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Probing gauge-mediated supersymmetry breaking models at the Fermilab Tevatron
via delayed decays of the lightest neutralino

C.-H. Chen and J. F. Gunion
Department of Physics, University of California, Davis, California

~Received 6 February 1998; published 2 September 1998!

We quantitatively explore, in the context of the D0 detector at the Fermilab Tevatron, three very different
techniques for observing delayed decays of the lightest neutralino of a simple gauge-mediated supersymmetry
breaking~GMSB! model to photon plus gravitino. It is demonstrated that the delayed-decay signals considered
can greatly increase the region of general GMSB parameter space for which supersymmetry can be detected.
In the simple class of models considered, the combination of standard supersymmetry signals and delayed-
decay signals potentially yields at least one viable signal for nearly all of the theoretically favored parameter
space. The importance, for delayed-decay signal detection, of particular detector features and of building a
simple photon detector on the roof of the D0 detector building is studied.@S0556-2821~98!00519-0#

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

Even in the context of the minimal supersymmetric mo
~MSSM!, it has become increasingly apparent that there
many different ways in which supersymmetry breaking c
occur, leading to many different possible phenomenolog
In particular, gauge-mediated supersymmetry break
~GMSB! models have attracted a great deal of interest in
last few years. The theory of gauge-mediated supersymm
breaking posits that supersymmetry breaking is transmi
to the supersymmetric partners of the standard model~SM!
particles via the SU~3!3SU~2!3U~1! gauge forces. Two
GMSB model-building approaches have been explored in
literature.

In hidden-sector models, the GMSB model consists
three distinct sectors: a hidden sector where supersymm
is broken, a ‘‘messenger’’ sector containing a singlet fie
and messenger fields with SU~3!3SU~2!3U~1! quantum
numbers, and a sector containing the fields of the MSSM@1#.
The coupling of the messengers to the hidden sector ge
ates supersymmetry-breaking in the messenger sector.

In models of ‘‘direct gauge mediation’’~sometimes called
direct-transmission models! @2#, the GMSB model consists
only of two distinct sectors: a sector which is not only r
sponsible for supersymmetry breaking but also contains
messenger fields, and the sector of MSSM fields.

In both classes of models, supersymmetry-breaking
transmitted to the MSSM sector via the S
SU~3!3SU~2!3U~1! gauge interactions between messen
fields and the MSSM fields. In particular, sof
supersymmetry-breaking masses for the gauginos
squared-masses for the squarks and sleptons arise, re
tively, from one-loop and two-loop diagrams involving th
virtual exchange of messenger fields.

Let us consider further the simple hidden-sector model
the first class in which the communication of supersymme
breaking in the hidden sector to the messenger sector oc
via two-loop interactions involving a new gauge group w
couplinggm and in which the messenger sector consists o
SU~5! singlet superfieldŜ and a certain effective numberNm
0556-2821/98/58~7!/075005~11!/$15.00 58 0750
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of complete SU~5! representations. In such models th
boundary conditions for the soft-supersymmetry-break
masses are set at the mass scale of the messenger sectMm
and take a particularly simple form. For the gaugino Ma
rana mass terms one finds@1#

Mi~Mm!5kiNmgS L

Mm
D a i~Mm!

4p
L, ~1!

wherek25k351, k155/3 andNm<4 is required to avoid
Landau poles.L5^FS&/^S& is the ratio of the vacuum ex
pectation values of the auxiliary and scalar field compone
of the chiral fieldŜ. Note that the gaugino masses have t
same relative values as if they were unified at the gra
unification scaleMU even though the actual initial condition
are set at scaleMm . In addition, scalar masses are expec
to be flavor independent since the mediating gauge forces
flavor-blind. In the simple models we consider here, th
take the form

mi
2~Mm!52L2Nmf S L

Mm
D(

i 51

3

ciXa i~Mm!

4p
C2

, ~2!

with c354/3 ~for color triplets!, c253/4 ~for weak doublets!
andc15 5

3 (Y/2)2 ~in the normalization whereY/25Q2T3).
To avoid negative mass-squared for bosonic members of
messenger sectorMm /L.1 is required;Mm /L>1.1 is pre-
ferred to avoid fine-tuning, for whichf (L/Mm).1 and 1
<g(L/Mm)<1.23. For Mm /L>2, 1<g(L/Mm)<1.045.
Here, we will consider masses obtained withg5 f 51. The
results above at scaleMm must be evolved down to the sca
of the actual sparticle masses, denotedQ. The resulting
gaugino masses are given by replacinga i(Mm) in Eq. ~1! by
a i(Q). Evolution of the sfermion masses is detailed
Ref. @17#. Most important is the ratio ml̃ R

/M1

5A6/5Ar 1 /Nm2(5/33)(12r 1), where r 15„a1(Mm)/
a1(Q)…2. For the very broad range ofQ>mZ and
Mm<33106 TeV, 1,r 1&1.5, in which case the lightest o
the sparticle partners of the SM particles is thex̃1

0;B̃ for
© 1998 The American Physical Society05-1
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C.-H. CHEN AND J. F. GUNION PHYSICAL REVIEW D58 075005
Nm51 or the l̃ R ~more precisely, thet̃1) for Nm>2. Our
numerical results are obtained by evolving fromMm
51.1L.

As for the other parameters of low-energy supersymm
try, the A-parameters~describing tri-linear Higgs-squark
squark and Higgs-slepton-slepton couplings! are suppressed
while the generation of them andB parameters~responsible
for mixing of the Higgs superfields and scalar fields, resp
tively! is quite model-dependent~and lies somewhat outsid
the standard ansatz of gauge-mediated supersymmetry b
ing!. In the end, the parameters of the minimal GMSB mo
@3# consist of the normal 18 standard model parameters
three new parameters:L, tanb5vu /vd ~the ratio of the
vacuum expectation values of the neutral members of
Higgs doublet fields,Hu and Hd , responsible for giving
mass to up-type and down-type quark fields, respectiv!
and sign~m!. This is the result after trading in theB andumu2

parameters forv25vu
21vd

2 and tanb, and using the observe
value of mZ to fix v. For this study, we have taken tanb
52 and sign(m)521. Further, we will consider onlyNm
51 models in this paper.

The masses of the sparticles as a function ofL, resulting
from the above inputs, are easily summarized. ForNm51 we
have the following approximate rules of thumb whenL is of
order 100 TeV:

mx̃
1
0;1.35 GeV3L~TeV!, mx̃

1
1;2.7 GeV3L~TeV!,

mg̃;8.1 GeV3L~TeV!, ml̃ R
;1.7 GeV3L~TeV!,

ml̃ L
;3.5 GeV3L~TeV!, mq̃;11 GeV3L~TeV!,

~3!

whereM1 is the U~1!-gaugino soft-supersymmetry-breakin
mass,mg̃ is the gluino mass,mq̃ is a typicalu or d squark
mass, andml̃ R

,ml̃ L
are the masses of the right- and le

handed sleptons~all evaluated at the appropriateQ
<1 TeV). The masses of various sparticles in the case
Nm51 are plotted as a function ofL ~taking f 5g51) in
Fig. 1.

FIG. 1. mg̃ , mt̃ 1
andmũL

as functions ofL in theNm51 GMSB
scenario, takingf 5g51 andMm51.1L.
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The range ofL of interest in this model is easily dete
mined using the dependence of the sparticle masses onL. An
approximate upper limit is set by requiring that all superpa
ner masses be&1.5 TeV. An approximate lower limit come
from requiring that the right-handed slepton be heavier th
the rough lower limit of;70– 80 GeV from current data
from the CERNe1e2 collider LEP-2@8# ~see later discus-
sion!. From Fig. 1 and Eq.~3!, we see thatL values below
50–60 TeV would yield too small a value forml̃ R

. For L

values above about 150 TeV the squarks and gluino wo
have masses of order 1.5 TeV, which is somewhat bey
the range for which the model would provide a comfortab
solution to the naturalness problem.

Assuming that supersymmetry is spontaneously broke
the hidden sector@4,5#, a massless Goldstone fermion, th
Goldstino, arises. Its coupling to a particle and its superpa
ner is fixed by the supersymmetric Goldberger-Trieman
lation:

Lint52
1

F
j ma]mG̃a1H.c., ~4!

where j ma is the supercurrent, which depends bilinearly
all the fermion–boson superpartner pairs of the theory
G̃a is the spin-1/2 Goldstino field~with spinor indexa!. AF
is the scale at which supersymmetry-breaking occurs in
hidden sector. When gravitational effects are included,
Goldstino is ‘‘absorbed’’ by thegravitino (g̃3/2), the spin-3/2
partner of the graviton. By this super-Higgs mechanism,
Goldstino is removed from the physical spectrum and
gravitino acquires a mass (m3/2). In models where the grav
itino mass is generated at tree-level one finds

m3/25
F

)MP

, ~5!

where MP is the reduced Planck scale@MP5(8pGN)21/2

;2.431018 GeV#. The helicity6 1
2 components of the grav

itino behave approximately like the Goldstino, whose co
plings to particles and their superpartners are determined
Eq. ~4!. In contrast to the helicity6 3

2 components of the
gravitino couple with gravitational strength to particles a
their superpartners, and thus can be neglected. It is co
nient to rewrite Eq.~5! for the gravitino mass as follows:

m3/25
F

)MP

;2.5S AF

100 TeVD
2

eV. ~6!

In the models we consider, the gravitino will be the ligh
est supersymmetric partner. Thex̃1

0 and t̃1 will be substan-
tially heavier; whichever of these two particle is the light
will be called the next-to-lightest supersymmetric partic
~NLSP!, and will decay to the gravitino and its SM partne
If R-parity is conserved, as we assume, the gravitino w
then be stable and thus will be a candidate for dark matte
the gravitino lightest supersymmetric particle~LSP! is too
heavy (m3/2*few keV) its relic density will overclose the
universe in most cosmological scenarios@6,7#. From Eq.~6!,
5-2
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PROBING GAUGE-MEDIATED SUPERSYMMETRY . . . PHYSICAL REVIEW D 58 075005
this means thatAF values above roughly 3000 TeV are di
favored. On the other hand, there is no particular prob
with very light gravitinos~eV masses!. Although these will
not contribute significantly to the total mass density of t
universe, it may turn out that the main component of the d
matter has another source. Some examples are the QCD
ion, its supersymmetric partner~the axino@9#! or the lightest
stable particle in the GMSB messenger sector@10#.

The scale of supersymmetry breaking,AF, is a very cru-
cial parameter for the phenomenology of GMSB mode
However, it is highly model-dependent. In hidden-sec
models, values ofAF;103– 104 TeV are required in orde
to generate sufficiently large supersymmetry-breaking in
sector of MSSM fields@11,7#. In particular, one can derive
@11# the approximate inequality

S AF

2000 TeVD> f S ml̃ R

100 GeV
D S 1

27.5ANm
D , ~7!

where f 5F/FS;(gm
2 /16p2)22;2.53104/gm

4 , with gm be-
ing the coupling of the gauge group responsible for comm
nicating ~via two-loop diagrams! supersymmetry breaking
from the hidden sector to the messenger sector. Perturb
ity would requiregm&1. For ml̃ R

>75– 80 GeV~the rough

CERN e1e2 collider LEP-2 limit! and f 52.53104, Eq. ~7!
yields AF>104 TeV (AF>5000 TeV) for Nm51 (Nm

54). Thus, even allowing for roughly a factor of 2 or
uncertainty in the approximate lower bound,AF must lie
near its upper limit from cosmology. In direct-transmissi
models, the two-loop communication between the hidd
and messenger sectors is eliminated,f in Eq. ~7! is effec-
tively of order unity, andAF can be as low as 100 TeV i
phenomenologically viable models.

In what follows, we will focus on the (Nm51) model in

which thex̃1
0 is the next-to-lightest supersymmetric particle1

We will employ the specific input boundary conditions giv
earlier. With these inputs, the model is completely specifi
in terms of just two independent parameters,L andAF. As
explained above,L determines the gaugino and sfermio
masses, whileAF determines the properties of the gravitin

and ~see below! the lifetime of thex̃1
0. For AF in the 100–

3000 TeV range, the small size of the couplings, Eq.~4!,

imply that all the sparticles other than thex̃1
0 undergo chain

decay down to thex̃1
0. The x̃1

0 finally decays to a two-body

final state containing theg̃3/2. x̃1
0→gg̃3/2 is the only allowed

two-body mode forL&80 TeV, and this mode remain

1Focus on this model was originally motivated by theeegg event
at the Tevatron@19#. However, recent Fermilab Tevatron analys
@20# rule out most, if not all, of the parameter space for which t
model could have explained this event.
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dominant out to the highestL values considered.2 Thect for
x̃1

0→gg̃3/2 decay takes the form

~ct!x̃
1
05B̃→gg̃3/2

;130S 100 GeV

mx̃
1
0 D 5S AF

100 TeVD
4

mm.

~8!

If AF;3000 TeV ~the upper limit from cosmology!, then
ct;100 m for mx̃

1
05100 GeV; AF;100 TeV implies a

short but vertexable decay length. Thus, the signatures
this GMSB model are crucially dependent onAF. In particu-
lar, for large f 5F/FS , and hence largeAF, the neutralino
decay is most naturally characterized by a substantial de
length, possibly of order tens to hundreds of meters. Eve
in which one or more of the neutralinos travels partw
through the detector, and then decays, can be a substa
fraction of the total, as can events in which all the neutra
nos exit the detector before decaying. Thus, at the very le
it is highly relevant to assess how our ability to discov
supersymmetry changes as a function ofAF. In the follow-
ing sections of this paper we will focus on this issue in t
context of the D0 detector at the Fermilab Tevatron collid

Before proceeding with the Fermilab Tevatron analys
let us return to the question of what the current CERNe1e2

LEP-2 limits are upon the simple GMSB model we are co
sidering. The latest limits@8# including As5183 GeV run-
ning are quite significant, at least in the limits of either sm
AF ~for which x̃1

0→gg̃3/2 is prompt! or largeAF ~for which

the x̃1
0 is invisible!. In the smallAF/prompt-photon limit,

slepton mass limits of*75– 80 GeV arise from looking for
l̃ Rl̃ R events where l̃ R→l x̃1

0→l gg̃3/2. Further, mx̃
1
0

*80 GeV is required by the absence of excessgg1E” T
events. In combination, these requireL*60 TeV ~see Fig.
1!. In the largeAF/invisible-x̃1

0 limit, the normal supersym-

metry ~SUSY! search for l̃ Rl̃ R with l̃ R→l x̃1
0 implies

ml̃ R
*80 GeV, implyingL*55 TeV. The case of interme

diate AF has not yet been specifically analyzed, but w
would anticipate that ~conservatively! L<50– 55 TeV
would be excluded by such an analysis. Thus, as stated
lier, we shall focus our analysis on theL>50– 60 TeV re-
gion.

Finally, we wish to caution that many alternative GMS
models have now been constructed. In particular, the var
direct-transmission models are very different from one
other and need not have the simpleMm-scale boundary con
ditions of Eqs.~1! and ~2!. The relations between sparticl
and gravitino masses vary tremendously. As an extreme

2The other two-body modes that become kinematically allowed

high L are x̃1
0→Zg̃3/2 and x̃1

0→h0g̃3/2. However, for ax̃1
0 that is

nearly pureB-ino, the x̃1
0→Zg̃3/2 width is suppressed relative t

that for x̃1
0→gg̃3/2 by a factor of @sinuW /cosuW#2 and the x̃1

0

→h0g̃3/2 partial width is proportional to the square of the very sm

Higgsino component of thex̃1
0.
5-3
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C.-H. CHEN AND J. F. GUNION PHYSICAL REVIEW D58 075005
ample, in the model of Ref.@12# the gluino is the LSP and
the gravitino is sufficiently heavy as to be phenomenolo
cally irrelevant.

The remainder of the paper is organized as follows.
Sec. II, we describe in detail the phenomenology of
x̃1

0-LSP model and give results for all the signals consider

In particular, we describe in detail the delayedx̃1
0 decay

signals and illustrate the regions of model parameter sp
for which they would allow detection of a supersymme
signal. Section III presents discussion and conclusions.

II. COLLIDER PHENOMENOLOGY

In the Introduction, we emphasized that our ability to d
tect supersymmetry at the Tevatron will depend substanti
on AF. The case whereAF is sufficiently small that allx̃1

0

decays are prompt received early attention@13,14,3,15,16#.
Of these references, only@15# performs a quantitative Fermi
lab Tevatron collider study with the full boundary conditio
constraints of Eqs.~1! and~2!. The results of Ref.@15# were
confirmed in Ref.@18#. In these latter analyses, the promp
decay hadron collider signal for supersymmetry conside
was events containing two or more isolated photons, deriv
from decay of two or more neutralinos, plus missing ene
~and possibly other particles!. The case whereAF is very
large and mostx̃1

0 decays occur outside the detector was fi
analyzed in Ref.@18#; it is equivalent to conventional supe
symmetry phenomenology~in which, for example, one looks
for jets plus missing energy or three leptons plus miss
energy! with the constraints implied by Eqs.~1! and ~2!
among the sparticle masses. For moderateAF, it is most
appropriate to look for signals that would be characteristic
events in which thex̃1

0 decay is delayed, but still occur
within the detector~or within a region that could be probe
by a simple addition to the detector!. In Ref. @18# one signal
of this type was examined in the context of the D0 detec
namely, the ‘‘outer-hadronic-calorimeter’’~OHC! signal that
results when the delayed decay takes place in one of
outermost D0 hadronic calorimeter cells. Here, we will co
sider, in addition, two other delayed-decay signals. The fi
is the ‘‘impact parameter’’ (b) signal. If the~transverse! im-
pact parameter of a photon appearing in the electromagn
calorimeter could be shown to be non-zero, this would c
stitute a signal for a delayed decay. The extent to which
resolution for such an impact parameter measurement by
Collider Detector at Fermilab~CDF! and D0 detectors is ad
equate for this signal to be useful is an important issue.
second is the ‘‘roof-array’’~RA! signal. For largeAF, many
x̃1

0 decays will occur outside the muon chambers. A tw
layer detector placed on the roof of the D0 detector build
could pick up a portion of such delayed photons and poss
provide a dramatic signal. In fact, we will demonstrate th
sensitivity to GMSB models with substantialx̃1

0 decay length
will be maximized by implementing all three~OHC, b, RA!
delayed-decay signals.

We will now outline the results we have obtained f
these signals and the associated procedures. Events
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generated simultaneously for all SUSY production mec
nisms by modifyingISASUGRA/ISAJET@24# to incorporate the

GMSB boundary conditions, and then forcing delayedx̃1
0

decays according to the predictedct. We used the toy calo-
rimeter simulation packageISAPLT. We simulated calorim-
etry covering uhu<4 with a cell size given byDR[Dh
3Df50.130.0875 and took the hadronic~electromagnetic!
calorimeter resolution to be 0.7/AE (0.15/AE). The D0 elec-
tromagnetic calorimeter was simplified to a thin cylind
with radius r 51 m and length22 m<z<12 m. Also im-
portant to the analysis was the central outer hadronic
calorimeter OHC, which we approximated as occupying
hollow solid cylinder defined by22 m<z<12 m and radial
region 2 m<r<2.5 m. It is important that the D0 OHC i
segmented inDR and that there are also several layers
inner hadronic calorimeter.

The signals are defined in terms of jets, isolated lepto
isolated prompt photons and isolated delayed-decay pho
~i.e. emerging fromx̃1

0 decays occurring with substantial de
lay!.

~i! A jet is defined by requiringuh jetu,3.5 and ET
jet

.25 GeV ~for DRcoal.50.5).
~ii ! An isolated lepton is defined by requiringuh l u,2.5

and ET
l .20, 15, 10 GeV for the most energetic, 2nd mo

energetic and 3rd most energetic lepton, respectively.3 The
criterion for isolation isET(DR<0.3),4 GeV ~summing
over all other particles in the cone surrounding the lepton!.

~iii ! A photon is a prompt-photon candidate if it emerg
from a x̃1

0 decay that occurs before thex̃1
0 has reached the

electromagnetic calorimeter. The (hg ,fg) of such a photon
is defined by the direction of the vector pointing from th
interaction point to the point at which it hits the electroma
netic calorimeter.~This is generally not the same as the d
rection of the photon’s momentum.! An isolated prompt pho-
ton is defined by requiringuhgu,1 andET

g.12 GeV, with
isolation specified byET(DR<0.4),4 GeV, summing over
all other particles in the cone surrounding the point at wh
the photon hits the EM calorimeter. Photons that eme
within the hollow cylinder defined by the electromagne
calorimeter, but that are not isolated, are merged with h
ronic jets as appropriate.

~iv! An isolated delayed-decay OHC signal photon is d
fined as one that emerges from ax̃1

0→gg̃3/2 decay that takes
place inside an OHC cell and that hasET

g.15 GeV, with
isolation specified byET(DR<0.5),5 GeV, summing over
all other particles in the cone surrounding the location of
x̃1

0 decay. This implies, in particular, that there should
very little energy deposited in the inner hadronic calorime
cells in the same~h,f! location as the OHC cell in which the
x̃1

0 decay occurs.
~v! An isolated delayed-decay impact-parameter sig

photon is defined as one that emerges from ax̃1
0→gg̃3/2

3We never consider more than three isolated leptons, and all
tons are prompt.
5-4
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PROBING GAUGE-MEDIATED SUPERSYMMETRY . . . PHYSICAL REVIEW D 58 075005
decay~occurring before thex̃1
0 has exited the tracking re

gion! and that passes through the central electromagn
calorimeter~with the dimensions and physical location spe
fied earlier!. The photon is required to haveET

g.15 GeV.
No isolation requirement is imposed. Nor is there any s
cific requirement on the apparent rapidity~i.e. as measured
by the location at which it passes through the electrom
netic calorimeter!.

~vi! A delayed-decay roof-array signal photon is defin

as one that emerges from ax̃1
0→gg̃3/2 decay that occurs at

vertical distance in the range 6.5 m,z,16.5 m from the
interaction point and hasET

g.15 GeV. This means that th

x̃1
0 will have decayed past the muon detector system

below the roof of the D0 detector building. The delaye
decay photon is required to pass through a 28 m338 m rect-
angle centered at 16.5 m above the interaction point. Th
the approximate size of roof array that could be positioned
that no part of the array would have a large amount of m
terial between it and the 6.5 m height referred to earlier.
further isolation requirements or other cuts are placed on
photon.

We now give the specific requirements for each type
signal. First, for all signals, events are retained only if at le
one of several sets of reasonable trigger requirements
satisfied. The triggers considered were the following.

~1! E” T.35 GeV.
~2! four or more jets withET

jet.15 GeV.
~3! ~a! two or more jets withET

jet.30 GeV; ~b! E” T

.40 GeV.
~4! ~a! one or more leptons withET

l .15 GeV, uh l u
,2.5 and isolation defined byET(DR,0.3),5 GeV; ~b!
E” T.15 GeV.

~5! ~a! two or more leptons withET
l .15 GeV, uh l u

,2.5 and isolation defined byET(DR,0.3),5 GeV; ~b!
E” T.10 GeV.

~6! two or more photons withEg.12 GeV, uhgu,1 and
isolation specified byET(DR,0.4),4 GeV.

The additional signal-specific cuts are itemized below.
The standard jets-plus-missing-energy signal.We

employ D0 cuts @21#: ~a! n(jets)>3—labelled k
51,2,3 according to decreasingET ; ~b! no isolated
@ET

had.(DR<0.3),5 GeV# leptons with ET.15 GeV;
~c! E” T.75 GeV; ~d! 0.1,Df(E” T , j k),p20.1 and
A„Df(E” T , j 1)2p…

21„Df(E” T , j 2)…2.0.5. The background
cross section level has been estimated by D0 to besB
52.35 pb. The signal will be deemed observable if:~i! there
are at least 5 signal events,~ii ! sS /sB.0.2, and ~iii !
NS /ANB.5, whereNS andNB are the numbers of signal an
background events.

The tri-lepton signal.We employ the cuts of Ref.@26#:
three isolated leptons,n(jets)50, E” T.25 GeV and
uM (l i l j )2mZu.8 GeV (iÞ j ). For these cuts, the cros
section for the sum of all backgrounds to the tri-lepton sig
is sB50.2 fb.

The tri-lepton-plus-prompt-photon signal.We impose the
same cuts as for the tri-lepton signal, but require in addit
that there be at least one prompt photon~as defined above!
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present. We shall presume that the background to this si
will be negligible. This seems reasonable given the alre
quite small background to the simple tri-lepton signal.

The two-prompt-photon-plus-missing-energy signal.Fol-
lowing Ref.@15#, we require:~a! at least two isolated promp
photons~as defined above!; and~b! E” T.E” T

min . Detection ef-
ficiency of 80% ~100%! is assumed if ET

g,25 GeV
(.25 GeV). This signal should be completely free of bac
ground providedE” T

min is adjusted appropriately as a functio
of luminosity. The signal will be deemed observable if the
are 5 or more events.

The delayed-neutralino-decay signal resulting when
x̃1

0 decay takes place in the outermost hadronic calorime
cell of the D0 detector.In an event in which ax̃1

0→gg̃3/2
decay occurs inside one of the outer hadronic calorime
~OHC! cells, theg will deposit all its energy in the cell. By
demanding substantialg energy and isolation~precise re-
quirements were given earlier! for this deposit, along with
other criteria, backgrounds can be made small.4 More spe-
cifically, we require that the event fall into one of thre
classes defined by the following sets of requirements:

~1! ~a! n(jets)>3; ~b! at least one delayed-decay OHC ph
ton; ~c! E” T.E” T

min .
~2! ~a! any number of jets;~b! two or more delayed-deca

OHC photons;~c! E” T.E” T
min .

~3! ~a! any number of jets;~b! at least one prompt photon
~c! at least one delayed-decay OHC photon;~d! E” T
.E” T

min .

In the absence of the needed detector-specific study, we
assume zero background to 1.12.13. for the sameE” T

min val-
ues that will be employed for the prompt-2g signal. Observ-
ability of the delayed-decay OHC signal is assumed if
number of events for 1.12.13. is 5 or more. Of the above
three sub-signals, 1. provides by far the largest event rate
the moderateAF region.

The impact-parameter signal.We requiren(jets).3, E” T

.E” T
min and one or more delayed-decay impact-parame

photons~as defined above! with transverse impact paramete
b larger than 2 cm. The D0 detector in run-II will have
pre-shower installed and is expected@27# to achieve a 1s
resolution of about 0.2 cm in the transverse impact para
eter. Thus, our 2 cm requirement amounts to a 10s deviation
from zero impact parameter. We assume zero backgro
and require>5 events for observability.

The roof-array signal.We requiren(jets).3, E” T.E” T
min

and one or more delayed-decay roof-array photons. If ther
directionality or timing for the roof array, additional cuts th
ensure tiny backgrounds could be incorporated without s
nificant losses in the signal event rate. However, such a
tional cuts are not imposed in this study. As above, we
sume zero background after cuts and require>5 events for
observability.

4Our additional criteria will be chosen so that the cross section
producing an isolated energetic long-lived kaon in associa
therewith is small. Further, any such kaon will interact strongly a
is almost certain to be absorbed before reaching the OHC.
5-5
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We will now summarize our results for all these channe
A limited subset of these results appeared in Ref.@18#. In the
present paper, our discussion will focus on the luminosi
expected in run-II and at TeV33.5 We begin with the jets-
plus-missing-energy and tri-lepton signals.

The jets-plus-missing-energy-signal.Employing the cuts
specified above, forL50.1 fb21 ~run-I!, we found in Ref.
@18# that this signal was viable for anyAF if L&25 TeV.
For bothL52 fb21 andL530 fb21, the signal is viable for
anyAF if L&30 TeV. Given the lower bound of;55 TeV
coming from the lower bound onml̃ R

, it would appear that
the jets-plus-missing-energy signal will not be useful at
Tevatron.

The tri-lepton signal.Contours of constant cross sectio
for this signal are presented in Fig. 2. Compared to the ba
ground cross section,sB50.2 fb, we see that in order t
achieveS/AB55, we require a signal cross section ofs
58.4 fb atL50.1 fb21 ~run-I!, s51.6 fb atL52 fb21 ~run-
II ! and a signal cross section ofs50.41 fb atL530 fb21

~Tev33!, respectively. Figure 2 then shows that the para
eter space for which supersymmetry can be discovered u
this signal extends toL;50 TeV for L50.1 fb21, to L
;65 TeV for L52 fb21 and to L;75 TeV for L
530 fb21. Thus, the tri-lepton discovery mode will allow
supersymmetry detection out to substantially higherL than
does the jets plus missing energy mode.~This is to be ex-
pected since the tri-lepton signal tends to be stronger than
jets-plus-missing-energy signal at Fermilab Tevatron en
gies @26#.! In particular, it can probe above the;55 TeV

5We will not discuss the delayed-decay signals for run-I lumin
ity here. The OHC signals give only a marginal increase in
range of parameter space for which a supersymmetry signal m
emerge for the lowL;100 pb21 integrated luminosity accumulate
in that run. Only if the stringent cuts we employ for the delaye
decay OHC signals could be weakened without encountering b
grounds would present data allow elimination of a significant ad
tional portion of parameter space. Background studies are no
progress@25#. The impact-parameter and roof-array signals can
be implemented for the run-I data set.

FIG. 2. We present cross section contours in fb units for
tri-lepton signal~as defined in the text!.
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lower bound onL coming from CERNe1e2 LEP-2 limits
on ml̃ R

.

For both these signals, we should note that ifAF is small
enough then, in association with the jets or leptons, one
detect prompt photons~coming from the decays of thex̃1

0’s
that are inevitably present!. The prompt-two-photon signal to
be discussed below will also be in evidence. There will th
be little doubt that nature has chosen a GMSB model ra
than a supergravity~SUGRA!6 model with similar boundary
conditions for the gaugino and sfermion so
supersymmetry-breaking masses. However, ifAF is large
there will be no prompt photons and no hint for the GMS
character of the model from these two signals. To illustr
these points, we turn to the prompt-photon signals.

The tri-lepton-plus-prompt-photon signal.Contours of
constant cross section for this signal are presented in Fig
The solid contours are the same as plotted in Fig. 2. T
dotted contours correspond to 5 events at Tev33s
50.16 fb atL530 fb21) and 5 events in run-II (s52.5 fb
at L52 fb21). Five events should be adequate for discove
given the negligible background expected. We observe
prompt photons will be seen in association with the tri-lept
signal only for AF&600 TeV at L52 fb21 and only for
AF&1600 TeV atL530 fb21.

We now turn to the impact-parameter (b), outer-
hadronic-calorimeter~OHC!, roof-array ~RA! and prompt-
two-photon~2g! signals. In all these cases, we shall presu
that our cuts can be chosen so as to eliminate any b

-
e
ht

-
k-
i-
in
t

6As usual, the SUGRA acronym refers to models in which sup
symmetry breaking in a hidden sector is transmitted to the su
symmetric partners of the SM particles by gravitational interactio
rather than gauge interactions. The gravitino in such model

heavy and an LSPx̃1
0 is stable in the absence of R-parity violatio

e FIG. 3. We present cross section contours in fb units for
tri-lepton-plus-prompt-photon signal~as defined in the text!. In ad-
dition to the cuts for the tri-lepton signal, we impose the requi
ment that there be at least one prompt photon present. The
contours are the same ones presented in Fig. 2. The dotted con
correspond to 5 events at Tev33 (L530 fb21) and 5 events in
run-II (L52 fb21).
5-6
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ground. In particular, we will consider cross sections a
event rates for the cuts stated earlier with various choice
E” T

min . A complete summary of our simulations is contain
in Figs. 4, 5, and 6, where we give cross section contours
the above signals in the (AF,L) parameter space forE” T

min

530, 50 and 70 GeV, respectively.
We now discuss the implications of the results contain

in Figs. 4, 5, and 6.
The prompt-2g signal.Based on the background results

@22# ~see also@23#! and eye-ball extrapolations thereof, w

FIG. 4. We present cross section contours in the (AF,L) pa-
rameter space for the~a! impact-parameter (b), ~b! outer-hadronic
~OHC!, ~c! roof-array ~RA!, and ~d! prompt-two-photon~2g! sig-
nals. Contours are given ats50.16, 2.5, and 50 fb~the outermost
contour corresponding to the smallest cross section,etc.!. We note
that s50.16,2.5,50 fb corresponds to 5 events atL
530,2,0.1 fb21, respectively. Hence the labels Tev33, run-II a
run-I, respectively. In this figure we have takenE” T

min530 GeV for
all signals. Other jet and photon requirements are as specified i
text.

FIG. 5. Same as in Fig. 4, but forE” T
min550 GeV.
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estimate that our jet requirements and photon ene
isolation requirements are such thatE” T

min530, 50, 70 GeV is
sufficient to eliminate all background for luminosities ofL
5100 pb21, 2 fb21, 30 fb21, respectively. Thus, to ascertai
the discovery reach of this channel forL5100 pb21, one
refers to thes550 fb contour of Fig. 4. ForL52 fb21, one
refers to the s52.5 fb contour of Fig. 5; and for
L530 fb21, one refers to thes50.16 fb contour of Fig. 6.
From these contours, we conclude that the signal is viabl
a region described as follows. ForL52 fb21, the region ex-
tends from smallAF up to AF;600 TeV if L&35 TeV,
increasing toAF;1000 TeV atL;80– 100 TeV; the signa
is not viable beyondL;100 TeV. ForL530 fb21, the re-
gion extends from smallAF up to AF;900 TeV if L
&35 TeV, increasing to AF&1000 TeV at L
;120– 130 TeV; the signal is not viable beyondL
;150 TeV.

The OHC signal(s).We provisionally adopt the sameE” T
min

cuts of E” T
min530, 50, 70 GeV forL5100 pb21, 2 fb21,

30 fb21, respectively, as employed for the prompt-2g signal.
Assuming that 5 events are sufficient~i.e. that the back-
ground is negligible for our other strong cuts on jets a
photon energy/isolation! to give an observable signal, w
look at the sames contours as a function ofL as in the
prompt-2g case, with the following results. ForL52 fb21,
the OHC signal provides a useful, but not enormous, ext
sion of the region of parameter space for which supersy
metry can be detected as compared to the portion of par
eter space covered by the prompt-two-photon signal or j
plus-missing-energy signal. This extension is mainly in t
AF&800– 1000 TeV, L&50 TeV region. Of course, we
noted earlier that CERNe1e2 collider LEP-2 data probably
already excludes thisL region. ForL530 fb21, the reach of
the OHC signal is greatly extended; supersymmetry de
tion may be possible via the OHC signal for essentially all
the AF&1500– 2000 TeV,L&120 TeV portion of param-
eter space for which the prompt-two-photon signal is n
viable. Conversely, supersymmetry detection at the low-AF

he

FIG. 6. As in Fig. 4, but forE” T
min570 GeV.
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points at largeL for which the OHC signal falls below 5
events would be possible via the prompt-2g channel. In ad-
dition, there is a substantial region in which both these s
nals are viable. Since the tri-lepton signal only extends ou
aboutL&75 TeV for L530 fb21, it is apparent that, at the
Tev33 luminosity, the prompt-2g and OHC signals combine
to significantly extend to higher values ofL, the region
where supersymmetry can be detected. In particular,L val-
ues substantially beyond the approximate limit ofL
*55 TeV coming from CERNe1e2 collider LEP-2 data
can be probed.

We make two further remarks regarding the OHC signa
~1! Of the three delayed-decay OHC signals, the fi

~>3 jets1>1 OHCg! is observable~i.e. yields at least five
events! for the entire (AF,L) region where the OHC signal
are shown to be viable. The second (>2 OHC g’s! yields
>5 events for only a very small portion of this region. Th
third (>1prompt g1>1 OHC g! yields >5 events for the
lower ~roughly, half! AF portion of the region for which the
combined OHC signals are viable.

~2! If simulations eventually show that the first OHC si
nal is background-free for smallerE” T

min than employed here
~as we are hopeful will be the case!, the portion of paramete
space for which it is viable expands; e.g. usingE” T

min

550 GeV atL530 fb21, the>5 event region would extend
to AF;1800– 2300 TeV forL&120 TeV.

The impact-parameter signal.Requiring E” T
min550,70

GeV atL52,30 fb21, respectively, Figs. 5 and 6 show th
the b signal has an even larger region with>5 events than
does the OHC signal. ForL52 fb21, one finds 5 or more
events for AF&1200– 1700 for L&115 TeV. For L
530 fb21, one finds 5 or more events forAF
&2200– 3000 TeV forL&150 TeV. Only in a small corne
with small AF and largeL does theb signal fail, and this
region is handily covered by the prompt-2g signal. As com-
pared to the tri-lepton signal, the impact-parameter sig
extends to substantially higherL values forAF&1600 TeV
at L52 fb21 and forAF&2700 TeV forL530 fb21.

In comparing Figs. 4, 5 and 6 we can see that weaken
the L530 fb21 missing energy cut toE” T

min550 GeV results
in a slight increase in the>5 event parameter space regio
Weakening the cut still further toE” T

min530 GeV appears~we
cannot be precise since our scan did not extend to h
enoughAF) to result in a substantial increase to higherAF
of the >5 event region.

The roof-array signal.For L52 fb21, the RA signal has
>5 events up toAF&1500 TeV forL&40 TeV. In all of
this region, the tri-lepton and impact-parameter signals,
not the tri-lepton-plus-prompt-photon signal, will also be v
able. ForL530 fb21, the RA signal has>5 events for large
AF&2800– 3000 TeV whenL&120 TeV. ThisL reach at
high AF is substantially greater than achieved by the
lepton signal. AsAF decreases, theL extent of the>5 event
region decreases.

In comparing Figs. 4, 5 and 6 we can see that weaken
the L530 fb21 cut to E” T

min550 GeV, or, if possible without
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encountering backgrounds,E” T
min530 TeV, substantially in-

creases the highAF reach of the>5 event region forL
&120 TeV.7

One especially important point regarding the delaye
decay signals discussed above is the following. IfAF is
large, they are the only signals that will allow one to asc
tain that nature has chosen a GMSB model, even if sup
symmetry is detected in the jets-plus-missing-energy an
tri-lepton modes. In particular, we saw above that the
lepton-plus-prompt-photon and prompt-two-photon sign
will not be in evidence at largeAF, regardless of the mag
nitude of L. Without the delayed-decay signals, a SUGR
model with GMSB-like boundary conditions for the sof
supersymmetry-breaking masses of the gauginos and sfe
ons would then be indistinguishable from a GMSB mod
with a large value forAF.

The dependence of our signals on various energy v
ables may be useful in designing triggers and conside
backgrounds. To this end, we present a figure showing
distributions inEg , ET

jet andE” T for the impact-parameter an
roof-array signals. These distributions are presented for
parameter space pointAF51400 TeV andL550 TeV; they
are fairly representative of the results obtained at other
rameter space points. In these distributions, we have impo
a more limited set of cuts.

~1! In the case of the distributions presented for t
impact-parameter signal, we require only that there be on
more delayed-decay impact-parameter photon~as defined
earlier! with b.2 cm, except that when plotting theEg dis-
tribution, we remove the cut onEg .

~2! In the case of the distributions presented for the ro
array signal, we require only that there be one or m
delayed-decay roof-array photons~as defined earlier!.

In neither case do we impose jet cuts, except that w
plotting ds/dET

jet , the jets must satisfy the definition of a je
as given earlier. In addition, no cuts are placed onE” T . In the
case of theET

jet and Eg distributions, all jets and delayed
decay~impact-parameter in the first case, and roof-array
the second case! photons satisfying the minimum require
ments noted above are included in the histograms.

From the plots of Fig. 7 we observe the following.
~1! Our Eg cuts accept essentially all events and could

strengthened somewhat without significant loss of sig
event rate.

~2! TheET
jet spectrum is falling very rapidly, and it would

be undesirable to strengthen the jet cuts unless it is a
lutely necessary.

~3! Cuts significantly stronger thanE” T
min.70 GeV will

start to cause a significant loss of signal rate. Thus, we h
that such a stronger cut will not be needed to eliminate ba
grounds.

It is also potentially important to know how sensitive th
impact-parameter signal is to the impact-parameter res

7Since our parameter scan was limited toAF<2800, we are un-
able to be quantitative in this statement.
5-8
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tion. To this end, we present in Fig. 8 the same cross sec
contours for the impact-parameter signal as given in Fig
~for b.2 cm), for the cases~a! b.50 cm and ~b! b
.10 cm, keeping all other cuts~including E” T

min550 GeV)
the same. We observe that theb cut can be increased from
cm to 10 cm without significant damage to the signal. But
the transverse impact parameter resolution were as poo
the 5 cm–10 cm resolution applicable@27# during run-I~for
which the D0 detector did not have a pre-shower device! a
cut of b.50 cm would probably be needed to elimina
backgrounds and the region of viability of the impac

FIG. 7. For the impact-parameter and roof-array signals, we
ds/dEg , ds/dET

jet andds/dE” T for the parameter space pointAF
51400 TeV andL550 TeV. The limited cuts applied are de
scribed in the text.

FIG. 8. ForE” T.50 GeV, we plot the same cross section co
tours for the impact-parameter signal as given in Fig. 5~for b
.2 cm), for the cases~a! b.50 cm and~b! b.10 cm. All other
cuts are identical.
07500
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parameter signal would decrease very substantially. In f
for all cases @(L5100 pb21,E” T

min530 GeV), (L52 fb21,
E” T

min550 GeV) and (L530 fb21,E” T
min570 GeV)# the region

for which >5 events are found for the impact-parame
signal after requiringb.50 cm is quite similar to that for
which >5 OHC signal events are found. In contrast, t
region for which>5 impact-parameter signal events are e
pected for theb.10 cm orb.2 cm cuts is always substan
tially larger than the region for which>5 OHC signal events
are predicted in all the above three (L,E” T

min) cases.

III. DISCUSSION AND CONCLUSIONS

We have studied a simple gauge-mediated supersymm
breaking model in which the lightest neutralino, thex̃1

0, is
the next-to-lightest supersymmetric particle and decays
photon plus gravitino. The model is characterized by the
rametersL ~which sets the scale of the masses of the sup
partners of the standard model particles! and AF ~which
specifies the scale at which supersymmetry is broken in
hidden sector and, thereby, determines the mass of the g
itino and the lifetime of thex̃1

0). We have argued that it is
very possible~indeed, preferred in the simplest existin
GMSB models! for the AF parameter to be sufficiently big
that there is a large probability for thex̃1

0 to decay a substan
tial distance from the interaction point. We have shown t
the portion of the (AF,L) parameter space for which a sig
nal for supersymmetry can be seen at the Fermilab Teva
is greatly expanded by employing signals sensitive to s
delayed decays.

In particular, it is useful to compare~a! the standard
SUSY signatures~jets plus missing-energy or three lepto
plus missing-energy!, ~b! the prompt-two-photon signal an
~c! the delayed-decay~impact-parameter, roof-array an
outer-hadronic-calorimeter! signals.

~1! Of the standard SUSY signatures, the tri-lepton sig
is the stronger. Using it, discovery of GMSB supersymme
will be possible for small to moderateL values, &65
(&75 TeV) at run-II~Tev33!, regardless of the size ofAF.

~2! The prompt-two-photon signal is viable for small
moderateAF, but extending to reasonably largeL, L
&100 TeV (&150 TeV) at run-II~Tev33!.

~3! The delayed-decay signals are potentially viable in
large-AF, large-L portion of parameter space not covered
the standard SUSY and prompt-two-photon signals. For r
II, the delayed decay signals could allow supersymmetry d
covery for all ofAF&1700 TeV,L&100 TeV, extending at
Tev33 to cover essentially the entireAF&3000 TeV andL
&120 TeV region that is preferred in the context of t
model we have explored.8

8In a more general GMSB model, it is certainly possible that
entire interesting region of parameter space might not be acces
using the delayed-decay signals. Still, we expect that the dela
decay signals will always significantly expand the amount
GMSB parameter space at largerAF for which a supersymmetry
signal can be discovered.
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If AF is large, the delayed-decay signals will be importa
even if L is in the small to moderate range (L
&65– 75 TeV) for which the standard jets-plus-missin
energy and/or tri-lepton SUSY signatures will be visib
This is because the prompt-photon signals~tri-lepton-plus-
prompt-photon or prompt-two-photon! will not be in evi-
dence ifAF is big. Without employing the impact-paramete
roof-array and/or outer-hadronic-calorimeter delayed-de
signals there will be no hint that nature has chosen a GM
model, as opposed to a SUGRA model with GMSB-li
boundary conditions for gaugino and sfermion so
supersymmetry-breaking masses.

If delayed decay signatures are seen, the next goal wil
to determine the parameters of the GMSB model. These
clude the all important value ofAF and the masses of th
supersymmetric particles. The latter will allow us to det
mine the overall scaleL and the relative sizes of the sof
supersymmetry-breaking masses as a function ofL. Impor-

tant input information will include:~a! the distribution ofx̃1
0

decays as a function of distance from the interaction point
reflected in the relative rates for different signals~e.g. the
prompt-two-photon rate as compared to the roof-array ra!,
~b! the energy distribution of the photons from thex̃1

0 de-

cays,~c! the time at which the photons from thex̃1
0 decays

arrive at various elements of the detector~e.g. the electro-
magnetic calorimeter pre-shower, the outer-hadron
calorimeter cell or the roof-array!, ~d! the missing-energy
distribution, and~e! the types of different particles that ap
pear in association with the supersymmetric events, and t
energy distributions. All of these depend in a complica
way on the parameters of interest. For example, the dista
distribution ofx̃1

0 decays, the photon energies, and the tim
of the photons from the decays all depend strongly on (ct) x̃

1
0

andmx̃
1
0, and might allow their determination.9 Even a rough

measurement of these latter two quantities will allow us
estimateAF using Eq.~8!. Further, the energy distribution
of the visible particles~jets, leptons, and photons! will reflect
both the relative and absolute masses of the sparticles.
example, thresholds reflectingml̃ R

2mx̃
1
0 and/orml̃ L

2mx̃
1
0

might show up in lepton energy distributions. And so for
Obviously, substantial statistics will be required for a re
tively model-independent determination ofAF and the soft-

9As an example, one could measure the time of flight of thex̃1
0 to

the OHC cell ~by the time of the OHC energy deposit! and the
energy of the deposit~i.e. the energy of the photon!. The flight time

is a function ofct, mx̃
1
0 and the averagex̃1

0 energy. The photon

energy is a function of the latter two. The correlation between
flight time and photon energy~as measured in a large number
events! might allow a roughly model-independent determination
ct andmx̃

1
0.
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supersymmetry-breaking masses.
We note that all the delayed-decay signals we conside

here are potentially useful for any model in which the dec
of the x̃1

0 is not prompt. For example, in R-parity violatin
~RPV! SUGRA models the RPV couplings may be suf
ciently small that thect for x̃1

0 decay is quite substantia
The products emerging from thex̃1

0 decay ~whether three
leptons, one lepton plus two jets, or three jets! can emerge in
the outer hadronic calorimeter, with large impact parame
or outside the detector and pass through the roof array. T
is also the possibility that R-parity violation could be prese
in GMSB models. For an appropriate balance between
magnitude ofAF and the size of the RPV couplings, thex̃1

0

could have prominent decays both to RPV channels an
gg̃3/2, and both types ofx̃1

0 decays could be substantiall
delayed. In general, observation of the delayed-decay sig
would be quite critical to determining the relative branchi
ratios for RPV andgg̃3/2 decays of thex̃1

0. A similar set of
remarks would apply to RPV~SUGRA or GMSB! models in
which a right-handed slepton is the lightest of the superp
ners of the SM particles.10 Thus, the utility of the types of
delayed-decay signals we propose will extend far beyond
NLSP5x̃1

0, R-parity-conserving GMSB model context an
lyzed in detail here.

Our study has focused on using the D0 detector in
configuration planned for run-II, with the addition of a~rela-
tively cheap! roof-array detector. There are, of course, mu
more ambitious possibilities in which a decay volume a
special detector, specifically designed to pick up delayedx̃1

0

decays, is constructed some distance from the main dete
Nonetheless, since the delayed-decay photon signals
cussed here show great promise and since delayed deca
general could easily prove to be the hallmark signature
gauge-mediated supersymmetry breaking, not to mention
parity violation, the CDF and D0 detector groups shou
work to clarify and refine these signals and, in particular,
backgrounds thereto.
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e

f

10The main difference, as compared to thex̃1
0 case, is that addi-

tional information would arise from observation of the visible tra

associated with a semi-stable chargedl̃ R . Also, a long-livedl̃ R

might be absorbed inside the detector.
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