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We consider the possibility that the lightest supersymmetric particle is a heavy gluino. After discussing
models in which this is the case, we demonstrate thafjthé&SP could evade cosmological and other con-
straints by virtue of having a very small relic density. We then consider how neutral and charged hadrons
containing a gluino will behave in a detector, demonstrating that there is generally substantial apparent missing
momentum associated with a produ@d SP. We next investigate limits on tlieLSP deriving from CERN,

LEP, LEP2 and run | Fermilab Tevatron experimental searches for excess events in the jets plus missing
momentum channel and for stable heavily ionizing charged particles. The ramggtbat can be excluded
depends upon the path length of f§ein the detector, the amount of energy it deposits in each hadronic
collision, and the probability for thg to fragment to a pseudo-stable charged hadron after a given hadronic
collision. We explore how the range of excludeg depends upon these ingredients, concluding that for
non-extreme cases the range 3 Gevly=130-150 GeV can be excluded at 95% C.L. based on currently
available OPAL and CDF analyses. We find that run Il at the Tevatron can extend the excluded(oegion
discover thég) up tomg~ 160—180 GeV. For completeness, we also analyze the case whg ésttiree NLSP

(as possible in gauge-mediated supersymmetry brepklegaying viag— g+ gravitino. We find that the
Tevatron run | data excludeg=<240 GeV. Finally, we discuss application of the procedures developed for the
heavy G-LSP to searches for other stable strongly interacting particles, such as a stable heavy quark.
[S0556-282199)05603-9

PACS numbd(s): 14.80.Lv, 12.60.Jv

I. INTRODUCTION supersymmetrySUSY) breaking, the gaugino masses arise
at one-loop and are therefore determined by the standard
In the conventional minimal supergravifMSUGRA)  renormalization group equation coefficients and by the
and minimal gauge-mediateMGMSB) supersymmetry Green-Schwarz parametégs. The O-l1l model in this limit
models, the gaugino massdt at low energy are propor- results in the ratios
tional to the corresponding; and are in the ratio
O-ll 33
M3:M2:M1~a3:a2:a1, (11) MS:MZ:M].N_(3+5GS):(1_§GS):(€_5GS)’
as would, for example, apply if thiel;, evolve to a common (1.2
valuem;,, at the grand unified theofGUT) scaleM, in the
SUGRA model context. However, well-motivated models
exist in which theM; do not obey Eq(1.1). In particular, the
focus of this paper will be on models in whidl; is the
smallest of the gaugino masses, implying that the gluino wil S )
be the lightest supersymmetric parti¢leSP). (We note that in Ref. [5]. Thgre, th_eg is the LSP as a result_of mixing
we explicitly do not conside masses as low as those ap- between the Higgs fEIds and the messenger fields, both of
propriate in the light gluino scenarifd], which some[2] ~ Which belong to 5 and Bepresentations of §8), which are,
would claim has now been ruled out. in turn, contained in 10’s of SQ@Q0). The basic idea is as
One Such model iS the O-ll String mode' in the ||m|t fO"OWS. First, one implementS the Standard mechanism fOI’
where supersymmetry breaking is dominated by the universplitting the color-triplet members of the Higgs from their
sal “size” modulus[3,4] (as opposed to the dilatprindeed, SU(2)-doublet partners in the 5,fepresentations using an
the O-ll model is uniqgue among the models considerd@jn  “auxiliary” 10. As a result of this splitting, the Higgs color
in that it is the only string model in which the limit of zero triplets mix with the color triplet members of the auxiliary
dilaton supersymmetry breaking is consistent with the ab40, both acquiring mass of order the unification scig,.
sence of charge or color breaking. In the absence of dilatoif one now identifies the fields in the auxiliary 10 with the

and a heavy gluino is the LSP wheig s~ —3 (a preferred
range for the model

In the gauge mediated supersymmetry breakiBlylSB)
jcontext, the possibility of a heaWy-LSP has been stressed
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messenger sector 10 fields, it is the messenger sector fieldan have a relic density that is sufficiently small to be con-
that supply the standard doublet-triplet Higgs splitting andsistent with all constraints. In particular, as discussed in
whose color triplet members acquire mas$1,. As are- [6,7,8,9,5, its relic density must be sufficiently small that it
sult, the color-triplet messenger fields naturally becomeannot constitute a significant fraction of the dark matter
much heavier than their SP)-doublet counterparts. Since halo density. Otherwise, it would almost certainly have been
the masses of the gauginos arise in GMSB via loop graphseen in anomalous matter searches, underground detector ex-
containing the messenger fields of appropriate quantum nunseriments and so forth. We will show that non-perturbative
bers, the result is that theolored gluino mass is suppressed ppysics can lead to large enhancements in the relevant anni-

2 .
by (M/M)” compared to the other gaugino masses, whergjjation cross sections, with the result that the relic density
M is the typical mass of a doublet messenger field. Ongould be very small.

requires thatM/M;=<0.1 in order to adequately suppress
baryon number violating interactions mediated by the Higg
tri;:z)lets (which are controlled by an effective mass of order
MG/M).

We begin with a very brief review of the standard ap-

roach for computing a relic density. First, one determines
the freeze-out temperaturB-, which is roughly the tem-

erature at which the annihilation rate for two gluinos falls

Early outlines of the phenomenological constraints an : : . :

L by : elow the rate at which the universe is expanding. The stan-
possibilities for a heavyg-LSP appear in[6,7,8,9,5,10 dard form of the freeze-out condition ﬁftl]p 9

Here, we attempt to refine these phenomenological discus-

sions. For our phenomenological studies, we will make the (M) 45
assumption that all supersymmetric particles are substan- In[ - A/ _ még'éxpl/z}:XF- 2.1)
tially heavier than th&j-LSP! This is a conservative as- 4 29" (Te)Gn

mption in that the discovery of rsymmetry will . .
sumptio that the discovery of supersymmetry beI§|ere,GN is Newton’s constantx=mg /T, gz=2X8 is the

easier in scenarios in which some of the other superparticle ) .
are not much heavier than the gluino Perp number of gluino degrees of freedom, agit T) is the den-

The outline of the rest of the paper is as follows. In Sec_sity degree-of-freedom counting factor. In all our computa-

H an .
II, we demonstrate the sensitivity of the relic gluino densityt'ons’ we employ the exact formula of ReL1] for (a*"b):
to assumptions regarding the non-perturbative physics asso-

ciated with gluino and gluino-bound-state annihilation. In (yam,)= — fw Zganr(s)33/2[32Kl( Js/T)ds,
Sec. lll, we examine how energetic massive gluinos pro- 8mgTK(Mg/T) Jam?
duced at an accelerator will be manifested in a typical detec- (2.2

tor. In Sec. IV, we consider the constraints from LEP and

LEP2 data on a massive gluino produceceire” — qqgg. wheregB= \/1—4m§2/s is the velocity of th&j’s in the initial-

In Sec. V, we examine constraints on a masgveSP from  state center-of-mass framéy2™v) is computed numeri-
the existing run | data in the jets plus missing momentumcally. The above o®"v) form assumes only that tf@s (or
channel and explore the prospects for improvements at ruR”’s: see below remain in kinetic equilibrium for all tem-

II. In both Secs. IV and V, we discuss how the constraintsperaturesias seems highly likely given that they re-scatter
and limits depend on the manner in whicfijas manifested strongly on either quarks and gluons or hadrons, respec-
in a detector. We consider limits on a he&AaLSP that arise tively, even after freeze-outWe then numerically integrate
from searches for heavy stable charged particles at OPALhe Boltzmann equation. Defining as us¥at ng /s (wheres

and Collider Detector at FermilaiCDF) in Secs. VI and is the entropy density ana is the gluino number density
VII, respectively. In Sec. VIII, we present Tevatron limits on the standard result is

a gluino that is the next-to-lightest supersymmetric particle

(NLSP) of a gauge-mediated supersymmetry breaking 1 1 Y2 rx h*(T) my
model, decaying vig@— g+ gravitino. In Sec. IX, we outline Y_o - Y_F i L \/W 7<Uan’b>dx,
possible applications of the procedures developed for the F VY 2.3
heavy gluino to other new particle searches, in particular '

searches for a stable heavy quark. Section X presents OWhere the subscript OF) refers to the currentfreeze-out
conclusions. The reader is encouraged to begin by scanningmperature anch*(T) is the entropy degree-of-freedom

the concluding section, Sec. X, so as to get an overview ofqnting factor As usual, I¥g<1/Y, and can be neglected.
our results and the issues upon which to focus while workmg:ma"y we compute the current gluino mass density as
through each section.

45Gy,

2

21
II. RELIC GLUINO DENSITY Po=MgNo=MgSoYo=mmgh* (To) 4= ToYo (24

Before embarking on our discussion of direct accelerator
limits, it is important to determine if a massive gluino LSP and

This is natural for the sfermions in the O-Il model, since the 2Note that only standard model particles are counted in computing
SUSY-breaking scalar mass parameter is automatically much largey* and h* since all supersymmetric particles are presumed to be
thanmy,. heavier than th@.
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2 those appropriate to color averaging in the initi@ state.

one="" - a 25 ol ing is rel ince the high i f

oo 8.0992<10 7 Ge?’ : olor averaging is relevant since the high scattering rate o

gluinos (off gluons etc). continually changes the color state

The estimates in the literatuf&,8,9,5 for the relic den-  of any given gluino and, in particular, does not allow for the
sity of a massive gluino differ very substantially, at least inlong time scales needed for the Sommerfeld enhancement to

part due to different assumptions regarding the size of thelistort [14] the momenta of the relic gluinos so that they

annihilation cross section. Perturbatively, the annihilationbecome organized into color-singlet pairs with low relative

cross section igrp"™= o(§4—gg) + 240(§F—qq) with velocity. In what follows, we will employ the shorthand no-
3ra? 148 tation Ea,‘i””_E Egga(§§—>gg)+Eqa<_r(§§—>q@. _ _
o — s _fp2_ap4 As an aside, we note that multiple soft-gluon interactions
o(99—99) 25 | 1097 —5[21-68"—357] : e :
168°s 1-8 between the final statg andq in G§— qq result in a repul-
sive Sommerfeld factor at sma# (since theqq are in a
—338+ 17,6’3], (2.6)  color octet state However, this is not an important effect
since thegg— qq cross section vanishes #—0 anyway.
malB _ We do not include this final-state Sommerfeld factor in our
o(39—qa)= 15 s (3—B%)(3- ). (2.7 calculations.
ann

We will consider two possibilities for computingop™ .
ann

[In Eq. (2.7, B=1—4m?/s, m, being the quark magsve  In the first casesE™ is computed usingx2(\/s) and E is
observe that a8— 0, Bo2™approaches a constant unless thecomputed usingrg(8mg), with the result thaBE o™ 1/8

as employed is allowed to increase in a non-perturbativeas 8—0, recalling thatxg(8mg) is not allowed to exceed 1.
manner.(Note that this is in sharp contrast to th&r®""  In the second case, we employ a “non-perturbative” form
« B?p-wave behavior for th&2%? annihilation cross sec- for ag, denotedal”, defined by replacing 1/l0@?/A?) in
tions; since th&gg vertex does not contain g, §§ anni-  the o form by 1/log(1+Q?%A?). (This form is that which
hilation can occur in as-wave and is much stronger at low corresponds to a roughly linear potential at large distance,
$8.) For our perturbative computations we emple(Q)  and was first discussed in R§L6] with regard to the char-
evaluated aQ= /s, wherea"(Q) is the usual moving cou- monium bound state spectrumra™ and E are evaluated
pling, o 1/log(Q*/A?) at one loop[When employed at small ysing \?(\/s) and at"(Bmg), respectively. The result is
Q (see below, a5(Q)=1 will be the maximum value al- that BEo3™x1/8% at small 8. In both cases, the growth of

lowed] he thresholds _ Eod™ will be cut off by requiring thatEof™ not exceed
However, near the threshold;s—2mg, non-perturbative Eod"=p"Y/m?, the largest annihilation cross section that

effects can be expected to enter. There are many possibil- " . .
we wish to consider.

ties. Consider first multiple gluon exchanges between inter- Of course. as is well-known from the charmonium ana-
acting@’'s. These will give rise to a Sommerfeld enhance- ' .
ment factor[12,13,14,1% which we will denote byE, as Iogue[13_], the Sommerfeld enhancement at best provides an
well as logarithmic enhancements due to soft radiaftid]. gve_rage(ln the dual senseover th_e resonance structl_Jre that
Here, we retain onlE, which takes the forfh is likely to be present. Furt.her, just as in charmonlum_, the
' ' Sommerfeld enhancement is a precursor to the formation of
Cras Crag) ]! 90 bound states that will occur once the temperature falls
= B 1—exp{ - B ]

, (2.9 below the typical binding energy. This binding energy would
be of order~ agma to the extent that short-range Coulomb-
with C being a process-dependent constant. Eg (Eqg) like color attraction is most important, but terms in the po-
for §9—gg (Gg—qq) is given by taking C=1/2 q(%; tential between the two gluindsvhich possibly rise linearly
—3/2). If one examines the derivation B then one finds With the separationcan also play an important role. Thus, it
that the typical momentum transfer of the soft gluon ex-iS difficult to be precise about the temperature at which this

changes responsible f& is Q~ gmy. Thus, we choose to transition occurs, but it is almost certainly above the tem-

evaluateE using as(ﬂmg)-4 The C values quoted above are Perature of the quark-gluon deconfinement transitioggf
bound state formation were to be complete, the annihilation

ratengo®™v (whereng is the number density of gluinos per
unit volume would be replaced by the decay rate for G
Ibound state. In the charmonium analogy, this decay rate is

%The Sommerfeld enhancement factor takes the form

+Carag/(2B) for smallCmag/(2B). We extend this to the region roportional to 21w (0|2 where is the matrix ele-
of large Cmra/(2B) by using the standard exponentiated form prop |M| | ( )| ! M

given. ment for the decayx a2/mg, and|¥(0)| ig/;he magnitude of
“In the perturbative next-to-leading order result§ 1], Ez; and the wave function at the Ogglm[asrng] - The result is a
Eqq are evaluated at the factorization scaleln the perturbative ~decay rate proportional tegmg. The important feature of
expansion approach, a next-to-next-to-leading order calculation ighis result is that the bound state draws the two gluinos to-
required to determine the appropriate effective scale at which tgether[as represented ifW(0)|] so as to overcome the per-
evaluating the next-to-leading Sommerfeld factor. turbative behavior of the annihilatidiM|2. A full treatment
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would have to implement a coupled-channel treatment in 0.040 ] I
which thegg bound state formation would be treated in anal-
ogy with the standard approache&o p recombination in the
early universe. Thosg’s that are not absorbed f@g bound
state formation prior to the temperature falling below the
deconfinement transition temperature would end up inside 7. .
bound states containing ofte and one or more gluons or 0.025 T L

light quarks; most likely theR°=Tg bound state would be I
dominant. The rate of annihilation of tHR”s is far from SRR -

0.035

2
* 0.030

£
Z
)
[

1

SR

certain(as discussed belgwAlthough we[17] are exploring 0.020 7 e ppe o
the possibility of implementing this full scenario, there are
clearly many uncertain ingredients. We presume that the re- mg (GeV)

sulting relic density will be bracketed on the high side by the
Sommerfeld enhancement result and on the low side by tht?le text. The solid lines correspond to results for cdégs(2) and

“.mlt where very fewgg bound.states forgn Obefor_e _the_ con- (3), respectively, in order of decreasifig . Results for case&)
finement transition, below which strorf@”R” annihilation (L.a, (5) (ILay), (6) (,b.i) and (7) (ILb,) are the lower dashed,
takes over. dotted, double-dot-dashed and dash-dotted lines, respectively. Re-
In this latter extreme non-perturbative scenario, we imagsults for cases8) (1,a,ii), (9) (Il,a,ii), (10) (I,b,ii) and (12) (II,b,ii)
ine that at small3 there will be a transition where tf§s  are the upper dashed, dotted, double-dot-dashed and dash-dotted
condense into color singlet bound states containing @ne lines, respectively. This figure assunies 1 GeV; see text.
and light quarks and/or glués); as noted above, we shall
assume here that the lightest is R&=g. (An electrically  tweenoa™ and o3’ and its smoothness are also crucial in-
charged LSP bound state has much stronger cosmologicgtedients in determining the relic density.
constraints and is easier to see at acceleratbms. 8 above (i) For the transition point we consider two choicéa)
the transition point, we will employa™ without any en-  the totalgg kinetic energy(KE) in the center-of-mass falling
hancement factoE. For 8 below the transition, the appro- below a given limitL, with L~0.2-1 GeV(we employL
priate annihilation cross section will be that f&°R° =1 GeV in our numerical results—the relic density increases
—7's. Itis often assumecsee, e.9.[7,8,9,9) that the non-  Wwith decreasingd.); (b) twice theg momentum falling below
perturbativesfly' will be ofp'=AB"/m2, where theg~! L. We note that the transition occurs roughlygat yL/nmy
factor is the standard result ferwave annihilation of spin-0  andB~L/mg in casega) and(b), respectively. To the extent
particles andA is an uncertain constant not too different that the condensation @'s into bound states is controlled
from unity. We will consider this possibility even though we by the typical temperature, the KE criterion is the most natu-
regard such a large annihilation cross section as being urial. It is because it leads to large increases in the relic density
likely since annihilation must remove the gluino quanta, im-that we have considered the more modetajepossibility.
plying, in a parton picture, gluino exchange in thehannef (i) For the smoothness of the transition we also consider
Note that if A scales as B#;, we would obtainofjs~og™  two options:(i) useop™ for larger 8 with an abrupt transi-
(both behaving as B as 83— 0 and having similar normal- tion to the non-perturbative annihilation form fg below
ization); the result would be a relatively smooth transition asthe appropriate limit(ii) a smooth transition in whichz™is
the temperature crosses the deconfinement boundary, yiel@valuated usingy"(Q) andQ is taken to be the net kinetic
ing a result not very different from our perturbative caseenergy,\/§—2m§, or 2pd,, in cases(a) and (b) above, re-
(with no Sommerfeld enhancement fagtor spectively. The modifiedr3™ is employed until it exceeds
In our numerical work, the choice ofRp=AB~Y/m; 53 after which point the latter is employed. A smooth

with A=1 is labelled as I. As an alternative, we also con-transition will lead to a larger relic density than the sudden
sider a second choid#l): o2'=1/m?, such tha{3o3i'van-  transition choice.

ishes (like 3™ as B—0. Although Il has no particular Altogether, we shall consider 11 cases. The first three are
model motivation(other than representing a kind of average(1) ¢3" (E=1), (2) Eop™ with E as given in Eq.(2.9

of s-wave andp-wave behavior, it allows us to assess the evaluated usingr'(Q= Bmg), and (3) Eod™ with E com-
importance of the smaB behavior ofo5'. We will see that  puted usinga'S\IP(Q:Bmé); in (2) and (3) Ec2™is not al-

it leads to significantly larger relic densities than I. For ajowed to exceedEc3™=p"1/m2. The remaining eight

(ILa,i), (6) (I,b,i), (7) (,b,i), (8) (L,a,ii), (9 (Il,a,i), (10)
(I,b,ii), (1D (I1,b,ii).

SIn, for example, the model of Ref18] for strong scattering Results for the freeze-out temperature and the relic gluino
would scale as B2 for annihilation, in sharp contrast to the density for the 11 cases detailed above are shown in Figs. 1
R°R°— RORC scattering cross section which would scale with the@nd 2, respectively. As expected, the freeze-out temperature
inverse size squared of tigg bound statéwhich would have a size for a relic gluino(relative to the massy of the gluino relig
comparable to a pion or proton bound sjate is lower (by roughly a factor of 2 than in the case of a

FIG. 1. Te/mg as a function ofng for the 11 cases described in
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A I IR ject. The important question is how much momentum will be
= assigned to the jet created by the gluino as it traverses a
given detector. This depends on many ingredients, including,
in particular, the probability? that the gluino fragments to a
chargedR-hadron,R*, vs a neutraR-hadron,R?. It is use-

100 |

1073

| PR

Né 1076 ful to keep in mind the following two extremes.
I (i) Very little energy would be assigned to tfigif it
1079 7 always fragments into aR® which interacts only a few times
k . 1 in the detector and deposits little energy at each interaction.
10—1210; O "';'(;lz o ""1'5|3 s (i) Large energy would be assigned to #éf it under-

goes many hadronic interactions as it passes through the de-
mg (GeV) tector, with large energy deposit at each interaction, and/or if
it fragments often to &= following a hadronic collision. In
FIG. 2. Qh? as a function ofmy for the 11 cases described in particular, when th& moves with low velocity through the
the text. Line notation as in Fig. 1, with solid lines for caéBs(2)  detector while contained within &R™, it will deposit a sub-
and(3) in order of decreasin@h?. stantial fraction of its energy in the form of ionization as it
passes through the calorimeters. Further, for non-
weakly interacting relic particle. The ordering of the curvescompensating calorimeters this ionization energy is overesti-
for the 11 different cases can be easily understood on thgated when the calorimeter is calibrated to give correct en-
basis of the strength of the annihilation cross section for eacBrgies for electrons and pions. In addition, in the OPAL
case as a function ¢8. analysis to be considered later, if the gluiRehadron is
After freeze-out takes place, annihilation remains substancharged in the tracker and at appropriate further out points in
tial (especially in cases where™" jumps to a large value at the detector, it will pass cuts that cause it to be identified as
smaII,B) and the reIiC-density continues to decline. The Cur-g muon, in which case the momentum as measured in the
rent relic density is thus very strongly dependent upon theracker is added to the energy measurement from the calo-
model employed. Figure 2 shows tifah? can be substantial rimeter and amuch too sma)l minimal ionization energy
(even corresponding to an over-closed universe My  deposit is subtracted from the calorimeter response. In this

=10TeV) if a purely perturbative approach is followed, or it case, the energy assigned to théjet” can actually exceed

can be extremely small out to very largg, as in casél,a,i) its true momentum.
ann_

where o25'= 871/m2 and an abrupt transition from3™ to In all our discussions, it should be kept in mind that in
ayp based on the KE criterion is employ®dAimost any  current analysis procedures jets or jets containing a muon are
result in between is also possible. Further, the second sulaways assumed to have a small mass, so that the momentum
electroweak scale inflation discussed by soisee, for ex- of a jet is presumed to be nearly equal to its measured en-
ample, Ref[20]) would dilute even the purely perturbative ergy.
relic densities to an unobservable level. Until the non-
perturbative physics issues can be clarified, and late time
second inflation can be ruled out, we must assume that the
relic g (or more properlyR®) density is small enough that In this subsection, we explore the energy loss experienced
constraints from anomalous nuclei in seawater, signals assby a heavyg passing through a detector as a result of had-
ciated with annihilation in the core of the Sun, interactions inronic collisions. An early discussion of the issues appears in
underground detectors etc. are not significant. In the followRef. [21]. These would be the only energy losses if The
ing sections, we discuss the extent to which accelerator exalmost always moves through the detector as part oR&n
periments can place definitive constraints on the heavygtate.(This would be the case if charge-exchange reactions

A. Hadronic energy losses: Thg§—R° case

§-LSP scenario. are significantly suppressed because the chafgduund
states are substantially heavier than®eor if the R™ states
IIl. HOW A HEAVY GLUINO LSP IS MANIEESTED IN undergo rapid decay to & state) The first question is how
DETECTORS much energy will theRP lose in each hadronic collision as a

function of its currentg value. As a function oft| andm%

Before turning to accelerator constraints on &SP (yheret is the usual momentum transfer invariant for &

scenario, we must determine how a stable gluino will mani-, 4 my is the mass of the system produced in REN

fest itself inside a detector. This is a rather complicated sub- | roy collision) the energy loss is given by

m—m+ |t
5This and the other related?} cases evade the upper bound on AE= 2my
the mass of the dark matter particle of Reglf9], based ors-wave
dominance of the cross section and partial wave unitarity, by virtue
of the fact thato®i™~ B 1/m2> 773*2/m§ (the latter being the ~Where we have assumed that the appropriate target is a single
s-wave unitarity limi) can arise from, for example, the coherent nucleonN rather than the nucleus as a whole or a parton
contribution of many partial waves. (both of which are estimated to be irrelevant[il]). To

: (3.1)
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FIG. 3. Average energy los$AE), in a collision as a function
of B for the three cases described in the text. Results are shown for
mgo=5, 25 and 140 GeV. At higlB, curves are ordered according
to increasingmgo.

estimate the averag&E per collision, we must assume a
form for do/d|t|dmy. We have examined three different

Pion Energy Profile
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possibilities:

(1) do/d|tjJdmyx1 for |t|<1GeV? and zero for|t]
>1Ge\.

(2) do/d|t|dmZ given by a triple-Pomeron forf22]

2(ap(lth -1
[m>2(] ap(O)—l,

(3.2

do

dltjdmg

1 S
Hgﬁ (]t |)(

my

where ap(|t|)=1-0.3t| and B(|t]) =1/(1+]t]/0.5 Ge\F)?

FIG. 4. We plot the energy of an incident 100 GeV pion after a
certain number of hadronic collisions for the cdsgand(2) cross
section models.

The results fo AE) obtained from Eq(3.3) in the above
three cross section cases are plotted in Fig. 3 for three masses
that will later prove to be of interestngo=5, 25 and 140
GeV. We note thatAE) as a function ofg is almost inde-
pendent of theR® mass as long amgo=5 GeV. In what
follows we will use themgo= 25 GeV results fof AE) for all

is a typical parametrization. For the parametrization of Eqmpgo.

(3.2), the result for the average energy Iga<) is indepen-
dent of the maximum valuéf =0.5 GeV¥) allowed for|t|.
(3) do/d|tjJdmy>x1 for |t|<4 GeV? and zero for|t]
>4 Ge\?
We compute the average value®E as a function of the
B of the RY in the rest frame of the target nucleon:

B0 ltmakmy)
T def\t\:;(mx)d|t|AEd|t|d -

(AE)= ; ERCE
VS—mRo tlmaxMx)

my It] min( my)

where [t min malm) =2 E(My) E(My) T p(my) p(my) —mé]
with E(m) = (s+mZo—m?)/(2\/s) and  p(m)
=\Y(s,mZ0,m?)/(2+/5) [with A(a,b,c)=a+b?+c?

—2(ab+ac+bc)], where s=m2R0+mﬁ,+27mRomN [with
y=(1-B%"2]. In integrating down tomy=my in Eq.
(3.3), we include both elastic and inelastic scatteringing

the same cross section forfMWe note that the above kine-

matic limits for [t| as a function ofmy must be carefully
incorporated in order to get correct results {&E); in par-
ticular, |t| min—[tlnax @S Mx— VS— Mgo.

In order to understand whether any of the three models for
do/d|t|dmy is reasonable and, if so, which is the most rea-
sonable, we examined the results given by our procedure in
the case where thRC is replaced by a pion. In so doing, the
pion is viewed as retaining its identitaside from possible
charge exchangeas it traverses the detector, slowing down
after each hadronic collision by an amount determined by the
(AE) for the then curreng3 of the pion. In our approach,
since the elastic cross section is effectively included in our
cross section parametrizations, the average distance between
hadronic interactions of the pion is characterized by its path
length\ 1 (in the notation of Ref{23]) in iron (Fe) as deter-
mined by the total cross sectiofWe will also need to refer
to the inelastic collision length, denoted by.) In Fig. 4, we
show how the energy of a 100 GeV pion deteriorates to
below 5% of its initial energy as it undergoes successive
hadronic collisions separated by;, using cross section
models(1) and(2).2 In Fig. 24.2 of Ref[23], results for the
number ofA; =17 cm interaction lengths in iron required for
95% of the kinetic energy of a pion to be deposited as a
result of hadronic collisions are given as a function of initial
energy. We have computed this number for &) predic-
tions of our three cross section models; note that in our ap-
proach, hadronic interactions occur every=11cm. The

For large3=0.95, the purely elastic scattering component gives Note that the(AE) values in Fig. 3 are not correct for a light
smaller(AE) than the inelastic scattering component. This shouldhadron; we employ Eq3.3) computed numerically for the current

be incorporated in a more complete treatment.

S value just prior to a given collision.
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95% Containment 103 90% KE Loss 50% KE Loss
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= E © ]
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S 6 — 5 —
a, -t X X ]
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o 4 — X ]
~< a2 [ - FIG. 6. Number of collisionsN.;, required for anR? of the
- . indicated massin GeV unitg to deposit 90% or 50% of its kinetic
oL | . | . | . energy given the initiaB plotted on thex axis. The upper and lower
5 10 50 100 500 1000 lines of a given type are fofAE) cases(2) and (1), respectively.

The lastg point plotted isg=0.99.
E, (GeV)

FIG. 5. We plot the number ok, =17 cm (i.e. in iron) path  J-ietis also influenced by the path lengtty, of the. As
lengths required for 95% containment of the energy of a pion. Exdiscussed below, a simple model suggestsxhdor theg is
perimental results from the PDG, Fig. 24.2 of Re#3], are com-  longer thank 1 for a pion. For the graphs of this section, we
pared to predictions based on E8.3) for the casé1) and(2) cross ~ Will use the value oh+= 19 cm derived from this modésee
section models. below). In later sections, however, we will discuss the sen-

i i o sitivity to doubling and halving\ relative to this “SC1”
results for cross section modeld) and(2) are givenin Fig. ygjue.

5 along with the results from Fig. 24.2 of Rd23]. For Turning now to theR?, we compute the number of colli-

moderate energies, Fig. 5 shows that the triple-Pomeron Cagfons, Ny, required to deplete a certain percentage of the

(2) yields rough agreement, but at higher energies predictgo jnjtia| kinetic energy. We carry out this computation by
that 95% containment requires maoxe than experimentally starting theR® out with a giveng and stepwise reducing its
measured. The cagé) cross section predicts 95% contain- kinetic energy according to tH&\E) given in Fig. 3. Results
ment for fewerk, than actually measured for all initial ener- ¢, (AE) cases(1) and (2) are plotted in Fig. 6 formpgo
gies.[Case(3) would predict that even fewex, would be  _g 55 and 140 GeV. It is clear from this figure that what is
required for 95% containmet. important is how the initial3 correlates withmgo in the

_As we shall see, the main issue for detecting-&SP oy herimental situations of interest. The initizis that will be
signal is the amount of kinetic energy of s R-hadron ot vejevance for these masséshich will prove to be of

that is not deposited in the calorimeter. Deposited energy ha&articular interest are B~0.95-0.99 formgo~5 GeV at
many critical impacts in the context of the experimental| gp andmgo~ 25 GeV at the Tevatron anﬂR~O.5—0.8 for

analyses that we will later employ. We mention two here.mR0~25 GeV at LEP andngo~ 140 GeV at the Tevatron. In

First, for an event that is accepted by other cuts, larger miss;)"cases. we see that a substantial number of collisions are
ing kinetic energy implies a stronger missing momentum Slg'required in order that th&° deposit a large fraction of its

nal. This is the dominant effect for gjet that propagates yinetic energy as a result of hadronic collisions.

primarily as part of a neutrdk-hadron bound state. For the 1 jnierpret the above results it is necessary to know the
OPAL and CDF jets-missing momentum signals, consid- ,,mper of hadronic collisions that tHe is likely to expe-
ered in later sections, cask) would then be conservative in yignce as it passes through the detector. Further, it is impor-

that it leads to a smaller missing momentum. Second, fof,n; 1o know how much of the energy deposited in a given
larger missing kinetic energy@jet that is propagating as & paqronic collision will be measured as visible energy and,

chargedR-hadron will be more frequently identified as being herefore, used in determining the energy of the associated

a muon. In the CDF jetsmissing momentum analysis, «jet” |n assessing the latter, we employ the following ap-
muonic jets are discarded. As a result, cé®ewill weaken proximations.

this CDF signal for a charge®-hadron (but not the " (i) For a neutralR® (which interacts strongly only—no
jetstmissing momentum OPAL signal, for which muonic jonization, we presume that the energy deposited in both
jets are retained In later sections, we will use cas#) as  gjastic and inelastic hadronic collisions in the calorimeters
part of our normal scenario-1, or “SC1,” choices. Clearly, it || contribute to “visible” energy in much the same way as
will _be important to explore the sensitivity to tHAE) case  go energy losses by a pion. In this case, the calorimeter
choice. Of course, the net amount of energy deposited by gyhich is calibrated using pion beamsill correctly register

the amount of energy deposited by R& This should prob-

ably be more thoroughly studied in the case of elastic colli-

%Results are independent of whether the pion is assumed to bgions for which all the energy deposited resides in recoiling

charged or not; i.edE/dx losses are not important. nucleons which could have a somewhat different probability
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for escaping the absorbing material and creating visible en-

L=Ti]

ergy in the scintillating material. g 1O

(i) We assume that the energy deposited in uninstru—'g 0.8 [
mented iron, such as that which separates the calorimetersg
from the muon detection system in the CDF and DO detec-q ©6 [~
tors, is not visible. e . b

For our cross section models, the number of hadronic col- 2 TR ]
lisions of theR® as it passes through the detector is deter- S o2k =
mined by the totaland not just the inelasticcross section § : | WET | 3
for R® scattering on the detector material. This is normally = 00 o e 12040608 1

rephrased in terms of the interaction lengthin iron. The 8 8 8

average number of collisions is then given by the number of

equivalent Fex interaction lengths that characterizes the FIG. 7. The fraction of kinetic energy retained by tR8 is
detector. (However, it is conventional for detectors to be Plotted as afunction of its initigh for the cases oNqy<6, 7 and
characterized in terms of their thickness expressed in term%for mROZfS‘ ifzand 14OZGeVa Ulpper and I_ovvler curves for a given
of the number of inelastic collision lengths,, in Fe) For mass are fofAE) cases(2) and(1), respectively.

the pion(which we take to be representative of a typical lightents, and it must be multiplied t(yé())/(ri), where(r?) is
hadron, we have already noted thaty(7)~11cm and the (transversgsize-squared of the particle. In the simplest
Ni(m)~17cm [23]. The equivalent CDF and DO detector approach, which has substantial phenomenological support,
“thicknesses” are specified in terms of the number of(r?) is inversely proportional to the square of the reduced
\ (7). For all but a small angular region, the DO detectorconstituent mass of the bound state constituetts:)
thickness ranges from 13 to 29(m), depending upon the 9<4/mg VS <r2RO>ocl/mS (for mg>my), wherem, andm, are
angle (or rapidity (the smallest number applying at=0  constituent light quark and gluon masses, respectively. Tak-
and the larger number aj~1.5). However, of this, a large jng them to be similar in size, we fingt o~ (9/16)0 "y
fraction is in the CF or EF toroid magnets and is uninstru- ielding A(R%) ~ (16/9)\ ()~ 19 cm. Using the fact%r of

mented. The instrumented thickness in which energy depo /16, and rounding up, the@DF), 10 (OPAL) and 11(D0)

its are recorded ranges from7\(m) at =0 t0~9\(7) ) (7) instrumented thicknesses at smajl convert to 5

at n~1.5. The CI_DF detector thlckngss At 0 consists of (CDF), 6 (OPAL) and 7 (D0O) A+(R?. About 2 A{(R°)
about 4.%, () of instrumented calorimetry anet2.9\ ()  should be added fop~1.5. For»<1, about 3(CDF) or 6

of uninstrumented steel in front of the outer muon chamber(p() A+(R%) uninstrumented interactions occur before the
The instrumented portion of the muon detection system iR reaches the outer muon detection chambers. Below, we
fairly thin and will lead to little energy deposit. The LEP present results for 6, 7 and 8 instrumented hadronic interac-
detectors have a similar thickness for the instrumented cations, as appropriate for the average measured energy deposit
egory. In particular, aty=0 OPAL has about 2,(w) of  of R”s in the »<1.5 region at CDF, OPAL and DO, respec-
electromagnetic calorimetry and about ¥.(#7) in the in-  tively. For later reference, it is important to note that the 8
strumented iron return-yoke hadron calorimeter. Further, ndiadronic interaction results are also appropriate for the total
additional uninstrumented iron is placed between the magnenergy losteven though not all is measupedlie to hadronic
return yoke and the muon detectdishich are drift cham-  collisions before reaching the out@entra) muon chambers
berg. To summarize, instrumented thicknesses;at0 are ~ at CDF. _ _

~5\, () for CDF, ~6.5\,() for OPAL and~ 7\, () for ~ Obviously, a refined analysis by the detector collabora-
DO. At 7=1.5 the thickness is perhaps as large Bg(@) at tions t_o improve on the ab_ove will be q_wte worthwhile.
DO. For =<1, uninstrumented sections add abolt(3r) for Molre important, however, is understanding th.e extent to
CDF and 6,,(w) for DO in front of the muon chambers. To which themy region that can be excluded experimentally is

g O . . . _
get the number ok () that corresponds to a given number s%nsmve ItO).\T(F\l). )'. TT"S W('j” beoe;irlljlneg gggn Wel con
of \,(7r), multiply the latter by~1.6. Thus, the CDF), sider exclusion limits based on an anayses.

o Its for the fraction of the® kineti that i
6.5(0OPAL) and 7(DO0) \,(7) for small » convert to roughly T FeSULs for the fraction o ISt energy hat s

not deposited in the calorimetéwhich will be the same as
8 (CDF), 10 (OPAL) and 11(DO0) Ay(m). At 7~15add one minus the fraction included in the visibg-jet

about 3\(w) to the CDF and DO numbers and perhaps Zenergy—as described later, the momentum assigned to the
A1(7) to the OPAL result. Uninstrumented thicknesses fo"@-jet in experimental analyses is taken to be equal to the
7<1 are~5\(m) (CDF) and~ 10\ () (DO). OPAL has  yjisiple energy after Ny =6, 7 and 8 hadronic collisions are

no additional uninstrumented iron prior to its muon Chamb?rpresented in Fig. 7 as a function of the initjglof the RC.

- We must now correct these thicknesses for the relativgse|ow, we make several observations that will be useful for
size of opoy as compared tar,y, using the fact that ynderstanding borderline cases that will arise in subsequent
A(m)<dloly. To estimatea;oN, we employ the two- gections.
gluon exchange model for the total cross section developed For OPAL at the CERN:* e~ collider LEP(recalling that
in detail in Ref.[18]. Compared to therN cross section, the the number of hadronic collisions of tHR® in the OPAL
RON cross section must be increased by the rati€gfC detector is close t0)7
=9/4 to account for the color octet nature of fR& constitu- (i) For a 5 GeVR® with large 8~0.98, the triple-
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Pomeror{case(2)] (AE) implies that 7 interactions will de- In the LEP and Tevatron analyses it will be important to
posit only about 20% of th&° kinetic energy. The constant note that sincé’s are produced in pairs and in association
cross section cas@l) (AE) implies that about 45% of the with other jets with significant transverse momentum, the net
KE would be deposited in 7 interactions. missing momentum from combining the missing momenta of
(i) For mgo=25GeV, N.oy=7 and initial 3=0.5, the the two§’s will not generally point in the direction of either
case(2) [(1)] cross section form would predict that no more of the §-jets. Thus,§-pair events will normally pass cuts
than 20%/[40%)], respectively, of theR® kinetic energy requiring an azimuthal or other separation between the direc-

would be deposited in the calorimeter. tion of the missing momentum in the event and the directions
For our CDF Tevatron analysis: of the various jets.
(i) For mgo=25 GeV and initial3=0.95, less than 8% of

the KE would be deposited in 6 interactions for the C@e B. lonization energy deposits and th@_>R= poss|b|||ty

triple-Pomeron parametrization and less than 15% for the . -
case(1) constant cross section choice. We must now consider the possibility that @eloes not

(il) For mgo= 140 GeV and initial3=0.5, no more than ragment just to arR® that propagates through the detector
59%[8%] of the R%s KE would be deposited in cag@) [(1)] Wlthout_ _charge exchang_e. It might also have a significant
and contribute to visible energy in the detector. probabﬂlty for frggmentmg to apseudo-stable charged

The key overall observation is that, in all cases, a larg tate,R_*, _when |q|tlal_ly produced and after each subseguent
fraction of the gluino’s kinetic energy will not contribute to adronic interaction in the detectdAn example of arR
visible energy in the detector. state would be @ud bound statg.We will assume that the

We now specify how events containing a staBfemust initial and subsequent fragmentation probabilities are all the
be treated at the parton level in the standard OPAL and CDEame. (We denote the common probability bfy.) This
analyses of the jets plus missing momentum channel that wilvould be the case if each time tRehadron containing thg
be of special interest in what follows. The procedure giverundergoes a hadronic interaction in the detector the light
below assumes that the calorimeter calibration is such thaguarks and/or gludis) are stripped away and tfigthen frag-
energy deposited in the calorimeter by hadronic interactiongnents independently of the previou’-hadron state. A
is correctly measuredThis should be the case given that simple model for estimating is the following. First, assume
calorimeter calibration is established using a pion beam othat theg is more likely to pick up a quark-antiquark pair to
known energy. form a mesonidR-hadron than three quarks to form a bary-

(i) As usual, in each event the visible three-momentum foronic R-hadron. Ifu,d (u,d,s) quark and antiquark types are
ag, qorg jet is taken equal to its full three-momentum and equally probable, then of the @) possible quark-antiquark
its energy is taken equal to the magnitude of its threepairs only 2(3) are charged an®=1/2 (1/3) if the prob-
momentum. ability for fragmentation td”g is zero Of course, if theR®

(i) The visible energy of & (as measured by the calo- =Gg bound state is the lighte&-hadron or is at least very
rimete) is taken equal to the total energy deposited in theclose in mass to th@qq R-hadrons, we expect that this latter
instrumented calorimeter due to tGehadronic collisions. probability is actually quite significant. If we assign thea

(iii) The magnitude of the three-momentum assigned to @robability equivalent to all the quark-antiquark pair combi-
T is taken equal to its visible enerdy.e. as if the visible nations included above, théh=1/4 (1/6) in theu,d (u,d,s)
T-jet were masslessand the direction of the three- cases, respectively. Thus, it would seem tRat1/2 is quite
momentum is given by the direction of tfie likely. In considering theR™ states and the various neutral

(iv) The invisible or missing momentum three-vector is R-hadron states on a similar footing, we are implicitly as-
computed as minus the vector sum of all the final-state threesuming that all are stable against decay as they traverse the
momenta as defined above. Only transverse missing momedetector, i.e. that their lifetime is longer than10 ' sec.
tum is relevant for the experimental analyses. This will not be the case unless all the mass differences

(v) As usual, the absolute magnitude of the missing transbetween the various states are smaller thgn Current es-
verse momentum is termed the invisible or missing transtimates for the mass differences are too uncertain to reliably
verse energy. ascertain whether or not this is the c42d].

An alternative way of thinking about this is that for each It is useful to consider first the extreme whé?e=1 and
T-jet one computes the missing momentum as the differenceompute the total amount of energy deposited, including

both hadronic interactions and ionization. The hadronic en-

| Brud — | Papparerd= Mgl By— X(y—1)], (3.9  ergy losses are presumed to be the same as already discussed

for the R°. For the ionization energy losses we employ the
whereX is the fraction of th& kinetic energy deposited and standard result fod E/dx from Ref.[23]. As before, we will
measured in the calorimeters of the detec{@ryyared= X parametrize the detector in terms of its equivalent size as if
XKE=Xmg(y—1). The direction of a givei’s contribu-  entirely made of Fe. Our procedure will be to integrate the
tion to the missing momentum is the direction of theNote  ionization energy loss up to the point of the first hadronic
that even ifX=1, i.e. if all the kinetic energy is seen by the collision at distanca ;. The hadronic energy loss at this first
detector, we find missing momentum associated with theollision will be computed for the then curregtfollowing
G-jet of magnitudemg[ 1—(1— B)/(1+ B)], which is sub-  our earlier procedures. We then integrat&/dx starting
stantial for largemg unlessg is small. from the 8 value retained by th&~ after this first collision
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FIG. 8. The fraction of kinetic energy retain€ide. that is not
my (GeV)

depositedlby a singly charge@ bound state is plotted as a function
of its initial B for the cases oN <6, 7 and 8 form=5, 25 and
140 GeV. Upper and lower curves for a given mass arg AdE)
casegq2) and(1), respectively.

FIG. 9. The minimum velocityB, required for a singly
chargedd bound state to retain non-zero kinetic energy afey;
=7 or 8. The forme(latten is a rough estimate of what is required

. to penetrate to the OPACDF) muon chambers. Results are plot-
over a second r of distance, compute the energy 10ss for teq for (AE) cases(1) and (2).

this 2nd hadronic collision using the new currgdtand so

forth. We will consider, as before, a certain number of had-

ronic collisions N,y =6, 7 or 8. The.; employed will be 19  energy loss an@,, will be intermediate between the neutral

cm, as discussed above. lonization energy loss will be comand purely charged cases discussed above. However, in ob-

puted for N, segments of lengthh;. The results corre- taining the accelerator limits based on heavily ionizing

sponding to our earlier Fig. 7 are presented in Fig. 8. Therdracks, to be discussed later, the reduced valuggf that

we plot, as a function of initiaBB, and forN.,=6, 7 and 8, would apply forP<<1 is not important since the typicalfor

the fraction of kinetic energy of a singly charged gluino the produced gluinos is substantially abgsg,, for the cases

bound state that is not deposited, after allowing for energyf interest.

losses both from hadronic collisions and from ionization.
From Fig. 8 we see that for low enoughthe R* will be

stopped in the detectoffFor smaller initial 3, the ionization

energy losses are larger and the velocity decreases rapidly.

This will be important when considering limits ongalL SP

coming from searches for a stable charged particle that is Let us now return to the visible energy associated with

heavily ionizing. For example, CDF has placed strong con>0 probability for§g appearance as &". In the case of a

straints on such a stable charged object if #&ds small ~ § traversing the detector and sometintes always appear-

enough for the particle to be at least twice minimal-ionizinging as anR™, the procedure for determining this visible en-

(as measured soon after leaving the interaction veitbex  ergy is analysis- and detector-dependent.

large enough that it will penetrate to the outer muon chamber First, we must note that both the OPAL and CDF had-

[25]. For a singly charged state, twice minimal-ionizing re- ronic calorimeters are constructed out of iron layers. These

quiresBy=0.85 or3=<0.75. At CDF, roughlyN.,,=8 col-  are intrinsically non-compensating in that purely ionization

lisions are experienced by the charged hadron containing thenergy losses contribute more to the output energy measured

gluino before reaching the outer central muon detector sysdy the calorimeter than do hadronic collision losses. For ex-

tem. Figure 8 shows that fang~140GeV (nz~25GeV) ample, the CDF calorimeter is calibrated so that a 50 GeV

B=0.4 (=0.6), respectively, is required in order that fifje pion beam is measured to have energy of 50 GeV. Using this

not lose all its kinetic energy before reaching the outer muorsame calibration, a 50 GeV muon beam is meas{2é$ito

chamber. A plot as a function afy of the minimum initial ~ deposit 2 GeV of energy whereas its actual energy loss as

B, Bmin,» Needed in order that t@ retain non-zero KE after computed using the standadié/dx of a muon in iron is only

7 (8) collisions, and, therefore, penetrate to the OREDF) ~1.3GeV. We define the ratio of calorimeter response to

outer muon chambers, respectively, is presented in Fig. @ctualdE/dx loss from ionization as. From the abover

Results are given for both the energy loss cd3eand case = 1.6 for iron. The ionization energy deposited byRn as

(2) models. We will later employ the lower limits fd¥. it moves through the iron will be converted intotimes as

=8 and casél) in assessing our ability to observe a chargedmuch measured calorimeter enengyhich will be included

gluino bound state as a penetrating heavily ionizing particlen the visible energy of th@-jet). The net energy deposited

in the Tevatron CDF experiment. in the calorimeter after one complete interaction length will
Of course, if theg fragments part of the time to a neutral be measured to BB, orimete™ I E ionizationt Ehadronic after in-

hadronic state and part of the time to a charged state and/ordluding the hadronic energy deposit at the end.

charge exchange occurs as a result of hadronic interactions, The next important consideration is whether there is a

i.e. if P<1 in the model discussed earlier, the results fortrack, associated with tHg-jet, that is identified as a muon.

C. Momentum experimentally assigned to th&j-jet:
General §—R°% R* case
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(i) In the CDF jets-missing energy analysis discussed criterion), the track is assumed to be that of a charged pion
later, theg-jet would be declared to be “muonic”’f (a) the (it would not be identified as an electiprin which case the
T emerges from the interaction in & whose track is seen €energy subtracted will be taken to be that of a pion with the
in the central tracker and if tHgis also in anR™ state either Same momentum as measured for Riein the tracker. Ne-
in the inner muon chamber or in the outer muon changlber 9lecting the pion mass, this subtraction is equal to the mea-
is not required that the track be seen in Bptb) the mo- sured momentum, with the result that the energy assigned to
mentum of theR> track in the tracker is measured to be theg-jet will equal that measured by the (_:alorimeter._AIge-
>10GeV, (c) the energies measuréi an appropriate cone braically, we can represent these alternatives by writing
surrounding the charged tracky the hadronic calorimeter . _ptot ; _
and electromagnetic calorimeter are less than 6 GeV and 2 Eje= Prer™ Ecalorimerei® 0(410)(Mgy =2 GeV), 3.5
GeV, respectivelyboth conditions are required to be satis- '
f'e?f’ grl:teci/nelﬁtttirﬂ;sialss e:erlr?L\J/grr:itcﬂj)ét?iﬁte)ﬁ the event is dis wheref(uid)=1 or 0 according to whether there is or is not,

: . . respectively, anR™ track identified as a muon associated
carded in the CDF analysis we later employ. Otherwise, th%vitr?the“g—jgt. Note that it is always presumed that @iget
energy of every jet is simply taken equal to the energy a

measured by the calorimeters ¥s massless so thdfje;= pjer is presumed to apply. In the

i 11 X OPAL analysesEe= pje; Will be defined by this experimen-
(i) At OPAL™ the final magnet yoke acts both as the (5 hrocedure and will not be the true jet energy or momen-
hadron calorimeter and the final iron prior to the muon de+,y,.

tector. A jet is said to contain a muon if there is a charged (i) A possibly tricky case arises when tiehadron is
track in the central tracker, an associated charged track ifeytral and undergoes a hadronic interaction in the iron of
one of the scintillation layers of the hadronic calorimeter antthe hadronic calorimetefor in the uninstrumented iron pre-
a track in the muon chamber. FofGgjet, we have approxi- ceding the outer muon chamber at Ol a location that is
mated their procedure by requiring that ebe in anR™  |ess than(roughly) a pion interaction length away from a
state(a) in the tracker(b) as it enters the hadronic calorim- muon chamber. This could result in a charged track or, even
eter, and(c) as it exits the hadronic calorimeter. more probably, a “shower” of particles entering the muon

OPAL does not discard events when one or more of thehamber from the outer edge of the iron. The result would be
jets contains a muon identified in the above way. Rather, thean anomalous muon signal in the muon chamber. In addition,
jet energy is corrected assuming that the charged track idefior a track or shower from a hadronic interaction at the edge
tified as a muon is, indeed, a muon. The procedure for comof the hadronic calorimeter, the full energy loss of the
puting the jet energy is as follows. R-hadron from this interaction would not be measured by the

(a) Four-momentum vectors are formed for each track angalorimeter. These effects fall outside the simplified treat-
calorimeter cluster to be included in the jet, and thenment that we shall employ, described above, which assumes
summed. The three-momentum employed for a given track ighat the shower from a hadronic interaction is completely
directly measured in the tracker and the energy componeriontained in the iron. They will be discussed at the end of
for the track is computed by assigning it the pion mass, Unthijs section. For now, we present results obtained assuming
less it is identified as an electron or mu@Ror our purposes, complete containment.
we can neglect the, 4, m masses.Calorimeter clusters are  |n order to assess the implications of the OPAL and CDF
treated as massless particles; the magnitude of the thregrocedures, we have computed the average result for the en-
momentum is taken equal to the energy of the cluster agrgy (= momentum) Ejet, assigned to a gluino jet for 1000
measured by the calorimeter. §'s produced with a given initigB, following the OPAL and

(b) To reduce double counting, four-vectors based on theeDF procedures. Since the missing momentum for a given
average expected energy deposition in the calorimeter ¢f.jet is the difference between the experimental measure-
each charged track are then subtracted. ment,Ee;, and the true initial momentum of tfi our focus

For ag-jet that hasR™ tracks in the tracker and muon will be on expectations for the ratBie,/ pye. All results for
chamber that are identified as belonging to a muon, thig,  here and in future sections, will assume that the shower
means that the energy and momentum vector magnitude afpm a hadronic interaction occurring in the iron of the had-
signed to theg-jet will be given by adding theR™ track  yonjc calorimeter is fully contained. As discussed just above,
momentum as measured in the tracker to the total calorimetgfe pelieve that the effects of incomplete shower containment
response, and then subtracting 2 GeV to account for the erge small.

ergy deposit of the supposed minimal-ionizing muon. If an  Consider first the CDF detector configuration. We assume

Rt traCk in the tracker doeS not haVe an aSSOCiated penetra{rconzﬁ interactions in instrumented iron amollzz unin_

ing track in the muon systertaccording to the above-stated strumented interactions between the inner muon chamber
(which is just outside the hadronic calorimgtand the outer
muon chamber. When the gluino is initially produced, and

10ye thank H. Frisch and J. Hauser for clarifying this procedure@fter each subsequent hadronic interaction, it is assigned

for us. charge| Q| =1 with probabilityP andQ=0 with probability
e thank R. Van Kooten for clarifying the OPAL procedures 1— P. lonization energy losses are incorporated for any path
for us. segment between hadronic interactions for whj€j=1.
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FIG. 10. ForP=1/2 and 3/4, we plot, vs the gluino’s initi#, 0 T ] T '('c'a|r'ge' ) [T
the average fraction of gluino jets that is retained when the CDF [ CDF 1 [ CDF
procedure is followed. Results are given hmasses ofm=5, 25 o, F 3
and 140 GeV, taking=1.6. The two curves for a given mass are
for (AE) caseg(1) and(2), the lower curve corresponding to case ]
). 2
E‘
>
lonization energy losses are multiplied by 1.6 when com- =
puting the calorimeter response. At each hadronic interaction

the (AE) of Fig. 3 is assumed to be deposited in the calo-
rimeter and included in the calorimeter respofséh coef-
ficient 1). If the § is charged in the first track segment, F|G. 11. ForP=1/4, 1/2, 3/4 and 1, we plot, vs the gluino’s
charged after 6 interactions and/or also charged after 8 intefnitial g, the average measured jet enefgy, as a fraction of the
actions(and has non-zero kinetic energy where it is seen t@luino’s initial momentum forg-jets that are not declared to be
be chargey and the earlier described momentum and energynuonic(using the CDF procedurgsResults are given fan=>5, 25
deposit requirements are satisfied, then we presume it will bend 140 GeV, taking=1.6. The two curves for a given mass are
identified as a muon and tfipjet is discarded. If it is not for (AE) cases(1) and (2). Raggedness in the numerical results,
identified as a muon, then ti@jet is retained and the jet reflecting the fact that in our approximation the hadronic interac-
energy is set equal to the energy as measured by the caltions only occur at precise intervals of 19 cm whereas ionization
rimeter. losses occur continuously, has been smoothed out in the plots. Gaps

The first important issue with regard to the CDF proce-in the_ caseg2), P=1 curves are where thg-jet is declared to be
dure is the fraction of-jets that are discarded as a result of MUONIC.
the §-jet being declared to be “muonic(according to the
earlier-stated criterja In Fig. 10, we plot the average frac- hadronic collision energy depositare large enough to fail
tion of §-jets retained as a function of the gluino’s initjg] ~ the <6 GeV criterion for a muonic jet. FOfAE) case(2),
for P=1/2 and 3/4. Results are given fog;=5, 25 and 140 there is an intermediate range @f (dependent upon the
GeV. This figure shows that there is an intermediatevalue ofmy) for which the hadronic calorimeter energy de-
mg-dependent range ¢@ for which theg-jet is “muonic” a  posits are small enough to satisfy tise6 GeV criterion and
significant fraction of the time. This occurs as a result of thethe§-jets are discarded as being muonic. These intermediate
fact that the energyfrom electromagnetic and hadronic en- ranges appear as gaps in th®E) case(2) curves forP
ergy deposits measured by the hadronic calorimeter drops=1 in Fig. 11 below. As a result, it turns out that there is a
below 6 GeV at intermediatgs. (This happens because, very large difference in the ability of the jetsnissing en-
when present, th&” is not sufficiently heavily ionizing at ergy CDF analysis to exclude a heafiyLSP in case(1),
intermediateB, and hadronic energy deposits typically only which yields good sensitivity, as compared to céyewhich
become large at largg.) Note that Fig. 10 shows that events yields poor sensitivity. This is clearly an artifact of the pub-
are discarded over a larger range@®for (AE) case(2) as lished CDF analysis procedures. To avoid this sudden
compared to cas@d), in agreement with expectations follow- change in efficiency, we recommend that CDF re-analyze
ing from the fact that cas@) yields smaller hadronic energy their data without discarding muonic jets.
deposits. FoP =0, allG-jets are, of course, non-muonic and  The second important issue is the measured energy of the
are retained. FoP=1/4, the fraction of retaine@-jets is  retainedg-jets. In Fig. 11 we plot the averagever 1000
above 0.87 for allg values for all masses and bofAE) producedj’s) energy assigned to the acceptegets divided
casesP=1 is a bit of a special case, as we now describe. by their actual initial momentum fd?=1/4, 1/2, 3/4 and 1.

For P=1, there are no charge fluctuations and, for a giverRemarks relevant to borderline cases that will be important
B and({AE) case, all§-jets are either retained or discarded. in the CDF jets-missing momentum analysis are the follow-
For(AE) case(1), we find that thé&j-jets are retained for all ing.
values of 8 for all three myz values because the hadronic (i) For mg=25GeV and initial3=0.95, the fractiorX of
calorimeter energy depositincluding both ionization and the actual momentum that is included in the measuEggd
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10 [ lE(Fl}iing§q)?} 4_ — Il:l’(Flllalrlg?dl)?} £ Once thepg is large enough for penetration to the muon

] chamber and th&~ tracker track is identified as a muon,
E Ejet,» as determined from E¢3.5), jumps to a level that
] reflects the addition of th§ momentum as measured for the
charged track in the tracker. F&=3/4 one is in transition
from the typical low P situation to P=1. To interpret
Ejet/Prue> 1 it is important to recall that it ifEje— Py that
determines whether thHg-jet will result in missing momen-
tum. Values of Ej/pyye significantly different from 1
(whether larger or smallgwill lead to missing momentum.
Thus, at OPAL, events containirfijs will generally have
some missing momentum even wheris large.

With regard to values ofng and associated typica@'’s
that will be interesting borderline cases for the OPAL
jets+missing momentum analysis, we note the following.

(i) Consider firstmg=5 and 8~0.98. Figure 12 shows
that if P is not large, then the measured jet energy is small
and there will be large missing momentum associated with a
1 F G-jet. If P~1, Ejet/ Pyue IS SOMewhat bigger than 1, which as
S PP AN PN BRI B PP RPN PR B noted above will lead to some missing momentum, but not as
04 06 08 1 04 08 08 1 much as is typical at loweP.

B B (i) For mzg=25 and 0.5 3=<0.8, Fig. 12 shows that the

FIG. 12. ForP=1/4, 1/2, 3/4 and 1, we plot, vs the gluino’s measured jet energy is typically a significant fraction of the

initial 3, the average jet energ, [computed using the OPAL ['U€ momentum once>1/2. ForP=1, Ejet/pyrye is Not far
procedures; cf. Eq(3.5)] as a fraction of the gluino’s initial mo- from 1 for this 5 range. o
mentum. Results are given fon= 5, 25 and 140 Gev’ tak|ng ThUS, we can antICIpate tha[=l W|” y|e|d the WeakeSt

=1.6. The two curves for a given mass are faE) caseg1) and ~OPAL signal at both ends of the mass range of interest.
(2). Raggedness in the numerical results, reflecting the fact that in Hopefully, the discussion of this subsection has provided
our approximation the hadronic interactions only occur at precisdéntuition as to the characteristics 9fjets as measured in the
intervals of 19 cm whereas ionization losses occur continuouslyCDF and OPAL detectors. We have presented results for
has been smoothed out in the plots. what we believe to be the most reasonable choice of the
interaction lengthn of the gluino. However, it will be im-

is in the rangeX=<0.15 for allP values and botKAE) cases. portant to assess the sensitivity to changesin Smaller\ ¢

(i) For mg=140GeV and initial3=0.6, one findsX (larger total cross sectigryields more hadronic collisions
<0.1 for all P values and botAE) cases. and, therefore, a larger hadronic energy deposit and more

The only exception to these generalities occurs wRen slowing down of th€; for largerA, the reverse. We have
=1 and for(AE) case(2), for which§-jets with the above found that the greatest sensitivity Xg arises in the case of
masses an@ values are discarded as being muonic. Asidethe CDF jets-missing momentum analysis where larger
from this, we can anticipate th@@ production at CDF will  implies that the smaller hadronic energy deposits and smaller
result in an event with large missing momentum. ionization energy depositglue to less rapid slowing down of

In the case of OPAL, if thg-jet has|Q|=1 in the tracker the §) result in manyg-jets being declared to be muonic
and if it emerges into the muon chamber wjfi|=1 and whenP is large, implying a loss of sensitivity for the pub-
positive kinetic energy afteN.,,=7 interactions, then it is lished analysis procedures. In order to provide a representa-
assumed that the track in the tracker will be identified as dive sample of possibilities for bottAE) and 1, we will
muon and that the jet energy correction of E8.5 will be  consider three scenaridgenoted SCin the jetstmissing
applied. If there is no track identified as a muon, then the jemmomentum analyses that follow:
energy is set equal to the energy as measured by the calo- (i) SC1: \y=19 cm (as employed in the discussion and
rimeter. In Fig. 12, we plot the averagever 1000 produced graphs given earlier in this sectipand(AE) case(1).
T’s) energy assigned to thg-jet divided by its initial mo- (i) SC2:At=9.5cm and(AE) case(1), implying twice
mentum forP=1/4, 1/2, 3/4 and 1. FdP<1/2, theBranges as many hadronic interactions and, therefore, a larger mea-
of importance at LEP will be those wheig is only a  sured energy for a giveg-jet as compared to the SC1 case.
fraction of the full initial momentum of thg. This is not (iii) SC3:A1=38cm and{AE) case(2), implying only
unlike the CDF result. However, for large there are very half as many hadronic interactions and a small energy de-
substantial differences as compared to CDF. For examplgosit per hadronic collision, leading to a much smaller mea-
whenP =1 most of theR™ kinetic energy is deposited in the sured energy for a giveg-jet as compared to the SC1 case.
form of ionization energy losses. If it8 is too small for In the OPAL and CDF analyses of the next sections, our
penetration to the muon detector, then the calorimeter reprocedure will be to generate events containing a pair of
sponse giveg, close tor =1.6 times thgj kinetic energy.  gluinos, and then let each gluino propagate through the de-

© OPAL
08 —

| OPAL

Ej/True jet p

—Blcharged)=3/4
15 £ | ]
[ OPAL 1

Ej/True jet p
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tector allowing for charge changes according to a giverronic interactions, and the incomplete containment of the
choice of the probability? at each hadronic interaction. The tracks and/or shower from a last hadronic interaction in the
frequency of hadronic interactions is determined by thehadronic calorimeter generally has little affegtpvidedthe
choice of Ay, and the amount of energy deposit at each-jet is declared not to be muonitNote that if the incom-
interaction is determined by tHAAE) case. The characteris- pletely contained shower originates in the outer edge of the
tics of each event are then computed, including overall missiron between the inner and outer muon chambers, it would
ing momentum, jet kinematics, etc. The relevant cuts ar@ot have been instrumented, i.e. would not contribute to
then applied. Only this type of Monte Carlo event-by-eventmeasured energy anywayJnless one is right on a border-
procedure allows for all the different types of fluctuations inline, the small decrease in measured energy due to losing the
charge, velocity and so forth that take place if gluino-LSP’sshower from the last hadronic interaction in the calorimeter
are being produced. will not cause &-jet that would otherwise be declared to be
non-muonic to fall into the muonic category. However, we
have already seen in Fig. 11 that fB=1 we are right on
such a borderline, with cas®) (AE) giving rise to large
gaps(in B) for which theG-jet is declared to be muonic
Finally, let us now return to the effects that arise if therewhereas for our SC1 cag#) choice theg-jet is never de-
is a hadronic shower at the outer edge of the hadronic calcelared to be muonic. We find that failure to capture any of
rimeter and, in the case of CDF, at the outer edge of the iroithe energy of the last shower also pushes us past this border-
shield between the inner and outer muon chambers. Thikne. Thus, in our extreme approximation, the loss of the
mainly affects the jetsmissing momentum analyses of shower results in much the same phenomenology for CDF as
OPAL and CDF and the heavily ionizing track analysis ofthe SC3 case defined earlier; one finds that a very substantial
CDF. The details of these analyses will be discussed in lataweakening of the jetsmissing energy signal occurs. Of
sections, but we find it convenient to summarize the influ-course, as already noted earlier, the way around this is to
ence of edge-showers here. We have studied the effects @s-analyze the CDF data without throwing away muonic jets,
the analyses in the following very extreme approximation.perhaps using something like the OPAL procedure.
We assumea) that the last hadronic interaction in the calo-  (iii) ModerateP: For moderateP values, the penetration
rimeter is completely uncontained and therefore does natf a hadronic interaction shower to the muon chamber would
contribute to measurégtjet energy andb) that the last had- tend to increase the number Gfjets that are declared to
ronic interaction in the hadronic calorimeter, and, for CDF,contain a muon in the OPAL analysis. The momentum com-
also the last interaction in the iron shield, yields a chargeguted for the extra muon-jets via E(.5 will be substan-
track in the subsequent muon chamber. We find the followtially larger than otherwise. On average this increase in mo-
ing results. mentum is only partially offset by the decrease in the
(i) SmallP: In the OPAL and CDF jetsmissing momen- measured calorimeter energy deposit from the jet due to non-
tum analyses, the jet is declared to contain a muon only if @ontainment of the final shower in the hadronic calorimeter.
charged track is also seen in the tracker. For sRalthis  The net result is a modest decrease in the efficiency for the
probability is small. The main effect would then be that thejets+missing energy signal. However, ting; limit border-
energy of the hadronic interaction shower at the edge of théine is so sharp at moderafe (see later OPAL resultghat
calorimeter would not be deposited in the calorimeterthere would be little change in the limits that can be ex-
thereby leading to a decrease in the measured jet energy. Wieicted from the OPAL analysis.
find that the resulting increase in missing momentum would In the CDF analysis, there are two effects. The extra
be modest£10-15%), even in our extreme approximation. muon-chamber signal will tend to decrease the number of
This would yield some enhancement in the efficiency for thenon-muonic events becaus$a there are more events with
jetstmissing momentum signal in the OPAL and CDF tracks in the muon chambers afil the energy deposit mea-
analyses, but not enough to significantly alter the limits onsured by the hadronic calorimeter decreases as a result of
mg that are obtained. incomplete containment of the tracks of the final shower.
The heavily ionizing track signature is not relevant for However, a sizable fractiomoughly, 50% for{ AE) case(1)
small P since there is low probability for a charged track in and P=1/4, 1/2, and 3/4, in thg8 regions of relevandeof
the tracker. the events that are retained at modemtésee Fig. 1D are
(i) LargeP: For largeP values, in the jets missing mo-  non-muonic because of the absence of a charged track in the
mentum OPAL analysis, tHig-jet will be declared to contain tracker. The retention of these events would be unaffected by
a muon regardless of whether there is an extra muonthe presence of an anomalous muon-chamber signal. Overall,
chamber track or shower. Also, since most of Bidadron  we find that the decrease in the number of acceptgsts is
energy losses are in the form of ionization rather than frontypically of order 30%. However, this decrease is compen-
hadronic interactions, we find that the measjgdt energy  sated by the fact that the decrease in measured calorimeter
only decreases slightly. Thus, the OPAL jemissing mo- energy due to incomplete shower containment increases the
mentum results would be little affected. missing momentum and, therefore, the efficiency for non-
Turning to the CDF jet$ missing momentum analysis, muonic events that contain such a showBecall that, once
we again note that, wheR is large, most of the measured accepted, th§-jet momenta are computed in the CDF analy-
energy is from ionization energy deposits and earlier hadsis without including any muon correctigrChanges in the

D. Effects of incompletely contained hadronic
interaction showers
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extractedmg limits would not be large.

(iv) For moderate or large: The heavily ionizing track
(HIT) searches that can be used to eliminate a spamgof
values whenP=1/2 will be completely unaffected by an 10
anomalous muon-chamber signal in the case of OPskice
the OPAL HIT analysis, described later in Sec. VI, essen- 10
tially only uses tracker informatigrand will be enhanced in 3
the case of CDHKsince the CDF HIT analysis, discussed in
Sec. VII, requires a track in the inner and/or outer muon
chamber in addition to a HIT in the inner tracker 10° |

Thus, we think that the effects upon our analyses of a
hadronic collision that leads to an anomalous muon-chamber .5 |
track or shower are small, except in the case of |&de the S
jetstmissing momentum CDF analysis where one is very .
sensitive to just how much of the energy in the final hadronic 1
calorimeter shower escapes into the muon chamber. We re-
peat our expectation that this sensitivity could be eliminated
by removing the “non-muonic” jet requirement in the CDF  FIG. 13. o(e"e” —qgd) as a function ofmg for Vs=m,
analysis. A study of the effects of incomplete shower con-S°lid iné), 172 GeV(dashed ling 183 GeV(dot-dashed ling 192
tainment is probably best left to the detector groups them®€V (dotted ling and 500 GeV. No cuts.
selves.

Finally, we note that events having a shower entering thébefore cut at mg=25GeV. Also shown in Fig. 13 is the
muon chamber would actually appear to provide a potentncute’e”—qggg cross section afs=500 GeV, a pos-
t|a||y Spectacu|ar Signa' for @_LSP_One that ShOUId be Sible Choice for the next Iinear COI“ddNLC) One findS
specifically searched for. This signal would appear to be ese(qddd) <1 fb for mg=60 GeV, which would correspond
pecially promising ifP is small and one focuses on events into 50 events fot. =50fb™". Even forL =500 fb™* one finds
which there is no charged track in the tracker associated witfewer than 5 eventgo(qqgg) <.01fb] for mg=140GeV,

—— Zpole

——- Eqy=172 GeV
Eq=183 GeV
ol N e Eoy=192 GeV
Eoy=500 GeV

G (pb

40 50 60

the jet pointing to the muon chamber shower. which will turn out to be close to the lower limit that can
already be set by using Tevatron data.
IV. CONSTRAINTS FROM LEP AND LEP2 Thus, we focus ori/§= my. The procedures for employ-

ing LEP Z-pole data to place constraints on €SP sce-

At LEP and LEP2, we assume that all other SUSY par-nario depend upon the manner in which figet is mani-
ticles are beyond the kinematic reach of the machine. Theested in the detector; this was outlined in the previous
only possible signal for SUSY is then the pair production ofsection. Generally speakinggg events will have 4 jets
two gluinos. Gluinos can only be produced via two pro-and missing momentum. As noted in the previous section,
cessese’e” —qqyy [27,28,29, which can take place at the most crucial kinematical aspect of M4ets is their dis-
tree-level, ance"e” —Gg [30,31,2§, which takes place via tribution as a function of8. The number ofj-jets as a func-
loop diagramginvolving squarks and quarksAs discussed  tion of gis presented in Fig. 14 fong="5 GeV and 25 GeV.
later, the latter process is very model dependent and can h§e see that a light gluino withy=<5 GeV has &3 distribu-
highly suppressed. Thus, we begin by focusing ondti§d tion that peaks aB~0.98 while a heavier gluino withny
final state. We consider both the LEZPpole data and higher —25GeV has a broags peak centered abo~ 0.6, with
energy running at LEP2. The@incub ¢ggg cross sectiolfis  the most probable values lying between 0.5 and 0.7. The
plotted in Fig. 13 as a function afiy for ys=m;, 172 GeV,  implications of these ranges at these two masses were al-
183 GeV and 192 GeV. Given that the toedle” —Z cross  ready indicated in the previous section. The reason that we
section is~6x10%pb, Fig. 13 implies thaf3(Z— qqgg) will not be able to obtain limits from LEP data for very small
>fewx 10~° for my=25GeV. Since 19s of Z's have been m; values is that as the gluino bound state mass decreases
produced at LEP, we can demonstrate fyat lighter than  below 5 GeV, the initia of the§ increases. As a result, the
this and heavier than about 5 GeV can be ruled out. In conenergy loss in the first few hadronic collisions increases sig-
trast, Fig. 13 makes it clear that very substantial luminosityhificantly. For a mass of 1 GeV, the energy loss is essen-
at higher LEP2 energies will be required for constraints fromtially complete(that is the calorimeters will contain the had-
LEP2 data to be competitive. For examples500pb* at  ron).

Js=192 GeV will yield only about 4e*e”—qqgg events The most relevant LEP experimental analyses currently
available are those related to the search for pair production of
neutralinosZ—%3%3, with ¥5— qqx}. The OPAL[33] and

12/e have employed a numerical helicity amplitude computation'—3 [34] analyses have the highest statistics and place limits
for e*e” —qqyg valid for arbitraryms : the program is available ON X3X3 production in the jets pr channel that are poten-
upon request. A crossed version of the squared matrix element cdflly relevant for theqqgg final state. However, the L3
also be found in Ref(32]. analysis is restricted entirely tg 2 p final states. Only the
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FIG. 14. Distributions of the number @fjets as a function of8 at LEP (y's=m,) for mg=>5 and 25 GeV. No cuts are imposed.

OPAL analysis is relevant to anyj+ p; final state withn C0S0,0<0.90,  COHncop<0.95
=2. Typically, qqgg events given=2, 3, or 4, depending
upon the amount of energy deposition by Thgets. if either “jet” is in |cosg|=0.71,

The OPAL analysis is based on dividing the event into
two hemispheres as defined by the thrust direction of thevhere (m— 6,.,) is the three-dimensional angle between the
visible jets. We have implemented their procedures in awo “jets,” ( — 64, is the angle between the two “jets”
parton-level Monte Carlo simulation and computed the effi-in the x-y plane, 6, is the polar angle of the missing mo-
ciency for theZ— qqgg events to pass their cuts as a func- mentum,M is the visible mass, and (used to compute,
tion of my for various choices of the charged fragmentationand py) is the vector sum of alfvisible) three-momenta. In
probability P. Our precise procedures are as follows. In thethe abOVeM\Z,is is computed by summing all the visible four-
OPAL analysis of multi-jet events, each event is divided intomomenta(as defined earli¢rin the event and taking the
two hemispheres by the plane normal to the thrust axissquare. The square b for each hemisphere is computed

vis

where the thrusT is defined as by summing the visible four-momenta in the hemisphere and
L squaring. The thrust,,.n, for each hemisphere is defined by
T:ma)gm (4.1) going to the center-of-mass for that hemisphetefined by
=il pil the sum of all visible three-momenta in the hemisphere being

zerg and computing the thrust as in Ed.1) using only the
and the thrust axis is thie that leads to the maximum. In the three-momenta of that hemisphere.
OPAL analysis, the); are assigned to calorimeter clusters  |n applying the above procedures to the Monte Carlo
and associated tracks as described in the previous sectiogyents, it is necessary to adopt an algorithm for including the
Associated energies are computed as if the track-cluster congffects of detector resolution. In our computations, all cluster
posites have very small mass. The sum of (#isible) four-  and/or track momenta and energies are smeared using the
momenta in a given hemisphere defines the four-momenturstated OPAL hadronic calorimeter energy resolution of
of the “jet” associated with that hemisphere; note that thep g/E=120%/ [E(GeV). We note that energy smearing is
“Jet” need not have zero invariant mass. OPAL then sepa-mportant in that it generally increases the OPAL acceptance
rates events into mono- or di-“jet” events, where a mono-efficiencies by virtue of the fact that, on average, jet-energy
“jet” event is one having a “jet” in only one hemisphere. mismeasurement tends to enhance the amount of missing
Mono-“jet” events are discarded. The following cuts are ;omentum. This enhancement is especially importantrfor

then applied to the di-“jet” events: and P choices(e.g. my=25GeV andP=1) such that the
1/exhem 1. ««hem missing momentum before smearing is small. Another im-
2(Myis™ "+ My <20 GeV, Myis/Ecm>0.27, portant ingredient is properly accounting for the fact that the
R-hadron does not take the entire momentum ofghéVe
pr>10 GeV, p,<20 GeV, have employed the standard Peterg®®| form for the frag-

mentation function ofj— R:
T>0.7, mifdThem 1, Them 21>0.7,

-2
R_~o—1 €3
€0S0,.5<0.98, |coSfpid<0.94, Dg=Cz 1_5_ 1—z| (4.2)
COS03c0<<0.95,  COHy0s<0.98 where we will takeez= (0.3 Gevmé)z. Here, theR-hadron
carries a fractiorz of the momentum of thg and a normal
if both “jets” are in |cosf|<0.71, (light quark or gluon jet carries the remainder. The
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R-hadron is then treated in the calorimeter as we have de- 70 .

scribed in the previous section. The energy of the remainde! o P-0 AE
. L . . AE _ 120% 0.3GeV |2
(effectively zero-magsjet is taken equal to its momentum 60 =P=025 E JE )
. . . . . P=0.5 g
and is assumed to be entirely deposited in the calorimeter AP-075
Typically, fragmentation does not have a large influence on 59|  *P< A
the efficiency with which events are retained, especially in
cases for which thg-jet energy is measured to be a large & 44 | )
fraction of theg’s initial kinetic energy. g
The OPAL data corresponds My.=4.4x 10° hadronic 2 30
— . = r e °* ° o b
Z decays. The expected numberga{gg events after cuts is i N . . .
then « = s .
20 F . R
_ NnaBR(Z—0qqgg) X efficiency 43 o N
B BR(Z— hadrons : “.3 0r A s Lo .
| | *
A *
where we use the efficiency as computed via the Monte o0 o« ‘ ‘
5 10 15 20 25 30

Carlo program. After cuts, OPAL observes 2 events with an
expected background &= 2.3 events. The 95% upper limit
on a possible new physics signal is thés 4 events, corre- ' ' .
sponding to B(Z—qogg) X efficiency~6.4x10" 7. How
low a value ofmg can be eliminated depends upon the effi-
ciency at lowmg . Because of the very high raw event rate at
low my values, quite small efficiency can be tolerated. We
will see that we can exclude gluino masses above 3—-4 GeV
As described in the previous section, to obtain a reliable . . | *
result for the range ofig that the OPAL analysis excludes, 'S A
we have computed the efficiency fQOgg events to pass the
full set of cuts when Eq(3.5) is employed for eacj on an
event-by-event basis, includirifpr P+ 0,1) random changes
(with probability determined by) of the R-hadron charge
at each of the hadronic interactions it experiences as it passe
through the detector. We have considered the three
scenarios—SC1, SC2, and SC3—for choices\pfand the 107 .
(AE) case that were outlined at the end of the previous sec- 0 5 15 20 25 80
tion. In Fig. 15, we plot the resulting OPAL efficiency for gluino mass (GeV)
qogg events after all cuts as a function afy for P
=0,1/4,1/2,3/4,1 for the SC1 choices, |nclud|ng calorlmeter
energy smearing and fragmentation effects. Also shown ar
the resulting 95% C.L. upper Ilmlts_oB(Z—>qqgg). We  for eachg. ForP+0,1, changes of thRB-hadron charge as it passes
see that for amD not near 1, t_he entire range from lawg through the detector are randomly implemented. Both smearing and
~3 GeV to highmg~25GeV is unambiguously excluded. fragmentation effects are included. The lower window gives, as a
For P~1, the largest value ofig that can be excluded is function ofmg, the corresponding 95% C.L. upper limits compared
about 23 GeV[The mg=23 GeV limit for P=1 is similar  to the theoretical prediction for B(—qqgg). Results are for the
to, but somewhat higher than, the limit obtained by searchingC1 choices of =19 cm and(AE) case(1).
for heavily ionizing tracks at OPAl(discussed later in Sec.
VI).] Results analogous to those obtained for the SC1 choices
In Fig. 16 we present the 95% C.L. limits obtained with- of Ay=19 cm and(AE) case(1), and presented in Fig. 15,
out including either energy smearing or Peterson fragmentaare presented for the SC2 and SC3 choif8€2, At
tion. This figure shows that the limits are little altered except=9.5cm,(AE) case(1); SC3,A1=38cm,(AE) case(2)] in
for P~ 1, in which case the OPAL analysis does not exclude=ig. 17. In fact, these possible extremes always give higher
any significant range afg . It is energy smearing that is the efficiencies and a slightly larger range g exclusion than
dominant factor in obtaining a significant efficiency for eventfound in the SC1 case.
acceptance wherP~1. Even thoughP~1 leads toEjy We expect that re-analysis of the LEP data sets using cuts
~ Prue at the parton levelfor the B values typical for the more appropriate to theqgg final state for given values of
mz=5-25GeV mass rangesee Fig. 12] and thus small P and mg will yield only a small improvement over the
mlssmg momentum at the parton level, energy smearing praesults obtamed using the emstmd}z analysis cuts. At
duces large event-by-event fluctuations in the measured eiargemy, the event rates are falling so rapidly that the 95%
ergy of eacly jet which lead to substantial missing momen- C.L. upper limit is not likely to be increased by more than a
tum for many events. few GeV. Ruling outmg values significantly below 3-5 GeV

gluino mass (GeV)

-3

BR(Z->q

0

FIG. 15. In the upper window, we plot the OPA{GGY event
efficiency (after all cut$ in the P=0,1/4,1/2,3/4,1 cases, as com-
5uted using event-by-event determinationgy; [using Eq.(3.5)]

075002-17



HOWARD BAER, KINGMAN CHEUNG, AND JOHN F. GUNION PHYSICAL REVIEW D69 075002

)

—_
o
T

->qQg9

BR(Z

1

—_

o
T

0 5 10 15 20 25 30 0 5 10 15 20 25 30
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FIG. 16. 95% C.L. upper limits as in Fig. 15 except that we do
not include the effects of energy smearing or fragmentation.

will be difficult since for suchmg the gluino looks so much
like a normal jet that only the still controversial analyses of
Ref.[2] are likely to prove relevant. Still, we would recom-
mend attempting to make use of the threshold in the massg
recoiling against the two energetic jets of the the event S
present atM oo~ 2mg. Perhaps the background could be %
reduced to zero by an appropriate set of cuts including one}
requiring M rgcoi= 2my . PP

It is also worth nothing that the jet energy as computed
using the OPAL procedure of E¢3.5) is often larger than

OH OGP X

» %
> ¥

. . . § i * o
the actualy energy for largeP. This may be interesting at [ f f i i : i
LEP, since there it is possible to compare the total measurec - . . . . \
or “visible” energy associated with an event to the total 0 5 10 15 20 25 30

center of mass energy. By summing the assigned energies ¢ gluino mass (GeV)

all jets, one would find events in which the total energy

exceeds the center of mass energy wReis near 1. Indeed,

tbhe above Monte Carlo program generates a significant nu Jindow and the SC3 choices af— 38 cm and(AE) case(2) in

er of such events whemy is small. To our knowledge, the the lower window

LEP experimental groups have not analyzed their events in a '

manner that would be sensitive to such a discrepancy.
Finally, we briefly discusse*e™ —§g production via

quark-squark loops. Again, only the existinfypole data

might possibly yield a useful constraint. As discussed in

Refs.[31,28, even if the squarks are all completely degen- . e i

erate, theZ g branching ratio can be non-zero by virtue '€V€! simply by tazklngm sufficiently large.[Roughly, B

of the top quark mass being much greater than the bottor” 99) falls as 1m*.] Thus, no model-independent; limits

quark mass. However, RdR28] finds BZ—gg)<2x 10 4  from thedg final state are possible.

for all mg if the common squark massimj is above

~200GeV. The typical event would contain two back-to- \, prRESENT AND FUTURE TEVATRON CONSTRAINTS

back jets. But these would not generally have equal energy FROM JETS + pr

due to the fact that fluctuations would be substantial, espe-

cially if P is in a range such that there would sometimes, and In the G-LSP scenario, with all other SUSY particles

sometimes not, be a charged track identified as a muon cofi@ken to be much heavier, the only standard hadron-collider

tained in one or both of the jets. For small deposited energypUSY signal is jets pr. Current MSUGRA analyses of this

perg-jet, as typical for smalP, the net apparent energy of channel do not apply since tf@ does not cascade decay

the typical event would be belom,, possibly causing such (§—qqx",...) toadditional jets. In th&-LSP scenario, for

events to be confused with the two-photon background. Foa given value ofmg, fewer hard jets are expected and the

large enouglP and smallermg, many of the events would amount of missing momentum is typically smaller. Conse-

be anomalous in that the sum of their apparent energieguently, the limits that can be placed am from Tevatron

FIG. 17. 95% C.L. upper limits as in Fig. 15 except that we use
rT{Ije SC2 choices ofht=9.5cm and(AE) case(1) in the upper

would exceedn; . We are uncertain if any of the LEP analy-
ses would have been sensitive to such events appearing at a
level corresponding to B{—Gg)~1-2x10"% In any

case, th&g event rate can be suppressed to an unobservable
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FIG. 18. Thep distributions of theg’s produced inpp—dg, F ol | | |5
before cuts, formg=40GeV and my=140GeV, taking s %0 02 04 06 08 1.0

=1.8TeV.

B

data will be weaket? Still, we will find that substantial con- FIG. 19. In the top window, the distribution of theg’s pro-

straints can be placed on t@eL SP scenario using existing o4 in DTy, before cuts, form:=100GeV, taking s
Tevatron data, and that even stronger constraints will arise 1.8 TeV. In the lower three windows gdistributions[ﬁnan‘ter cuts

from run 1l data. N _ are compared foP=0, 1/2 and 1.

In assessing the ability of the Tevatron to discover or
exclude a heavy-LSP, we have employed cuts that mimic .
those employed by CDF in analyzing run | data in the jets EVents were generated usirsgJET-7.37[39]. Each event
+ p channel. CDF cutf36,37 are employed rather than DO Was passed through a _toy calorimeter with cells of ﬁzye
cuts[38] since the CDF jet-energy ang; requirements are <A ¢=0.1x0.1 extending out td 7| =4. Electromagnetic
weaker than required in the DO cuts. For the same integrate@nd hadronic resolutions of 15%E and 70%A/E, respec-
luminosity, weak cuts allow greater sensitivity to the heavytively, were chosen to approximate those of CDF. The most
G-LSP situation in which the most energetic jets come fromimportant cut is the missing transverse momentiviPT)
gluons radiated from the initial state colliding partons. Thecut. This is especially true at lomy . Typically only a small
precise CDF cuts used are those employed in Rf.they  fraction of the events are retained after the MPT cut. The
are designed to duplicate the experimental procedures of Reiext most important cut is the jet-numb@dJ) cut. Typi-
[36] to the extent possible in the context of a Monte Carlocally, for P andmg choices that give larger MPT cut accep-

simulation. tance, the NJ cut acceptance is smaller. At the highgr
(i) LI: No (isolated leptons withE+>10 GeV. =140 GeV mass, the cuts retain a larger fraction of events
(i) MPT: pr>60 GeV. than at lower mass(But, of course, the cross section is
(i) NJ: There aren(jets)=3 with |7e<2 and Ey ~ Smaller at high mas.
>15GeV, using a coalescence cone size AR In order to relate the Tevatron situation to the discussion
=0.5. of Sec. Ill, it is useful to present th@ distribution of theg
(iv) Azimuthal separation requirements as follows: for severalmg values. In Fig. 18, we present tiedistribu-
(@ JIMPT:Aé(pr.j1)<160°. tions, before cuts, fomg=40 GeV and 140 GeV, i.e. values
(b) IMPT: A(pr,j (E+>20GeV)>30°. near the upper and lower ends of the interesting mass range.

) ) ) ) _ Formg=40, g is typically =0.95; formg~140 GeV, thes
These are designed, in particular, to reduce QCD jet misgistribution peaks nea~0.75, with most events having
measurement background. 0.5<=3=0.9. Theg distributions, both before and after cuts
(takingP=0, 1/2 and }, are given formg= 100 GeV in Fig.
19. Referring back to Fig. 11 and related comments, we see
13The sjtuation being considered is not dissimilar to the O-llthatin all cases the most probatfevalues are such that the
model case where the gluing® and¥; are all nearly degenerate MeasurecE,; of mostg-jets will be much smaller than the
with one another. The run | Tevatron limits for this latter scenariotrue momentum, thereby leading to a large missing momen-
were determined in Ref4]. tum as defined in the analysis.
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The distribution inpy that results is illustrated fomyg = C T T T T g 7]
=100GeV in Fig. 20. There, we see a substantial tail with 102 [ 5/B>02 for 2 and 25 fb + a
pr>60 GeV that is essentially independent of the choice of 8 * +§
P. This independence & is due to the small dependence of - ]
the B distribution onP (as illustrated in Fig. 1Pand to the - | | | | .
CDF procedure in which events where one of tipgets ol b L Lo Lo L
looks muonic are discarded and no correction is applied to 0 50 100 150 200 250
the calorimetric energy measurement for a retaigiget that my (GeV)

contains a penetrating track.

Let us now turn to determining the limits onG@LSP FIG. 21. The cross sectigafter cutg in the jets+ pr channel is

._compared tda) the 5 level for L=0.1fb ! (also roughly the 95%
from the CDF data. To do so, we compare the cross sectloell__ upper limit forL=19 pb-3) at Js=1.8 TeV and(b) the /B

for §g pair production after cuts to the SM background €X' level at run Il (=2fb % Js=2TeV) as a function ofng

pected by CDF. For the above CDF cuts afsi=1.8TeV, for P=0. SC1 choices ofh+=19cm and(AE) case(1) are em-
Ref. [36] quotes a background rate of 28.7 events [for ployed.

=19pb !, corresponding targ=1.51pb. (A background
rate of 33 events is quoted for the very slightly differen and procedures can be expected to improve upon these first
jet cuts of the final published CDF analy§87]; we preferto  estimates of sensitivity at run II.

stick to the cuts of Ref.36].) The 95% C.L. lower limit on In Figs. 21, 22, 23 and 24, we plot the cross sectioq,

my is obtained when the signal rate declines below thed.96 after cuts, as a function ofiy for P=0, 1/2, 3/4 and 1, for
level, corresponding tors~ 553 fb (after cuts. We note that the SC1 choices oht=19cm and(AE) case(1). Also

this is about the same as te~614 fb required for a&  shown on these plots is tHe=0.1fb 'S/\/B=5 cross sec-
signal atL=0.1fb 1. This latter cross section level will be tion level (which, as discussed above, is about the same as
indicated on our figures. In run Il, systematic uncertainties inthe 95% C.L. lower limit forL=0.19 fo 1). We see that, at

the background will very probably determine the limit of 95% C.L., current CDF analys¢86,37 of the L=19fb™!
sensitivity. Indeed, the 95% C.L. andr3evels foros are  data set requirenz=150, 130, 130, 140 GeV fdP=0, 1/2,
much lower forL=2 fb~! than theog sensitivity limit de-  3/4, 1, respectively, and that, for &, mg values are ex-
fined by S/B>0.2 (i.e. 05>302fb). For instance, the 95% cluded from the upper limit all the way down 20 GeV at

C.L. cross section upper limits would be 53.9(15.2 f) for ~ a very high C.L. Note that the 130-150 GeV lower limit on
L=2fb~* (25b™"), respectively. If systematics can be un- my obtained is substantially below the lower limit that run |
derstood at a better than 20% level, then the limits that couldata places on; in a typical MSSM model. For easy com-

be obtained from run Il using run | cuts would improve parison, Figs. 21, 22, 23 and 24 all show the cross section
substantially as compared to tB£B>0.2 level limits. Cor-  (after cut$ resulting from gluino pair production in the
respondingly, &-LSP signal withS/B~0.2 would have a MSSM model considered in Reff36] with mz=1000 GeV,

very high nominalS/\/B. Clearly, optimization of the cuts = —400GeV and tap=4; one sees that run | data yield a
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FIG. 22. The cross sectidafter cuts in the jetst pr channel is FIG. 23. The cross sectidafter cutg in the jetst p7 channel is

compared tqa) the 5 level for L=0.1fb ! (also roughly the 95% Ccompared tda) the 5 level for L=0.1fb* (also roughly the 95%
C.L. upper limit forL=19pb?) at y5=1.8TeV and(b) theyB  C-L. upper limit forL=19pb*) at Js=1.8 TeV and(b) the S/B
=0.2 level at run Il (=2 fb™%, \5=2TeV) as a function ofn; ~ =0-2 level atrun Il (=2 fo~?, \s=2 TeV) as a function ofng

for P=1/2, using event-by-event determination of the momentumfor P=3/4, using event-by-event determination of the momentum
(=energy) of eacfi-jet (including the probabilistic treatment of (=energy) of eaclg-jet (including the probabilistic treatment of
charge-exchanges at each hadronic collisitnevents such that charge-exchanges at each hadronic collisionevents such that
neitherg-jet is “muonic” (see text SC1 choices ok;=19cmand  Neitherg-jetis “muonic” (see text SC1 choices oky=19 cm and
(AE) case(1) are employed. (AE) case(1) are employed.

95% C.L. limit of roughlymg=210 GeV. SC3 results are easily understood as follows. For the SC3

We re-emphasize that in the Monte Carlo simulation wechoices, significantly less energy is deposited b@-get.
have treated each-jet on an event-by-event basis. In this [The hadronic energy losses are smaller for the longer
way, the decision as to whether a giv@get is “muonic” is and smaller case) (AE)’s, and the ionization energy losses
made event-by-event, includiépr P<1) the possibility of are smaller because tfedoes not slow down as much due
charge change@llowed for in random fashion on an event- to the smaller hadronic energy losdess a result, wher is
by-event basis according to the chod@nhat each hadronic large theG-jet is much more likely to be declared to be
interaction as th@ traverses the detector. “muonic,” both because it is highly probable that it will

As for the OPAL analysis, we wish to assess sensitivity ofmake it to either the inner or outer muon chamber, and be
our CDF results to the choices ®f and(AE) case. In order charged therein, and also because the total energy deposit
to do so we present several results for the extreme choicesill not exceed the CDF cutoff and thereby prevent its being
defined earlier in Sec. Ill, and denoted by scenario labelsleclared to be a “muonic” jet. Thus, many more events are
SC2 and SCa3. First, in Figs. 25 and 26, we present3/4  discarded. AsP increases above 3/4, the cross section ob-
results for the SC2 and SC3 choices, respectively. We oltained for a givenmy after cuts decreases further. For ex-
serve that wheR is large SCASC3 choices result in stron- ample, forP=1 current CDF jets missing momentum data
ger (much weaker limits from the CDF analysis. The poor and analysis procedures provide no constraintegfior the
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FIG. 24. The cross sectidiafter cutg in the jetst p; channel is FIG. 25. As in Fig. 23, except that SC2 choices\g=9.5 cm

compared tda) the 5 level for L=0.1fb! (also roughly the 95%
C.L. upper limit forL=19 pb%) at s=1.8 TeV and(b) the S/B
=0.2 level at run Il {=2fb™%, \s=2TeV) as a function ofny  muonic jet. We urge the CDF Collaboration to perform this
for P=1, using event-by-event determination of the momentum re-analysis.
(=energy) of eachg-jet in events such that neitheg-jet is As one possible backup at lomw;, we looked at whether
“muonic” (see text SC1 choices okr=19cm andAE) case(l) o not UAL[40] and UA2[41] data could be used to exclude
are employed. myg in the mg~30GeV region. We find, however, that no
limits on my in this (or any other mass regiprare possible
SC3 choices, whereas Fig. 27 shows that strong constrainfeom the UA1 and UA2 data. Another backup at |
are provided for the SC2 choices. Finally, in Fig. 28, wecould be an analysis of pre-scaled déta. data not taken at
show that, forP=1/2 (and smalley, even if we make the the full trigger rat¢ accumulated using lowegs; cuts on the
SC3 choices the limits omy are nearly as strong as for the jets. For example, CDF took about 1phbof data using a
SC1 choices of Fig. 22. For SC2 choices, the correspondinfpw-E four-jet trigger[42]. Such data might be useful since
plot would show even stronger limits than for the SClat lowermy the standard CDF cuts employed above tend to
choices. yield a rather small efficiency for accepting signal events.
Thus, the jets-missing momentum data and analysis of We have not examined this data in detail.
CDF only allows & with mg=<130 GeV if theg has a high Let us now consider run Il. Returning to Figs. 21, 22, 23
charged-fragmentation probabilignd rather weak hadronic and 24, we see that the limits based®B>0.2 will rise to
interactions. Fortunately, the CDF heavily ionizing track mg=180, 160, 160, 180 GeV foP=0, 1/2, 3/4, 1, respec-
analysis discussed later provides strong constraints for largévely, for run Il (with L>0.5fb%). If systematics could be
P that exclude this possibility fomz=50GeV (which  controlled so that a signal witf/B=<10% becomes reliable,
should be extendable to loweny values. As we have re- each of these lower limits would be increased by about 30
peatedly noted, the lack of sensitivity of the run | CDF GeV. All these potential lower bounds are, of course, still
jetstmissing momentum analysis would disappear if thesubstantially lower than theng lower bound that can be
data are re-analyzed without eliminating events containing achieved in the reference minimal supersymmetric standard

and(AE) case(1) are employed.
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FIG. 26. As in Fig. 23, except that SC3 choices\gf=38 cm FIG. 27. As in Fig. 24, except that SC2 choiceskaf=9.5cm
and(AE) case(2) are employed. and(AE) case(1) are employed.

model (MSSM) model for the sam&/B criterion (e.g. 250 tracking chamber. As a result, penetration of the track to the
GeV for SIB>0.2). It is worth noting that run 11 limits will Muon detectors inot requir_ed. After approplriate kinemati_cal
be much less sensitive tor and(AE). As shown in Fig. 26, CUts and cuts on the region of titE/dx-[p| plane that is

; : ; accepted, there is only one candidate event. They convert
even the SC3 choices will allow exclusion of atiy o =P 5 ! g Yy N Ib fV_ I y conv
=130GeV. is into a 95% C.L. limit on the number of signal events. To

We end by noting that if the squarks are not much heavielt€rPret this limit they compute the expected number of

than thed, then thegg cross section at the Tevatron will be 9/uinos produced and accepted and multiply by the probabil-

o+ L 14
reduced due to negative interference effects indhe-gg 'Y P for g—R fragmentatiort* They place 95% C.L. up-
amplitude from squark exchanges. However, thg—gg  Per limits onP as given in Table I.

amplitude is unaffected. Further, additional very prominent AS always, it is important to keep in mind that if tiie
signals will emerge from squark production channels thaf€cays to a neutral state of any kind with a lifetime shorter
han~ 10"’ sec, therP is effectively zero since thB* will

will more than compensate. Thus, the approach of taking alf ] X o
other SUSY particles to be much heavier than ghean be decay before traversing the tracker. Assuming a sufficiently

expected to yield the most conservative limits for aesp ~ 10ng lifetime for theR™, the limits of Table | can be inter-
models. preted in the context of the model f& described earlier.

For P=1, 1/2 and 1/4, one excludes;=1-20GeV, 1.2—
16.6 GeV and 1.9-13.6, respectively. We have already seen

VI. OPAL SIGNAL FOR A CHARGED GLUINO HADRON that the OPAL jets plus missing momentum analysis ex-

OPAL has searchedl43] for e*e”—qqgg events in
which theG's fragment to a chargeR™* that traverses their
2-m radius tracking chamber. They look for events with an 147ps is not quite the correct procedure in cases where both glui-
anomalous value for the ionizatichE/dx as compared t0 nos are accepted; the appropriate multiplication fapergluinoin
the momentum|p|. Both quantities are measured in the that case i — P2/2.
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10° r——r 1 charged at the scintillator layer just before it enters the iron

| | | | and (c) be charged at the exit detection layer. To be identi-
fied as a heavily ionizing particle, the particle must also be
charged as it exits from the primary interaction and its ion-
ization must be clearly larger than minimal.

Let us recall the picture we shall employ for the gluino as
it traverses the detector. As in the OPAL analysis, the pri-
mary producedj is assumed to have some probabilRyto
----- T T s s = fragment(immediately to a chargedR=-hadron. The ioniza-
50 limit for 0.1fb", " tion of theR™ will be measured shortly after emerging from
the interaction vertex. ThR™ then undergoes a certain num-
ber of hadronic interactions as it passes through the calorim-
eters before arriving at the inner muon detection layer pre-
ceding the iron. As described earlier, we imagine that at each
hadronic interaction the light quark’s and/or gluons are
stripped from theR-hadron(whether neutral or charged at
the time, leaving the bare gluino which then has the same
probability P to again become charged. Thus, the probability
that theR-hadron is charged just before entering the muon
104 X iron is againP. As it traverses the iron it will undergo sev-
eral more hadronic interactions and so the probability that it

g=LSP . x MSSM exits as a chargeR-hadron is once agaiR. Altogether, we

P=0.5; SC3 N x must reduce the cross sectiafter cuts to be discussed be-
£ i low) by P3. Once again, this assumes that all the possible

* x chargedR-hadron states are effectively stable as they travel
S/B>0.2 for 2 and 25fb! + i through the detector. If they decay rapidly to tR& or an-
| other neutral state, then this must be taken into account by an
appropriate reduction dP.

Whatever the value oP, we compute the event accep-
TN tance efficiency as followf#4]. For a givermg, we generate
10 0 50 100 150 200 250 events usingSAJET. We impose the triggering requirement

my (GeV) that at least one of thg's have

Vs=1.8TeV
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*
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FIG. 28. As in Fig. 22, except that SC3 choiceshgf=38 cm |7/<0.6 and pr>15GeV. (7.)
and(AE) case(2) are employed.
An efficiency of 0.8 is included for triggering on suctga

cludesmy=3-25GeV for anyP value not too close to 1; We next demand that at least one of fie satisfy the fol-
for P~1, the upper limit declines te-23 GeV. Thus, the lowing heavily ionizing, stable charged particle “reconstruc-
limits from our analysis of the OPAL jets plus missing mo- tion” requirements:
mentum channel are nicely complementary to the OPAL
heavily ionizing track limits; they confirm one another for a |7/<1.0, |p|>35 GeV, B>Bmin
substantial range afy.

By<0.85 for mg>100 GeV or fy<0.7

VIl. CDF SIGNAL FOR A PENETRATING CHARGED
GLUINO HADRON for mg<<100 GeV. (7.2

The strength of this signal depends on the model used fole note that theBy<0.7 requirement we impose famg
gluino interactions and upon details of the detector. The CDE- 149 Gev is such that only events in which ionization is at
central muon system consists of two muon detection Sc'nt'ITeast 3 times minimalas compared to twice minimal if only

lators separated by iron. To be identified as a penetrating., g gs is requireiare accepted. This cut is stronger than
charged particle, a particle mug penetrate the irorb) be 5 of the actual analysigi4]. We do this in the hope that

o 3 the background will be even smaller than the conservative
TABLE |. The OPAL 95% C.L. upper limit on the probabili§  number used later. In the above, we y&g, as given by the
for §—R™ fragmentation as a function af . solid curve in Fig. 9. FoP substantially smaller than 1, this
is quite conservative given that ionization energy loss will be
much less than that employed in the figure, which isFor
PR .. 037 020 014 006 013 033 103 =1 Also, becausewe ugy,for P=1 and because typical
B values are substantially aboyg,,,, this analysis is quite

mg 15 2.3 3.0 50 100 150 20.0
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108 ~50 GeV andNg~ 10, we find thaP>0.09 is excluded. For
Vs=1.8 TeV ] mg~100 GeV andNg=0, P>0.1 is ruled out, rising tdP
1 >0.2 for mg~150 GeV. Formg=50GeV, this result con-
E firms the run | jets- pr analyses that exclude values rof
3 below 130-150 GeV down te:20 GeV for anyP for SC1
1 At and(AE) case choices. The heavily ionizing track signal
- improves (though only slightly for SC3 choices, and thus
] excludesmgz=50 GeV (up to very big valuesfor P=1/2
1 (i.e. for P values such that the jetgd; signal fails for the
E SC3 choices We expect that, at larg®, a CDF heavily
3 ionizing track analysis with weakened cuts would probably
, | | | | be able to extend the excluded; range down to the OPAL
O T oo o 200 250 mg~22-25 GeV lower boun@hat applies for any) based
my (GeV) on the OPAL jets- p analysis and probably also down to
the ~20GeV bound(that applies for largeP) from the
FIG. 29. The effective cross sectian for one or moreég to  QPAL heavily ionizing track search. In any case, currently
pass the heavily ionizing penetrating particle cuts of Eg@sl) and e only significant window for &-LSP in theP-my param-
(7.2), including the efficiencies quoted in the text. eter space arises for SC3 choices &3/4. The window at
P~3/4 is 25 Ge\emy=<50 GeV, widening to 23 Ge¥myg
insensitive to the choices of ther and(AE) cases. Finally, <50GeV forP~1.
an efficiency of 0.5 is included for the reconstruction. Note
that oneg could provide the trigger but fail the reconstruc-
tion while the othei§ could pass the reconstruction cuts. In VIIl. GLUINO NLSP DECAYING TO GLUON
Fig. 29 we plot the effective cross sectiop; as a function PLUS GRAVITINO

gf fmé z.iftelrd'ndug'nv% the tabtﬁvf cuts antd efflcutat:]mest, L;’Ut For completeness, we consider the scenario in which the
efore including®®. We note that no events pass the cuts fory, i, i not the LSP, but rather the NLSP, with the gravitino

mg<<50 GeV; the cuts would have to be weakened, whiché being th invisible LSP. Such a situat .
might result in the introduction of substantial background. (G) Peing thenow invisible) LSP. Such a situation can arise

In Ref. [25], it is stated that there are zero background" GMSB models, including that of Reff5]. In this scenario,
events inL =90 pb ! of data after the mass 100 GeV cuts. the gluino decays vig—gG. Early-universe and rare-isotope
The background level probably increases gradually as ontémits are then irrelevant. Further, the decay will be prompt
lowers themg value considered down to 50 GeXCurrent ~ from the detector point of view ifng is in the <few eV
cuts do not allow sensitivity below thjsHowever, even for region such that th& is guaranteed to have no impact on
the less stringenBy<0.85 cut the background level is esti- (0h? [46,47]. (If the scale of supersymmetry breaking is so
mated at<12 eventg45] for mg=50 GeV. To illustrate the |arge that th@&— gG decay lifetime is long enough that most
situation, let us consider the casesMg=0 and 10 back- g's exit the detector before decaying, then the results of pre-
ground events. At 95% C.L. we requiteP°ocs<3 (Ns  vious sections apply.The first examination of this scenario
=0) or <7 (Ng=10). The resulting 95% C.L. upper limits at the Tevatron appears in R¢48]. We are unaware of any
on P are plotted as a function ofi; in Fig. 30. We see that studies of this scenario for thgqy final state at LEP or
the limits on P are significant. In particular, fomy  |LEP2. Here, we will give the 95% C.L. excluded mass do-

mains based on the previously considered+j@tgssing mo-

108

104

T (fb)

103

0.50 Frrrr mentum analyses of OPA[33] and CDF[36,37. In our
040 r o analysis, we will assume that the branching rati@jef gG
030 I Vs=1.8TeV o M is 100% (as appropriate if thg is the NLSP, and that the
= o, ’ decay is prompt. We will also assume that thenas negli-
g\%, 0.20 o s NucO ] gible mass compared toy, and that other supersymmetric
= 2 particles are much heavier than the gluino.
~ Ng=10 © * Consider, first, the OPAL analysis. Using exactly the
010 — o 4 ] same procedures and cuts as discussed earlier in Sec. 1V, bu
- d d cuts as di d earlier in Sec. IV, but
oo [ . ” ] applied toe*e” —Z—qqgg—qagg+pr, we have deter-
0.07 F T mined the efficiency for event acceptance and the resulting
006 o 50 100 150 200 250 95% C.L. upper limit on BZ—>qa§§) These results appear
in Fig. 31. Gluino masses below about 26 GeV are clearly
my (GeV)
g excluded.
FIG. 30. The 95% C.L. upper limit on the probabili®yfor ag For our CDF-based analysis of tfie~gG scenario we

to fragment to a singly chargeB* hadron after production and €mploy the same procedures as in Sec. V. We compute jets
collision is given as a function ofi; for Ng=0 and 10 background ~+ pr rates based opp—GggX. Plots analogous to those
events. given earlier appear in Fig. 32. We observe that the jets
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] o FIG. 32. The cross sectidafter cut$ in the jetst pr channel is
FIG. 31. In the upper window, we plot the OPALGGY event  compared tqa) the 5 level for L=0.1fb * (also roughly the 95%
efficiency(after all cut3 in the§G— gG scenario. The lower window ¢ |, upper limit forL=19pb™Y) at Js=1.8 TeV and(b) the S/B

gives, as a function afng, the corresponding 95% C.L. upper lim- -0 .2 |evel at run Il (=2 fb™?, \/s=2 TeV) as a function ofg
its compared to the theoretical prediction forB¢qqgg). for theg—gG case.

+ p1 signal cross sectiofafter cuts for a §-NLSP is even The primary point to note is that our results imply that the
larger than in the reference MSSM model. All values ofjets plus missing momentum signal is immediately appli-
mg =240 GeV(down to very small values that clearly over- cable for pair production of any type of stable or semi-stable
lap the OPAL exclusion region for this scenariman be ex- (i.e. stable within the detectpneutral or charged heavy par-
cluded at 95% C.L. based on the COF=19pb ! data ticle that is produced via the strong interactions. Examples of
sample analysis. This result is stronger than the bound olsuch particles abound in the literature.

tained in Ref[48]. The same CDF analysis procedures ap- (i) Gauge-mediated supersymmetry breaking models can
plied at run I will be able to excludey values up to about contain colored messengers in the gauge-mediation sector
280 GeV. Analyses optimized for such higher masses wilthat are stable or semi-stable.

presumably be able to do even better. (i) In models with extra generations, one or more of the
Overall, it is clear that a gluino NLSP decaying to gluon heavy quarks could be long-lived.
plus light gravitino can be excluded for essentially 1 (iii) Semi-stable, strongly interacting massive particles are
<240 GeV. proposed as a source of ultra-high-energy cosmic ray events.
Pair production of a heavy stable particle produced via
IX. INSIGHTS FOR OTHER NEW PHYSICS ANALYSES strong interactions gives rise to a substantial missing mo-

mentum signal due to the mismatch between the true mo-

In this section, we wish to emphasize a few interestingmentum of each produced particle and the apparent energy of
possibilities for other analyses for new physics that can behe jet associated with the partigles measured after includ-

extracted from the lessons learned in our specific studies. ing calorimeter response and possible identification of any
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associated charged hadron track as a muon track within theecessary to perform a very careful study of backgrounds,
jet). Further, the net missing momentum in a typical pair-such as that due to jets that are mismeasured and/or fragment
production event does not tend to be aligned with the visibldgo KE’S.

energy of the jet associated with any one of the heavy par-

ticles. This is because in a realistic Monte Carlo simulation X. SUMMARY AND CONCLUSIONS

the pair-production process initiated by quarks and/or gluons . . . .
in tr?e cglliding had?ons is accompan);eqd by additione?l jets We have examined constraints on any model in which the

with high transverse momentum coming from initial stateglu!no IS the_LSP. ID Sec. I, we considered the r_ellc cosmo-
“radiation.” logical density of &-LSP. We found that the relic density

In the case of pair production of heavy stable quarks at depends very strongly on the presence and nature of non-

had lider. the limits f the iets pl o ?)erturbative effects that could enter into the gluino and
tuamrgrr]lacloslise\:\’/ou?d 'Lne' Sv erromcorﬁJ?eiqz:tz:“?g'rt]gemr?égiirll'gluino-bound-state annjbilation cross sections. Assuming a
y y p y Ycompletely perturbativ@g annihilation cross section leads

ionizing, penetrating track limits that rely more heavily oniy 5 elic density of Qh?~(mz/10TeVP. For m;
substantial modeling of the charge exchange and fragmenta: 109 Gev, this level of relic densgilty is probably inconsis-
tion for a heavy quark as it passes through the detector. Agnt with bounds from limits from heavy isotopes, under-
discussed earlier, the rate for the latter signals scales roughlfound detector interaction rates and the like. However, we
as P°, whereP is the probability for the heavy quark to found that non-perturbative effects can potentially decrease
fragment to a chargets opposed to neutjaheavy hadron. the relic density td2h?~10"*° for all my=10TeV, a level
For small enougtP, the missing momentum signal will be that would be entirely consistent with all constraints. Our
stronger than the penetrating track signal. In addition, thereonclusion is that, until the non-perturbative physics associ-
is a very interesting hybrid signal that should be analyzed. Aated with gluino-gluino annihilation can be clarified, no reli-
missing momentum trigger could be used to isolate events iable limits on theg-LSP can be obtained from constraints
which to look for a heavily ionizing track® This could be  requiring knowledge of its relic density. Thus, direct limits
more efficient than the present CDF analysis which requirefrom accelerator experiments are of great interest.
a penetrating track in order to have a trigger rate such that all In Sec. Ill, we studied the manner in which (stable
events can be accepted. The jets plus missing momentutitLSP is manifested in a typical detector. The critical issue
trigger would eliminate the need to require a penetratingor experimental analyses is the average amount of visible
track and one could just search for a heavily ionizing track inmomentum assigned to a gluino jet. For a given detector, this
events accepted by the trigger. The advantage would be thdepends upon many ingredients, including the average had-
the probability for the heavily ionizing tradikvithout requir-  ronic collision length of theR-hadron into which th& frag-
ing penetrationscales only a$ (rather thanP3). ments, the average hadronic energy deposited in the various
It might be possible to take direct advantage of the mis-collisions experienced by the-hadron as it passes through
match between different ways of measuring the momentunthe detector, and the typical velocity and charge of the
of a heavy particle that is contained in a charged state afteR-hadron. The hadronic collision length was estimated using
the initial interaction. The tracker would measure the truethe two-gluon model for total cross sections; one finds a
momentum of the particle. There are then two possibilities.collision length that is somewhat longer than for a typical
(i) If the additional tracks are not present that cause thdight hadron. Collision lengths that are twice as large and
track observed in the tracker to be deemed as having pemne-half as large as our central prediction were also consid-
etrated to the muon detector, then this true momentum couldred. Two cross section models were employed for comput-
be directly compared to the momentum of the particle asng the average energy depo&k a function of velocityin
determined by the calorimeter response. We have seen thaach hadronic collision. Thigenerally fluctuatingcharge of
there is generally a very substantial difference. This situatiorthe R-hadron as it passes through the detector is also a cru-
would have probabilityx P(1— P?) (including the probabil- cial ingredient and is characterized in terms of the probabil-

ity for the initial track in the tracker ity P for the to turn into a stable chargeRf*, such agjud,

(if) Alternatively, if the track observed in the trackisr gg opposed to a neutral state, such asRRe g, after a
deemed to have penetrated to the muon detector, one coulhdronic collision. Simple quark counting models suggest
compare the true momentum to that computed for the jeb<1/2 and probably much smaller if tiigg bound state is
assuming the track belonged to a muysee Eq.(3.9]. The  jmportant. ForP=0, the energy £ momentum) assigned to
difference is substantial when the averggef the produced 4 gluino jet will be equal to the amount of tf kinetic
particle is large. o energy that is deposited in the calorimeters due to hadronic

In order to retain as many events as possible it would bggjisions. ForP>0, the ionization energy deposits must be
best to use a simple multi-jet triggéwithout necessarily incjuded and the possible interpretation offih track in the
requiring missing momentumOf course, since we are 100k-  canrg| tracker as a muon within tiiejet must be taken into
ing for momentum discrepancies for a single jet, it would be;cqunt.

In order to do this properly in a Monte Carlo context, for
any given value oP, the momentum measured for edgis
5The §-LSP should also be searched for in the manner we decomputed on an event-by-event basis, includifay P+ 0,
scribe. 1) random changesaccording to the value oP) of the

075002-27



HOWARD BAER, KINGMAN CHEUNG, AND JOHN F. GUNION PHYSICAL REVIEW D69 075002

charge of theR-hadron at each hadronic collision as ffje include energy smearing and fragmentation effects. If these
passes through the detector. Procedures are highly dependefitects are not included, the fluctuations in measured jet en-
upon the detector and specific analysis in question. For exergy are reduced and no limit is possible fee=1 from
ample, in the LEP OPAL jetsmissing momentum analysis, OPAL jetst+missing momentum datéBut, as discussed be-
if the R-hadron is arR* in the tracker and penetrates as anlow, much the same range ofdny =20 GeV is excluded by
R* to the muon chamber, then tigejet is declared to con- the heavily ionizing track signalln contrast, foP<3/4, the
tain a muon and a procedure for adding in the supposedxcluded range ofi is essentially independent of whether
muon track momenturmand correcting for its presumed or not energy smearing and fragmentation are included.
minimal ionization energy deposit in the calorimetexfol-  Turning to LEP2, we noted that accumulated luminosities
lowed. In contrast, in the CDF jetanmissing momentum will not be adequate to improve the LERpole limits. A
analysis for Tevatron run I, if th&-hadron is arR™ in the  next linear collider operating afs=500 GeV would be able
tracker and appears as R in one of the muon chambers, to extend the LEP limits, but probably not beyond the limits
and if the net measured calorimeter energy is not too largehat are imposed by our Tevatron analysis.
then the§-jet is declared to be muonic and the event is In Sec. V, we analyzed constraints from the Tevatron,
discarded. assuming that all other SUSY particles are much heavier. We
We studied the momentum typically assigned todHet  believe the resulting limits omy to be conservative. We
as a function ofP, for theg masses and velocities of rel- examined the jets plus missing momentum channel using
evance, in the OPAL and CDF analyses. ForRil(for P cuts and procedures based on the currently published CDF
<1/2), we found that the CDFOPAL) procedure implies analysis ofL =19 pb ! of run | data. The cross section limits
that the momentum assigned to Biget is (on averageonly  obtained by CDF translate to a range of excludgdvalues.
a small fraction of its actual momentum unlesgis smaller At 95% C.L., we excludemg up to ~130-150 GeV(the
than a few GeV. This is true even for the cross section choicgrecise upper limit depending ¢ down to at least 20 GeV
that overestimates energy deposits and even though, in tat a very high C.L, for “SC1” or “SC2” choices of A1
OPAL procedure, we allow for the appropriate fraction of and(AE) case. For “SC3” choicesgcorresponding to long
cases(determined byP) in which the@ penetrates to the path length and small hadronic energy deposits per collision
muon chamber and has &7 track that is treated as a muon for the §) the current CDF analysis can only exclude the
component of the jet in reconstructing the jet energy. Thusabove range ofmg for P<1/2. Thus, for all but “SC3”
when theg is the lightest supersymmetric particle, the jetschoices, the CDF run | limit overlaps the OPAL limit for any
plus missing momentum signature at colliders is, indeed, relvalue of P, and all values ofng in the ~3-130 GeV range
evant. In fact, this would be the dominant standard SUSYare excluded. For “SC3'\ and(AE) case choices, these
signal if all other supersymmetric particles, in particularsame CDF limits apply only foP<1/2. This lack of sensi-
those with strong production cross sections, are significantlyivity of the CDF analysis at largP to long\ and/or small

heavier than thg. (AE) could be eliminated by a re-analysis of the data that
Section 11l ended with a discussion of the effects of in-retains muonic jets.

complete containment of a shower from a hadronic interac- Run Il Tevatron data in the jets plus missing momentum
tion that takes place near the outer edge of the hadronighannel can be expected to extend the exclusion region to
calorimeter(or outer edge of uninstrumented ijorEffects,  higher masses; depending up®ny we found that roughly
on the OPAL and CDF analyses summarized below, from~n~< 160—180 GeV will be excluded for “SC1” or “SC2”
the failure to include the shower energy in the measured je(ghomes ofr and(AE) case. For “SC3” choices and high
energy and from the extra tracks in the subsequent muorp, only mgz=130 GeV would be excluded. Such sensitivity is
chambefs) are outlined. substantlally worse than that found for the MSSM with
As noted, existing jets plus missing momentum analyse$/SUGRA boundary conditions, for which one can probe out
at both LEP and the Tevatron are relevant to excluding gq roughly mgz=250 GeV. Possibly the run Il reach in the
range ofmg values in theg-LSP scenario. In Sec. IV, we g.|.Sp scenario could be extended if systematic errors are
demonsirated that the OPAL LEP data analy3|s that has begfnaller than anticipated. The above limitation assumes that
performed in order to search foZ—¥{Y¥3 (With X3  S/B>0.2 s required for a detectable signal. Alternative cuts,
—>qqx1) in the jets plus missing momentum channel can bewith smallerB at highmz, might also yield a larger reach.
applied toZ—qqgg events. ForP=0, 1/4, 1/2, 3/4, we Although we have not specmcally performed the analysis,
found thatmg values from~3 GeV up to~25GeV are ex- the Tevatron results suggest that the LHC can be expected to
cluded at the 95% C.L., for all choices of path lengthand  rule out ag-LSP withmg up to at least 1 TeV.
(AE) energy losg(per hadronic collisioncase considered. We also explored limits on &-LSP deriving from the
For P=1, and after including energy smearing and fragmen-non-observation of a pseudo-stable charged track which is
tation effects, the upper limit of the excluded range declineseavily ionizing. The strength of such signals depend®on
tomg~23 GeV for our standard or “SC1"” choices afr and  In Sec. VI, we reviewed the OPAL results. OPAL performed
(AE) case. There is almost no change of the excluded range direct search for such states using cuts indi¢dx-|p|
of my for possible extreme choices af and (AE) (with plane, concluding that foP~1/2 (P~1) one can exclude
scenario labels “SC2” and “SC3). For the “SC1” my in the ~1-17GeV 1-20GeV) mass range. For
choices, results foP~1 are sensitive to whether or not we heavy-ionization signals at higher masses we must turn to the
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Tevatron. CDF looks for events containing a pseudo-stabléne gluino decays vig— gG and theG is invisible. There is
penetrating charged track which is heavily ionizing. In Secthen a strong jets pr signal at both LEP and the Tevatron.
VII, we demonstrated that, depending upBn G-pair pro-  We repeated the LEP OPAL-based analysis and Ithe
duction can lead to a significant cross secfiafter imposing =19 pb ! CDF-based analysis for this case and found that
the CDF cut, penetration and ionization requirements foimz=<240 GeV can be excluded at 95% C.L. Run Il should be
identifying such events with small backgroundVe have able to extend the excluded region to at leasy
estimated the upper limit from run | data on the probab#ity ~280 GeV.
of charged fragmentation of tig The upper limit can be Finally, we urge our experimental colleagues to take note
roughly parametrized aB~0.3(mg/200 GeV) for 106 my of our remar_ks in Sec. IX rega}rdi.ng the applicability of our
=250 GeV. Formyz<<140GeV, this means th®<0.18 is procedures in the jets plus missing momentum channel, or
required. Meanwhile, the jets plus missing momentum limitshybrid procedures such as combining a jets plus missing mo-
based on OPAL and CDF analyses exclude 3 & mentum trigger with a heavily ionizing track requirement, to
<130-150GeV forP<1/2, the OPAL jets plus missing placing limits on other exotic particles, such as a hga_vy
momentum analysis excludes 3 GeV<mg=25GeV for stable quark. We aI.so pote that a _segrch for heavily ionizing
any P not too near 1 {-3 GeV=my=23GeV for P=1), tracks in events with jets plus missing momentum_should
and the CDF jets plus missing momentum analysis excludeBrove very valuable for excluding>1/23-LSP scenarios.
mg from ~20 GeV to~130 GeV forP=23/4 andP=1 for
ali“Jl but “SC3" choices of Ay and (AE) case. ForP=1/2 ACKNOWLEDGMENTS
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