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Analysis of a heavy gluino LSP at CDF: The heavy gluino window
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In this paper we consider a heavy gluino to be the lightest supersymmetric pdrSée 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 charBdthdrons, containing a heavy gluino LSP, have distinct
signatures at the Fermilab Tevatron. The range of excluded gluino masses depends on whBthadtba 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 betwe8h and~ 115 GeV are excluded by CDF run
| data. Combined with the previous results of Baerl, 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 numbsdis): 14.80.Ly, 12.60.Jv

I. INTRODUCTION masses are suppressed. In the model of R&f§], it was
argued that the latter possibility is “natural” in an $I)
Supersymmetric theories are the most promising candiSUSY GUT with minimal messenger sector. In this case, the

dates for new physics beyond the standard model. Since SHtiggs and messenger fields both belong to theb5of SU(5)
persymmetry(SUSY) is not observed at low energies, it [or a 10 of S@10)]. Since they have identical quantum num-
must be broken. Two interesting classes of models for SUSYers it is natural for them to mix. Moreover the natural mass
breaking are minimal supergravifi] [also known as the scale for real S(b) representations is of order the GUT
constrained minimal SUSY standard mod€MSSM) [2])  scale. Recall, in any SUSY GUT, Higgs triplet and doublet
and minimal gauge-mediated SUSY breakiftGMSB) [3].  masses must be split in order to avoid rapid proton decay. It
In both cases gauginos are assumed to have a common Maggs shown in a simple example that the combination of
at the grand unificationGUT) scale[4]. Since gaugino Higgs-messenger mixing and doublet-triplet splitting leads to
masses, at one loop, are proportional to their correspondingplor Higgs triplet and messengers with mass at the GUT
coupling constants, we naturally expegitiinosto be the  scale M) and lighter doublet messengers with mass at a
heaviest gauginos at low energies. However, Ré&§] has  scaleM <M. The Higgs doublets remain masslebs.is
shown it is possibléand even naturato build phenomeno- igentified as the messenger scale. In this scenario the gluino
logically acceptable GMSB models with a heavy gluino asjs the LSP. Assuming a conservBdarity, such a gluino is
the lightest supersymmetric particleSP).! In these GUT  staple.
models, gaugino masses do not unify at the GUT scale. A natural framework for the above scenario is obtained in
In GMSB models, supersymmetry is broken in a hiddensg(10) with the Dimopoulos-Wilczek mechanisiti®] for
sector and transmitted to the visible sector via messengegfoublet-triplet splitting. This theory requires two tens, the
carrying standard model gauge interactions. The masses gfiggs 10s-dimensional multiplet and an auxiliary 10s field.
gauginos arise via one loop diagrams containing messengghe Higgs and auxiliary fields mix; and if the auxiliary 10
fields with appropriate quantum numbers. The minimal mesfeels SUSY breaking at tree level we have GMSB with the
senger sector includes color triplets, giving mass to gluinoguxiliary 10 identified as the messenggs$ SinceM is both
and squarks, and weak doublets, giving mass to charginage messenger scale and fRsymmetry-breaking scale, the
and neutralinos as well as squarks and sleptons. These mifljtuino mass is suppressed byl (Mg)? compared to other
mal messengers form complete five dimensional representgmugino masses. Note, in this theory, as shown in R€f,
tions of SU5); thus preserving GUT predictions. If the color pm/M;<0.1 is also sufficient to suppress the baryon number
triplet and weak doublet messengers are degenerate, th@[blating nucleon decay rates.
gaugino massesn, ,i=1,2,3 satisfym;/a;=const at the Given the possibility of having a gluino LSP it is impor-
messenger scale. If, on the other hand, the color triplet mesant to consider the existing limitsln a much studied class
sengers are heavier than their weak doublet partners, gluino

There are also cosmological constraints on a gluino [SR.
This is not the only model which may lead to a gluino LSP; see,These constraints, if correct, would require the gluino to be the
for example, the so-called O-1I string model discussed in Rdfor NLSP and to decay, for example, into a gravitisach as discussed
another GMSB model discussed in RES]. in Refs.[6,12]) or into a neutralino as in Ref13].
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of models[13] gauginos are massless at tree level obtaining®, 3, or 4 jets+ missing momentum. Analyzed in terms of

their mass radiatively at low energies. In thesaliative  the processa*e*—>q(_q'§]§ BCG find that gluino masses in
gaugino models the lightest neutralino is the LSP with athe range 3 to 22—25 GeV are ruled out. This result is inde-
gluino NLSP(next to the lightest superparti¢lith mass of  pendent of the probabilitp.

order a couple of GeV or less. These models provide candi- Using CDF data for jets+ missing momentum [27BCG
dates for dark matter14] and UHECRon$15], the particles  find that gluinos with mass in the range 25 to 130—150 GeV
responsible for the ultra high energy cosmic rays observegdre ruled out for all values oP in the range &P <3/4.

by cosmic ray shower detectors. There are two classes @ompined with the OPAL data, this excludes a heavy gluino
experimental constraints on these models. The first classsp in the range from 3 to 130-150 GeV. However for
looks for the decay of the gluino into a quark—anti-quark pairya|yes ofP=3/4 and large hadronic scattering length, they
and the LSP. Such a search by KTEM] has ruled out these  find an allowed heavy gluino window from 23—50 GeV.
models in the entire region of parameter space consistent |t js the goal of this paper to better understand the sensi-
with the dark matter and UHECRon solutions. The secondyity in the BCG analysis to the probability parameRand
class of constraints is valid even if the gluino were .the LSPhence the existence of the heavy gluino window. Thus we
and thus stable. For example, beam dump experiments glana)y7e the CDF data using an entirely different model for
Fermilab, as well as, searches for the de¥iay 775+ y rule ;o 4r0n_nucleon scattering. As in the analysis of BCG, we
out gluinos with mass in the range2-4 GeV. In addition, first assume the gluino LSP is heavy and that all other super-

gluinos in the entire light gluino window 1-5 GeV are ruled symmetric particles are substantially heavier than the gluino.

?nuéssgssrgﬁrchqesmfge?git ee \]/_e5%tfegto Egg}”iti)n;ﬁr tshqeuarKNe then check the sensitivity of our results to lighter
gnly g : y squarks. Our results are found in Sec. IV. The basic conclu-

analysis of the running aks from m_. to M, combined with ion is that th ists a h lui indow in th
multijet angular correlations on tf&has lead the authors of sion 1S that thereé exists a heavy giuino window In the mass

Ref.[18] to claim that the entire light gluino window is ruled @nge 25-35GeV. ,

out. The analysis of the multijet angular variables, however, "€ Paper is organized as follows. We review the pro-

has large uncertainties as noted in RdB)]. If we neglect ~CESS€s responsible f@—hadron production and frggmenta—

this part of the analysis, only using the runningeaf, then tion at the Tevatron in Sec. IlA and for detection at the

the light gluino window is ruled out only at 80% C.[18]. Collider Detector at FermilatiCDF) in Sec. Il B. In particu-

In summary, the light gluino window may still be viable for lar, the Regge model used f&hadron—nucleon scattering

stable gluinos. is found in Sec. IIB2. In Sec. Ill we present the details of
In this paper, however, we only consider models with aour analysis, i.e., evaluating missing momentum; ionization

heavy gluino LSP with mass greater than 5 GeV. In fact, agnergy loss, and muon identification. Our results are pre-

has been discussed in R@g], all previous searches ruling sented in Sec. IV and the conclusions are given in Sec. V.

out heavy gluinos in the MSSNwith mass greater than 5

GeV) use the jets plus missing momentum signature coming

from the sequential decay of a gluino inte- q+ the LSP Il. A HEAVY GLUINO LSP AT THE TEVATRON
(typically the lightest neutralino However, if the gluino is
the LSP and thus stablassuming a conserveRliparity) then
all previous limits on a heavy gluino, and most searches for If gluinos are light enough, they can be produced in
SUSY, must be reevaluated. Hence it is important to study @roton-antiproton collisions at the Tevatron. The relevant
heavy gluino LSRin the heavy gluino windoy Feynman diagrams are shown in Fig. 1.

Current experimental data can greatly constrain these Gluinos are color octets; hence gluinos cannot exist in

models[5,6,20-25. An important new study of the heavy o iation. Thev f lorl IRas g
gluino LSP has been carried out by Baer, Cheung, anI olation. They form colorless bound states sucligs gg

Gunion (BCG) [12]. BCG have significantly constrained the (9lUino-gluon bound state, an isospin singleor p
heavy gluino window, using both OPAL and CDF data; their =9(qd) =1y (gluino-quark-antiquark bound state with isos-
results are presented below. An important parameter in thejsin 1) with [p*=(gud), p°=(guu—gdd)/\2, p~
analysis isP or 1— P, the probability for a gluino to frag-
ment into a charged or a neuti@hadron® The same param-
eter, in their analysis, is used for the probability of the final
state R hadron in anR-hadron—nucleon collision to be
charged or neutral.

Using OPAL data [26] for €e”™—Z—N,N; with N,
—N;+q+q where the N(N;) neutralino is the NLSP ~ .
(LSP) in the MSSMThis process was analyzed by OPAL for  If M;>Mgy+m; then the decay— Rom will occur on a

strong interaction time scale of order 1 s. Otherwise
=Ryl “v or pP°—=Ryy occur via weak or electromagnetic

3An R hadron denotes the color singlet bound state of a gluindnteractions.
with gluon or light quark constituents. For p™ we obtain the decay rate

A. Production and fragmentation

=(gdu)]. In our analysis, we assume that these four states
are the lightest bound states of the gluino. Together, they are
calledR hadrons. As we see, two of these fdtthadrons are
electrically charged and two are neutral. We also assume that
any other bound state of the gluino, when produced, rapidly
decays into one of these fo®hadrons.
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FIG. 1. Diagrams representing gluino pair productionpira
collisions.
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AM =Mp=—mg, and Mg and m, is the R-hadron and up
quark mass, respectively. Using the experimental value

I'(p—e"e )=0.00675 MeV (3)

we find the lifetime 7;+=10""s for Mg=50 GeV and
AM =140 MeV orc7;+~30 m.
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Gluinos produced in a proton-antiproton collision frag-

ment into one of these bound states. The probabilities of
fragmenting intoR,, p*, p° andp~ are denoted byPro,

P,+, Py, and P,-, respectively with Pgo+P,++P 0
+P,-=1. If a particle lifetime is too short for the particle to
multiple scatter in the detector, then the effective fragmenta-
tion probability for that particle is zer(see discussion of

in Sec. IIB Y. For example, ifm;> Mg, + M, then we have

Pr.=1. On the other hand fon,<mg +m_ and taking
0 p 0

AM =140 MeV andM =50 GeV in the equation above we
find c750~3X% 104 cm giving P,0~0. If all nonvanishing
probabilities are then taken approximately equal we find the
probability P (as in BCQ for producing a chargeR hadron
given by P~2/35 If, however, we takeAM =5 MeV in-
stead, then all four probabilities are effectively nonzero and
P~1/2. In general, the effective fragmentation probabilities
depend onAM, M and the relativisticy factor. In our
analysis, however, we take these fragmentation probabilities
to be free parameters and we test the sensitivity of our results
to changes in them.

B. Constraints from CDF

To constrain the mass of the heavy gluino LSP we use,
following the analysis of Baeet al. [12], CDF data for jets
+ Pt [27]. This data has been used by CDF to put limits on
gluino and squark masses. In the MSSM a heavy squark or
gluino typically decays sequentially producing several jets
plus missing momentum carried away by the LSP. In addi-
tion, in order to reduce the standard model background for
the jetst p; signature, CDF cuts all jets containing a charged
lepton.

In our case the lighte®R hadron is the LSP and since it is
a hadron(in contrast to the CMSSMit will deposit some of
its energy in the hadronic calorimeter. In addition, the
R-hadron’s charge may fluctuate due to hadronic collisions.
Thus as emphasized by BCG it is important to analyze in
detail how anR hadron is observed in the detector. In fact it
was shown that some of the time a chargldadron may be
identified as a muon.

The important components of the CDF detedtior our
analysig are the central tracker, hadronic calorimeter, the
inner and outer muon chambers and the uninstrumented
piece of iron, located between the muon chambers. Consider
how anR hadron is observed. A gluino fragments into one of
the four stableR hadron If the R hadron is charged, it
leaves a track in the central tracker. Thenfheadron enters
the hadronic calorimetdfayers of iron where it scatters off
the nucleons a few times before it is stopped or, if not, it

Using the same numerical values as above, we find the life-

time 750~10"'* s orc7;0~0.0003 cm. Note for smaller val-

ues of AM the lifetime quickly grows. FoOAM =5 MeV,
we havec7,0~200 cm.

“4For this calculation we use the analysis leading to(®g[28] on
the radiative decay/¥ — ygg.

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

®Note, typically theR hadron carries most of the gluino momen-
tum (~99.4% for a 50 GeV gluing leaving little or none for
associated pions or other hadrons. Thus a gluino jet often contains
only the singleR hadron and nothing else.
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enters the inner muon chambleAfter each hadronic colli- It will be seen later that larger values p§(R°) can open

sion, the R-hadron can change into any other possiblean allowed region in the gluino mass window. Although we

“stable” gluino bound state, i.e., any of the foRhadrons have adopted the estimates of BCG, we believe that choosing

with the probability determined by the appropriate scatteringa larger value foi; is not an extreme limit, but is in fact

cross section. A charge hadron also deposits ionization preferred. We also assume that Rlhadrons have the same

energy in the hadronic calorimeter. Note, if tRehadron \;. We rescale all the differential cross sections to get the

exiting the hadronic calorimeter is charged, it is detected irdesired\; and keep their ratios unchanged. Note, the ratios

the muon chambers. In addition, between the first and secorgle determined by the Regge analysis discussed in the fol-

chambers it can lose energy and also the charge oRthe lowing section.

hadron can change due to an hadronic interaction inside the The average number of hadronic collisions inside the had-

uninstrumented iron. The energy loss will again be both inronic calorimeter depends on the magnitudengf For A

the form of hadronic energy loss and ionizatiGh it is =19 cm, theR hadrons on average undergo six hadronic

chargegl. However, this energy loss is not detected. collisions in the hadronic calorimeter and two hadronic col-
In order to determine the amount of energy deposited inisions in the uninstrumented iron between the muon cham-

the hadronic calorimeter and to model the charge fluctuationbers.

in the detector, we need a model ®hadron scattering. The

magnitude of the total cross sectiorn determines the scat- 2. Regge scattering modeAE and charge fluctuation

tering length\ ro<1/o;. The angular dependence of the dif-

ferential scattering cross section determines the mean ener%/rmme bothAE, the energy loss per hadronic collision and

loss per collisionAE. Finally the differential cross sections i bability for ch fuctuation. In thi vsi
determine the probability for charge fluctuations. In these € probabiiity for charge fiuctuation. in this analysis we use

details reside the main differences between our analysis an%ngle particle inclusive Regge cross sections with Pomeron

The differential cross sections for the foRrhadrons de-

that of BCG and p Regge exchanges. Recall that Regge exchange is by
' far the dominant contribution to high energy hadronic scat-
1. The total cross section and the interaction lengy tering cross sections.

o ] Let us briefly review Regge theory. The Regge pole
A priori, we do not know the magnitude ofr. However  mqodel connects the two classes of phenomena: classification
we estimate it using the two gluon excha_n_ge model for theyf hadrons and high-energy scattering of hadrons.
total cross section dR-hadron-nucleon collisions developed  Hadronic bound states or resonances with identical quan-
in Ref.[30] and used in Re{.12]. This analysis suggests that t;m numbers, except spin and mass, are correlated by Regge

the ratio trajectories where they appear with sgirdiffering by two
2 units. There is another relevant quantum number in Regge
A(R) _ or(7N) :<& (ra (6)  theory known as the signature For mesons, signature is
M(m)  or(RN) [ Cp (rﬁ) ' defined to ber=(—1)’ with the corresponding particle se-

quencesJ=0,2,4 ... (for 7=+1) andJ=1,3,5... (for
where Ce=4/3(C,=3) refers to the quadratic casimir of r=—1). As proposed by Chew and Frautsgdd], particles
SU(3)coior In the fundamentaladjoint representations and are classified on Regge trajectories in plots of their shin
(r?) is the transverse size-squared of the particle. versus the square of their mag. The trajectorye, inter-
The first factor is due to the octet natureR€onstituents.  polates between the particles such thatd®13)]=J.% The
The reduced constituent mass of the particle detern{ifés  trajectorya(t) is assumed to be an analytic functiont@fnd
In the case of a pion we ha\(efT)M4/m§ and in the case of experimentally they are, to a good approximation, straight
R% we get(r;@ocl/ms (for mg>m,), wherem, andmg are  lines. The two body scatterings are dominated by the ex-
the light quark and gluon masses, respectively. Ba@  change of one or more of _these trajecto_rie;. To see how a
assume equal values fan, and m, and estimatea;oN Regge pole exchange amplitude could arise in a field theory,
~(9/16)0T, which translates into\1(R%)~ (16/9\ (). Zon5|der the Van Hove—Durand model for the scattering of
Noting thath+(7)~11 cm, they conclude that;(R%)~ 19 +B— A+ B with A andB spinless particlesA andB inter-

cm is a reasonable estimate. However the constituent quaﬂ?t Vli.? ((ajxc.han.ge ofba meson with sgim thet-channel. The
mass is roughly speaking (1f8)o~330 MeV and the ampfitude 1s given by
constituent gluon mass is (1) epar~ 750 MeV. Hence it

might be more realistic to use the relation,~2m, which _gﬁ[—s/so]J

changes the result tar(R%~78 cm. In this analysis we Ast)= MZ—t
takeAt=19 cm and\+=38 cm, which are the values used
by BCG[12].

in the larges limit. If the exchanged patrticle is a member of
a Regge trajectory having an infinite series of mesons with

"As discussed in Ref29], it is reasonable to take the individual
nucleon as the target for values of-1t|=0.01 Ge\. For smaller
values of|t| the entire nucleus would be treated coherently and for e only talk about meson trajectories here; baryon trajectories
larger |t| individual quarks would be the scatterers. are similarly discussed in Ref32].
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FIG. 2. Diagrams showing an inclusive processb—c+ X in FIG. 3. Using a generalized optical theorem due to Mu¢Bét
terms of a Regge pole(t) in thet channel. we relate the single particle inclusive cross sectignb—c+ X to
. . ) the discontinuity in the forward three-body amplitude-b+c
spins J=1,3,5 ..., the scattering amplitude can be ex- _ gyp+c.

pressed as a summation of the single exchanges of all the

mesons on the trajectory. tudea+b-+c—a+b+c. In the Regge limifEq. (7)] this

1/ s\ gives the triple Regge cross secti@ee Fig. 4
(SO> , d’c 1

dxdt s < G”k(t)(m_f(

(~1)-
2

QJ

A(s,t) = 2

—t

g | @®ra0
) (M@, (9)
where sy is an energy scale factor. Assuming a universal
coupling and a linear Regge trajectd\v]/2 n?(J—a), the

series sum can be expressed in closed form. The result in thdth x=1— M/s.

limit of large s is For simplicity we consider two Regge trajectories, an
isosinglet Pomeron trajectory and an isovector Reggeon
92w (1—e 17 trajectoryp. We then write all the possible triple couplings
A(sit)=—— —( ) , of the Pomeron, Reggeon, aRthadrons as follows:
22 sin(a) | s

1p2
which is the form for the exchange of Regge poles with odd 9RrAROROP + G701 PP+ O, Ropipi + G €ijcPi P plpkl'o
signature with a trajectorya(t)=a+t/u? satisfying (10
a(M?)=J. The trajectorya(t), for t<0 describing scatter- - C .
ing irJI the s channel is a smooth continuation of the ReggeWher.e the _mdlces.l anq 2 distinguish between the outgoing
trajectory fort>0 describing scattering due to resonancean%'?rfommg particles in a vertex.
exchange in the channel. In general, the form of a Regge sing
amplitude can be more complicated if the incoming particles
carry spin or charge. p1Eip,

(13)
3. Inclusive scattering, tripple Reggeon form

The single particle inclusive scattering processb—c  we find
+ X can also be expressed in terms of Regge exchaagbs.
andc are definite particles and represents everything else ~ ~ ~ ~
with total invariant mas#y. In the limit PIPI=P+p-tP-pstp3ps, (12

M2 large, s/IM3>1 and s>t (7) pip2=ptp2 +prp2 +pip3,

the near forward two-body inclusive scattering process can a
be described by théchannel exchange of a Reggeon. Al-
though single particle inclusive scattering represents only
~20% of the total hadronic cross section we will use this
model for R-hadron scattering in our analysis. It determines
the energy lossAE as well as the probability for charge
fluctuation. This process is represented in Fig. 2.

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

A(s,t) = B(t) &(1)s*V. (8)

Using a generalized optical theorem due to Mu€el&3] b € € b
as shown in Fig. 3 the inclusive cross sectoohb—c+ X is FIG. 4. The triple Reggeon-scattering diagram describing the
related to the discontinuity in the forward three-body ampli-diffractive procesa+b—c+X.
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~172 ; ~1~2 ~172 ~172 ~1~2
€ijkPi P Pk=1(FpIpZp3—p=pipst p=p3p+—pip3p-

~172 ~172
—p3p>p.t+p3pip-).

We thus obtain the following vertices and the relevant

couplings given by
RoRoP with grge, (13
p+p-P,p_p.P and pspsP with g7p,
Rop—p+ Rop+p— and Ropsps with ggj,,
+PiP_P3.—P-_PiP3.TP_Papy

—p+p3p-,—p3p+p- and +pzp_p,. with ig;;,,

which lead to the following diffractive scattering patterns:

RoN—RX=Ghpp,

1

RoN—p(—3X,  Pp(+-yN—=RX=G, 5,

piN=D.X, p_N—p_X=G3pp,G?

ppP
paN—psX=G5pp,
piN—p_X, p_N—p X=0,
piN—=psX, psN—p.X, p_N—psX,

53NH;—X:>G/§;)P .

PHYSICAL REVIEW D 62 035003

G (1) =Gy p(1) =Gy p(1). (17)
Inspired by Ref[34], we take
Gppp(t)/Gppp(0)=0.88394+0.12112 (18
G,,p(1)/G,,p(0)=0.85"22+0.15 82
and
ap=0.36, (19
a=0.5,
B=1.0.
We also vary the relative size @ppp(t) and G, p(t) to

check the sensitivity of our results to these couplings.

Before continuing, let us briefly discuss the scattering
analysis of BCd12]. These authors assume that wherRan
hadron scatters on a nucleon the light brown mmpkarks
and gluons bound to the gluihare stripped off. The bare
gluino then refragments into eharged Rhadron with the
fragmentation probability? and into aneutral Rhadron with
probability 1— P. Thus for BCG, the probabilitf plays two
independent roles: fragmentation probability, and rescatter-
ing probability.

In our analysis, however, Regge scattering cross sections
allow R hadrons to change their identity with velocity depen-
dent probabilities in each hadronic collision. We thus sepa-
rate the independent phenomena of fragmentation and rescat-
tering.

In addition, to calculate the energy of Brhadron after an
R-hadron—nucleon collision, BC@ 2] use either a constant
differential cross section which vanishes tor1 GeV or a

Using Eq.(9) and the Pomeron and Reggeon trajectoriestriple Pomeron scattering formula. We on the other hand use

ap(t)=1+apt, a,(t)=a+pt, (14)

the differential Regge cross sections for this as well.

Ill. THE ANALYSIS

we obtain the desired differential scattering cross section for-

mulas for the triple Pomeron contribution

1
My’

and for the Reggeon-Reggeon-Pomeron contribution

(19

dZO'PPP s Z&Pt
1 ar = 2Gepp(t)| —5
dedt MX

S )(2a+2ﬂt2)

AMdt 2 PPP“)<M_§

L) g

The calculations are based on the assumption that

Gppp(t)=Gppp(t) =Gapp(t),

Consider the CDF data for jetgp [27]. We compare our
Monte Carlo simulation with this data and thus we use the
same cuts as BCG, which were designed to duplicate the
experimental procedures of R¢R7]. The cuts are listed as
follows: (1) no (isolated leptons withE{>10 GeV; (2) p+
>60 GeV; (3) there are three or more jets with <2 and
E+>15 GeV, using a coalescence cone sizAB=0.5; (4)
Azimuthal separation requirement&ip(pr,j1)<160° and
A¢[pr.j(Er>20 GeV)]>30°.

For our monte carlo analysis we generated events using
(SPYTHIA, A Supersymmetric Extension efyTHIA 5.7 [35]),

Which has been modified by Mrenna and Tobe to accommo-

date a gluino LSP. We have written a toy calorimeter code
extending out td 7, <4. The cell size of the calorimeter is
set toApXA¢$=0.1x0.1. The hadronic resolution is also
taken to be 70%{E. The missing transverse momentum cut
(2) and the jet-number cy8) are the strongest cutgl is the

9For simplicity we have ignored the triple Reggeon contribution.most energetic jet in an event apE+>20 GeV) is any jet

We also use the Regge cross sections for all physical valugg,of

andMy ; in particular, extending outside the Regge lifitig. (2)].

with a transverse energy larger than 20 GeV. @uitelimi-
nates the QCD jet mismeasurement backgrounds. These
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backgrounds occur due to the uncertainty in the energy meaherefore generated, weighted byo/dtd Mx|t,,\,,X to com-
surement of very energetic jets leading to large missing mopyte the energy of the out-goirighadron.
mentum in either the same or opposite direction as their mo-

menta. B. lonization energy loss

To calculate the ionization energy deposit, we use the
A. |dentifying missing momentum standardd E/dx formula from Ref.[36]. A 50 GeV muon
From the total energy deposited in the hadronic calorimbeam, as measured in the central tracking chambers by CDF,
eter and the pseudorapidity of the corresponding jet, one deposits 2 GeV of energy in the hadronic calorimeter. If we
can determine the measured transverse energy of the jet. Vé@mpute the energy loss of the muon beam using the stan-
assumesimilar to CDH that the jets are massless. Hence thedard dE/dx formula for a muon passing through an iron
magnitude of the transverse momentum is the same as thietector, we find it deposits only 1.3 GeV. Referentg]
transverse energy. thus defines the ratio of the measured calorimeter ionization
If we add up the transverse momenta of all jets present ifoss to the actuallE/dx loss from ionizationE;qpisation 8S
a single detected event, we should get zero due to the conr-1 6. Finally, the visible energy of a jéthat measured in
servation of transverse momentum. In practice this does ngfe calorimeter is the energy we assign to the jets when

happen.l For one reason, not all the gene(ated particles af8lculating pr. It is given by the total energy 0SBy
energetic gnough to be detectgd by.a calorimeter cell as pagrEionization+ Enagronic. As mentioned earlier all jets are
ofajet(tms effect is param_etnzed iRYTHIA). The second massless and we identify the magnitude of the three-
andl very |mportant're§son is that Erhadron doe; npt de- momentum of a jet withE,, and choose its original direc-
posit all its energy inside the calorimeter; resulting in som

o o Sion as the direction of its momentum three-vector. In this
missing momentum. For exampl@) only the kinetic energy hree-vect 2 of all iets
of an R hadron is visible in a detector and not its rest mass. oy W€ ¢an .add up the three-vec or momenta o J
and (2) the energy loss per collision decreases as thgresent in a single event and determine the tpfal
R-hadron mass increases. There is also an enhancement in
the ionization energy loss fdR hadrons considered later in
Sec. llI B. The total missing transverse momentpimis de- Some of theR hadrons which pass through the CDF de-
fined as minus the sum of the transverse momenta of all jetctor are identified as muons. Mhadron jet is declared to
in each event. A large missing transverse momentum is Be muonlike, if it is detected to be charged in the central
signature for a gluino LSP. tracker and in at least one of the muon chambers, covering

SPYTHIA gives us information which is directly converted only a portion of the available pseudorapidity region. In ad-
into py for all standard model particles. FBrhadrons on the dition, it should have a momentum larger than 10 GeV in the
other hand the output adPYTHIA is input for our hadronic  central tracker and also should not deposit more than 6 GeV
calorimeter code. It is in this code tha{ and Regge cross inside the hadronic calorimeter as measured by the detector.
sections are used to determine the energy deposited in th®ach event containing a muonlike jet is discardad]. In
hadronic calorimeter. As discussed earl®Rhadrons suffer some cases a large number of events are discarded because
both hadronic and ionization energy loss in the hadronicdhey contain muonlike jets.
calorimeter. Hadronic energy losses are due to collisiofi® of It is thus important to understand under what circum-
hadrons with nuclei. We assume Brhadron—nucleon col- stances afR-hadron jet will be muonlike. Neutrak-hadron
lision occurs in the hadronic calorimeter after each distancgets will not be muonlike since the jets need to be charged
A\t in the detector. We use the single particle inclusive dif-both in the central tracker and in one of the muon chambers.
ferential Regge cross sections, discussed in Sec. IIB 3, tOn the other hand, if a jet remains charged for most of its
obtain the energy and charge of tRehadrons after each passage through the hadronic calorimeter, it is likely that it
hadronic collision. These are computed randomly on amwill deposit too much energymore than 6 GeY and thus
event by event basis using a probability distribution which iswill not be a muon candidate. Hence an ideal muonlike jet is
weighted by the differential cross sections. E&thadron  one that is charged in the central tracker and one of the muon
can scatter into any of the folRhadrons after colliding with  chambers and is neutral for most of its passage through the
a nucleon. Therefore there are four separate processes whihhdronic calorimeter. From the above discussion, we under-
can occur. To decide which one occurs, we compute the totajtand that increasing,,+ andP,- will increase the number
cross section for each process. The ratio of the total crossf R-hadron jets that are identified as muon jets. However if
sections determines the probability of each process. A rargppp> a,,p (.., Pomeron scattering dominatéisen there
dom number is generated which decides which process od¢s no chance for charge fluctuations and typically the charged
curs based on these probabilities. In the next step we use ti@hadron deposits too much energy in the hadronic calorim-
corresponding differential cross section to determine the ereter. Finally, if \; increases then there are fewer hadronic
ergy of the out-goingRk hadron. The energy of an out-going collisions and thus less hadronic energy loss in the calorim-
R hadron is a function of the momentum transfeand the eter. In addition, as a consequence of fewer hadronic colli-
invariant massMy of the inclusive process. The probability sions, theR hadron retains its velocity. This results in less
density for anR hadron with givent, My, and center of ionization energy loss since a fast moving charged particle
momentum energy(s is d?c/dtd Mx|t,MX- A (t,My) pairis  loses less energy due to ionization than a slower particle, if

C. R hadrons identified as muons
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TABLE I. Labels for the different parameter choices used in the . Gppp=G
figures withA 1 (interaction length the ratios of triple Regge ver- 10 T
tices and the fragmentation probability vectorP

=(Pgo,P,+,P,0,P,-).

opp ? PR0=Pp +=P|>0=Pp—=1/4

p*a

.| IIII

Labels Parameter values

11, 12 Ar=19 cm, A\ ;=38 cm

g1, g2 Oppp~0ppps Oppp>0,,p

pl, p2, p3 P=(1/4,1/4,1/4,1/4),P=(0,1,0,0), P=(1,0,0,0)

w

-
Q

o (after cuts) (fb)

=

x
— M=19cm

its velocity is below minimum ionizing which is the case . a
==== 50 limit for 0.1 fb

most of the time here. This tends to increase the number of 10° . . . ) . .
muonlike events. 0 20 40 60 80 100 120 140

Gluino Mass (GeV)

IV. THE RESULTS
FIG. 5. The cross sections after cuts in the jefs channel is

To determine the limits on the mass of the gluino LSP, wecompared to the & level for L=0.1 fo-! which is roughly the
compare the cross section for gluino pair production, aftesame as the 95% C.L. foL=19pb* at \s=1.8 TeV. A;
applying the cuts, with the standard model background as 19 cm and the Pomeron contribution is comparable with the
reported in the analysis by CD[27]. They report a back- Reggeon contribution to the total scattering cross section. The
ground rate of 28.7 everifsfor an integrated luminosity of ~gluino has initially fragmented into the neutral and chargeiad-

19 pb'! at the Fermilab center of mass energy ¢§  rons with equal probabilities.

=1.8 TeV corresponding terg=1.51 pb. A 1.96 back-

ground fluctuation corresponds to an allowed signabef time in this case, will always remain charged as they pass
~553 fb, which is also equivalent to~614 fo with an  through the calorimeter. Inl{glpl), it is possible for a
integrated luminosity of 0.1 fb* at 50 level. This is the gluino to fragment into a chargeé’hadron but become neu-
bound used by BCE12]. We also use the latter cross sectiontral in the muon chambers. This will not happen for the case
and do our analysis for an integrated luminosity of 0.1%b  of (11g2p1). We might expect an increase in the number of

If the gluino signal, after cuts, is larger than~614 fb  muonlike jets in (1g2p1) as compared tol{glpl). On
with an integrated luminosity of 0.1 f& then those specific the other hand, there is a large ionization energy deposit for
values of the gluino masky, fragmentation probabilities the chargedR hadrons in (1g2p1) because they remain
and Reggeon couplings, are excluded. We first analyze thigharged all the way through the calorimeter. This can sup-
parameter space in the limit that all other superparticles arBress the number of muonlike jets due to the fact that it
too heavy to be produced at the Tevatron. We then determin&ould be less likely for them to deposit less than 6 GeV of
the sensitivity of our results to lighter squarks by loweringtransverse energy in the calorimeter. The second effect domi-
the squark massesd.;, oppp/c,,p and the fragmentation
probability vectorP=(Pgo,P,+,P ,0,P,-) are also varied to s e O Po=P, =P =P, =1/4
check the sensitivity of our results to these parameters. The 10 y - - - - - -
labels assigned to the different parameter choices discussed
below are given in Table I. I

Figure 5 corresponds tat=19 cm, oppp~0c,,p, and I I
Pro=P,+=P0=P,-=1/4. Using our labeling system, this
is called a (1g1pl) scenario. As seen in this case, we are
able to exclude gluino masses from 30 up to 130 GeV at
95% confidence level. The large signal cross section at 30
GeV suggests that the gluino mass exclusion can be pushed
to even lower values. Considering the fact that BCG have
excluded gluinos with mass in the range 3 to 22-25 GeV
using LEP data, the gluino window is closed from 3 to 130 10 , . . . . . .
GeV for these scattering parameters. It will become evident 0 20 40 60 80 100 120 140
that the most important parameternig . Gluino Mass (GeV)

Figure 6 corresponds td1g2p1l). In this case aR had-
ron which scatters off the nucleon will almost always retain
its identity. The chargedR hadrons, produced 50% of the

s

-
o

—_
(o]

w
L

o (after cuts) (fb)
H

Ar=19cm
-=== 56 limit for 0.1 fb"

FIG. 6. The cross sections after cuts in the jefs channel is
compared to the & level for L=0.1 fb"! which is roughly the
same as the 95% C.L. fot=19 pb ! at s=1.8 TeV. A\t
=19 cm and the Pomeron contribution is much greater than the
Reggeon contribution to the total scattering cross section. The

0This background rate is determined using a Monte Carlo calcugluino has initially fragmented into the neutral and chargeuiad-
lation. The measured background is actually 36 events. rons with equal probabilities.
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P

105 Oppp=0 p » PR0=Pp0=P p—=0’ Pp+=l 105 Oppp=0 p » ro=L> PpO=P p—=Pp+=0
: [T: 4 [,
= 10 = 10
= = x
E T E
x
c10° . c10° =
=
A=19 cm A=19 cm
\ -=-= 56 limit for 0.1 fb" \ -=-= 56 limit for 0.1 fb"
10 1 1 1 1 1 1 1 10 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

Gluino Mass (GeV)

Gluino Mass (GeV)

FIG. 7. The cross sections after cuts in the jgfs channel is FIG. 8. The cross sections after cuts in the jefs channel is
compared to the & level for L=0.1 fo~! which is roughly the compared to the & level for L=0.1 fo"! which is roughly the
same as the 95% C.L. fot=19pb ! at /s=1.8TeV. \; same as the 95% C.L. fot=19 pb ! at Vs=1.8 TeV. At
=19 cm and the Pomeron contribution is comparable with the=19 cm and the Pomeron contribution is comparable with the
Reggeon contribution to the total scattering cross section. Th&®eggeon contribution to the total scattering cross section. The

gluino has initially fragmented only into the chargBchadrons. gluino has initially fragmented only into the neutiRlhadrons.

nates over the first and we see a decrease in the total number L . .
of muonlike jets in (1g2p1) compared tollg1p1). Look generally move faster inside the hadronic calorimeter, be-
) . . : . ause they are slowed down less by hadronic collisions with
ing at Figs. 5 and 6 we can see this effect which shows itsel ; : ;

. : . . he nuclei. The fast moving charged particles lose less en-
as an increase in the signal cross section, mostly at fagge

N ) X ergy due to ionization than slower particles. Thus there is
'ge':\'/g' 6.1n (11g2p1) the gluino mass is excluded up to 140 less energy deposited in thel2g1lpl) scenario than

Figure 7 is labeled I0lg1p2) where, in contrast to (I1glp1l). This significantly increases the number of muon-

(I11g1p1l), all gluinos initially fragment into chargel had- like jets as compared td1g1p1) because the jets are more

. . . likely to deposit less than 6 GeV transverse energy and they
rons. This greatly increases the chance of detecting a muon- ~: e S . 4
S . ; . . are identified muonlike if they satisfy the other requirements.
like jet and results in a smaller signal cross section particus . . .

The gluino mass is excluded up to slightly lower than 120

larly at larger masses. At smaller gluino mass, the MISSINGsev. The signal rate also decreases substantially below 50

momentum signal is reduced. This is a consequence of tW%eV We observed only one event at 35 GeV. We thus con-

effe.CFS; f(_)r lighter gluinog1) the hadronic energy loss PET clude that we cannot exclude a gluino mass below 35 GeV in
collision is larger and2) the unmeasured mass energy is

smaller. Hence only a small number of events survive to be

analyzed for the muon cut at small masses and the difference 10° Oeor=Oppr » Pro=Pp=Pyo=P, =1/4
due to the muon jet cut is not significant betweéhg1p2) oo
and (1glpl) at small gluino mass. Overall, we see a
smaller signal cross section in Fig. 7 comparedltogy(pl)

in Fig. 5. The result is that we only exclude gluino masses up
to ~125 GeV.

(11g1p3) is opposite tol1lglp2) where now all gluinos
initially fragment into neutraR hadrons. Hence there are no
muonlike jets present in this scenario. We expect larger cross L
sections as seen in Fig. 8. However, aslibglp2), we do ] -z

-
o

N

-
=

o (after cuts) (fb)

—_
(o]
w

not see a significant increase in the cross section at small
gluino mass. We now exclude gluino masses up to
~135 GeV.

In all the above cases, the signal cross section at small

10

Ar=38 cm

x

===~ 56 limit for 0.1 fb"'

0

20

40

60

80 100 120 140

gluino mass is similar for the reason explained previously. Gluino Mass (GeV)

We therefore find, fornt=19 cm, gluino masses are ex-
cluded, when combining CERB" e~ collider LEP[12] and
CDF data, from 3 to at least 120 GeV.

We now consider the analysis far=38 cm. We con-

FIG. 9. The cross sections after cuts in the jefs channel is
compared to the & level for L=0.1 fb"! which is roughly the
same as the 95% C.L. fot=19 pb ! at s=1.8 TeV. A\t
=38 cm and the Pomeron contribution is comparable with the
sider the (2g1pl), (12g1p2), and (29g2p3) scenarios. Reggeon contribution to the total scattering cross section. The
The case I2glpl) is plotted in Fig. 9. Largek; implies  gluino has initially fragmented into the neutral and chargeaad-
fewer R-hadron collisions with nuclei. This means that they rons with equal probabilities.
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105 Oppp=0 o » PR0=Pp0=P p—=0’ Pp+=l
-~ 4
§ 10 I I
g
o I
&
% 10° | T
l T
A=38 cm x
\ -=-= 56 limit for 0.1 fb"
10 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Gluino Mass (GeV)

FIG. 10. The cross sections after cuts in the{gbs channel is
compared to the & level for L=0.1 fb~! which is roughly the
same as the 95% C.L. fot=19 pb! at \s=1.8 TeV. A\t ) . , /
=38 cm and the Pomeron contribution is comparable with theSMaller than the gluino pair production cross section by a

Reggeon contribution to the total scattering cross section. Th&actor of approximately 100 at large gluino maasound 140
gluino has initially fragmented only into the chargBchadrons.

our analysis. We therefore suggest that there is an open Wiy
dow between~22-25 GeV and 35 GeV requiring furthe

exploration.

In the (2g1p2) scenario(see Fig. 1D we observe
smaller signal cross sections thai2¢1pl) for the same
reason thatl(Llglp2) has smaller signal cross sections than :
(I1g1pl). This is due to the greater number of events thaf"ass squarks are produced at a relatively smaller rate than
contain muonlike jets. The gluino mass is excluded up td

~115 GeV. At small gluino mass we should not expect

significant difference betweerl4glpl) and (291p2) as

mentioned before. Therefore, there is again an open windo

between~22-25 GeV and 35 GeV in this case.

The (129g2p3) scenario is plotted in Fig. 11. There are no
muonlike events in this scenario and we expect a larger si

.o Opop>>0p » Pro=1, P, =P =P, =0
2 10 Iy
@ T
3
§ x
S
8 3
o 10 .
A=38 cm
\ -=-= 56 limit for 0.1 fb"
10 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Gluino Mass (GeV)

FIG. 11. The cross sections after cuts in thejgbs channel is
compared to the & level for L=0.1 fb~! which is roughly the
same as the 95% C.L. fot=19 pb'! at s=1.8 TeV. Ay
=38 cm and the Pomeron contribution is much greater than thé&al R hadron with probability +-P. These authors also as-
Reggeon contribution to the total scattering cross section. Théume that when aR hadron scatters on a nucleon the light
gluino has initially fragmented only into the neutiRlhadrons.

a
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nal rate compared tol2g1pl). We find events even at a
gluino mass of 35 GeV and thus there is no open window
below 35 GeV. The gluino mass is excluded up to
~125 GeV.

Lowering the squark masse$¥o examine the effect of
squarks on the results, we decrease the squark masses. A
colliding quark and antiquark make a virtual gluon in the
channel which turns into a gluino pair. They can also ex-
change a squark in thiechannel and produce a pair of glui-
nos. When all squark masses are large, the former process
dominates. Upon lowering the squark masses, the negative
interference of the latter process decreases the gluino pair
production cross section. However, the gluino production

cross section due to the procegs— gg remains unchanged.
When squark masses are sufficiently decreased then squarks
can be produced directly in proton-antiproton collisions. We
therefore have events containing a gluino and a squark jet.
The gluino-squark production cross section, however, is

GeV) and a factor of 1000 at smaller gluino mdasound 60
GeV). At large gluino masses, the signal rate increases sub-
tantially due to the squark production which enhances the

i jet signal rate and more than compensates the decrease in the

total production cross section of gluino pairs. This, however,
is not the case at smaller gluino masses. In fact the signal
rate decreases upon lowering the squark magseshave
considered squarks as light as 450 GeXt small gluino

n the case of large gluino mass and the enhancement due to
the squark signals are much less. The gluino pair production
cross section decreases as mentioned before and the overall

\ﬁffect is that a lower signal rate is observed. Recalling that

we found an allowed window for gluinos betweer22—25
GeV and 35 GeV in the case af=38 cm and equal prob-
abilities for producing the fouR hadrons, the decrease in the

gsignal rate has the effect of enlarging the heavy gluino win-

dow, pushing it to slightly higher values of the gluino mass.

V. CONCLUSIONS

In this paper we considered a heavy gluino to be the light-
est supersymmetric particleSP). We used CDF run | data,
for excess events in the jets plus missing momentum chan-
nel, to place limits on the mass of a heavy gluino LSP. We
find that gluinos with mass in the range betwee5 and
~115 GeV are excluded. Combined with the previous re-
sults of Baeret al. (BCG) [12], which use LEP data to ex-
clude the range 3—-22 to 25 GeV, our result demonstrates that
an allowed window for a heavy gluino with mass between 25
and 35 GeV is quite robust.

We compared our analysis to that of BCG. They also
found an open window, however, for seemingly unphysical
values of the fragmentation probability parameRer 3/4. In
their analysis, the bare gluino fragments intclaarged R
hadron with the fragmentation probabiliB/and into aneu-

brown muck (quarks and gluons bound to the gluinare
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stripped off. The gluino then refragments with the samerange 25-35 Ge\(and A+=38 cm) are cut from the CDF
probability P. Thus for BCG, the probability? plays two  sample by the muon cut and even more so by the 60 GeV
independent roles: fragmentation probability and rescatteringnissing momentum cuts. This greatly diminished CDF’s
probability. sensitivity to the heavy gluino LSP in this mass range. It may
In our analysis, however, Regge scattering cross sectiorse possible to reanalyze the run | data with revised cuts
allow R hadrons to change their identity with velocity depen-which enhance the signal to background ratio. Such an
dent probabilities in each hadronic collision. We thus sepaanalysis is however beyond the scope of this paper.
rate the independent phenomena of fragmentation and rescat- Consider alternate methods for finding the heavy gluino.
tering. As a result, we find a heavy gluino window with \We note that of order FOR hadrons, with mass in the al-
physical fragmentation probabilities discussed in Sec. Il A. Jowed window, were produced at CDF in run I. Assume only
Both our results and those of BCG are sensitive to they few percent are stopped in the hadronic calorimeter. These
R-hadron—nucleon scattering lengily. The heavy gluino  will be absorbed into the iron nuclei and thus a small sample
window only exists fol\y=38 cm. For the smaller value of of the calorimeter can be tested in a mass spectrometer to
A+=19 cm, the window is closed; consistent with the resultssearch for heavy isotopes of iron. It is also possible for the
of BCG. Although we do not knowa priori the value of the  gluino to be the next-to-lightest superparticle and decay into
scattering length, we argued that larger values are preferred. gravitino and a gluon with lifetimes on the order of 100
Note, as\ is increased, at some point tRehadron will  years[6]. This possibility would not affect any of the analy-
no longer have hadronic collisions in the calorimeter. Thesis carried out in this papét.On the other hand, this possi-
neutralR hadron will escape the detector, whilé will only ~ bility would result in a spectacular heavy gluino signal. The
undergo ionization energy loss; behaving just like a heavystopped R-hadrons would decay into a gravitino plus hadrons
charged lepton. We do not expect the heavy gluino windowwith visible hadronic energyng — Mgayiino Which could be
between 25 and 35 Geldiscussed hejeo be significantly  of order 10 GeV. Clearly one can now look for events in the
affected. On the other hand, one might be concerned thatetector, when the accelerator is OFF.
searches for charged stable massive particles would now pro- In conclusion, it is important to search for a heavy gluino
vide significant contraints on a heavy gluino in this limit. LSP with mass in the allowed range 25-35 GeV. After all,
However, BCG have performed an analysis of charged stablghis may be where the elusive SUSY is hidden. In addition,
massive particlegin the context of the heavy gluino L$P as discussed by Albuquerquet al. these particles are the
using CDF datd37]. They find that no limit can be set for a prime particle physics candidates for the so-called UHE-

gluino mass less than 50 GeV. CRons[15], responsible for the observed ultra high-energy
In addition, an open window requires significéhadron  cosmic ray showers.

charge fluctuations. We showed that in the case of purely

neutralR hadrons, gluinos are excluded with mass between 3

and 120 GeMsee Fig. 11 ACKNOWLEDGMENTS
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