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Analysis of a heavy gluino LSP at CDF: The heavy gluino window

Arash Mafi and Stuart Raby
Department of Physics, The Ohio State University, 174 W. 18th Ave., Columbus, Ohio 43210

~Received 28 December 1999; published 5 July 2000!

In this paper we consider a heavy gluino to be the lightest supersymmetric particle~LSP!. We investigate the
limits on the mass of a heavy gluino LSP, using the searches for excess events in the jets plus missing
momentum channel in run I. The neutral and chargedR hadrons, containing a heavy gluino LSP, have distinct
signatures at the Fermilab Tevatron. The range of excluded gluino masses depends on whether theR hadron is
charged or neutral and the amount of energy deposited in the hadronic calorimeter. The latter depends on the
energy loss per collision in the calorimeter and the number of collisions, where both quantities require a model
for R-hadron–nucleon scattering. We show how the excluded range of gluino mass depends on these param-
eters. We find that gluinos with a mass in the range between;35 and;115 GeV are excluded by CDF run
I data. Combined with the previous results of Baeret al., who use CERN LEP data to exclude the range 3 to
22–25 GeV, our result demonstrates that an allowed window for a heavy gluino with a mass between 25 and
35 GeV is quite robust. Finally we discuss the relevant differences of our analysis of Tevatron data to that of
Baeret al.

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

Supersymmetric theories are the most promising ca
dates for new physics beyond the standard model. Since
persymmetry~SUSY! is not observed at low energies,
must be broken. Two interesting classes of models for SU
breaking are minimal supergravity@1# @also known as the
constrained minimal SUSY standard model~CMSSM! @2#!
and minimal gauge-mediated SUSY breaking~GMSB! @3#.
In both cases gauginos are assumed to have a common
at the grand unification~GUT! scale @4#. Since gaugino
masses, at one loop, are proportional to their correspon
coupling constants, we naturally expectgluinos to be the
heaviest gauginos at low energies. However, Refs.@5,6# has
shown it is possible~and even natural! to build phenomeno-
logically acceptable GMSB models with a heavy gluino
the lightest supersymmetric particle~LSP!.1 In these GUT
models, gaugino masses do not unify at the GUT scale.

In GMSB models, supersymmetry is broken in a hidd
sector and transmitted to the visible sector via messen
carrying standard model gauge interactions. The masse
gauginos arise via one loop diagrams containing messe
fields with appropriate quantum numbers. The minimal m
senger sector includes color triplets, giving mass to glui
and squarks, and weak doublets, giving mass to charg
and neutralinos as well as squarks and sleptons. These m
mal messengers form complete five dimensional represe
tions of SU~5!; thus preserving GUT predictions. If the colo
triplet and weak doublet messengers are degenerate,
gaugino massesm̃i ,i 51,2,3 satisfy m̃i /a i5const at the
messenger scale. If, on the other hand, the color triplet m
sengers are heavier than their weak doublet partners, gl

1This is not the only model which may lead to a gluino LSP; s
for example, the so-called O-II string model discussed in Ref.@7# or
another GMSB model discussed in Ref.@8#.
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masses are suppressed. In the model of Refs.@5,6#, it was
argued that the latter possibility is ‘‘natural’’ in an SO~10!
SUSY GUT with minimal messenger sector. In this case,

Higgs and messenger fields both belong to the 515̄ of SU~5!
@or a 10 of SO~10!#. Since they have identical quantum num
bers it is natural for them to mix. Moreover the natural ma
scale for real SU~5! representations is of order the GU
scale. Recall, in any SUSY GUT, Higgs triplet and doub
masses must be split in order to avoid rapid proton deca
was shown in a simple example that the combination
Higgs-messenger mixing and doublet-triplet splitting leads
color Higgs triplet and messengers with mass at the G
scale (MG) and lighter doublet messengers with mass a
scaleM,MG . The Higgs doublets remain massless.M is
identified as the messenger scale. In this scenario the gl
is the LSP. Assuming a conservedR parity, such a gluino is
stable.

A natural framework for the above scenario is obtained
SO~10! with the Dimopoulos-Wilczek mechanism@9# for
doublet-triplet splitting. This theory requires two tens, t
Higgs 10s-dimensional multiplet and an auxiliary 10s fie
The Higgs and auxiliary fields mix; and if the auxiliary 1
feels SUSY breaking at tree level we have GMSB with t
auxiliary 10 identified as the messengers@5#. SinceM is both
the messenger scale and theR-symmetry-breaking scale, th
gluino mass is suppressed by (M /MG)2 compared to other
gaugino masses. Note, in this theory, as shown in Ref.@10#,
M /MG,0.1 is also sufficient to suppress the baryon num
violating nucleon decay rates.

Given the possibility of having a gluino LSP it is impo
tant to consider the existing limits.2 In a much studied class

,

2There are also cosmological constraints on a gluino LSP@11#.
These constraints, if correct, would require the gluino to be
NLSP and to decay, for example, into a gravitino~such as discussed
in Refs.@6,12#! or into a neutralino as in Ref.@13#.
©2000 The American Physical Society03-1



in

nd

ve
s
la
ai

te
n

SP
s

d
ar

f
d
e

r

a
a

g
5
in

fo
y

es
y
an
e
ei
he

-
a

e

or

f

de-

eV

ino
or
ey

nsi-

we
for
we
per-
ino.
er
clu-
ass

ro-
-

he

g
of
ion
re-
V.

in
nt

in

s-

tes
are

that
idly

c

in

ARASH MAFI AND STUART RABY PHYSICAL REVIEW D 62 035003
of models@13# gauginos are massless at tree level obtain
their mass radiatively at low energies. In theseradiative
gaugino models the lightest neutralino is the LSP with
gluino NLSP~next to the lightest superparticle! with mass of
order a couple of GeV or less. These models provide ca
dates for dark matter@14# and UHECRons@15#, the particles
responsible for the ultra high energy cosmic rays obser
by cosmic ray shower detectors. There are two classe
experimental constraints on these models. The first c
looks for the decay of the gluino into a quark–anti-quark p
and the LSP. Such a search by KTeV@16# has ruled out these
models in the entire region of parameter space consis
with the dark matter and UHECRon solutions. The seco
class of constraints is valid even if the gluino were the L
and thus stable. For example, beam dump experiment
Fermilab, as well as, searches for the decayY→h g̃1g rule
out gluinos with mass in the range;2 –4 GeV. In addition,
gluinos in the entire light gluino window 1–5 GeV are rule
out by searches for dijet events at Fermilab for squ
masses roughly in the range 150–600 GeV@17#. Finally the
analysis of the running ofas from mt to MZ combined with
multijet angular correlations on theZ has lead the authors o
Ref. @18# to claim that the entire light gluino window is rule
out. The analysis of the multijet angular variables, howev
has large uncertainties as noted in Ref.@19#. If we neglect
this part of the analysis, only using the running ofas , then
the light gluino window is ruled out only at 80% C.L.@18#.
In summary, the light gluino window may still be viable fo
stable gluinos.

In this paper, however, we only consider models with
heavy gluino LSP with mass greater than 5 GeV. In fact,
has been discussed in Ref.@5#, all previous searches rulin
out heavy gluinos in the MSSM~with mass greater than
GeV! use the jets plus missing momentum signature com
from the sequential decay of a gluino intoq1q̄1 the LSP
~typically the lightest neutralino!. However, if the gluino is
the LSP and thus stable~assuming a conservedR parity! then
all previous limits on a heavy gluino, and most searches
SUSY, must be reevaluated. Hence it is important to stud
heavy gluino LSP~in the heavy gluino window!.

Current experimental data can greatly constrain th
models@5,6,20–25#. An important new study of the heav
gluino LSP has been carried out by Baer, Cheung,
Gunion~BCG! @12#. BCG have significantly constrained th
heavy gluino window, using both OPAL and CDF data; th
results are presented below. An important parameter in t
analysis isP or 12P, the probability for a gluino to frag-
ment into a charged or a neutralR hadron.3 The same param
eter, in their analysis, is used for the probability of the fin
state R hadron in anR-hadron–nucleon collision to b
charged or neutral.

Using OPAL data [26] for e1e2→Z→N2N1 with N2

→N11q1q̄ where the N2(N1) neutralino is the NLSP
(LSP) in the MSSM. This process was analyzed by OPAL f

3An R hadron denotes the color singlet bound state of a glu
with gluon or light quark constituents.
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2, 3, or 4 jets1 missing momentum. Analyzed in terms o

the processe1e2→qq̄g̃g̃ BCG find that gluino masses in
the range 3 to 22–25 GeV are ruled out. This result is in
pendent of the probabilityP.

Using CDF data for jets1 missing momentum [27]. BCG
find that gluinos with mass in the range 25 to 130–150 G
are ruled out for all values ofP in the range 0<P,3/4.
Combined with the OPAL data, this excludes a heavy glu
LSP in the range from 3 to 130–150 GeV. However f
values ofP>3/4 and large hadronic scattering length, th
find an allowed heavy gluino window from 23–50 GeV.

It is the goal of this paper to better understand the se
tivity in the BCG analysis to the probability parameterP and
hence the existence of the heavy gluino window. Thus
reanalyze the CDF data using an entirely different model
R-hadron–nucleon scattering. As in the analysis of BCG,
first assume the gluino LSP is heavy and that all other su
symmetric particles are substantially heavier than the glu
We then check the sensitivity of our results to light
squarks. Our results are found in Sec. IV. The basic con
sion is that there exists a heavy gluino window in the m
range 25–35 GeV.

The paper is organized as follows. We review the p
cesses responsible forR-hadron production and fragmenta
tion at the Tevatron in Sec. II A and for detection at t
Collider Detector at Fermilab~CDF! in Sec. II B. In particu-
lar, the Regge model used forR-hadron–nucleon scatterin
is found in Sec. II B 2. In Sec. III we present the details
our analysis, i.e., evaluating missing momentum; ionizat
energy loss, and muon identification. Our results are p
sented in Sec. IV and the conclusions are given in Sec.

II. A HEAVY GLUINO LSP AT THE TEVATRON

A. Production and fragmentation

If gluinos are light enough, they can be produced
proton-antiproton collisions at the Tevatron. The releva
Feynman diagrams are shown in Fig. 1.

Gluinos are color octets; hence gluinos cannot exist

isolation. They form colorless bound states such asR05g̃g

~gluino-gluon bound state, an isospin singlet! or r̃

5g̃(qq̄)(I 51) ~gluino-quark-antiquark bound state with iso

pin 1! with @ r̃15(g̃ud̄), r̃05(g̃uū2g̃dd̄)/A2, r̃2

5(g̃dū)#. In our analysis, we assume that these four sta
are the lightest bound states of the gluino. Together, they
calledR hadrons. As we see, two of these fourR hadrons are
electrically charged and two are neutral. We also assume
any other bound state of the gluino, when produced, rap
decays into one of these fourR hadrons.

If mr̃.mR0
1mp then the decayr̃→R0p will occur on a

strong interaction time scale of order 10223 s. Otherwise

r̃6→R0l 6n or r̃0→R0g occur via weak or electromagneti
interactions.

For r̃1 we obtain the decay rate
o

3-2
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ANALYSIS OF A HEAVY GLUINO LSP . . . PHYSICAL REVIEW D 62 035003
G~r̃1→R0e1n!5
G~r̃1→R0e1n!

G~r→e1e2!
3G~r→e1e2!,

~1!

where the ratio

r̂ 1[
G~r̃1→R0e1n!

G~r→e1e2!
5

29

15

GF
2asmu

2DM4

a2MR
2

, ~2!

DM5mr̃62mR0
, and MR and mu is the R-hadron and up

quark mass, respectively. Using the experimental value

G~r→e1e2!50.00675 MeV ~3!

we find the lifetime tr̃151027 s for MR550 GeV and
DM5140 MeV orctr̃6;30 m.

Similarly for r̃0 we have

G~r̃0→R01g!5
G~r̃0→R01g!

G~r→e1e2!
3G~r→e1e2! ~4!

and we obtain4

r̂ 0[
G~r̃0→g1g1g!

G~r→e1e2!
5

8

45
3

~p229!

p

as
2

a

DM4

MR
2mu

2
. ~5!

Using the same numerical values as above, we find the
time tr̃0;10214 s orctr̃0;0.0003 cm. Note for smaller val
ues of DM the lifetime quickly grows. ForDM55 MeV,
we havectr̃0;200 cm.

4For this calculation we use the analysis leading to Eq.~4! @28# on
the radiative decayJ/C→ggg.

FIG. 1. Diagrams representing gluino pair production inp- p̄
collisions.
03500
e-

Gluinos produced in a proton-antiproton collision fra
ment into one of these bound states. The probabilities

fragmenting intoR0 , r̃1, r̃0, and r̃2 are denoted byPR0,
Pr1, Pr0, and Pr2, respectively with PR01Pr11Pr0

1Pr251. If a particle lifetime is too short for the particle t
multiple scatter in the detector, then the effective fragmen
tion probability for that particle is zero~see discussion oflT

in Sec. II B 1!. For example, ifmr̃.mR0
1mp then we have

PR0
51. On the other hand formr̃,mR0

1mp and taking

DM5140 MeV andM550 GeV in the equation above w
find ctr̃0;331024 cm giving Pr0'0. If all nonvanishing
probabilities are then taken approximately equal we find
probabilityP ~as in BCG! for producing a chargedR hadron
given by P;2/3.5 If, however, we takeDM55 MeV in-
stead, then all four probabilities are effectively nonzero a
P;1/2. In general, the effective fragmentation probabiliti
depend onDM , M and the relativisticg factor. In our
analysis, however, we take these fragmentation probabil
to be free parameters and we test the sensitivity of our res
to changes in them.

B. Constraints from CDF

To constrain the mass of the heavy gluino LSP we u
following the analysis of Baeret al. @12#, CDF data for jets
1p” T @27#. This data has been used by CDF to put limits
gluino and squark masses. In the MSSM a heavy squar
gluino typically decays sequentially producing several j
plus missing momentum carried away by the LSP. In ad
tion, in order to reduce the standard model background
the jets1p” T signature, CDF cuts all jets containing a charg
lepton.

In our case the lightestR hadron is the LSP and since it i
a hadron~in contrast to the CMSSM! it will deposit some of
its energy in the hadronic calorimeter. In addition, t
R-hadron’s charge may fluctuate due to hadronic collisio
Thus as emphasized by BCG it is important to analyze
detail how anR hadron is observed in the detector. In fact
was shown that some of the time a chargedR hadron may be
identified as a muon.

The important components of the CDF detector~for our
analysis! are the central tracker, hadronic calorimeter, t
inner and outer muon chambers and the uninstrumen
piece of iron, located between the muon chambers. Cons
how anR hadron is observed. A gluino fragments into one
the four stableR hadrons.6 If the R hadron is charged, it
leaves a track in the central tracker. Then theR hadron enters
the hadronic calorimeter~layers of iron! where it scatters off
the nucleons a few times before it is stopped or, if not

5Note, in our analysis these probabilities are only used for
initial fragmentation.

6Note, typically theR hadron carries most of the gluino mome
tum (;99.4% for a 50 GeV gluino!; leaving little or none for
associated pions or other hadrons. Thus a gluino jet often cont
only the singleR hadron and nothing else.
3-3
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ARASH MAFI AND STUART RABY PHYSICAL REVIEW D 62 035003
enters the inner muon chamber.7 After each hadronic colli-
sion, the R-hadron can change into any other possi
‘‘stable’’ gluino bound state, i.e., any of the fourR hadrons
with the probability determined by the appropriate scatter
cross section. A chargedR hadron also deposits ionizatio
energy in the hadronic calorimeter. Note, if theR hadron
exiting the hadronic calorimeter is charged, it is detected
the muon chambers. In addition, between the first and sec
chambers it can lose energy and also the charge of thR
hadron can change due to an hadronic interaction inside
uninstrumented iron. The energy loss will again be both
the form of hadronic energy loss and ionization~if it is
charged!. However, this energy loss is not detected.

In order to determine the amount of energy deposited
the hadronic calorimeter and to model the charge fluctuat
in the detector, we need a model forR-hadron scattering. The
magnitude of the total cross sectionsT determines the scat
tering lengthlT}1/sT . The angular dependence of the d
ferential scattering cross section determines the mean en
loss per collisionDE. Finally the differential cross section
determine the probability for charge fluctuations. In the
details reside the main differences between our analysis
that of BCG.

1. The total cross section and the interaction lengthlT

A priori, we do not know the magnitude ofsT . However
we estimate it using the two gluon exchange model for
total cross section ofR-hadron-nucleon collisions develope
in Ref. @30# and used in Ref.@12#. This analysis suggests tha
the ratio

lT~R!

lT~p!
[

sT~pN!

sT~RN!
5S CF

CA
D S ^r p

2 &

^r R
2&

D , ~6!

where CF54/3(CA53) refers to the quadratic casimir o
SU(3)color in the fundamental~adjoint! representations an
^r 2& is the transverse size-squared of the particle.

The first factor is due to the octet nature ofR constituents.
The reduced constituent mass of the particle determines^r 2&.
In the case of a pion we have^r p

2 &}4/mq
2 and in the case o

R0 we get^r R0
2 &}1/mg

2 ~for mg̃@mg), wheremq andmg are
the light quark and gluon masses, respectively. BCG@12#
assume equal values formq and mg and estimatesR0N

T

;(9/16)spN
T which translates intolT(R0);(16/9)lT(p).

Noting thatlT(p);11 cm, they conclude thatlT(R0);19
cm is a reasonable estimate. However the constituent q
mass is roughly speaking (1/3)mproton;330 MeV and the
constituent gluon mass is (1/2)mglueball;750 MeV. Hence it
might be more realistic to use the relationmg;2mq which
changes the result tolT(R0);78 cm. In this analysis we
takelT519 cm andlT538 cm, which are the values use
by BCG @12#.

7As discussed in Ref.@29#, it is reasonable to take the individua
nucleon as the target for values of 1.utu>0.01 GeV2. For smaller
values ofutu the entire nucleus would be treated coherently and
larger utu individual quarks would be the scatterers.
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It will be seen later that larger values oflT(R0) can open
an allowed region in the gluino mass window. Although w
have adopted the estimates of BCG, we believe that choo
a larger value forlT is not an extreme limit, but is in fac
preferred. We also assume that allR hadrons have the sam
lT . We rescale all the differential cross sections to get
desiredlT and keep their ratios unchanged. Note, the rat
are determined by the Regge analysis discussed in the
lowing section.

The average number of hadronic collisions inside the h
ronic calorimeter depends on the magnitude oflT . For lT
519 cm, theR hadrons on average undergo six hadro
collisions in the hadronic calorimeter and two hadronic c
lisions in the uninstrumented iron between the muon cha
bers.

2. Regge scattering model:DE and charge fluctuation

The differential cross sections for the fourR hadrons de-
termine bothDE, the energy loss per hadronic collision an
the probability for charge fluctuation. In this analysis we u
single particle inclusive Regge cross sections with Pome
and r Regge exchanges. Recall that Regge exchange i
far the dominant contribution to high energy hadronic sc
tering cross sections.

Let us briefly review Regge theory. The Regge po
model connects the two classes of phenomena: classifica
of hadrons and high-energy scattering of hadrons.

Hadronic bound states or resonances with identical qu
tum numbers, except spin and mass, are correlated by R
trajectories where they appear with spinJ differing by two
units. There is another relevant quantum number in Re
theory known as the signaturet. For mesons, signature i
defined to bet5(21)J with the corresponding particle se
quences,J50,2,4, . . . ~for t511) andJ51,3,5, . . . ~for
t521). As proposed by Chew and Frautschi@31#, particles
are classified on Regge trajectories in plots of their spiJ
versus the square of their massM2. The trajectorya, inter-
polates between the particles such that Re@a(MJ

2)#5J.8 The
trajectorya(t) is assumed to be an analytic function oft and
experimentally they are, to a good approximation, strai
lines. The two body scatterings are dominated by the
change of one or more of these trajectories. To see ho
Regge pole exchange amplitude could arise in a field the
consider the Van Hove–Durand model for the scattering
A1B→A1B with A andB spinless particles.A andB inter-
act via exchange of a meson with spinJ in the t-channel. The
amplitude is given by

A~s,t !5
gJ

2@2s/s0#J

MJ
22t

in the larges limit. If the exchanged particle is a member o
a Regge trajectory having an infinite series of mesons w

r 8We only talk about meson trajectories here; baryon trajecto
are similarly discussed in Ref.@32#.
3-4
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spins J51,3,5, . . . , the scattering amplitude can be ex
pressed as a summation of the single exchanges of al
mesons on the trajectory.

A~s,t !5(
J

gJ
2

MJ
22t

F ~21!J21

2 G S s

s0
D J

,

where s0 is an energy scale factor. Assuming a univer
coupling and a linear Regge trajectoryMJ

25m2(J2a), the
series sum can be expressed in closed form. The result in
limit of large s is

A~s,t !52
g2p

2m2

~12e2 ipa!

sin~pa! S s

s0
D a

,

which is the form for the exchange of Regge poles with o
signature with a trajectorya(t)5a1t/m2 satisfying
a(MJ

2)5J. The trajectorya(t), for t<0 describing scatter
ing in the s channel is a smooth continuation of the Reg
trajectory for t.0 describing scattering due to resonan
exchange in thet channel. In general, the form of a Regg
amplitude can be more complicated if the incoming partic
carry spin or charge.

3. Inclusive scattering, tripple Reggeon form

The single particle inclusive scattering processa1b→c
1X can also be expressed in terms of Regge exchanges.a, b,
andc are definite particles andX represents everything els
with total invariant massMX . In the limit

MX
2 large, s/MX

2@1 and s@t ~7!

the near forward two-body inclusive scattering process
be described by thet-channel exchange of a Reggeon. A
though single particle inclusive scattering represents o
;20% of the total hadronic cross section we will use t
model forR-hadron scattering in our analysis. It determin
the energy lossDE as well as the probability for charg
fluctuation. This process is represented in Fig. 2.

The amplitude for the process in Fig. 2 is given by

A~s,t !}bbc̄~ t !j~ t !sa(t). ~8!

Using a generalized optical theorem due to Mueller@33#
as shown in Fig. 3 the inclusive cross sectiona1b→c1X is
related to the discontinuity in the forward three-body amp

FIG. 2. Diagrams showing an inclusive processa1b→c1X in
terms of a Regge polea(t) in the t channel.
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tude a1b1 c̄→a1b1 c̄. In the Regge limit@Eq. ~7!# this
gives the triple Regge cross section~see Fig. 4!

d2s

dxdt
5

1

s (
i , j ,k

Gi jk~ t !S s

MX
2 D a i (t)1a j (t)

~MX
2 !ak(0), ~9!

with x512MX
2/s.

For simplicity we consider two Regge trajectories,
isosinglet Pomeron trajectoryP and an isovector Reggeo
trajectoryr. We then write all the possible triple coupling
of the Pomeron, Reggeon, andR hadrons as follows:

gRRPR0
1R0

2P1gr̃ r̃Pr̃ i
1r̃ i

2P1gRr̃rR0r̃ ir i1gr̃ r̃re i jk r̃ i
1r̃ j

2rk ,
~10!

where the indices 1 and 2 distinguish between the outgo
and incoming particles in a vertex.

Using

r65
r16 ir2

A2
, r̃65

r̃16 i r̃2

A2
~11!

we find

r̃ ir i5 r̃1r21 r̃2r11 r̃3r3 , ~12!

r̃ i
1r̃ i

25 r̃1
1 r̃2

2 1 r̃2
1 r̃1

2 1 r̃3
1r̃3

2 ,

FIG. 3. Using a generalized optical theorem due to Mueller@30#
we relate the single particle inclusive cross sectiona1b→c1X to

the discontinuity in the forward three-body amplitudea1b1 c̄

→a1b1 c̄.

FIG. 4. The triple Reggeon-scattering diagram describing
diffractive processa1b→c1X.
3-5
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e i jk r̃ i
1r̃ j

2rk5 i ~1 r̃1
1 r̃2

2 r32 r̃2
1 r̃1

2 r31 r̃2
1 r̃3

2r12 r̃1
1 r̃3

2r2

2 r̃3
1r̃2

2 r11 r̃3
1r̃1

2 r2!.

We thus obtain the following vertices and the releva
couplings given by

R0R0P with gRRP, ~13!

r̃1r̃2P,r̃2r̃1P and r̃3r̃3P with gr̃ r̃P ,

R0r̃2r1 ,R0r̃1r2 and R0r̃3r3 with gRr̃r ,

1 r̃1r̃2r3 ,2 r̃2r̃1r3 ,1 r̃2r̃3r1 ,

2 r̃1r̃3r2 ,2 r̃3r̃1r2 and 1 r̃3r̃2r1 with ig r̃ r̃r ,

which lead to the following diffractive scattering patterns

R0N→R0X⇒GPPP
1 ,

R0N→ r̃ (123)X, r̃ (123)N→R0X⇒GrrP
1 ,

r̃1N→ r̃1X, r̃2N→ r̃2X⇒GPPP
2 ,GrrP

2 ,

r̃3N→ r̃3X⇒GPPP
2 ,

r̃1N→ r̃2X, r̃2N→ r̃1X[0,

r̃1N→ r̃3X, r̃3N→ r̃1X, r̃2N→ r̃3X,

r̃3N→ r̃2X⇒GrrP
2 .

Using Eq.~9! and the Pomeron and Reggeon trajector

aP~ t !511ăPt, ar~ t !5a1bt, ~14!

we obtain the desired differential scattering cross section
mulas for the triple Pomeron contribution

d2sPPP

dMXdt
52GPPP~ t !S s

MX
2 D 2ăPtS 1

MX
D , ~15!

and for the Reggeon-Reggeon-Pomeron contribution

d2srrP

dMXdt
52GrrP~ t !S s

MX
2 D (2a12bt22)S 1

MX
D . ~16!

These results are used to perform the analysis in this pa9

The calculations are based on the assumption that

GPPP~ t !5GPPP
1 ~ t !5GPPP

2 ~ t !,

9For simplicity we have ignored the triple Reggeon contributio
We also use the Regge cross sections for all physical values ofs, t,
andMX ; in particular, extending outside the Regge limit@Eq. ~2!#.
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GrrP~ t !5GrrP
1 ~ t !5GrrP

2 ~ t !. ~17!

Inspired by Ref.@34#, we take

GPPP~ t !/GPPP~0!50.88e3.94t10.12e1.12t, ~18!

GrrP~ t !/GrrP~0!50.85e7.26t10.15e21.83t

and

ăP50.36, ~19!

a50.5,

b51.0.

We also vary the relative size ofGPPP(t) and GrrP(t) to
check the sensitivity of our results to these couplings.

Before continuing, let us briefly discuss the scatteri
analysis of BCG@12#. These authors assume that when anR
hadron scatters on a nucleon the light brown muck~quarks
and gluons bound to the gluino! are stripped off. The bare
gluino then refragments into acharged Rhadron with the
fragmentation probabilityP and into aneutral Rhadron with
probability 12P. Thus for BCG, the probabilityP plays two
independent roles: fragmentation probability, and rescat
ing probability.

In our analysis, however, Regge scattering cross sect
allow R hadrons to change their identity with velocity depe
dent probabilities in each hadronic collision. We thus se
rate the independent phenomena of fragmentation and re
tering.

In addition, to calculate the energy of anR hadron after an
R-hadron–nucleon collision, BCG@12# use either a constan
differential cross section which vanishes fort.1 GeV or a
triple Pomeron scattering formula. We on the other hand
the differential Regge cross sections for this as well.

III. THE ANALYSIS

Consider the CDF data for jets1p” T @27#. We compare our
Monte Carlo simulation with this data and thus we use
same cuts as BCG, which were designed to duplicate
experimental procedures of Ref.@27#. The cuts are listed as
follows: ~1! no ~isolated! leptons withET.10 GeV; ~2! p” T
.60 GeV; ~3! there are three or more jets withuh jetu,2 and
ET.15 GeV, using a coalescence cone size ofDR50.5; ~4!
Azimuthal separation requirements:Df(p” T , j 1),160 ° and
Df@p” T , j (ET.20 GeV)#.30 °.

For our monte carlo analysis we generated events u
~SPYTHIA, A Supersymmetric Extension ofPYTHIA 5.7 @35#!,
which has been modified by Mrenna and Tobe to accomm
date a gluino LSP. We have written a toy calorimeter co
extending out touh jetu,4. The cell size of the calorimeter i
set toDh3Df50.130.1. The hadronic resolution is als
taken to be 70%/AE. The missing transverse momentum c
~2! and the jet-number cut~3! are the strongest cuts.j 1 is the
most energetic jet in an event andj (ET.20 GeV) is any jet
with a transverse energy larger than 20 GeV. Cut~4! elimi-
nates the QCD jet mismeasurement backgrounds. Th

.
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backgrounds occur due to the uncertainty in the energy m
surement of very energetic jets leading to large missing m
mentum in either the same or opposite direction as their
menta.

A. Identifying missing momentum

From the total energy deposited in the hadronic calor
eter and the pseudorapidityh of the corresponding jet, on
can determine the measured transverse energy of the jet
assume~similar to CDF! that the jets are massless. Hence
magnitude of the transverse momentum is the same as
transverse energy.

If we add up the transverse momenta of all jets presen
a single detected event, we should get zero due to the
servation of transverse momentum. In practice this does
happen. For one reason, not all the generated particles
energetic enough to be detected by a calorimeter cell as
of a jet ~this effect is parametrized inPYTHIA!. The second
and very important reason is that anR hadron does not de
posit all its energy inside the calorimeter; resulting in so
missing momentum. For example,~1! only the kinetic energy
of an R hadron is visible in a detector and not its rest ma
and ~2! the energy loss per collision decreases as
R-hadron mass increases. There is also an enhanceme
the ionization energy loss forR hadrons considered later i
Sec. III B. The total missing transverse momentump” T is de-
fined as minus the sum of the transverse momenta of all
in each event. A large missing transverse momentum
signature for a gluino LSP.

SPYTHIA gives us information which is directly converte
into pT for all standard model particles. ForR hadrons on the
other hand the output ofSPYTHIA is input for our hadronic
calorimeter code. It is in this code thatlT and Regge cross
sections are used to determine the energy deposited in
hadronic calorimeter. As discussed earlier,R hadrons suffer
both hadronic and ionization energy loss in the hadro
calorimeter. Hadronic energy losses are due to collisionsR
hadrons with nuclei. We assume anR-hadron–nucleon col-
lision occurs in the hadronic calorimeter after each dista
lT in the detector. We use the single particle inclusive d
ferential Regge cross sections, discussed in Sec. II B 3
obtain the energy and charge of theR hadrons after each
hadronic collision. These are computed randomly on
event by event basis using a probability distribution which
weighted by the differential cross sections. EachR hadron
can scatter into any of the fourR hadrons after colliding with
a nucleon. Therefore there are four separate processes w
can occur. To decide which one occurs, we compute the t
cross section for each process. The ratio of the total c
sections determines the probability of each process. A
dom number is generated which decides which process
curs based on these probabilities. In the next step we use
corresponding differential cross section to determine the
ergy of the out-goingR hadron. The energy of an out-goin
R hadron is a function of the momentum transfert and the
invariant massMX of the inclusive process. The probabilit
density for anR hadron with givent, MX , and center of
momentum energyAs is d2s/dtdMXu t,MX

. A ( t,MX) pair is
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therefore generated, weighted byd2s/dtdMXu t,MX
to com-

pute the energy of the out-goingR hadron.

B. Ionization energy loss

To calculate the ionization energy deposit, we use
standarddE/dx formula from Ref.@36#. A 50 GeV muon
beam, as measured in the central tracking chambers by C
deposits 2 GeV of energy in the hadronic calorimeter. If
compute the energy loss of the muon beam using the s
dard dE/dx formula for a muon passing through an iro
detector, we find it deposits only 1.3 GeV. Reference@12#
thus defines the ratio of the measured calorimeter ioniza
loss to the actualdE/dx loss from ionizationEionization as r
51.6. Finally, the visible energy of a jet~that measured in
the calorimeter! is the energy we assign to the jets wh
calculating p” T . It is given by the total energy lossEtotal

5rE ionization1Ehadronic. As mentioned earlier all jets ar
massless and we identify the magnitude of the thr
momentum of a jet withEtotal and choose its original direc
tion as the direction of its momentum three-vector. In th
way, we can add up the three-vector momenta of all j
present in a single event and determine the totalp” T .

C. R hadrons identified as muons

Some of theR hadrons which pass through the CDF d
tector are identified as muons. AnR-hadron jet is declared to
be muonlike, if it is detected to be charged in the cent
tracker and in at least one of the muon chambers, cove
only a portion of the available pseudorapidity region. In a
dition, it should have a momentum larger than 10 GeV in
central tracker and also should not deposit more than 6 G
inside the hadronic calorimeter as measured by the dete
Each event containing a muonlike jet is discarded@27#. In
some cases a large number of events are discarded be
they contain muonlike jets.

It is thus important to understand under what circu
stances anR-hadron jet will be muonlike. NeutralR-hadron
jets will not be muonlike since the jets need to be charg
both in the central tracker and in one of the muon chamb
On the other hand, if a jet remains charged for most of
passage through the hadronic calorimeter, it is likely tha
will deposit too much energy~more than 6 GeV! and thus
will not be a muon candidate. Hence an ideal muonlike je
one that is charged in the central tracker and one of the m
chambers and is neutral for most of its passage through
hadronic calorimeter. From the above discussion, we un
stand that increasingPr1 andPr2 will increase the number
of R-hadron jets that are identified as muon jets. Howeve
sPPP@srrP ~i.e., Pomeron scattering dominates! then there
is no chance for charge fluctuations and typically the char
R-hadron deposits too much energy in the hadronic calor
eter. Finally, if lT increases then there are fewer hadro
collisions and thus less hadronic energy loss in the calor
eter. In addition, as a consequence of fewer hadronic c
sions, theR hadron retains its velocity. This results in le
ionization energy loss since a fast moving charged part
loses less energy due to ionization than a slower particle
3-7
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its velocity is below minimum ionizing which is the cas
most of the time here. This tends to increase the numbe
muonlike events.

IV. THE RESULTS

To determine the limits on the mass of the gluino LSP,
compare the cross section for gluino pair production, a
applying the cuts, with the standard model background
reported in the analysis by CDF@27#. They report a back-
ground rate of 28.7 events10 for an integrated luminosity o
19 pb21 at the Fermilab center of mass energy ofAs
51.8 TeV corresponding tosB51.51 pb. A 1.96s back-
ground fluctuation corresponds to an allowed signal ofss
;553 fb, which is also equivalent toss;614 fb with an
integrated luminosity of 0.1 fb21 at 5s level. This is the
bound used by BCG@12#. We also use the latter cross secti
and do our analysis for an integrated luminosity of 0.1 fb21.

If the gluino signal, after cuts, is larger thanss;614 fb
with an integrated luminosity of 0.1 fb21 then those specific
values of the gluino masslT , fragmentation probabilities
and Reggeon couplings, are excluded. We first analyze
parameter space in the limit that all other superparticles
too heavy to be produced at the Tevatron. We then determ
the sensitivity of our results to lighter squarks by loweri
the squark masses.lT , sPPP /srrP and the fragmentation
probability vectorP5(PR0,Pr1,Pr0,Pr2) are also varied to
check the sensitivity of our results to these parameters.
labels assigned to the different parameter choices discu
below are given in Table I.

Figure 5 corresponds tolT519 cm, sPPP;srrP , and
PR05Pr15Pr05Pr251/4. Using our labeling system, thi
is called a (l1g1p1) scenario. As seen in this case, we a
able to exclude gluino masses from 30 up to 130 GeV
95% confidence level. The large signal cross section a
GeV suggests that the gluino mass exclusion can be pu
to even lower values. Considering the fact that BCG ha
excluded gluinos with mass in the range 3 to 22–25 G
using LEP data, the gluino window is closed from 3 to 1
GeV for these scattering parameters. It will become evid
that the most important parameter islT .

Figure 6 corresponds to (l1g2p1). In this case anR had-
ron which scatters off the nucleon will almost always reta
its identity. The chargedR hadrons, produced 50% of th

10This background rate is determined using a Monte Carlo ca
lation. The measured background is actually 36 events.

TABLE I. Labels for the different parameter choices used in
figures withlT ~interaction length!, the ratios of triple Regge ver
tices and the fragmentation probability vectorP
5(PR0,Pr1,Pr0,Pr2).

Labels Parameter values
l1, l2 lT519 cm, lT538 cm
g1, g2 sPPP;srrP , sPPP@srrP

p1, p2, p3 P5(1/4,1/4,1/4,1/4),P5(0,1,0,0), P5(1,0,0,0)
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time in this case, will always remain charged as they p
through the calorimeter. In (l1g1p1), it is possible for a
gluino to fragment into a chargedR hadron but become neu
tral in the muon chambers. This will not happen for the ca
of ( l1g2p1). We might expect an increase in the number
muonlike jets in (l1g2p1) as compared to (l1g1p1). On
the other hand, there is a large ionization energy deposit
the chargedR hadrons in (l1g2p1) because they remai
charged all the way through the calorimeter. This can s
press the number of muonlike jets due to the fact tha
would be less likely for them to deposit less than 6 GeV
transverse energy in the calorimeter. The second effect do

-

e

FIG. 5. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

519 cm and the Pomeron contribution is comparable with
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented into the neutral and chargedR had-
rons with equal probabilities.

FIG. 6. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

519 cm and the Pomeron contribution is much greater than
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented into the neutral and chargedR had-
rons with equal probabilities.
3-8
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nates over the first and we see a decrease in the total nu
of muonlike jets in (l1g2p1) compared to (l1g1p1). Look-
ing at Figs. 5 and 6 we can see this effect which shows it
as an increase in the signal cross section, mostly at largemg̃ ,
in Fig. 6. In (l1g2p1) the gluino mass is excluded up to 14
GeV.

Figure 7 is labeled (l1g1p2) where, in contrast to
( l1g1p1), all gluinos initially fragment into chargedR had-
rons. This greatly increases the chance of detecting a m
like jet and results in a smaller signal cross section part
larly at larger masses. At smaller gluino mass, the miss
momentum signal is reduced. This is a consequence of
effects; for lighter gluinos~1! the hadronic energy loss pe
collision is larger and~2! the unmeasured mass energy
smaller. Hence only a small number of events survive to
analyzed for the muon cut at small masses and the differe
due to the muon jet cut is not significant between (l1g1p2)
and (l1g1p1) at small gluino mass. Overall, we see
smaller signal cross section in Fig. 7 compared to (l1g1p1)
in Fig. 5. The result is that we only exclude gluino masses
to ;125 GeV.

( l1g1p3) is opposite to (l1g1p2) where now all gluinos
initially fragment into neutralR hadrons. Hence there are n
muonlike jets present in this scenario. We expect larger c
sections as seen in Fig. 8. However, as in (l1g1p2), we do
not see a significant increase in the cross section at s
gluino mass. We now exclude gluino masses up
;135 GeV.

In all the above cases, the signal cross section at s
gluino mass is similar for the reason explained previous
We therefore find, forlT519 cm, gluino masses are ex
cluded, when combining CERNe1e2 collider LEP@12# and
CDF data, from 3 to at least 120 GeV.

We now consider the analysis forlT538 cm. We con-
sider the (l2g1p1), (l2g1p2), and (l2g2p3) scenarios.
The case (l2g1p1) is plotted in Fig. 9. LargerlT implies
fewer R-hadron collisions with nuclei. This means that th

FIG. 7. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

519 cm and the Pomeron contribution is comparable with
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented only into the chargedR hadrons.
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generally move faster inside the hadronic calorimeter,
cause they are slowed down less by hadronic collisions w
the nuclei. The fast moving charged particles lose less
ergy due to ionization than slower particles. Thus there
less energy deposited in the (l2g1p1) scenario than
( l1g1p1). This significantly increases the number of muo
like jets as compared to (l1g1p1) because the jets are mo
likely to deposit less than 6 GeV transverse energy and t
are identified muonlike if they satisfy the other requiremen
The gluino mass is excluded up to slightly lower than 1
GeV. The signal rate also decreases substantially below
GeV. We observed only one event at 35 GeV. We thus c
clude that we cannot exclude a gluino mass below 35 GeV

e
e

FIG. 8. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

519 cm and the Pomeron contribution is comparable with
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented only into the neutralR hadrons.

FIG. 9. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

538 cm and the Pomeron contribution is comparable with
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented into the neutral and chargedR had-
rons with equal probabilities.
3-9
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our analysis. We therefore suggest that there is an open
dow between;22–25 GeV and 35 GeV requiring furthe
exploration.

In the (l2g1p2) scenario ~see Fig. 10! we observe
smaller signal cross sections than (l2g1p1) for the same
reason that (l1g1p2) has smaller signal cross sections th
( l1g1p1). This is due to the greater number of events t
contain muonlike jets. The gluino mass is excluded up
;115 GeV. At small gluino mass we should not expec
significant difference between (l2g1p1) and (l2g1p2) as
mentioned before. Therefore, there is again an open win
between;22–25 GeV and 35 GeV in this case.

The (l2g2p3) scenario is plotted in Fig. 11. There are
muonlike events in this scenario and we expect a larger

FIG. 10. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

538 cm and the Pomeron contribution is comparable with
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented only into the chargedR hadrons.

FIG. 11. The cross sections after cuts in the jets1p” T channel is
compared to the 5s level for L50.1 fb21 which is roughly the
same as the 95% C.L. forL519 pb21 at As51.8 TeV. lT

538 cm and the Pomeron contribution is much greater than
Reggeon contribution to the total scattering cross section.
gluino has initially fragmented only into the neutralR hadrons.
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nal rate compared to (l2g1p1). We find events even at
gluino mass of 35 GeV and thus there is no open wind
below 35 GeV. The gluino mass is excluded up
;125 GeV.

Lowering the squark masses. To examine the effect of
squarks on the results, we decrease the squark masse
colliding quark and antiquark make a virtual gluon in thes
channel which turns into a gluino pair. They can also e
change a squark in thet channel and produce a pair of glu
nos. When all squark masses are large, the former pro
dominates. Upon lowering the squark masses, the nega
interference of the latter process decreases the gluino
production cross section. However, the gluino product
cross section due to the processgg→g̃g̃ remains unchanged
When squark masses are sufficiently decreased then squ
can be produced directly in proton-antiproton collisions. W
therefore have events containing a gluino and a squark
The gluino-squark production cross section, however,
smaller than the gluino pair production cross section b
factor of approximately 100 at large gluino mass~around 140
GeV! and a factor of 1000 at smaller gluino mass~around 60
GeV!. At large gluino masses, the signal rate increases s
stantially due to the squark production which enhances
jet signal rate and more than compensates the decrease
total production cross section of gluino pairs. This, howev
is not the case at smaller gluino masses. In fact the sig
rate decreases upon lowering the squark masses~we have
considered squarks as light as 450 GeV!. At small gluino
mass, squarks are produced at a relatively smaller rate
in the case of large gluino mass and the enhancement du
the squark signals are much less. The gluino pair produc
cross section decreases as mentioned before and the o
effect is that a lower signal rate is observed. Recalling t
we found an allowed window for gluinos between;22–25
GeV and 35 GeV in the case oflT538 cm and equal prob
abilities for producing the fourR hadrons, the decrease in th
signal rate has the effect of enlarging the heavy gluino w
dow, pushing it to slightly higher values of the gluino mas

V. CONCLUSIONS

In this paper we considered a heavy gluino to be the lig
est supersymmetric particle~LSP!. We used CDF run I data
for excess events in the jets plus missing momentum ch
nel, to place limits on the mass of a heavy gluino LSP. W
find that gluinos with mass in the range between;35 and
;115 GeV are excluded. Combined with the previous
sults of Baeret al. ~BCG! @12#, which use LEP data to ex
clude the range 3–22 to 25 GeV, our result demonstrates
an allowed window for a heavy gluino with mass between
and 35 GeV is quite robust.

We compared our analysis to that of BCG. They a
found an open window, however, for seemingly unphysi
values of the fragmentation probability parameterP>3/4. In
their analysis, the bare gluino fragments into acharged R
hadron with the fragmentation probabilityP and into aneu-
tral R hadron with probability 12P. These authors also as
sume that when anR hadron scatters on a nucleon the lig
brown muck ~quarks and gluons bound to the gluino! are

e
e

e
e
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stripped off. The gluino then refragments with the sa
probability P. Thus for BCG, the probabilityP plays two
independent roles: fragmentation probability and rescatte
probability.

In our analysis, however, Regge scattering cross sect
allow R hadrons to change their identity with velocity depe
dent probabilities in each hadronic collision. We thus se
rate the independent phenomena of fragmentation and re
tering. As a result, we find a heavy gluino window wi
physical fragmentation probabilities discussed in Sec. II A

Both our results and those of BCG are sensitive to
R-hadron–nucleon scattering lengthlT . The heavy gluino
window only exists forlT538 cm. For the smaller value o
lT519 cm, the window is closed; consistent with the resu
of BCG. Although we do not knowa priori the value of the
scattering length, we argued that larger values are prefe

Note, aslT is increased, at some point theR hadron will
no longer have hadronic collisions in the calorimeter. T
neutralR hadron will escape the detector, whiler̃6 will only
undergo ionization energy loss; behaving just like a he
charged lepton. We do not expect the heavy gluino wind
between 25 and 35 GeV~discussed here! to be significantly
affected. On the other hand, one might be concerned
searches for charged stable massive particles would now
vide significant contraints on a heavy gluino in this lim
However, BCG have performed an analysis of charged st
massive particles~in the context of the heavy gluino LSP!
using CDF data@37#. They find that no limit can be set for
gluino mass less than 50 GeV.

In addition, an open window requires significantR-hadron
charge fluctuations. We showed that in the case of pu
neutralR hadrons, gluinos are excluded with mass betwee
and 120 GeV~see Fig. 11!.

Charge fluctuations are relevant for the analysis, since
CDF data cuts events with isolated leptons, in particu
muons withET.10 GeV. A track is identified as a muon
it is charged in the central tracker and in at least one of
muon chambers. It’s energy must also be more than 10 G
as measured in the central tracker, but less than 6 GeV in
hadronic calorimeter. ThusR hadrons can be identified a
muons if they initially fragment charged and then end up
at least one of the muon chambers charged. However
order to deposit less than 6 GeV in the hadronic calorime
it is important to have a longer scattering length~fewer had-
ronic collisions! and significant charge fluctuations~less ion-
ization energy loss!.

It is clear from our analysis that gluinos with mass in t
et
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range 25–35 GeV~and lT538 cm) are cut from the CDF
sample by the muon cut and even more so by the 60 G
missing momentum cuts. This greatly diminished CDF
sensitivity to the heavy gluino LSP in this mass range. It m
be possible to reanalyze the run I data with revised c
which enhance the signal to background ratio. Such
analysis is however beyond the scope of this paper.

Consider alternate methods for finding the heavy glui
We note that of order 106 R hadrons, with mass in the al
lowed window, were produced at CDF in run I. Assume on
a few percent are stopped in the hadronic calorimeter. Th
will be absorbed into the iron nuclei and thus a small sam
of the calorimeter can be tested in a mass spectromete
search for heavy isotopes of iron. It is also possible for
gluino to be the next-to-lightest superparticle and decay i
a gravitino and a gluon with lifetimes on the order of 10
years@6#. This possibility would not affect any of the analy
sis carried out in this paper.11 On the other hand, this poss
bility would result in a spectacular heavy gluino signal. T
stopped R-hadrons would decay into a gravitino plus hadr
with visible hadronic energymR0

2mGravitino which could be
of order 10 GeV. Clearly one can now look for events in t
detector, when the accelerator is OFF.

In conclusion, it is important to search for a heavy glui
LSP with mass in the allowed range 25–35 GeV. After a
this may be where the elusive SUSY is hidden. In additi
as discussed by Albuquerqueet al. these particles are th
prime particle physics candidates for the so-called UH
CRons@15#, responsible for the observed ultra high-ener
cosmic ray showers.
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