DR50.3 about the photon is less than 4 GeV. Tau lepto
are identified as narrow jets with just one or three charg
prongs withpT.2 GeV within 10° of the jet axis and no
other charged tracks in a 30° cone about this axis. The
variant mass of these tracks is required to be<mt and the
net charge of the three prongs required to be61. QCD jets
with ET515(>50) GeV are misidentified as taus@36# with
a probability of 0.5%~0.1%! with a linear interpolation in
between. Finally, for SVX taggedb-jets, we require a jet
~satisfying the above jet criteria! within uh j u<1 to contain a
B-hadron withpT>15 GeV. The jet is tagged as ab-jet with
a probability of 55%. Charm jets~light quark or gluon jets!
are mistagged asb-jets with a probability of 5%~0.2%!.

III. THE REACH OF TEVATRON UPGRADES FOR
VARIOUS MODEL LINES

Within the GMSB framework, sparticle signatures, a
hence the reach of experimental facilities, are qualitativ
dependent on the nature of the NLSP. Here, we examine
reach of experiments at the Fermilab Tevatron Main Injec
as well as that of the proposed TeV33 upgrade for four d
ferent model lines@29# where the NLSP is~A! dominantly a
hypercharge gaugino,~B! the stau lepton,t̃1, with other slep-
tons significantly heavier thant̃1, ~C! again the stau, butẽ1

and m̃1 are essentially degenerate witht̃1, and ~D! domi-
nantly a Higgsino. We fix the messenger scaleM53L, m
.0 andCgrav51 throughout our analysis. We useISAJET to
compute signal cross sections, incorporating cuts and t
gers to simulate the experimental conditions at the Ferm
Tevatron together with additional cuts that serve to sepa
the SUSY signal from SM backgrounds. We project t
reach of future Fermilab Tevatron upgrades for each of th
scenarios.

A. Model line A: The B-ino NLSP scenario

We see from Fig. 1~a! that for n551, the lightest neu-
tralino is the NLSP as long as tanb is not very large. Since
the value ofumu computed from radiative breaking of elec
troweak symmetry is rather large, the NLSP is mainly
B-ino. To realize theB-ino NLSP model line, we fix tanb
52.5 which ensures that sleptons are significantly hea
thanmZ̃1

. Sparticles cascade decay toZ̃1 which then mainly

decays viaZ̃1˜gG̃. Thus almost all SUSY events contain
least two hard isolated photons.

In Fig. 2~a! we show the mass spectrum of sparticles t
might be in the Fermilab Tevatron range versusL, which
sets the sparticle mass scale, while in frame~b! we show the
cross sections for the most important sparticle product
mechanisms at the Fermilab Tevatron. We see that char
1-4
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pair production andW̃1Z̃2 production dominate becaus
squarks and gluinos are beyond the Fermilab Tevatron re
The production of right-handed slepton pairs is suppres
relative to chargino or neutralino production by over an or
of magnitude. Values ofL smaller than;70 TeV are ex-
cluded by the LEP search forgg1E” T events. ForL
&80 TeV ~corresponding tomZ̃1

&90–100 GeV), the two

body decayW̃1˜WZ̃1 is kinematically suppressed, and th
chargino mainly decays viaW̃1˜ t̃1nt or W̃1˜qqZ̃1; for
L*80 TeV, the decayW̃1˜WZ̃1 dominates. The neu
tralino Z̃2 dominantly decays via Z̃2˜Z̃1h ~for L
>90 TeV) when this decay is not kinematically suppress
otherwise it decays viaZ̃2˜ l̃ 1l , with roughly equal branch-
ing fractions for all three lepton flavors. We thus expect t
W̃1W̃1 andZ̃2W̃1 production will mainly lead to jetty event
~counting hadronically decaying taus as jets! possibly with
additionale andm plus photons plusE” T .

We use ISAJET to classify the supersymmetric sign
events primarily by the number of isolated photons—eve
with ,2 photons arise when one or more of the photons
outside the geometric acceptance, has too low anET , or
happens to be close to hadrons and thus fails the isola

FIG. 2. ~a! Relevant sparticle masses and~b! production cross

sections for the main sparticle production reactions at a 2 TeVpp̄
collider versus the parameterL for the B-ino NLSP model line A.
In frame ~b! the dot-dashed line represents the chargino pair p

duction, while the dotted line denotes that forW̃1Z̃2 production.
Also shown on the upper axis is the mass of the NLSP.
05500
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requirement. We further separate them into clean and j
events and then classify them by the number of isolated
tons (e andm). In addition to the acceptance cuts describ
in Sec. II, we impose an additional global requirementE” T
.40 GeV, which together with the presence of jets, lepto
or photons may also serve as a trigger for these events.

Before proceeding to present results of our computati
we pause to consider SM backgrounds to these events.
expect that the backgrounds are smallest in the two pho
channel, which we will mainly focus on for the purpose
assessing the reach. We have not attempted to asses
background because the recent analysis by the DO Colla
ration @30#, searching for charginos and neutralinos in t
GMSB framework, points out that the major portion of th
background arises from mismeasurement of QCD jets
for yet higher values ofE” T from misidentification of jets or
leptons as photons. In other words, this background is larg
instrumental, and hence rather detector-dependent. From
1 of Ref. @30#, we estimate the inclusive 2g1E” T.40 GeV
~60 GeV! background level@for ET(g1 ,g2). ~20 GeV, 12
GeV!# to correspond to; 0.9 ~0.1! event in their data
sample of;100 pb21. The background from jet mismea
surement, of course, falls steeply withE” T . The inclusive
2g1E” T background is also sensitive to the minimumET of
the photon.

To assess how changing the photon andE” T requirements
alter the SUSY signal, in Fig. 3 we show the signal distrib
tion of 3~a! ET(g2), the transverse energy of the softer ph
ton in two photon events, and 3~b! E” T in gg1E” T events that
pass our cuts, for three values ofL. The following is worth
noting:

For L.100 TeV ~which we will see is in the range o
the Fermilab Tevatron bound!, reducing theET(g) cut does

-

FIG. 3. ~a! The transverse energy distribution for the softer ph
ton and~b! the E” T distribution for the inclusivegg1E” T for model
line A.
1-5
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BAER, MERCADANTE, TATA, AND WANG PHYSICAL REVIEW D 60 055001
not increase the signal. In fact, it may be possible to furt
harden this cut to reduce the residual backgrounds. Altho
we have not shown it here, we have checked that increa
the cut on thehard photon toET(g1).40 GeV results in
very little loss of signal forL.100 TeV.

In view of our discussion about SM backgrounds, it
clear that requiringE” T.60 GeV greatly reduces the bac
ground with modest loss of signal. Indeed, it may be poss
to reduce the background to negligible levels by optimiz
the cuts onET of the photons and onE” T .

The results of our computation of various topologic
cross sections at a 2 TeVpp̄ collider after cuts are shown in
Fig. 4 for 4~a! 0 photon, 4~b! one photon, and 4~c! two pho-
ton events. In this figure, we have required thatE” T
.60 GeV. As mentioned, this reduces the cross section
just a small amount, especially for the larger values ofL in
this figure. The solid lines correspond to cross sections
events with at least one jet, while the dashed lines co
spond to those for events free of jet activity. The numbers
the lines denote the lepton multiplicity, and are placed
thoseL values that we explicitly scanned. Finally, the hea
solid line represents the sum of all the topologies, i.e.,
inclusive SUSY cross section after the cuts. We note
following:

We have comparable signal cross sections in 1g and 2g
channels. Since the background in the latter is consider
smaller ~recall a significant portion of it is from fake pho
tons!, the maximum reach is obtained in the 2g channel.

As anticipated, events with at least one jet dominate cl
events, irrespective of the number of photons.

We may obtain a conservative estimate of the reach
assuming an inclusive 2g1E” T>60 GeV background leve

FIG. 4. Topological cross sections for inclusive~a! 0g, ~b! 1g,
and ~c! gg plus E” T signals after the cuts and triggers discussed
the text for model line A. The solid lines denote cross sections
events with at least one jet, while the dashed lines denote c
sections for events with no jets. The numbers on the lines de
the lepton multiplicity. The heavy solid line denotes the total sig
cross section after all the cuts.
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of 0.1 event per 100 pb21, i.e., assuming a background lev
of 1 fb. This corresponds to a ‘‘5s reach’’ of 3.5 fb~1 fb! for
an integrated luminosity of 2 fb21 (25 fb21) at the Fermi-
lab Tevatron, orL<110 TeV~130 TeV! at the Main Injec-
tor ~TeV33 upgrade!. As we have mentioned, it may be po
sible to further reduce the background by hardening
ET(g) andE” T requirements with only modest loss of signa
The background may also be reduced if jet or lepton m
dentification as a photon is considerably smaller than in
I @30#. If we optimistically assume that the reach is given
the 5 ~10! event level at the Main Injector~TeV33!, we
would be led to conclude that experiments may probeL
values as high as 118 TeV~145 TeV! at these facilities. It
should be remembered thatL5118 TeV corresponds to
mg̃;950 GeV, almost equal to what is generally accep
as the qualitative upper limit from fine tuning arguments.

We see from Fig. 2~b! that thel̃ 1 l̃ 1 production cross sec
tion exceeds 1 fb forL&100 TeV. Since slepton productio
can lead to spectacularl l gg1E” T events of the type observe
by the Collider Detector at Fermilab~CDF! Collaboration
@31#, it appears reasonable to ask whether signal from slep
pair production might be observable at TeV33, and furth
whether it can be separated from a similar signal fro
chargino pair production when eachW̃1˜ lnZ̃1˜ lnG̃g
@32#. The SMphysicsbackgrounds come fromWWgg pro-
duction which forETg>10 GeV has a production cross se
tion @31# of 0.1560.05 fb, so that;0.1 such event is ex-
pected in a data sample of 25 fb21. The background fromt t̄
production is estimated to be even smaller. In Fig. 5 we sh
the total cross section for cleanl l gg1E” T events after cuts

n
r
ss
te
l

FIG. 5. Signal cross sections for cleanl l gg1E” T events (l

5e,m) from all SUSY sources~solid!, and from justẽ1 or m̃1 pair
production~dashed! versusL for model line A. The upper scale
denotesml̃ 1

.
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REACH OF FERMILAB TEVATRON UPGRADES IN . . . PHYSICAL REVIEW D60 055001
~solid! and the corresponding cross section from justẽ1 and

m̃1 pair production~dashed!. We see that forL&115 TeV
~corresponding toml̃ 1

;200 GeV), five or more signa
events should be present at TeV33, with about 60% of th
having their origin in direct production of sleptons. Slept
pair production alone yields five events forml̃ 1

&180 GeV.
If instrumental backgrounds from jets faking an electron
photon turn out to be negligible, direct detection of slepto
as heavy as 180 GeV may be possible at TeV33@33# for
model line A.

B. Model line B: The stau NLSP scenario

From Fig. 1, we see that we can obtaint̃1 as the NLSP for
a wide range of GMSB parameters. Here, we choosen552,
and take tanb515 to makeẽ1 and m̃1 somewhat heavie
than t̃1, with other parameters as before. In Fig. 6 we sh
~a! relevant sparticle masses and~b! cross sections for the
main sparticle production mechanisms versusL. For L

*30 TeV, mt̃1
<mZ̃1

but for L&32 TeV, Z̃1˜tt̃1 is ki-

nematically forbidden, andZ̃1 would decay via the four body
decayZ̃1˜ntt̃1W* ~which is not yet included inISAJET! or
via its photon mode considered above. In our study, we o

FIG. 6. The same as Fig. 2, but for the stau NLSP model line

In frame ~a! the solid line denotes the mass oft̃1, while the dot-
dashed line denotes the mass of the lighter selectron or sm
which are very nearly degenerate.
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considerL>35 TeV, the region safe from LEP constraint
Gluinos and squarks are then too heavy to be produced a
Fermilab Tevatron, and sparticle production is dominated
chargino, neutralino and, to a lesser extent, slepton pair
duction.

The two body decayW̃1˜ t̃1n is always accessible, while
the decay W̃1˜WZ̃1 becomes significant only forL
*45 TeV (mW̃1

*210 GeV). The branching fraction fo

Z̃2 decays are shown in Fig. 7~a!. We see thatZ̃2 decays via
t̃1t with a branching fraction that exceeds 0.5 ifmZ̃2

&300 GeV, and further that branching fractions forZ̃2

˜ l̃ 1l ( l 5e,m) are not negligible. For the value of tanb in
this figure, the decayZ̃2˜Z̃1h is only important for rela-
tively large values ofL. The lightest neutralinoZ̃1 mainly
decays viaZ̃1˜ t̃1t, though for large enough values ofL, its
decay to sleptons of other families may also be significa
The decay pattern of the lighter selectron and smuon
illustrated in Fig. 7~b!. For small values ofL ~region 2 of
Fig. 1!, the decay l̃ 1˜ l Z̃1 is kinematically allowed and
dominates. For larger values ofL ~region 4 of Fig. 1!, where
this channel is closed, the neutralino is virtual andl̃ 1

2

˜ t̃1
1l 2t2 or l̃ 1

2
˜ t̃1

2l 2t1. These decays dominate the d

.

on

FIG. 7. The branching ratios for various decays of~a! Z̃2, and

~b! l̃ 1 for model line B. The upper scale shows the mass of
parent sparticle. The relevant decay patterns of other sparticles
described in the text.
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TABLE I. SM background cross sections in fb for various clean multilepton topologies fromW, Z

˜tt, VV (V5W,Z) and t t̄ production at a 2 TeV pp̄ collider, together with signal cross sections forL
540 TeV andL550 TeV for model line B described in the text. For each event topology, the first num
denotes the cross section after the basic acceptance cuts and trigger requirements along with theZ veto and
the Df cut discussed in the text. The second number is after the additional cut,pTv is(t1)>40 GeV, for
events at least one identifiedt. The entries labelled Total* are the sum of all the cross sections except th
in the 1t1l channel. The last two rows provide a measure of the statistical significance of the signal.

Topology W Z˜tt VV t t̄ L540 TeV L550 TeV

C3l 0 0 0.39 0 0.68 0.24
0 0 0.39 0 0.68 0.24

C1t1l 1045 4.2 36 0.044 8.6 1.96
43 2.0 10.8 0 5.3 1.27

C1t2l 0 0.57 1.4 0 3.3 0.93
0 0.045 0.43 0 1.9 0.59

C1t3l 0 0 0 0 0.31 0.16
0 0 0 0 0.21 0.10

C2t1l 0 1.5 1.2 0 4.1 1.2
0 0.57 0.79 0 3.3 1.02

C2t2l 0 0 0 0 0.36 0.23
0 0 0 0 0.33 0.22

Total* 0 2.1 2.99 0 8.75 2.76
0 0.62 1.61 0 6.42 2.17

s(sgn)/As(back) (fb1/2) 3.87 1.22
4.30 1.45
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cay l̃ 1˜ lG̃. The upshot of these decay patterns is that SU
events may contain several tau leptons from sparticle cas
decays. At the very least, each event will contain a pair ofts

~in addition to other leptons, jets andE” T) from t̃1 produced
at the end of the decay cascade. It is worthwhile to note
the twots could easily have the same sign of electric char

The observability of SUSY realized as in this scena
thus depends on the capability of experiments to iden
hadronically decaying tau leptons, and further, to distingu
these from QCD jets. Following the same logic as in t
n551 case above, we now classify SUSY events by
number of identified taus, and further separate them into j
and clean event topologies labeled by the number of isola
leptons (e and m). It should be remembered that the ef
ciency for identifying taus is expected to be smaller than
identifying photons—first, the tau has to decay hadronica
and then the hadronic decay products have to form a jet

In our analysis, in addition to the basic acceptance c
discussed in Sec. II, we requireE” T>30 GeV together with
at least one of the following which serve as a trigger for
events:

one lepton withpT( l )>20 GeV,
two leptons each withpT( l )>10 GeV,
E” T>35 GeV.

In addition, we also impose the additional requirements:
a veto on opposite sign, same flavor dilepton events w

MZ210 GeV<m( l l̄ )<MZ110 GeV to remove back
grounds fromWZ andZZ and highpT Z production, and
05500
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for dilepton events, require Df( l l̄ 8)<150° (l ,l 8
5e,m,t) to remove backgrounds fromZ˜tt̄ events.

The dominant physics sources of SM backgrounds ton-jet
1 m-leptons 1 E” T events, possibly containing additiona
taus, areW, g* or Z 1 jet production,t t̄ production, and
vector boson pair production. Instrumental backgrounds
we have attempted to estimate areE” T from mismeasuremen
of jet energy and mis-identification of QCD jets as taus.

We have checked that even after these cuts and trigg
SM backgrounds fromW production swamp the signal in
channels with no leptons or just one identified lepton (e, m,
or t). The former is the canonicalE” T signal, which after
optimizing cuts, may be observable at run 2 if gluinos a
lighter than;400 GeV. We do not expect that this sign
from gluino and squark production will be detectable, sin
even for L535 TeV, mg̃5578 GeV with squarks some
what heavier. For this reason, and because there are
single lepton backgrounds fromW production, we focus on
signals with two or more leptons in our study. Also, becau
the presence oft ’s is the hallmark of this scenario, w
mostly concentrate on leptonic events with at least one id
tified t.

We begin by considering the signal and background cr
sections for clean events. These are shown in Table I. Ev
are classified first by the number of identified taus, and th
by the lepton multiplicity; theC in the topology column
denotes ‘‘clean’’ events. For each topology, the first row
numbers denotes the cross sections after the basic accep
cuts and trigger requirements along with theZ veto and the
1-8
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TABLE II. SM background cross sections in fb for various jetty multilepton topologies fromW, Z

˜tt, VV (V5W,Z) and t t̄ production at a 2 TeV pp̄ collider, together with signal cross sections forL
540 TeV andL550 TeV for model line B described in the text. The cross sections are with all the
including thepTv is cut on the hardestt.

Topology W Z˜tt VV t t̄ L540 TeV L550 TeV

J3l 0 0.019 0.28 0.3 1.06 0.35
J1t2l 0 0.19 0.29 1.2 1.92 0.79
J2t1l 0.11 0.79 0.41 0.8 2.25 1.18
J2t2l 0 0 0 0 0.31 0.22

Total 0.11 1.0 0.98 2.3 5.53 2.54

s(sgn)/As(back) (fb1/2) 2.64 1.21
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Df cut discussed above. We see that there is still a subs
tial background in several of the multilepton channels. T
background can be strongly suppressed, with modest los
signal by imposing an additional requirement,

pTv is(t1)>40 GeV, on the visible energy of the harde
tau in events with at least one identified tau. In the ba
ground, thets typically come from vector boson decay
while in the signal, a substantial fraction of these come fr
the direct decays of charginos and neutralinos that are
stantially heavier than MZ @remember even mZ̃1

5103 (132) GeV forL540 (50) TeV#: thus signal taus
pass this cut more easily. A few points about this table
worth mentioning.

~1! The signal cross sections in each channel are at mo
few fb, and with an integrated luminosity of 2 fb21, the
individual signals are below the 5s level even for L
540 TeV. For the integrated luminosity expected in run
of the MI, we will be forced to add the signal in variou
channels and see if this inclusive signal is observable.

~2! The sum of the signal in all the channels in Table
except the 1t1l channel which has a very large backgroun
is shown in the next two rows both with and without thepT
cut on the t, while in the last two rows we list
s(sgn)/As(back). We see that a somewhat better sign
cance is obtained after thepTv is(t1)>40 GeV cut.

~3! We see that the inclusive SUSY signal in the cle
channels for theL540 TeV case should be detectable w
the run II integrated luminosity, whereas for theL
550 TeV case, an integrated luminosity of 12 fb21 is
needed for a 5s signal.

~4! We caution the reader that about 25–30% of thet
background comes from mis-tagging QCD jets as taus~ex-
cept, of course, for theW backgrounds and the backgroun
in the C2t l channels which are almost exclusively fro
these fake taus!. Thus our estimate of the background level
somewhat sensitive to thet faking algorithm we have used
The signal, on the other hand, almost always contains o
real ts, so that improving the discrimination betweent and
QCD jets will lead to an increase in the projected reach
these experiments.

~5! In some channels the background is completely do
nated by fake taus. For instance, after thepTv is(t) cut, the
C1t1l background fromW sources of justreal tausis only
05500
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1.9 fb, while the signal and other backgrounds remain ess
tially unaltered from the cross sections in Table I. Thus
fake t backgrounds can be greatly reduced, it may be p
sible to see a signal via other channels.

Next, we turn to jetty signals for model line B. Cros
sections for selected signal topologies together with S
backgroundsafter the pT(t1)>40 GeV cut are shown in
Table II. The other topologies appear to suffer from lar
SM backgrounds and we have not included them here.

The following features are worth noting:
~1! We see that model line B results in smaller cross s

tions in jetty channels. This should not be surprising, sin
electroweak production of charginos, neutralinos, and s
tons are the dominant SUSY processes, and because sta
light, branching fractions for hadronic decays ofW̃1 andZ̃1,2
tend to be suppressed.

~2! We see from Table II that with the present set of cu
not only is the signal below the level of observability in an
one of the channels, but also that the inclusive signal is
expected to be observable at the MI even for theL
540 TeV case. With an integrated luminosity of 25 fb21,
the signal for theL550 TeV case is observable at the 6s
level.

~3! As for the clean lepton case, a significant portion
the background comes from QCD jets faking a tau. The fr
tion of events with a fake tau varies from channel to chann
but for the 2t1l channel in Table II, almost 60% of th
background~in contrast to essentially none of the signa!
involves at least one faket.

~4! A major background to the jetty signal comes fromt t̄
production. To see if we could enhance the signal relative
this background, we tried to impose additional cuts to red
selectively the top background. Since top events are expe
to contain hard jets, we first tried to requireET( j )
<50 GeV. We also, independently, tried vetoing eve
where the invariant mass of all jets exceeded 70 GeV. W
both attempts lead to an improvement of the signal to ba
ground ratio, the statistical significance of the signal is n
improved ~and is even degraded! by these additional cuts
We do not present details about this for the sake of brevity
may be possible to reduce the top background by veto
events with taggedb-jets, but we have not attempted to do
here.
1-9
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For model line B, it appears that experiments at the
should be able to probeL values up to just beyond 40 TeV
in the inclusive clean multilepton channels. It appears, ho
ever, that it will be essential to sum up several channel
obtain a signal at the 5s level. Confirmatory signals in in-
clusive jetty channels may be observable at the 3.7s level.
Of course, for an integrated luminosity of 25 fb21, it may be
possible to probeL550 TeV even in the unfavored jett
channels, and somewhat beyond in the clean channels.
situation is summarized in Fig. 8 where we show the sig
cross sections summed over the selected channels for e
without jets ~dashed! and for events with jets~solid!. The
horizontal lines denote the minimum cross section nee
for the signal to be observable at the 5s level, for the two
assumptions about the integrated luminosity. We note tha
some channels, a susbtantial fraction of background ev
come from QCD jets faking a tau—our assessment of the
II reach is thus sensitive to our modelling of this jet mis-t
rate. By the same token, if this rate can be reduced, the re
may be somewhat increased. Finally, we remark that e
though it appears that the range of parameters that is ac
sible to experiments at the MI is very limited (L
<42 TeV), these parameters correspond to charginos
heavy as 192 GeV and gluinos and squarks around 700 G

C. Model line C: The co-NLSP scenario

This scenario can simply be obtained by choosing par
eters in regions 3 of Fig. 1, so thatẽ1 , m̃1 and t̃1 are all
approximately degenerate, andẽ1 andm̃1 cannot decay tot̃1.
Here, we choosen553 and tanb53 with other parameters
as before. In Fig. 9 we show 9~a! relevant sparticle masse

FIG. 8. Signal cross sections after all cuts versusL for the total
signal in the clean~dashed line! and jetty ~solid line! channels
shown in Table I and Table II, respectively, for model line B. T
corresponding horizontal lines denote the minimum cross sec
for a 5s signal, both at the MI and at TeV33.
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and 9~b! cross sections for the main sparticle producti
mechanisms at the Fermilab Tevatron versusL. Aside from
the fact that lighter sleptons of all three flavors have ess
tially the same mass, the main difference from the ear
model lines that we have studied is that, while charginos
neutralinos dominate for lower values ofL, slepton pair pro-
duction is the dominant production mechanism forL
*40 TeV ~corresponding toml̃ *125 GeV).

In Fig. 10 we show the branching fractions for 10~a!
chargino, and 10~b! neutralino decays versusL. For smallL
in frame 10~a!, charginos dominantly decay viaW̃1˜ t̃1nt ,
since the corresponding decays to smuons and selectron
suppressed by the lepton Yukawa coupling. AsL increases,
decays to sneutrinos and the heavier~dominantly left-
handed! sleptons become accessible. Since these occur
~essentially unsuppressed! gauge interactions, these rapid
dominate the decay tot̃1. The decayW̃1˜Z̃1W also be-
comes significant formW̃1

>200 GeV. Turning toZ̃2 decays
shown in frame 10~b!, we see that these dominantly decay
sleptons with branching fractions more or less independ
of the lepton flavor. Again, sinceZ̃2 is dominantly anSU(2)
gaugino, decays to the heavier~dominantly left-handed!
sleptons and sneutrinos dominate when these are kinem
cally unsuppressed. The branching fraction for the de
Z̃2˜Z̃1h is also significant. From the plot of sparticl
masses in Fig. 9a, we see that the heavier charged slep
and sneutrinos decay viaf̃ 2˜ f Z̃1, while f̃ 1˜ f G̃ ( f 5 l ,n).

n

FIG. 9. The same as Fig. 2, but for the co-NLSP model line C
1-10
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The lightest neutralino decays viaZ̃1˜ l̃ 1l with branching
fractions essentially independent of the lepton flavor.

The bottom line of these decay patterns is that e
though t̃1 is strictly speaking the NLSP, we expect a lar
multiplicity of isolated leptons (e andm) from sparticle pro-
duction at colliders. This is because all flavors of sleptons
roughly equally produced in SUSY cascade decays, and
cays of ẽ1 and m̃1 do not involve a stau at an intermedia
stage. This is illustrated in Fig. 11 forL530 TeV andL
540 TeV, where we show the multiplicity distributions fo
bothne1nm andne1nm1nt , for events satisfying the basi
acceptance cuts~see Sec. II! and trigger conditions, but no
the additional requirements described in Sec. III B. We
that while the lepton multiplicity is largest for two lepton
~due to production ofl R pairs!, a very sizeable fraction o
signal events have bothne1nm and ne1nm1nt>4 for
which backgrounds from SM sources, shown in Table III,
very small. Here, for thene1nm1nt>4 background
sample, we found that all the background events that pa
the cuts automatically satisfiedne1nm>2. We also impose
this requirement, which should facilitate triggering on the
events even without at trigger, on the signal@34#.

In our simulation, we found that the background fromW

andZ plus jet production, as well ast t̄ production are neg-
ligible. We see that the 4-lepton background is an orde
magnitude smaller than the corresponding 3l backgrounds in
Tables I and II~even though the cuts there are more string

FIG. 10. Branching ratios for decays of~a! W̃1 and ~b! Z̃2 for
model line C. Decay patterns of other sparticles are discussed i
text.
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than in Table III!. In contrast, for the signal, we see from Fi
11 that the rate for 3l events is much smaller than that fo
>4l events. Thus the>4l channel offers the best hope fo
detection of the SUSY signal for model line C.

The SUSY reach for the co-NLSP model line is illustrat
in Fig. 12 where we show the signal cross section versuL
for inclusive events withne1nm>4 ~dashed! and ne1nm
1nt>4 ~solid! where we require, in addition,ne1nm>2.
Here we have summed the cross section for events with
without jets as this offers the greatest reach. The correspo
ing horizontal lines denote the levels where the signal will
just detectable at the ‘‘5s level’’ ~with a minimum of at least
five events! at the MI and at the proposed TeV33 upgrad
We observe the following:

With an integrated luminosity of 2 fb21, the signal is
rate-limited in thene1nm>4 channel, and experiments a

he

FIG. 11. Lepton multiplicity distributions for SUSY events afte
all cuts withL530 TeV, andL540 TeV for model line C. We
show distributions of bothne1nm andne1nm1nt , wherent is the
multiplicity of taggedt leptons in the event.

TABLE III. SM background cross sections in fb for clean an
jetty events with>4 leptons fromVV (V5W,Z) production at a 2

TeV pp̄ collider, after the basic cuts and triggers described in
text. At least 2 leptons are required to bee or m. Backgrounds from

Z, W and t t̄ production are negligible. Also shown are correspon
ing signal cross sections forL530 TeV and L540 TeV for
model line C described in the text. As before, theC ~J! refers to
clean and jetty events.

Topology VV L530 TeV L540 TeV

C:ne1nm>4 0.09 14.0 2.3
C:ne1nm1nt>4 0.30 19.0 3.0
J:ne1nm>4 0 16.5 3.4
J:ne1nm1nt>4 0.33 21.2 4.5
1-11
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BAER, MERCADANTE, TATA, AND WANG PHYSICAL REVIEW D 60 055001
the MI should be able to probeL out to about 45 TeV
~corresponding to charginos heavier than 300 GeV! if we
require a minimum signal level of five events. Including ta
increases the signal, but also increases the backgroun
that the reach is only marginally improved. Since this ba
ground largely comes from tau mis-identification, it shou
be kept in mind that our projection for the reach via thene
1nm1nt>4 channel is somewhat dependent on our sim
lation of this.

For an integrated luminosity of 25 fb21, we see that the
projected increase in the background in the channel tha
cludes taus actually leads to areductionof the reach, and the
greatest reach is obtained via events withne1nm>4 leptons
for which the background is very small. In our assessmen
this reach, we have assumed that backgrounds from had
or jets mis-identifiedes andms are negligible. The reach o
TeV33 experiments should then extend toL&55 TeV
which corresponds tomW̃1

(mg̃)&400(1200) GeV.
Although we have not shown this here, we have chec

that the same sign dilepton channel does not yield a be
reach than the 4l channel just discussed. Typically, cro
sections in this channel are about 10–25% of the total di
ton cross section in Fig. 11, whereas SM backgrounds~with
just the basic cuts and triggers! are in the several fb range.

D. Model line D: The Higgsino NLSP scenario

Within the GMSB framework described above, the val
of umu that we obtain tends to be considerably larger thanM1
and M2, so that the lightest neutralino is dominantly
gaugino~more specifically a bino, sinceM1. 1

2 M2). This is

FIG. 12. Signal cross sections after all cuts for SUSY eve
with ne1nm1nt>4 ~solid! andne1nm>4 ~dashed! for model line
C. The corresponding horizontal lines denote the minimum cr
section for a 5s signal ~with a minimum of five signal events! at
the MI and at TeV33.
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indeed the case for the three model lines examined ab
Motivated by the fact that the phenomenology is very sen
tive to the nature of the NLSP, we have examined a n
minimal scenario where we alter the ratio ofumu/M1 by hand
from its model value, and fix a small value ofumu so that the
NLSP is mainly Higgsino-like. We do not attempt to co
struct a theoretical framework which realizes such a s
nario, but only mention that the additional interactio
needed to generatem and also theB-parameter in this frame
work could conceivably alter the relation betweenm and the
gaugino masses. With this in mind, we useISAJET to simulate
a light Higgsino scenario where we taken552, tanb53,
M /L53, Cgrav51, but fix m52 3

4 M1 rather than the value
obtained from radiative electroweak symmetry breaking.
practice, we do so by using the weak scale parameters
tained using the GMSB model inISAJET as input parameters
for the MSSM model, except that we usem52 3

4 M1 at this
juncture. For this ‘‘smallm ’’ scenario, we expect that the
two lightest neutralino and the lighter chargino will b
Higgsino-like and close in mass, while the heavier chargin
and neutralinos will be gaugino-like. The resulting spectru
is shown in Fig. 13~a!. Indeed we see thatZ̃1 is the NLSP
over the entire parameter range shown, and thatZ̃2 andW̃1
are generally only 20–30 GeV heavier. As a result, the f
mions from W̃1 and Z̃2 decays toZ̃1 will be rather soft.
Slepton masses are essentially family-independent bec
tanb is small. The lighter Higgs boson mass is just abo
100 GeV, independent ofL.

Sparticle production at the Tevatron is dominated by
production of these Higgsino-like charginos and neutralin
as can be seen in Fig. 13~b!. An important difference be-
tween this case and chargino and neutralino production in
model lines examined above is thatW̃1Z̃1 andZ̃1Z̃2 produc-
tion is also substantial. For a fixed chargino mass, howe
the sparticle production cross section is somewhat sma
for model line C than it is for the other model lines.

We have already noted that fermions from the dec
W̃1˜ f f̄ 8Z̃1 andZ̃2˜ f f̄ Z̃1 are generally expected to be so
so that signatures forZ̃i Z̃ j or Z̃iW̃j production will closely
resemble those forZ̃1Z̃1 production. In other words, sparticl
signatures in such a scenario will be mainly determined
the Z̃1 decay pattern shown in Fig. 14. For small values
L, Z̃1˜G̃g. As L increases, the decaysZ̃1˜G̃Z and Z̃1

˜G̃h become kinematically accessible, and the branch
fraction for the photon decay becomes unimportant, wh
the decay to the Higgs boson becomes dominant. This i
sharp contrast to the gaugino NLSP case where the deca
the Higgs scalar is strongly suppressed.

For small values ofL ~where Z̃1 mainly decays to via
Z̃1˜G̃g), the strategy for extracting the SUSY signal is
for model line A; i.e., to look for inclusive 2g1E” T events. If
we adopt the conservative background level of 1 fb as in
study, a ‘‘5s ’’ reach is obtained at the MI~TeV33! provided
the signal cross section exceeds 3.5 fb~1 fb!. These levels
are shown as the horizontal dashed lines in Fig. 15, while
corresponding signal is shown by the curve labeleds(gg).
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We see that at MI~TeV33! experiments should be able t
probeL values out to about 80 TeV~90 TeV! corresponding
to mW̃1

;165 GeV ~180 GeV! via a search forgg1E” T

events.
For larger values ofL, the NLSP dominantly decays vi

Z̃1˜G̃h and the di-photon signal drops sharply. In this ca
sinceh mainly decays viah˜bb̄, the SUSY signal, which
can contain up to fourb-quarks, will be characterized b
multiple taggedb-jet plusE” T events, which may also contai
other jets, leptons and possibly photons~if one of the NLSPs
decays via the photon mode!. The dominant SM backgroun
to multi-b events presumably comes fromt t̄ production and
is shown in Table IV, where we have also shown the sig
cross section forL5100 TeV. For events with one or tw
taggedb-jets, thet t̄ backgrounds come when thebs from t
decay are tagged; i.e., the rate for events where other jet
mis-tagged asb’s is just a few percent. This is also true fo
signal events. On the other hand, in the 3b channel, at leas
one of the taggedbs in thet t̄ background has to come from
a c or light quark or gluon jet that is misidentified as ab-jet,
or from an additionalb produced by QCD radiation. This i

FIG. 13. The same as Fig. 2, but for the Higgsino NLSP mo
line D. In frame~a! the dotted line denotes the lightest neutralin
the solid line denotes the lighter chargino and the upper dot-da
line denotes the second lightest neutralino. In frame~b! the dashed,

dot-dashed, solid and dotted lines denote cross sections forZ̃1Z̃2 ,

W̃1Z̃2 , W̃1W̃1 , W̃1Z̃1 production, respectively.
05500
,

l

are

not, however, the case for signal events which contain up
four b-jets. In each of the last two columns of Table I
where we show the top background and the SUSY signal,
present two numbers: the first of these is the cross sec
when all the tagged jets come from realb’s, while the second
number in parenthesis is the cross section includingc and
light quark or gluon jets that are mistagged asb. Indeed we
see that the bulk of the 3b background is reducible an
comes from mistagging jets, whereas the signal is essent
all from realbs.
l

,
ed

FIG. 14. Branching ratios for various decays of the neutral
NLSP versusL for model line D. The upper scale shows the ne
tralino mass.

FIG. 15. SUSY signal cross sections for the inclusivegg1E” T

events@labelleds(gg)], and for events with>3 taggedb-jets @la-
belleds(h˜bb)] after all cuts described in the text for model lin
D. The dashed horizontal lines denote the minimum cross sec
for the signal to be observable at the 5s level at the MI and at
TeV33.
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TABLE IV. The background cross section in fb for multiple taggedb-jets plus lepton plusE” T events from

t t̄ production after basic cuts and triggers discussed in the text. Also shown are the corresponding
signal cross sections forL5100 TeV for model line D. The numbers in parentheses for the 3b-channel
include events from charm or light quark jets jets faking ab-jet. Whereas this fake rate dominates t
background in the 3b channel, it is negligible in the 1b and 2b channels.

1b 2b >3b

t t̄ L5100 TeV t t̄ L5100 TeV t t̄ L5100 TeV

0l 508 11.6 221 7.5 1.2~8.1! 2.6 ~2.7!
1l 812 1.2 345 0.57 1.5~9.3! 0.11 ~0.11!
2l 132 0.49 56 0.31 0.13~0.31! 0.04 ~0.05!
3l 0.22 0.03 0 0.04 0~0! 0 ~0!
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It is clear from Table IV that the best signal to bac
ground ratio is obtained for events with>3b-jets. Our de-
tailed analysis shows that although the signal cross sectio
rather small, 3b-channel with a lepton veto~since top events
with largeE” T typically contain leptons! offers the best hope
for identifying the signal above SM backgrounds. We s
that the signal is of similar magnitude as the background
L5100 TeV, a point beyond the reach via thegg channel.
To further enhance the signal relative to the background,
impose the additional cuts,

E” T>60 GeV, and
60 GeV<mbb<140 GeV for at least one pair of tagge

b-jets in the event.
The first of these reduces the signal from 2.7 fb to 2.1

while the background is cut by more than half to 3.4 fb. T
mass cut was motivated by the fact that in these models
least one pair of taggedb’s comes viah˜bb decay, with
mh;100 GeV, while theb’s from top decay form a con
tinuum. We found, however, that this cut leads to only
marginal improvement in the statistical significance and
signal to background ratio. We traced this to the fact th
because of top event kinematics, oneb-pair is likely to fall in
the ‘‘Higgs mass window.’’ Reducing this window to 10
620 GeV leads to a slightly improved S/B, but leads to t
much loss of signal to improve the significance.

The signal cross section via the 3b channel after the basi
cuts as well as the additionalE” T and mbb cuts introduced
above is shown by the solid curve labeledh˜bb in Fig. 15.
For small values ofL, the signal is small because of th
reduction in the branching fraction forZ̃1˜hG̃ decay. The
corresponding dashed lines shows the minimum cross
tion for a signal to be observable at the 5s level at the MI
and at TeV33. We see that, at the MI, there will beno ob-
servablesignal in this channel. In fact, even for theL value
corresponding to the largest signal, the statistical significa
is barely 2s, so that a non-observation of a signal will n
even allow exclusion of this model line at the 95% C.L. W
25 fb21 of integrated luminosity, the signal exceeds the 5s
level for 82 TeV <L<105 TeV ~corresponding tomW̃1

;mZ̃1
;mZ̃2

;220 GeV), and somewhat extends the rea

obtained via thegg channel. Furthermore, there appears
be no window between the upper limit of thegg channel and
the lower limit of the 3b-channel. A few points are worth
noting.
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~1! Since the background dominantly comes from eve
where ac or light quark or gluon jet is mis-tagged as ab-jet,
the reach via the 3b channel is very sensitive to our assum
tions about theb mis-tag rate. Indeed, if the mis-tag rate
twice as big as we have assumed, there will be no reac
this channel even at TeV33.

~2! The 3b signal starts to become observable forL

*80 TeV where the branching fraction for the decayZ̃1

˜hG̃ becomes comparable to that for the decayZ̃1˜gG̃.
The value ofL for which the Higgs decay of the neutralin
becomes dominant depends onmh , which in turn is sensitive
to tanb.

~3! Although we have not shown it here, signals involvin
b-jets together with additional photons orZ bosons identified
via their leptonic decays have very small cross sections
appear unlikely to be detectable even forL;100 TeV.

Despite the fact that the top background alone is 50
several hundred times larger than the SUSY signal in
relevant one and two taggedb plus multilepton channels in
Table IV, we have examined whether it was possible to se
rate the signal from the background. We focussed on
2b10l signal which has the bestS/B ratio, and required in
addition thatE” T>60 GeV ~which reduces the backgroun
by almost 50% with about a 20% loss of signal! and further
60 GeV <mbb<140 GeV ~which reduces the backgroun
by another factor of half with a loss of 25% of the signa!
@35#. We found, however, that the signal is below the 5s
level over essentially the entire range ofL even at TeV33:
only for L58065 TeV does the signal cross section e
ceed this 5s level of 7.7 fb. Moreover theS/B ratio never
exceeds about 15% which falls below our detectability cri
rion S/B>20%. We found that while it is possible to im
prove theS/B ratio via additional cuts, these typically de
grade the statistical significance of the signal. We th
conclude that for model line D, there will be no observab
signal in the 2b channel even at TeV33.

Before closing this discussion, it seems worth noting t
we should interpret the reach in Fig. 15 with some ca
because unlike in the study of model lines A, B and C, we
not really have a well-motivated underlying theory~that
gives a Higgsino NLSP!. We realized this by arbitrarily tak-
ing m52 3

4 M1. The NLSP decay pattern, and hence the p
cise value of the reach, would depend on this choice wh
should be regarded as illustrative. In general, however,
1-14
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REACH OF FERMILAB TEVATRON UPGRADES IN . . . PHYSICAL REVIEW D60 055001
the Higgsino NLSP model line, the coupling of the NLSP
Higgs bosons is substantial so that the branching fraction

the decayZ̃1˜hG̃ becomes large when this decay is n
kinematically suppressed. For small values ofL, such that

the NLSP can only decay viaZ̃1˜gG̃, SUSY signals should
be readily observable in thegg1E” T channel; once the NLSP
decay toh begins to dominate, the cross section for dipho
events becomes unobservably small, and the SUSY si
mainly manifests itself as multipleb events which have large

backgrounds fromt t̄ production. The most promising way t
search for SUSY then seems to be viaE” T events with>3
taggedb-jets, but for a search in this channel, an integra
luminosity of 25 fb21 appears essential. A signal that e
tends the reach beyond that in thegg channel is possible
provided experiments are able to reduce the backgro
from mis-tagged charm~light quark or gluon! jets to below
5% ~0.2%!.

IV. SUMMARY AND CONCLUDING REMARKS

The GMSB framework provides a phenomenologica
viable alternative to the MSUGRA model. The novel featu
of this framework is that SUSY breaking may be a low e
ergy phenomenon. In this case, the gravitino is by far
lightest sparticle, and the NLSP decays within the detec
into a gravitino and SM sparticles. Sparticle signals, a
hence the reach of experimental facilities, are then sens
to the identity of the NLSP.

In this paper, we have examined signals for supersymm
ric particle production at the Fermilab Tevatron, and eva
ated the SUSY reach of experiments at the MI or at
proposed TeV33 within the GMSB framework. In our stud
we consider four different model lines, each of which lead
qualitatively different experimental signatures. We use
event generator to simulate experimental conditions at
Fermilab Tevatron, and for each model line, we have ide
fied additional cuts that serve to enhance the SUSY sig
over SM backgrounds. We assume the NLSP decay
prompt. This is a conservative assumption in that we do
make use of a displaced vertex to enhance the signal
SM background.

For the first of these model lines, labeled A, the NLSP
mainly a hypercharge gaugino and dominantly decays
Z̃1˜G̃g, so that SUSY will lead to extremely strikin
events with multiple jets with hard leptons and largeE” T and
up to two hard, isolated photons, with cross sections~after all
cuts! shown in Fig. 4. The physics background to thegg
event topologies is very small, and detector-dependent
strumental backgrounds~such as from jets being mis
identified as photons or leptons, or large mismeasuremen
transverse energies! dominate@30#. Even with a conservative
estimate of 1 fb for the background cross section, exp
ments at the MI~TeV33! should be able to probe values
the model parameterL out to 110 TeV~130 TeV!. If we
optimistically assume that this background can be reduce
a negligible level by hardening the cuts on the photons
E” T , we find a reach as high asL;118 TeV~corresponding
to a gluino of 950 GeV! at the MI and of 145 TeV at TeV33
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For this model line, thel l gg1E” T signal from slepton pair
production may be observable at TeV33 even if sleptons
as heavy as 180 GeV.

In model line B, the lighter stau is the NLSP, and heav
sparticles cascade decayed down to the stau, which then
cays viat̃1˜tG̃. The presence of isolated tau leptons@9#, in
addition to jets and other leptons is the hallmark of suc
scenario. We found, however, that in some channels,
background from misidentification of QCD jets ast com-
pletely swamp the physics backgrounds, making it very d
ficult to detect the signal~see, e.g., theC1t1l channel in
Table I! in this channel. We conclude that unlesst misiden-
tification can be greatly reduced from what we have
sumed, SUSY will only be detectable via channels with
least three leptons (e, m andt) for which the cross section
are individually small, and then, only by summing the sign
in several channels. Even here, backgrounds from m
identified taus are significant. Our assessment of the reac
shown in Fig. 8. We see that at the MI, the clean multilept
channel offers the best reach, out toL542 GeV ~corre-
sponding tomW̃1

5192 GeV and squarks and gluinos
heavy as 700 GeV!, while at TeV33, the reach may be ex
tended out toL values somewhat beyond 50 TeV (mg̃
;800 GeV).

In model line C, the lighter stau is again the NLSP, b
the lighter selectron and smuon are essentially degene
with it, so thatẽ1 andm̃1 cannot decay into a tau; i.e., thes
decay into a gravitino and a corresponding lepton. Since c
cade decays of sparticles are equally likely to terminate
each flavor of slepton, we expect that this model line w
lead to very large multiplicities ofe, m and t in SUSY
events. Indeed we found that the optimal strategy in this c
was to search for events withne1nm>4 or ne1nm1nt
>4 with ne1nm>2. The reach is shown in Fig. 12. We se
that at the MI, there should be observable signals out toL
545 TeV, while at TeV33L values as high as 55 TeV
should be observable. These correspond to a glu
~chargino! mass of 1000~320! GeV and 1200~400! GeV,
respectively.

Finally, we have examined an unorthodox model li
where, by hand, we adjust the value ofm to be smaller than
the value of the hypercharge gaugino massM1. This leads to
an NLSP which is dominantly a Higgsino. Furthermor
mW̃1

;mZ̃2
;mZ̃1

so that the fermions fromW̃1 and Z̃2 de-

cays toZ̃1 are soft, and SUSY event topologies are large
determined by the decay pattern ofZ̃1. For small values ofL
for which the NLSP can only decay viaZ̃1˜gG̃, the signal
is readily observable in thegg1E” T channel. However, once
the NLSP decay toh begins to dominate, SUSY mainl
manifests itself as multipleb events which have large back
grounds fromt t̄ production. The most promising way t
search for SUSY then seems to be viaE” T events with>3
taggedb-jets and zero leptons. For a search in this chan
an integrated luminosity of;25 fb21 appears essential. A
signal that extends the reach beyond that in thegg channel is
possible provided experiments are able to reduce the b
ground from mis-tagged charm~light quark or gluon! jets to
1-15
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below 5%~0.2%!. The reach for model line D is shown i
Fig. 15, but it should be kept in mind that the details of th
figure will be sensitive to our assumption aboutm.

To conclude, in GMSB models signals for SUSY even
will be quantitatively and qualitatively different from thos
in the MSUGRA framework. This is primarily because
neutralino NLSP decays into a photon, aZ boson or a Higgs
boson and a gravitino, or sparticles cascade decay to a
ton NLSP which decays to leptons and a gravitino: th
additional bosons~or their visible decay products!, or leptons
from slepton NLSP decays, often provide an additio
handle which may be used to enhance the signal over
background. Although we have not performed an exhaus
parameter scan, for the model lines that we studied,
found that the SUSY reach~as measured in terms of the ma
of the dominantly produced sparticles! is at least as big, and
frequently larger than in the MSUGRA framework. For som
cases, this conclusion depends on the capability of exp
ments to identifyt leptons andb-quarks with moderately
e
J.

et

or

05500
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high efficiency and purity. In view of the diversity of signa
that appear possible for just this one class of models,
encourage our experimental colleagues to be in readines
tagging third generation particles as they embark on
search for new phenomena in run II of the Tevatron.
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mations. These decays are unimportant for us because
heavier sleptons generally have two-body decays, but migh
important in models@28# where these are light. The reader wh
usesISAJET in models where these decays are important
advised to become aware of the various approximations un
which these are calculated.

@27# S. Dimopoulos, Thomas, and Wells, Ref.@3#.
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@28# This is not special to GMSB models. It could happen in mo
els with additionalD-terms which invert the customary hiera
chy between left- and right- sleptons. See, e.g., J. Amundsoet
al., in New Directions for High Energy Physics, Snowmas
CO, 1996, edited by D. Cassel, L. Trindle Gennari and
Siemann; A. de Gouvea, A. Friedland, and H. Murayam
Phys. Rev. D59, 095008~1999!; for examples of such terms in
the SUGRA framework~where the inversion is easier than
the GMSB model, since sleptons start out with univer
masses!.

@29# These model lines were first proposed for study at the ru
SUSY and Higgs Workshop held at Fermilab in 1998. T
nomenclature used is different from that in the Workshop.

@30# B. Abbott et al., Phys. Rev. Lett.80, 442 ~1998!.
@31# F. Abeet al., Phys. Rev. Lett.81, 1791~1998!; Phys. Rev. D

59, 092002~1999!.
@32# Although the chargino pair production cross section is an or
05500
-

,
.
,

l

II

r

of magnitude larger than the slepton cross section, it should
remembered that the branching fraction for both charginos
decay toe or to m is just ;2%.

@33# Admittedly, we have not attempted to separate slepton ev
from other SUSY sources. These additional SUSY sour
dominate forL<90 GeV for whichZ̃2˜ l l̃ 1 is kinematically
accessible and has a large branching ratio. Lepton pairs f
neutralino decays will necessarily have m( l l )
<mZ̃2

A12ml̃ 1

2 /mZ̃2

2 A12mZ̃1

2 /ml̃ 1

2 , while those from slepton

pair production form a continuum, possibly extending beyo
this.

@34# We have checked that this additional requirement causes
sentially no loss of signal.

@35# We studied several other distributions including, jet multipli
ity, ubb , df(bb), but none of these proved useful to enhan
the signal over the top background.

@36# M. Hohlmann, Report No. Fermilab-Conf-96/330-E, 1996.
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