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Reach of Fermilab Tevatron upgrades in gauge-mediated supersymmetry breaking models
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We examine signals for sparticle production at the Fermilab Tevatron within the framework of gauge-
mediated supersymmetry breaking models for four different model lines, each of which leads to qualitatively
different signatures. We identify cuts to enhance the signal above standard model backgroundsjsmdiuse
to evaluate the supersymmetry reach of experiments at the Fermilab Main Injector and at the proposed TeV33.
For the model lines that we have examined, we find that the reach is at least as large, and frequently larger,
than in the minimal supergravity framework. For two of these model lines, we find that the ability to identify
b-quarks andr-leptons with high efficiency and purity is essential for the detection of the signal.
[S0556-2820199)03615-3

PACS numbses): 14.80.Ly, 11.30.Pb, 12.60.Jv, 13.85.Qk

I. INTRODUCTION mental apparatus undetected resulting{nin SUSY events.

. . . In the GMSB framework, however, neutralino NLSP decays
Models where gauge interactiofts 2] rather than gravity 5y 4150 result in isolated photons @ror Higgs bosons

serve as messengers of supersymmetry breaking have begRich could provide additional handles to reduce SM back-
the focus of many recent phenomenological analy8ed5  grounds to the SUSY signal. If the NLSP is a slepton, all
of supersymmetrySUSY). In these models, sparticle massesSUSY events should contain leptons of the same flavor as
and decay patterns differ from those in the extensively studthe slepton NLSP in addition t&. While it may be pos-

ied minimal supergravityMSUGRA) model[16] which has  sible to have other candidates for the NLSP, this does not
served as the framework for many experimental analyses afeem to be the case in the simplest realizations of the GMSB
supersymmetry. Perhaps the most important difference bdramework, and we will not consider this possibility any fur-
tween the MSUGRA framework and gauge-mediated SUSYher.

breaking(GMSB) models with a low SUSY breaking scaleis ~ Within the minimal GMSB(MGMSB) framework, super-

the identity of the lightest SUSY particleLSP). In the ~ Symmetry breaking in a hidden sector is communicated to
former case, the lightest neutraling,( is almost always the the obse_rvable _sector via SM gauge interactions of messen-
LSP, while in the GMSB framework, the gravitino is much ger particles[with quantum numbers oSU(2) doublet

lighter than other sparticles. Moreover, while the gravitino isquarks and leptorjsvhose mass scale is characterizedvby

essentially decoupled in MSUGRA scenarios, the couplingéo‘S a result, the soft SUSY breaking masses induced for the

of the Goldstino(which forms the longitudinal components various sparticles are directly proportional to the strength of

f1h . itino thouah h ller th their gauge interactions. Thus, colored squarks are heavier
of the massive graviting though much smaller than gauge yhan ‘sieptons, and gluinos are heavier than electroweak

couplings, may, nonetheless, be relevant for collider physicy,  ginos. The observable sector sparticle masses and cou-

in that they can cause the next to lightest SUSY particlep”ngs are determinetat the scaleMl) by the GMSB model
(NLSP) to decay into a gravitindnside the detectorThe — parameter set:

precise decay pattern and lifetime of the NLSP depends on
its identity and on model parameters. For instancé,;ifis AM.ns,tanB,sgn i), Cyray -

the NLSP, it would decay viZ;—G+ y, and if kinemati- ~ Of these A is the most important parameter in that it sets the
cally allowed, also vi&,—G+Z, or into the various Higgs Scale of sparticle masses. The model predictions for the mass
bosons of SUSY models vi&,—G+h, H, or A If, on the parameters at the _scaMeare th_en (_avolved down to the spar-
i ) . ticle mass scale via renormalization group evolutiRGE).

other hand, the NLSP is a slepton, it would decay Via Ragiative breaking of electroweak symmetry determines
—G+1, etc. Sparticles other than the NLSP decay only veryThe weak scale SUSY parameters depend only weakly on
rarely to gravitinos, so that it is safe to neglect these decaythe messenger mass scale since this primarily enters as
in any analysis. Thus heavier sparticles cascade decay #se scale at which the mass relations predicted by the model
usual to the NLSP, which then decays into the gravitino asre assumed to be valid. There is an additional dependence
described above. of the sparticle spectrum dv due to threshold effec{d 7],

Sparticle signatures differ from those in the MSUGRA but this is also weak as long a4/A is not very close to
framework for two basic reasons. First, if the NLSP is notunity. Messenger quarks and lepton, it is assumed, can be
the lightest neutralino, the cascade decay patterns to theassified into complete vector representation§ of5): the
NLSP are modified. Second, the NL$Rhich need not be number 15) of such multiplets is required to be 4 for the
electrically neutral itself decays into a gravitino and stan- messenger scalsl=0(100 TeV) in order that the gauge
dard mode(SM) particles. The gravitinos escape the experi-couplings remain perturbative up to the grand unification

(1.9
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FIG. 1. The four regions of tha-tanB parameter plane discussed in Sec. | of the text. Wéfix3A, and takeu to be positive. The
heavy solid lines denote the boundaries between these regions. The grey region is excluded because electroweak symmetry is not correctly
broken. The shaded regions should be probed by experiments at LEP and are nearly excludedniiee@Gs&eV (vertical shading
7,<84 GeV (horizontal shadingor m,<95 GeV(or my<83 GeV) (diagonal shading The dot-dashed contours are where the chargino
mass is 95, 200 or 350 GeV, while the dotted line is the contoumf=90 GeV.

scale. Finally, the paramet€ ., =1 [13] (essentially, the jightest neutralino is the NLSP, so thé{— Gy (and toZ

ratio of hidden sector to messenger sector SUSY breakingpq piggs hosons if these decays are kinematically allpwed
vevs can be used to dial the gravitino mass beyond its miniq, region 2,nr. <ms., while other sleptons are heavier than
mum value. EffectivelyC,,,, parametrizes the rate for spar- ~ . 5

ticle decays into a gravitino. This decay is most rapid wherf-1: ar:jc_j calscage decr?ysbof szarticlt;es terminate_ljrexclept 42
Cgrav=1, while for larger values oCy,,,, the NLSP may Immediately a ove t~e (?un .ary gtween reg"’”s an
decay with an observable decay vertex, or may even be sufvhere the decay’;— 7,7 is kinematically forbidden. For
ficiently long-lived to pass all the way through the detector.Parameters in region 2, we thus expect an excessaptons

In this extreme case, SUSY event topologies would be idenln SUSY event$9]. In regions 3 and 4 in Fig.(b)—1(d), not

tical to those in the MSUGRA model i, is the NLSP.  Only 7, but alsoe;=eg and u,=wug, are lighter thar,.
However, for the case where a charged slepton is the NLSP,NUS neutralinos are effectively sources of redminantly
SUSY events would necessarily contain a pair of penetratingight-handed sleptons. In region 3,;—IG because its de-
tracks from the long-lived slepton NLSP, which might be cayT,—7,71 (I=e,u) is kinematically forbidden. The de-
detectable at the Fermilab Tevatron as “additiofpadssibly cay mi— V,:TlVT which occurs via suppressed muon
ls\llﬁ\évi:’n:jlg:r;s”s[ﬁéﬁ]ﬁtlln 2::; af_rglySIS, 1vve_ gssurgedgh?]totthe Yukawa couplings is kinematically allowed, and may com-

y y and figray =1, 1.6, W . __pete with the decay tp.;— uG; for C,,,=1, we find that
attempt to model the additional handle displaced vertice is decay(which has been included %n our computaliois
might provide to reduce SM backgrounds. ) . . o~ —

Many of the phenomenological implications depend onlyUnimportant. In region 4, the decay$;—m,7l and
weakly on the parametévl. Thus, theA-tang plane pro- |;— 7,7l are also allowed, and compete with the gravitino
vides a convenient panorama for illustrating the diversity ofdecay ofl ;. Frequently, the stau decays bf dominate its
phenomenological possibilities in GMSB scenarios. This isdecays to gravitino, and then, as for region 2, SUSY events
shown in Fig. 1 forM=3A and(a) ns=1, (b) ns=2, (c)  will be characterized by an abundance of taus in the final
ns=3, and(d) ns=4. We chooseu to be positive, since for state. Signals from sparticle production will clearly depend
this choice, the model predictiof§,18] are well within ex-  on which of these regions the model parameters happen to
perimental constraintgl9] from the decayp—sy over es- lie.
sentially the whole plane. In region 1 in Fig@l-1(d) (the The gray regions in Fig. 1 are excluded because the ob-
boundaries of these regions are the heavy solid Jintkk®  served pattern of electroweak symmetry breaking is not ob-
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tained: in the wedge in the upper left comgé <0, while in the MSSM and MSUGRA models, it is of interest to re-

_ 2 R . assess the sensitivity of Fermilab Tevatron experiments to
n the band.on tomA<0. The non-observ_anon ,Of sparticle signals from sparticle production at the upcoming run Il of
signatures in experiments at the CERNe™ collider LEP  the Fermilab Tevatron Main InjectdMI) as well as at the
excludes other portions of the plane. Within the m'n'malproposed luminosity upgradelubbed TeV3Bwhere an in-
supersymmetric standard modéVISSM) charginos have tegrated luminosity~25 fb~! might be accumulated. This
been excluded IWW1S90—95 GeV. While this limit has is the main purpose of this paper. We had begun this pro-
been obtained assuming that charginos and selectrons decgam in an earlier studj6] where we had computed cross
into a stable neutralino which escapes detection, we expeégctions for various SUSY event topologies for models with
that an even more striking signature is obtaine@ifdecays Ns=1 expected at the Fermilab Tevatron: in this case, the
via Z,— yG. The leftmost dot-dashed line in Fig. 1 is the NLSP is dominantly the hypercharge gaugino. Here, we first

contourmy, =95 GeV: to its left, charginos are lighter than repeat thls analysis for somewhat different mo_del param-
1 eters, using cuts and acceptances more appropriate to run Il

95 GeV. To assist the reader in assessing the sparticle magge have also fixed a bug in the progr&28] which resulted
scale, we have also shown mass contours fof;, iy an underestimate of the chargino pair production cross
=200 GeV andng\,1=350 GeV. MSSM searches for acol- section. We also examine cases with larger valuessdbr

linear electron pairs exclude selectrons lighter than about 9@hich we expect the phenomenology to change qualitatively
GeV. This limit should certainly be valid within this frame- from our earlier study. Toward this end, we first examine a

work if e;—Ge (region 3 or even if it decays t&; that model line withns=2 with tang= 15 wherer; is the NLSP
subsequently decays to a photeagion 1. The dotted line gnd significar_nly Iighter than other sleptons. Next, we exam-
is the contoumw, =90 GeV. For the case whegg mainly "€ & model line W|tm5=_3 where all right handed §Ieptons

1 are roughly degenerate in maske co-NLSP scenarjpand
%here?él (1) dominantly decay vi®;—eG (u,— uG).
. 7 X Finally, we examine a non-minimal model where the NLSP
gent experimental limit for thels=1 andns=2 cases in is dominantly a Higgsino-like neutralino. This is not because
frames(a) and (b) comes from~ tDe the LEP sear¢20] for we believe this is any more likely than the MGMSB sce-
yy+Er events frome’e —Z,Z; production. The cross narios previously discussed, but because it leads to qualita-
section for this process depends on the selectron mass. Thgely different experimental signatures. In view of the fact
ALEPH analysis[20] for ns=1 results in the lower limit, that the underlying mechanism of SUSY breaking, and hence
mz,=84 GeV[21]. For larger values ofis, the selectron to  the resulting mass pattern, is unknown, it seems worthwhile
Z, mass ratio is smaller, so that the corresponding crost explore implications of unorthodox scenarios, particularly,
section is even larger than in thgg=1 case. Indeed the When they lead to qualitative differences in the phenomenol-

DELPHI Collaboration[20] has obtained a preliminary 09Y: _ _
boundms. =88 GeV forns=2, for parameters in region 1. In the next section, we describe the upgrades that we have
! made toISAJET to facilitate the simulation of the minimal

If M, <Mz, Z,s act as sources of staus and add to the signak s framework that we have described, as well as several
from direct stau pair production. The DELPHI search forof its non-minimal extensions. In Sec. Ill we specify four
acollinear tau pairs still I|m|tsmzls 86—-90 GeV, and also different model lines and discuss strategies for separating the
the boundsm;1$76 GeV, regardless cm?l' In Fig. 1, in ~ SUSY signal from SM background for each of these. Our
the horizontally hatched regiomz <84 GeV, whereas in tmhalls/”resu(;t '? _f_h?/ggm\?vcnon ;o_r tge rel'c\l;:h (t);: experiments ?t
the region with vertical hatchesy; <76 GeV. Finally, the eV andat 1€vas. We end In Sec. 1v With & summary o

) L our results together with some general remarks.
LEP experiment$22] have a preliminary bound of 91-95

decays t5r1, the actual bound may be somewhat weaker, an
closer to the MSSM stau bound76 GeV. The most strin-

GeV on the mass of the SM Higgs boson. Since, for small | gMULATION OF GAUGE MEDIATED SUSY
values of targ, the lighter Higgs bosorm of the GMSB BREAKING SCENARIOS

framework is frequently close to the SM Higgs boson, we

also show the regions witm,<95 GeV (the diagonally We use the event generator prograsAJET v 7.40 for

hatched area in the lower left corném Fig. 1. Furthermore, simulating SUSY events at the Tevatron. Sins&JET has
LEP analyses exclude,<83 GeV when tap is large. been described elsewhelf24], we will only discuss recent
This excludes the thir(diagonally hatched sliver where improvements that we have made that facilitate the simula-
tanp~53. The reader should appreciate that the variougion of the MGMSB model specified by the parameter set
shaded regions that we have shown are not formal exper(1.1), and also, some of its variants. The “GMSB option”
mental limits, but indicate the reach of present experimentgllows one to use the parameter €etl) as an input.ISAJET
within the GMSB framework. then computes sparticle masses at the messenger dcale
We see from Fig. 1 that current experiments have alread{hen evolves these down to the lower scale relevant for phe-
probed regions 1 and 2 ifs>2. On the other hand, famg nomenology, and finally calculates the “MSSM parameters”
=1, we have just these two regions, while=2, all four  that are then used in the evaluation of sparticle cross sections
regions are still possible. Since experimental signaturegnd gecaz Wid~ths. The~dec§ys of neutralinos into gravitinos,
within the GMSB framework differ significantly from those z;,—Gvy, Z,—GZ, and Z,—Gh,H,A as well as(approxi-
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mately) the Dalitz decay,—e* e~ G are included inSAJET. <2.5 are qonsidered to pe isolate_d, if the scalar sum of elec-
tromagnetic and hadroniE; (not including the lepton, of

The decayd;—IG and;— G, as well as the three body cours@ in a cone withAR=0.4 about the lepton to be

decayg25] | ;— 7171 andl,;— 7,71, which are mediated by smaller tharmax(2 GeV E+1(1)/4). Isolated leptons are also

a virtual neutralino, have also been included. The widths forequired to be separated from one anotheAlR=0.3. We
corresponding three body decays mediated by virtuaidentify photons within|7,|<1 if Et>15 GeV, and con-
chargino exchange are suppressed by the lepton Yukawsider them to be isolated if the additioria} within a cone of
coupling, and are also included. These decays can be signiikR=0.3 about the photon is less than 4 GeV. Tau leptons
cant only for smuons, and only whem, —m; <m_ so that are identified as narrow jets with just one or three charged
prongs withpy>2 GeV within 10° of the jet axis and no

. . other charged tracks in a 30° cone about this axis. The in-
matically very suppressed or forbidden. Although @yra variant magss of these tracks is required tosbm . and the

=1, we have not fo!,lnd this to be importar)t, for larger Va|l-JeShet charge of the three prongs required totbe. QCD jets
0f Cyray , the(long-lived) smuon may dominantly decay via \ith - —15(=50) GeV are misidentified as ta{36] with
the chargino mediated deci\y toa stau,”and may alter the hropability of 0.5%(0.1% with a linear interpolation in
apparent curvature of the “smuon track” in the detectorpenyeen. Finally, for SVX tagged-jets, we require a jet
[26]. . . N _ (satisfying the above jet critefiavithin | 7;|<1 to contain a
We have also included irsAJET the facility to simulate  B-hadron withp;=15 GeV. The jet is tagged asbget with
several non-minimal gauge-mediated SUSY breaking modelg probability of 55%. Charm jetdight quark or gluon jets

that involve additional parameters. While these will be irrel-are mistagged als-jets with a probability of 5%0.2%).
evant to the analysis performed in our present study, we have

chosen to describe this for completeness because it may
prove useful to readers studying extensions of the minimal
class of models.

The parameteR allows the user to adjug7] the ratio Within the GMSB framework, sparticle signatures, and
between the gaugino and scalar masses by scaling the formgénce the reach of experimental facilities, are qualitatively
by the factorR which is equal to unity in the minimal GMSB  dependent on the nature of the NLSP. Here, we examine the
framework. reach of experiments at the Fermilab Tevatron Main Injector

In GMSB models, additional interactions are needed taas well as that of the proposed TeV33 upgrade for four dif-
generate the dimensional andB parameters that are essen- ferent model line$29] where the NLSP i$A) dominantly a
tial from phenomenological considerations. These imerachypercharge gaugingB) the stau leptoriz,, with other slep-

tions can split the soft SUSY breaking masses of Higgs an L . ~ . ~
lepton doubletdat the messenger scaleven though these gons~5|gn|f|cantly heavier tham;, (C) again the stau, bu,

have the same gauge quantum numbers. These additior@ld ©1 are essentially degenerate with, and (D) domi-
contributions to the squared masses of Higgs doublets tha@ntly a Higgsino. We fix the messenger scle=3A, u
couple to up and down type fermions, are parametrf25g >0 andCqy,, =1 throughout our analysis. We us#JETto
by sm? andsm? , respectively. These parameters are zerd®®mpute signal cross sections, incorporating cuts and trig-
in the rrL1|inimaI mgdel gers to simulate the_experlr_n_ental conditions at the Fermilab
If the hyperchargéD-term has a non-zero expectation Tevatron together with additional cuts that serve to separate

value Dy in the messenger sector, it will lead to additional the SUSY signal from SM backgrounds. We project the

Y ) reach of future Fermilab Tevatron upgrades for each of these
contributions to sfermion masses at the messenger scag

) ) ) enarios.
which may be parametrizef7] as sm;=g’'YDy. The
value of Dy (which is zero in the minimal GMSB frame-
work) is constrained as it can lead to an unacceptable pattern
of electroweak symmetry. We see from Fig. () that for ns=1, the lightest neu-
Finally, allowing incomplete messenger representationsralino is the NLSP as long as tghis not very large. Since
[17] can effectively result in different numberasfi, Ns, and the value of|u| computed from radiative breaking of elec-

user to simulate these non-minimal models using the-ino. To realize theB-ino NLSP model line, we fix ta
GMSB2 command. =2.5 which ensures that sleptons are significantly heavier

To model the experimental conditions at the Fermilabthanmz . Sparticles cascade decayZg which then mainly

Tevatron, we use the toy calorimeter simulation packagejecays viaZ,— yG. Thus almost all SUSY events contain at
ISAPLT. We simulate calorimetry covering4<zn<4 witha  |east two hard isolated photons.

cell size given byA X A¢=0.1x0.087, and take the had-  |n Fig. 2(a) we show the mass spectrum of sparticles that
ronic_ (electromagnetic calorimeter resolution to be might be in the Fermilab Tevatron range versuswhich
0.7AE (0.15AE). Jets are defined as hadronic clusters withsets the sparticle mass scale, while in fraimewe show the
Er>15 GeV within a cone oAR= A 7°+A¢$?=0.7 with  cross sections for the most important sparticle production
|17j|$3.5. Muons and electrons with;>7 GeV and| 7| mechanisms at the Fermilab Tevatron. We see that chargino

the neutralino-mediated three body decaysugfare kine-

Ill. THE REACH OF TEVATRON UPGRADES FOR
VARIOUS MODEL LINES

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

055001-4



REACH OF FERMILAB TEVATRON UPGRADES IN ... PHYSICAL REVIEW [0 055001

Z, Mass (GeV) — WME 60 Tov
99 135 170 206 2 0035 | =0 te D >0
20 E ! ! T T O 003 E .- tanl% =25
450 ;_ a) ng=1, u>0, tanf =25 M/A=3 :ﬁ 0025 E— T L A=100 TeV ng=
400 E T mf 5
= @50 p S o015 E
G 300 E < on E A=160 TeV
7 = ® o E | o
g 200 é_ ‘ 0§||T:--l§|'||.r;|u‘|||||\| |?| |." sptaity. s
Il - 1, E 0 20 40 60 80 100 120 140 160 180 200
100 FEsmmwr i c s E E; (v,) (GeV)
50 E 3
o E | ] N 1 3 < 0025 —
75 100 125 150 > = A=60 TeV b) R
o n>
A (TeV) O 002 tonp =2.5
) 0015 F A=100TeV  ng=1
Z, Mass (GeV) § P E i TR
99 135 170 206 © = - ' A=160 TeV
3 -~ 0.01 — K
10 E T T T T - =
3 b) ns=1, x>0, tanf = 2.5, M/A=3 ' 0005
2[" =
10 ; 0‘|II‘IIIIH‘III'I\I'III'IIII\IIII|I\I
F 0 20 40 60 80 100 120 140 160 180 200
10 L E, (GeV)
g :
v i B FIG. 3. (a) The transverse energy distribution for the softer pho-
E ton and(b) the E+ distribution for the inclusiveyy+ E+ for model
aF line A.
10 3
75 100 125 150 requirement. We further separate them into clean and jetty
A (TeV) events and then classify them by the number of isolated lep-

_ _ tons (e and w). In addition to the acceptance cuts described

FIG. 2. (a) Relevant sparticle masses afiil production Cross jn Sec. Il, we impose an additional global requiremgat
sections for the main sparticle production reactiona & TeV pp >40 GeV, which together with the presence of jets, leptons
collider versus the parametAr for the B-ino NLSP model line A. or photons may also serve as a trlgger for these events.
In frame (b) the dot-dashed line represents tﬂe~chargino pair pro- Before proceeding to present results of our computation,
duction, while the dotted Iin_e _denotes that M Z, production. e pause to consider SM backgrounds to these events. We
Also shown on the upper axis is the mass of the NLSP. expect that the backgrounds are smallest in the two photon

) ) ~ o~ ] ] channel, which we will mainly focus on for the purpose of
pair production andW,Z, production dominate because sssessing the reach. We have not attempted to assess the
squarks and gluinos are beyond the Fermilab Tevatron reacBackground because the recent analysis by the DO Collabo-
The production of right-handed slepton pairs is suppresseghtion [30], searching for charginos and neutralinos in the
relative to chargino or neutralino production by over an ordeignSB framework points out that the major portion of the
of magnitude. Values o\ smaller than~70 TeV are ex- packground arises from mismeasurement of QCD jets and
cluded by the LEP search foyy+Ey events. ForA  for yet higher values o, from misidentification of jets or
=80 TeV (corresponding tanz <90-100 GeV), the tWo |eptons as photons. In other words, this background is largely

body decayW;—W?Z, is kinematically suppressed, and the instrumental, and hence rather detector-dependent. From Fig.
chargino mainly decays Vi&/,— 7, v, or W;—qqZ,: for 1 of Ref.[30], we estimate the inclusivey2+- E;+>40 GeV

~ ~ . (60 GeV) background leve[for E1(vyy,7y,)> (20 GeV, 12
A=80 TeV, the decayW,—»W2, dominates. The neu- .\, 't correspond to~ 0.9 (0.1) event in their data

tralino Z, dominantly decays viaZ,—Z;h (for A sample of~100 pbl. The background from jet mismea-

=90 TeV) when this geca! is not kinematically suppressed‘surement, of course, falls steeply wihy . The inclusive

otherwise it decays vid,— | 4l, with roughly equal branch- 2+ E background is also sensitive to the minimiin of

ing fractions for all three lepton flavors. We thus expect thatthe photon.

W, W, andZ,W, production will mainly lead to jetty events ~ To assess how changing the photon &drequirements

(counting hadronically decaying taus as jgi®ssibly with  alter the SUSY signal, in Fig. 3 we show the signal distribu-

additionale and u plus photons plug . tion of 3(a) E1(y,), the transverse energy of the softer pho-
We use ISAJET to classify the supersymmetric signal ton in two photon events, andi8 Er in yy+ E1 events that

events primarily by the number of isolated photons—eventgass our cuts, for three values Af The following is worth

with <2 photons arise when one or more of the photons igioting:

outside the geometric acceptance, has too lowEan or For A=100 TeV (which we will see is in the range of

happens to be close to hadrons and thus fails the isolatioie Fermilab Tevatron boundreducing theE(y) cut does
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and(c) yy plus E+ signals after the cuts and triggers discussed in /\(TeV)
the text for model line A. The solid lines denote cross sections for

events with at least one jet, while the dashed lines denote cross FIG. 5. Signal cross sections for clediyy+E; events [
sections for events with no jets. The numbers on the lines denote 'f ’ I SUS i dqf 7 oL .
the lepton multiplicity. The heavy solid line denotes the total signal_e"“) rom a USY sourcegsolid), an from Juste; or wy pair
cross section after all the cuts. production(dashed versusA for model line A. The upper scale

denotesm;l.
not increase the signal. In fact, it may be possible to further
harden this cut to reduce the residual backgrounds. AIthoung 0.1 event per 100 pb, i.e., assuming a background level
we have not shown it here, we have checked that increasing; , - U »
the cut on thehard photon toEr(y,)>40 GeV results in & 1 fb. This corresponds to a ‘@ reach” of 3.5 fb(1 fb) for

. o g .
very little loss of signal forA>100 TeV. an integrated luminosity of 2 fb* (25 fb™ ) at the Fermi

lab Tevatron, oA<110 TeV(130 Te\) at the Main Injec-

In view of our discussion about SM backgrounds, it istor (Teva3 upgrade As we have mentioned, it may be pos-
clear that requiringtr=>60 GeV greatly reduces the back- o " ither reduce the background by hardening the

ground with modest loss of signal..lr)deed, it may be pos.s.ibl% (7) andE; requirements with only modest loss of signal.
to reduce the background to negligible levels by opt|m|zmg.”T]e backgroTund may also be reduced if jet or lepton misi-

theTEZtsrggﬁﬁsogihguehgéﬂsuﬁggo?lﬁgf various tonoloaical dentification as a photon is considerably smaller than in run
, omp i P g' I [30]. If we optimistically assume that the reach is given by
cross sectionsta 2 TeVpp collider after cuts are shown in {6 5 (10) event level at the Main InjectofTeV33), we
Fig. 4 for 4a) O photon, 4b) one photon, and(@) two pho-  yoid be led to conclude that experiments may prabe
ton events. In this figure, we have required th&{ \gjues as high as 118 Teld45 Te\) at these facilities. It
>60 GeV. As mentioned, this reduces the cross section b¥nouid be remembered that =118 TeV corresponds to
just a small amount, especially for the larger values\ah m;~950 GeV, almost equal to what is generally accepted

this figure. The solid lines correspond to cross sections fogg the qualitative upper limit from fine tuning arguments.
events with at least one jet, while the dashed lines corre- We see from Fig. @) that thel,T, production cross sec
. N .

spond to those for events free of jet activity. The numbers O?ion exceeds 1 fb foA =100 TeV. Since slepton production

the lines denote the lepton multiplicity, and are placed acan lead to spectaculbrvy-+ E~ events of the tvpe observed
thoseA values that we explicitly scanned. Finally, the heavy sP yyTET SVE yp .
. . . by the Collider Detector at FermilatCDF) Collaboration
solid line represents the sum of all the topologies, i.e., th . )
: . : 31], it appears reasonable to ask whether signal from slepton
inclusive SUSY cross section after the cuts. We note the™ . . .
pair production might be observable at TeV33, and further,

following: whether it can be separated from a similar signal from
We have comparable signal cross sections jnahd 2y

channels. Since the background in the latter is considerablgN@rgino pair production when eacW,—lvZ,—1vGy
smaller (recall a significant portion of it is from fake pho- [32]- The SMphysicsbackgrounds come frot/Wyy pro-

tons, the maximum reach is obtained in ther 2hannel. duction which forEr,=10 GeV has a production cross sec-
As anticipated, events with at least one jet dominate cleafon [31] of 0.15+0.05 fb, so that~0.1 such event is ex-
events, irrespective of the number of photons. pected in a data sample of 25 “th The background frorht

We may obtain a conservative estimate of the reach byproduction is estimated to be even smaller. In Fig. 5 we show
assuming an inclusive 2+ E;=60 GeV background level the total cross section for cledhyy+ E; events after cuts
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FIG. 6. The same as Fig. 2, but for the stau NLSP model line B. FIG. 7. The branching ratios for various decays(@fZ,, and
In frame (a) the solid line denotes the mass of, while the dot-  (b) T, for model line B. The upper scale shows the mass of the
dashed line denotes the mass of the lighter selectron or smugparent sparticle. The relevant decay patterns of other sparticles are
which are very nearly degenerate. described in the text.

(solid) and the corresponding cross section from pisand con_siderA>35 TeV, the region safe from LEP constraints.
%, pair production(dashedi We see that fol <115 TeV Gluinos and squarks are then too heavy to be produced at the
(ci)rresponding tomy_~ 200 GeV), five or more signal Fermilab Tevatron, and sparticle production is dominated by

chargino, neutralino and, to a lesser extent, slepton pair pro-
events should be present at TeV33, with about 60% of thesgction.

having their origin in direct production of sleptons. Slepton
pair production alone vyields five events flmr =180 GeV.
the decay W;—WZ, becomes significant only forA
If instrumental backgrounds from jets faklng an electron or
=45 TeV (mW =210 GeV). The branching fraction for
photon turn out to be negligible, direct detection of sleptons
as heavy as 180 GeV may be possible at TeY33 for ZZ decays are shown in Fig(&. We see thaZ, decays via
model line A. 717 with a branching fraction that exceeds 0.5 rifz,
=300 GeV, and further that branching fractions fd
~ —T,1 (I=e,u) are not negligible. For the value of t#nin
From Fig. 1, we see that we can obtainas the NLSP for  this figure, the decay,—Z;h is only important for rela-
a wide range of GMSB parameters. Here, we chagse2, ey large values ofA. The lightest neutralin@, mainly

and take tag=15 to makee; and u, somewhat heavier yecays vigZ, 7,7, though for large enough values &f its
than'ry, with other parameters as before. In Fig. 6 we showdecay to sleptons of other families may also be significant.
(@) relevant sparticle masses afig) cross sections for the The decay pattern of the lighter selectron and smuon are
main sparticle production mechanisms vershis For A jllustrated in Fig. Tb). For small values of\ (region 2 of

=30 TeV,n; <mz but for A<32 TeV,Z;—rry is ki-  Fig. 1), the decayl,—IZ, is kinematically allowed and
nematically forbidden, and; would decay via the four body dominates. For larger values af (region 4 of Fig. ], where

decayZ,— v, 7 W* (which is not yet included imsAJET) or thif channel~is closed, the neutralino is virtual ahgd
via its photon mode considered above. In our study, we only»7; 1~ 7~ orl; — 7,1~ 7". These decays dominate the de-

The two body decayV,— 7, v is always accessible, while

B. Model line B: The stau NLSP scenario
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TABLE |. SM background cross sections in fb for various clean multilepton topologies thonZ
—77, VV (V=W,Z) andtt production &a 2 TeV pp collider, together with signal cross sections for
=40 TeV andA =50 TeV for model line B described in the text. For each event topology, the first number
denotes the cross section after the basic acceptance cuts and trigger requirements alongZwigtcataand
the A¢ cut discussed in the text. The second number is after the additiongbguii7,)=40 GeV, for
events at least one identified The entries labelled Totalare the sum of all the cross sections except those
in the 171l channel. The last two rows provide a measure of the statistical significance of the signal.

Topology w Z—717 VvV tt A=40 TeV A=50 TeV
C3l 0 0 0.39 0 0.68 0.24
0 0 0.39 0 0.68 0.24
Clr1l 1045 4.2 36 0.044 8.6 1.96
43 2.0 10.8 0 5.3 1.27
Cir2l 0 0.57 1.4 0 3.3 0.93
0 0.045 0.43 0 1.9 0.59
C173l 0 0 0 0 0.31 0.16
0 0 0 0 0.21 0.10
Cc2r1l 0 1.5 1.2 0 4.1 1.2
0 0.57 0.79 0 3.3 1.02
Cc272l 0 0 0 0 0.36 0.23
0 0 0 0 0.33 0.22
Total 0 2.1 2.99 0 8.75 2.76
0 0.62 1.61 0 6.42 2.17
a(sgn)Wo(back) (fB?) 3.87 1.22
4.30 1.45

cayl,—IG. The upshot of these decay patterns is that SUSY for dilepton events, require A¢(Il')<150° (1’
events may contain several tau leptons from sparticle cascadee 4, r) to remove backgrounds fro@— =7 events.
decays. At the very least, each event will contain a pairsof The dominant physics sources of SM backgrounds et
(in addition to other leptons, jets arf) from 7, produced + mleptons + E; events, possibly containing additional
at the end of the decay cascade. It is worthwhile to note thataus, areW, y* or Z + jet production,tt production, and
the twors could easily have the same sign of electric chargevector boson pair production. Instrumental backgrounds that
The observability of SUSY realized as in this scenariowe have attempted to estimate &g from mismeasurement
thus depends on the capability of experiments to identifyof jet energy and mis-identification of QCD jets as taus.
hadronically decaying tau leptons, and further, to distinguish We have checked that even after these cuts and triggers,
these from QCD jets. Following the same logic as in theSM backgrounds fromW production swamp the signal in
ns=1 case above, we now classify SUSY events by thechannels with no leptons or just one identified lepten £,
number of identified taus, and further separate them into jett¢" 7)- The former is the canonicdty signal, which after
and clean event topologies labeled by the number of isolate@Pimizing cuts, may be observable at run 2 if gluinos are
leptons € and ). It should be remembered that the effi- lighter than~400 GeV. We do not expect that this signal
ciency for identifying taus is expected to be smaller than fofTM gluino and squark production will be detectable, since

identifying photons—first, the tau has to decay hadronically\?v\;]ert‘ ;OrA.: 35F Tet\(],. mg=>578 Ge(;/ bW'th squ?r:ks somel—
and then the hadronic decay products have to form a jet. . at heavier. or this reason, and because there are large
o o . single lepton backgrounds frolV production, we focus on
In our analysis, in addition to the basic acceptance cuts. Is with | ' dv. Also. b
discussed in Sec. Il, we requie;=30 GeV together with signals with two or more leptons in our study. Also, because
Y the presence off’s is the hallmark of this scenario, we

at least one of the following which serve as a trigger for themostly concentrate on leptonic events with at least one iden-

events: , tified 7.
one lepton withpr(1)=20 GeV, We begin by considering the signal and background cross
two leptons each witlpr(1)=10 GeV, sections for clean events. These are shown in Table I. Events
E;=35 GeV. are classified first by the number of identified taus, and then

In addition, we also impose the additional requirements:  py the lepton multiplicity; theC in the topology column

a veto on opposite sign, same flavor dilepton events withjenotes “clean” events. For each topology, the first row of
M;—10 GeV=m(ll)=M,+10 GeV to remove back- numbers denotes the cross sections after the basic acceptance
grounds fromWZ andZZ and highp Z production, and cuts and trigger requirements along with heeto and the
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TABLE Il. SM background cross sections in fb for various jetty multilepton topologies fimZ
—77, VV (V=W,Z) andtt production &a 2 TeV pp collider, together with signal cross sections for
=40 TeV andA =50 TeV for model line B described in the text. The cross sections are with all the cuts
including thep-,;s cut on the hardest.

Topology w Z— 7T VvV tt A=40 TeV A=50 TeV
J3l 0 0.019 0.28 0.3 1.06 0.35
J172l 0 0.19 0.29 1.2 1.92 0.79
J271l 0.11 0.79 0.41 0.8 2.25 1.18
J272l 0 0 0 0 0.31 0.22
Total 0.11 1.0 0.98 2.3 5.53 2.54
a(sgn)o(back) (fd?) 2.64 1.21

A ¢ cut discussed above. We see that there is still a substad-9 fb, while the signal and other backgrounds remain essen-
tial background in several of the multilepton channels. Thistially unaltered from the cross sections in Table I. Thus if
background can be strongly suppressed, with modest loss ¢dke 7 backgrounds can be greatly reduced, it may be pos-
signal by imposing an additional requirement, sible to see a signal via other channels.

Prvis(71)=40 GeV, on the visible energy of the hardest Next, we turn to jetty signals for model line B. Cross
tau in events with at least one identified tau. In the backsections for selected signal topologies together with SM
ground, thers typically come from vector boson decays, backgroundsafter the pt(71)=40 GeV cut are shown in
while in the signal, a substantial fraction of these come fromTable Il. The other topologies appear to suffer from large
the direct decays of charginos and neutralinos that are sul®M backgrounds and we have not included them here.
stantially heavier than M, [remember even mz The following features are worth noting:

=103 (132) GeV forA=40 (50) Te\l: thus signal taus (1) We see that model line B results in smaller cross sec-

pass this cut more easily. A few points about this table ardions in jetty channels. This should not be surprising, since
worth mentioning. electroweak production of charginos, neutralinos, and slep-

(1) The signal cross sections in each channel are at mosttans are the dominant SUSY processes, and Eecausg staus are
few fb, and with an integrated luminosity of 2 b, the light, branching fractions for hadronic decays\wf andZ, ,
individual signals are below the d5 level even for A tend to be suppressed.

=40 TeV. For the integrated luminosity expected in run Il (2) We see from Table I that with the present set of cuts,
of the MI, we will be forced to add the signal in various not only is the signal below the level of observability in any
channels and see if this inclusive signal is observable. one of the channels, but also that the inclusive signal is not

(2) The sum of the signal in all the channels in Table |, expected to be observable at the Ml even for the
except the 1l channel which has a very large background,=40 TeV case. With an integrated luminosity of 25 fh
is shown in the next two rows both with and without fhe  the signal for theA =50 TeV case is observable at the 6
cut on the 7, while in the last two rows we list level.
a(sgn)\Jo(back). We see that a somewhat better signifi- (3) As for the clean lepton case, a significant portion of
cance is obtained after they,is(7,)=40 GeV cut. the background comes from QCD jets faking a tau. The frac-
(3) We see that the inclusive SUSY signal in the cleantion of events with a fake tau varies from channel to channel,
channels for the\ =40 TeV case should be detectable with but for the 21l channel in Table I, almost 60% of the

the run Il integrated luminosity, whereas for th& background(in contrast to essentially none of the signal
=50 TeV case, an integrated luminosity of 12 fbis  involves at least one fake. B
needed for a & signal. (4) A major background to the jetty signal comes from

(4) We caution the reader that about 25-30% of the production. To see if we could enhance the signal relative to
background comes from mis-tagging QCD jets as t@xs  this background, we tried to impose additional cuts to reduce
cept, of course, for thgV backgrounds and the backgrounds selectively the top background. Since top events are expected
in the C27l channels which are almost exclusively from to contain hard jets, we first tried to requirB{(j)
these fake tagsThus our estimate of the background level is<50 GeV. We also, independently, tried vetoing events
somewhat sensitive to thefaking algorithm we have used. where the invariant mass of all jets exceeded 70 GeV. While
The signal, on the other hand, almost always contains onlpoth attempts lead to an improvement of the signal to back-
real 7s, so that improving the discrimination betweemnd  ground ratio, the statistical significance of the signal is not
QCD jets will lead to an increase in the projected reach ofmproved (and is even degradgdy these additional cuts.
these experiments. We do not present details about this for the sake of brevity. It

(5) In some channels the background is completely domiimay be possible to reduce the top background by vetoing
nated by fake taus. For instance, after fhg;s(7) cut, the events with tagget-jets, but we have not attempted to do so
C171l background from\W sources of justeal tausis only  here.
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FIG. 8. Signal cross sections after all cuts verdufor the total
signal in the clean(dashed ling and jetty (solid line) channels
shown in Table | and Table I, respectively, for model line B. The
corresponding horizontal lines denote the minimum cross section
for a 50 signal, both at the MI and at TeV33.

A (TeV)

For model line B, it appears that experiments at the Ml
should be able to prob& values up to just beyond 40 TeV FIG. 9. The same as Fig. 2, but for the co-NLSP model line C.
in the inclusive clean multilepton channels. It appears, how-

ever, that .it will be essential to sum up Seve_ral cha_nn_els t%md gb) cross sections for the main sparticle production

obteyn a signal at the & level. Confirmatory signals in in- mechanisms at the Fermilab Tevatron verdusAside from

COI??(;/; éztt}/o(r:r;?]r}:?els rr;t?c/i ﬁjem?r?jgivit;lgsaf%r:ﬁgj/ilé the fact that lighter sleptons of all three flavors have essen-
' 9 Y y tially the same mass, the main difference from the earlier

Eﬁ;ﬁfggtoaﬁéosgr\nzviga;rggysxgr}nlr;htgeclggga\éﬁ;endn é?;ty.”r]réodel lines that we have studied is that, while charginos and

situation is summarized in Fig. 8 where we show the Signapeu:rallngs ctiﬁmngate ]‘or Ict)wer \(/jalu?sm slep:‘on'palr ?{;?
cross sections summed over the selected channels for eve&gjo'c’? \'/S € om:jqant prc; 1uzcslog \n/wec anism
without jets (dashedl and for events with jetgsolid). The eV (corresponding tony= ev).

horizontal lines denote the minimum cross section needed In .F'g' 10 we show t_he branching fractions for (40
for the signal to be observable at the %evel, for the two chargino, and 1®) neutralino decays versus. For smallA

assumptions about the integrated luminosity. We note that, if! frame 1@a), charginos dominantly decay Vi, — v,

some channels, a susbtantial fraction of background evendnce the corresponding decays to smuons and selectrons are
come from QCD jets faking a tau—our assessment of the ruguPpressed by the lepton Yukawa coupling. Asncreases,

Il reach is thus sensitive to our modelling of this jet mis-tagdecays to sneutrinos and the heaviglominantly left-
rate. By the same token, if this rate can be reduced, the readinded sleptons become accessible. Since these occur via
may be somewhat increased. Finally, we remark that evefgssentially unsuppressedauge interactions, these rapidly
though it appears that the range of parameters that is accedominate the decay te;. The decayW,;—Z;W also be-

sible to experiments at the Ml is very limitedA(  comes significant fomg, =200 GeV. Turning t&, decays

:42 Tev), these pararlngters correspor&d to charginos ag, o in frame 1), we see that these dominantly decay to
eavy as 192 GeV and gluinos and squarks around 700 Ge¥entons with branching fractions more or less independent

of the lepton flavor. Again, sincg, is dominantly arS U(2)
gaugino, decays to the heaviédominantly left-handed

This scenario can simply be obtained by choosing paramsleptons and sneutrinos dominate when these are kinemati-
eters in regions 3 of Fig. 1, so thaf, u; and 7, are all Sally~unsuppressed. The branching fraction for the decay
approximately degenerate, aedandyu, cannot decay ta;. ~ Z2—Z;h is also significant. From the plot of sparticle
Here, we chooses=3 and tan3=3 with other parameters Masses in Fig. 9a, we see trlat the he~avier~charged sleptons
as before. In Fig. 9 we show® relevant sparticle masses, and sneutrinos decay vig— fZ,, while f;—fG (f=1,v).

C. Model line C: The co-NLSP scenario
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than in Table 11). In contrast, for the signal, we see from Fig.
FIG. 10. Branching ratios for decays @) W, and(b) Z, for 11 that the rate for Bevents is much smaller than that for

model line C. Decay patterns of other sparticles are discussed in th& 4| events. Thus the=4l channel offers the best hope for

text. detection of the SUSY signal for model line C.

The SUSY reach for the co-NLSP model line is illustrated

The lightest neutralino decays vi&y—1,| with branching in Fig. 12 where we show the signal cross section versus
fractions essentially independent of the lepton flavor. for inclusive events witm.+n,=4 (dashedl and ng+n,,

The bottom line of these decay patterns is that eventn,=4 (solid) where we require, in additiome+n,=2.
though7, is strictly speaking the NLSP, we expect a large Here we have su_mmed the cross section for events with and
multiplicity of isolated leptonsé and ) from sparticle pro- without jets as this offers the greatest reach. The correspond-

duction at colliders. This is because all flavors of sleptons aréd horizontal lines denote the levels where the signal will be

roughly equally produced in SUSY cascade decays, and d#—JSt detectable E‘t the 5 fvel”h(With a min:jmum of at Ieas'ij
cays ofe; and; do not involve a stau at an intermediate ive events at the MI and at the proposed TeV33 upgrade.

T I a We observe the following:
stage. This is illustrated in Fig. 11 fox=30 TeV andA With an integrated luminosity of 2 fi, the signal is

=40 TeV, where we show the multiplicity distributions for rate-limited in then.+n =4 channel. and experiments at
bothng+n, andn.+n,+n_, for events satisfying the basic el T ' P

acceptance cutsee Sec. )land trigger conditions, but not _ )

the additional requirements described in Sec. IlIB. We see TABLE Ill. SM background cross sections in fb for clean and
that while the lepton multiplicity is largest for two leptons Jetty events with=4 leptons fromvV (V=W,Z) production ata 2
(due to production of pair9, a very sizeable fraction of TeV pp collider, after the basic cuts and triggers described in the
signal events have bothg+n, and ne+n,+n,=4 for text. At least 2 leptons are required to ®er w. Backgrounds from
which backgrounds from SM sources, shown in Table Ill, areZ, W andtt production are negligible. Also shown are correspond-
very small. Here, for thene+n,+n.=4 background ing signal cross sections foh=30 TeV and A=40 TeV for
sample, we found that all the background events that passéBodel line C described in the text. As before, BeJ) refers to
the cuts automatically satisfied,+n,=>2. We also impose ~Clean and jetty events.

this requirement, which should facilitate triggering on these

events even without & trigger, on the signal34]. Topology VV A=30TeV  A=40 Tev
In our simulation, we found that the background frékh Cing+n,=4 0.09 14.0 2.3

andZ plus jet production, as well a¢ production are neg- C:ng+n,+n,=4 0.30 19.0 3.0

ligible. We see that the 4-lepton background is an order ofi:n.+n, >4 0 16.5 3.4

magnitude smaller than the correspondirigp@ckgrounds in ~ J:n + n,+n=4 0.33 21.2 45

Tables | and li(even though the cuts there are more stringent
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indeed the case for the three model lines examined above.
Motivated by the fact that the phenomenology is very sensi-
tive to the nature of the NLSP, we have examined a non-

%1 mass(GeV)
99 128 158 188

2
é\ 10 E | | L I3 minimal scenario where we alter the ratio|pf/M, by hand
b1 o3 from its model value, and fix a small value |pf| so that the
L w> 0 i NLSP is mainly Higgsino-like. We do not attempt to con-

struct a theoretical framework which realizes such a sce-
nario, but only mention that the additional interactions
needed to generaje and also thé3-parameter in this frame-
work could conceivably alter the relation betwegrand the
gaugino masses. With this in mind, we useJETto simulate
a light Higgsino scenario where we take=2, tang=3,
N M/A=3, Cqra=1, but fix u=— §M; rather than the value
-1 obtained from radiative electroweak symmetry breaking. In
practice, we do so by using the weak scale parameters ob-
tained using the GMSB model iSAJET as input parameters
for the MSSM model, except that we uge= — M, at this
juncture. For this “smallu” scenario, we expect that the
two lightest neutralino and the lighter chargino will be
30 40 50 60 Higgsino-like and close in mass, while the heavier charginos
A (TeV) and neutralinos will be gaugino-like. The resulting spectrum

. ) is shown in Fig. 18). Indeed we see that, is the NLSP
FIG. 12. Signal cross sections after all cuts for SUSY eventsover the entire parameter ranae shown. and fl‘iaandVV
with ng+n,+n.=4 (solid) andne+n,=4 (dashedfor model line P 9 ' 1

C. The corresponding horizontal lines denote the minimum cros?re generallx only 29_30 GeV heflv'er' As a result, the fer-
section for a & signal (with a minimum of five signal eventaat ~ Mions fromW; and Z, decays toZ; will be rather soft.
the MI and at TeV33. Slepton masses are essentially family-independent because
tanB is small. The lighter Higgs boson mass is just above

the MI should be able to probd out to about 45 TeV 100 GeV, independent of.
(corresponding to charginos heavier than 300 Gé\ive Sparticle production at the Tevatron is dominated by the
require a minimum signal level of five events. Including tausproduction of these Higgsino-like charginos and neutralinos
increases the signal, but also increases the background s can be seen in Fig. @8. An important difference be-
that the reach is only marginally improved. Since this backtween this case and chargino and neutralino production in the
ground largely comes from tau mis-identification, it should model lines examined above is th&Z, andZ,Z, produc-
be kept in mind that our projection for the reach via the tion is also substantial. For a fixed chargino mass, however,
+n,+n,;=4 channel is somewhat dependent on our simuthe sparticle production cross section is somewhat smaller
lation of this. for model line C than it is for the other model lines.

For an integrated luminosity of 25 8, we see thatthe ~ Wwe have already noted that fermions from the decays

projected increase in the backgrognd in the channel that irvvl_)f?zl andzzafﬁl are generally expected to be soft
cludes taus actually leads taeductionof the reach, and the . =~ = =~ . .
so that signatures faZ;Z; or Z;W; production will closely

greatest reach is obtained via events with-n,=4 leptons - ~ i )
for which the background is very small. In our assessment ofésemble those faf,Z; production. In other words, sparticle
this reach, we have assumed that backgrounds from hadrofgnatures in such a scenario will be mainly determined by
or jets mis-identifieces andus are negligible. The reach of the Z; decay pattern shown in Fig. 14. For small values of
TeV33 experiments should then extend 20<55 TeV A, Z,—Gy. As A increases, the decay— GZ and Z,

which corresponds ten, (mg) =400(1200) GeV. —Gh become kinematically accessible, and the branching

Although we have not shown this here, we have checkedraction for the photon decay becomes unimportant, while
that the same sign dilepton channel does not yield a bettahe decay to the Higgs boson becomes dominant. This is in
reach than the 4channel just discussed. Typically, cross sharp contrast to the gaugino NLSP case where the decay to
sections in this channel are about 10—-25% of the total dilepthe Higgs scalar is strongly suppressed.

ton cross section in Fig. 11, whereas SM backgroumdth For small values ofA (whereZ, mainly decays to via

just the basic cuts and triggerare in the several fb range. 7,5G7), the strategy for extracting the SUSY signal is as

for model line A; i.e., to look for inclusive 2+ £ events. If

we adopt the conservative background level of 1 fb as in this
Within the GMSB framework described above, the valuestudy, a “5¢” reach is obtained at the MITeV33) provided

of || that we obtain tends to be considerably larger thgn  the signal cross section exceeds 3.5bfb). These levels

and M,, so that the lightest neutralino is dominantly a are shown as the horizontal dashed lines in Fig. 15, while the

gaugino(more specifically a bino, sindél;=3M,). Thisis  corresponding signal is shown by the curve labelédy).

10
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D. Model line D: The Higgsino NLSP scenario

055001-12



REACH OF FERMILAB TEVATRON UPGRADES IN ... PHYSICAL REVIEW [0 055001

Z, Mass (GeV) Z, Mass (GeV)
500 4 157 201 244 288 33 114 157 201 244 288 331
450 a) ng=2, u=-075M, tanf=3, MA=3 .} 1€
400 -
<350 C
G300 T
ngso N "
0@
& 200 oL
150 E
100 :
50 C
0 -
I ! ng =2, g=-0.75M,, tanf =15 M/A=3
10-2Il;llllllllll||II|III|II|III||
2, Mass (GeV) 60 80 100 120 140 160 180

114 157 201 244 288 331 A (TeV)

] L] L] L]
o) M5=2, p=-075M, tanf=3, WA =3 FIG. 14. Branching ratios for various decays of the neutralino

NLSP versusA for model line D. The upper scale shows the neu-
tralino mass.

not, however, the case for signal events which contain up to
four b-jets. In each of the last two columns of Table IV
where we show the top background and the SUSY signal, we
present two numbers: the first of these is the cross section
when all the tagged jets come from ré&és, while the second
number in parenthesis is the cross section includirend

60 80 100 120 140 160 180 light quark or gluon jets that are mistaggediasndeed we
see that the bulk of the 8 background is reducible and
FIG. 13. The same as Fig. 2, but for the Higgsino NLSP modeCOMeSs from mistagging jets, whereas the signal is essentially

line D. In frame(a) the dotted line denotes the lightest neutralino, &ll from realbs.
the solid line denotes the lighter chargino and the upper dot-dashed

line denotes the second lightest neutralino. In frabyethe dashed, Z, Mass(GeV)
dot-dashed, solid and dotted lines denote cross section, By, 14 157 7201 244 288 33
W,Z,, W, W, , W,Z, production, respectively. é ET ' T T . _'2 I
~ 5= ]
We see that at M(TeV33 experiments should be able to © 10 25— tanf = 3 3
probeA values out to about 80 Tel0 TeV) corresponding § o m, = -0.75M, §
to mg,~165 GeV (180 GeV via a search foryy+Eg - .
events. 10 N 2507 (n2bb)....... 3
For larger values of\, the NLSP dominantly decays via SRS N 200707 3
21—>éh and the di-photon signal drops sharply. In this case, ; [mmm A N B g i

sinceh mainly decays vich—bb, the SUSY signal, which
can contain up to foub-quarks, will be characterized by
multiple tagged-jet plusE events, which may also contain -1
other jets, leptons and possibly photdifone of the NLSPs
decays via the photon modé'he dominant SM background

to multi-b events presumably comes frdﬁproduction and 2
is shown in Table IV, where we have also shown the signal
cross section foh=100 TeV. For events with one or two

taggedb-jets, thett backgrounds come when ths fromt A (TeV)
decay are tagged,; i.e., the rate for events where other jets are

mis—tagged ap’s is just a few percgnt. This is also true for events[labelledo(yy)], and for events witte3 taggedb-jets [la-
signal events. On the other hand, in the ¢hannel, at least belleda(h—bb)] after all cuts described in the text for model line

one of the taggets in thett_background has to come from D. The dashed horizontal lines denote the minimum cross section
ac or light quark or gluon jet that is misidentified adget,  for the signal to be observable at ther evel at the MI and at
or from an additionab produced by QCD radiation. This is TeV33.

60 80 100 120 140 160 180

FIG. 15. SUSY signal cross sections for the inclusjve+ E-
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TABLE IV. The background cross section in fb for multiple tagdefts plus lepton plu&; events from
tt production after basic cuts and triggers discussed in the text. Also shown are the corresponding SUSY
signal cross sections fok=100 TeV for model line D. The numbers in parentheses for thel3annel
include events from charm or light quark jets jets fakind-get. Whereas this fake rate dominates the
background in the B channel, it is negligible in thed and 2 channels.

1b 2b =3b
tt A=100 TeV tt A=100 TeV tt A=100 TeV
ol 508 11.6 221 7.5 1.28.1) 2.6(2.7
1l 812 1.2 345 0.57 1.9.3 0.11(0.1)
2 132 0.49 56 0.31 0.180.3) 0.04(0.05
3l 0.22 0.03 0 0.04 @0) 0(0)

It is clear from Table IV that the best signal to back- (1) Since the background dominantly comes from events
ground ratio is obtained for events with3b-jets. Our de- where ac or light quark or gluon jet is mis-tagged ad-et,
tailed analysis shows that although the signal cross section e reach via the I3 channel is very sensitive to our assump-
rather small, ®-channel with a lepton vet(since top events tions about theb mis-tag rate. Indeed, if the mis-tag rate is
with large E+ typically contain leptonsoffers the best hope twice as big as we have assumed, there will be no reach in
for identifying the signal above SM backgrounds. We seghis channel even at TeV33.
that the Signal is of similar magnitude as the baCkgrOUnd for (2) The 2 Signa] starts to become observable for

A =100 TeV, a point beyond the reach via the channel. g4 1oy where the branching fraction for the decay

To further enhance the signal relative to the background, we & ~ ~ ~
impose the additional cutg 9 —hG becomes comparable to that for the de@gy- yG.

E-=60 GeV. and The value ofA for which the Higgs decay of the neutralino
68 GeVsmb,;s 140 GeV for at least one pair of tagged becomes dominant dependsmop, which in turn is sensitive
beiets | to tang.
jets in the event. . . . .
The first of these reduces the signal from 2.7 fb to 2.1 fb, _(3) Although we have_ not shown it here, S|gna_ls mv_o_lvmg
while the background is cut by more than half to 3.4 fb. Theb-jetS together with additional photons Aibosons identified

mass cut was motivated by the fact that in these models, aYtia their Ieptonic decays have very small cross sections and
least one pair of tagget’s comes viah—bb decay, with ~aPpear unlikely to be detectable even for-100 TeV.

m,~100 GeV, while theb’s from top decay form a con- Despite the fac_t that the top background alor_1e is _50 to
tinuum. We found, however, that this cut leads to only aseveral hundred times larger than th_e SUSY signal n all
marginal improvement in the statistical significance and th elevant one and two taggehjplus mul.t|lepton chgnnels n
signal to background ratio. We traced this to the fact that, able IV, we have examined whether it was possible to sepa-
because of top event kinematics, dnpair is likely to fall in rate the _S|gnal fr_om the background._We focussgd on the
the “Higgs mass window.” Reducing this window to 100 2b+.9| signal which has the peﬁiB ratio, and required in
+20 GeV leads to a slightly improved S/B, but leads to tooaddltlon thatET>§0 GeV (which reduces Fhe background
much loss of signal to improve the significance. by almost 50% with about a 20% loss of signahd further
The signal cross section via thé 8hannel after the basic 60 GeV <m,,=<140 GeV (Wh'Ch reduces tohe backgrpund
cuts as well as the addition; and my, cuts introduced by another factor of half with a loss of 25% of the signal

above is shown by the solid curve labelee:bb in Fig. 15. [35]. We found, however, th‘tit the signal is below the 5
For small values of\, the signal is small because of the level over essentially the entire range dfeven at TeV33:

o . _ ~ ~ ly for A=80x5 TeV d the signal ti -
reduction in the branching fraction fa;—hG decay. The on'y 1or SV coes e signa cfoss section ex

dina dashed li h h - ceed this & level of 7.7 fb. Moreover th&/B ratio never
corresponding dasnhed fines Shows the minimum Cross Segs coeds ahout 15% which falls below our detectability crite-
tion for a signal to be observable at the Tevel at the Ml

. rion S/'B=20%. We found that while it is possible to im-
and at Te_V33. _We see that, at the MI, there will e ob- prove theS/B ratio via additional cuts, these typically de-
servablesignal in this channel. In fact, even for thlevalue

; : o SO rade the statistical significance of the signal. We thus
corresponding to the largest signal, the statistical significanc onclude that for model line D, there will be no observable
is barely 2r, so that a non-observation of a signal will not

X . i - signal in the ® channel even at TeV33.
even allow exclusion of this model line at the 95% C.L. With gBefore closing this discussion, it seems worth noting that
25 fb~! of integrated luminosity, the signal exceeds the 5 ’

level f A< i - we should interpret the reach in Fig. 15 with some care,
evel for 82 TeV <A<105 TeV (corresponding oM, pecause unlike in the study of model lines A, B and C, we do

~mz ~mz ~220 GeV), and somewhat extends the reachot really have a well-motivated underlying theoghat
obtained via theyy channel. Furthermore, there appears togives a Higgsino NLSP We realized this by arbitrarily tak-
be no window between the upper limit of they channel and ing u=— 3M,. The NLSP decay pattern, and hence the pre-
the lower limit of the ®-channel. A few points are worth cise value of the reach, would depend on this choice which
noting. should be regarded as illustrative. In general, however, for
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the Higgsino NLSP model line, the coupling of the NLSP to For this model line, thél yy+E+ signal from slepton pair
Higgs bosons is substantial so that the branching fraction foproduction may be observable at TeV33 even if sleptons are

the decayZ,—hG becomes large when this decay is not@s heavy as 180 GeV. _ .
kinematically suppressed. For small valuesAqf such that In model line B, the lighter stau is the NLSP, and heavier
the NLSP can only decay vi&,— yG, SUSY signals should sparticles cascade decayed down to the stau, which then de-

be readily observable in they-+ Er channel; once the NLSP €8s Viar;— G. The presence of isolated tau leptd8 in
decay toh begins to dominate, the cross section for diphotor@ddition to jets and other leptons is the hallmark of such a
events becomes unobservably small, and the SUSY signgFenario. We found, however, that in some channels, the

mainly manifests itself as multiple events which have large °ackground from misidentification of QCD jets ascom-
— . . pletely swamp the physics backgrounds, making it very dif-
backgrounds fronit production. The most promising way to

, ficult to detect the signalsee, e.g., theC171l channel in
search for SUSY then seems to be #a events with=3  1apja ) in this channel. We conclude that unlessnisiden-

taggedb-jets, but for a search in this channel, an integratedification can be greatly reduced from what we have as-
luminosity of 25 fby* appears essential. A signal that ex- symed, SUSY will only be detectable via channels with at
tends the reach beyond that in the channel is possible |east three leptonse( « and7) for which the cross sections

provided experiments are able to reduce the backgroungre individually small, and then, only by summing the signal
from mis-tagged charnilight quark or gluon jets to below in several channels. Even here, backgrounds from mis-

5% (0.2%). identified taus are significant. Our assessment of the reach is
shown in Fig. 8. We see that at the MI, the clean multilepton
IV. SUMMARY AND CONCLUDING REMARKS channel offers the best reach, out Ao=42 GeV (corre-

sponding tomg, =192 GeV and squarks and gluinos as

The GMSB framework provides a phenomenologicallyheavy as 700 Gel while at Teva3, the reach may be ex-

viable alternative to the MSUGRA model. The novel feature A val h
of this framework is that SUSY breaking may be a low en-tegggd Goeu\t/)to values somewhat beyond 50 Tevg
er henomenon. In this case, the gravitino is by far the~ a . . )
gy p g y In model line C, the lighter stau is again the NLSP, but

lightest sparticle, and the NLSP decays within the detectorh liah | iall
into a gravitino and SM sparticles. Sparticle signals, andn€ lighter selectron and smuon are essentially degenerate

hence the reach of experimental facilities, are then sensitiv#ith it, so thate; andu, cannot decay into a tau; i.e., these
to the identity of the NLSP. decay into a gravitino and a corresponding lepton. Since cas-
In this paper, we have examined signals for supersymmetade decays of sparticles are equally likely to terminate in
ric particle production at the Fermilab Tevatron, and evalu-€ach flavor of slepton, we expect that this model line will
ated the SUSY reach of experiments at the MI or at théead to very large multiplicities ok, « and 7 in SUSY
proposed TeV33 within the GMSB framework. In our study, events. Indeed we found that the optimal strategy in this case
we consider four different model lines, each of which lead towas to search for events withe+n,=4 or ne+n,+n;
qualitatively different experimental signatures. We use the=4 with ng+n,=2. The reach is shown in Fig. 12. We see
event generator to simulate experimental conditions at théhat at the MI, there should be observable signals out to
Fermilab Tevatron, and for each model line, we have identi=45 TeV, while at TeV33A values as high as 55 TeV
fied additional cuts that serve to enhance the SUSY signahould be observable. These correspond to a gluino
over SM backgrounds. We assume the NLSP decay i¢charging mass of 1000320 GeV and 1200400 GeV,
prompt. This is a conservative assumption in that we do notespectively.
make use of a displaced vertex to enhance the signal over Finally, we have examined an unorthodox model line
SM background. where, by hand, we adjust the value®fto be smaller than
For the first of these model lines, labeled A, the NLSP isthe value of the hypercharge gaugino miks This leads to
mainly a hypercharge gaugino and dominantly decays vi@n NLSP which is dominantly a Higgsino. Furthermore,

Z,—Gy, so that SUSY will lead to extremely striking mg,~mz, ~mz so that the fermions froV, andZ, de-

events with multiple jets with hard leptons and laeand .5y 107, are soft, and SUSY event topologies are largely
up to two hard, isolated photons, with cross secti@fier all

cuts shown in Fig. 4. The physics background to the determined by the decay pattern&f. For small values of\

event topologies is very small, and detector-dependent infor which the NLSP can only decay vi&— yG, the signal
strumental backgroundgsuch as from jets being mis- iS readily observable in th§y+ Er channel. However, once
identified as photons or leptons, or large mismeasurement 8f¢ NLSP decay tch begins to dominate, SUSY mainly
transverse energipdominate[30]. Even with a conservative manifests |tself_ as multiple events which have large back-
estimate of 1 fb for the background cross section, experigrounds fromtt production. The most promising way to
ments at the M(TeV33 should be able to probe values of search for SUSY then seems to be #ia events with=3

the model parameteh out to 110 TeV(130 Te\). If we  taggedb-jets and zero leptons. For a search in this channel,
optimistically assume that this background can be reduced tan integrated luminosity of-25 fb™! appears essential. A

a negligible level by hardening the cuts on the photons andignal that extends the reach beyond that injtyechannel is
E+, we find a reach as high as~118 TeV(corresponding possible provided experiments are able to reduce the back-
to a gluino of 950 GeVYat the MI and of 145 TeV at TeV33. ground from mis-tagged charffight quark or gluon jets to
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below 5%(0.2%). The reach for model line D is shown in high efficiency and purity. In view of the diversity of signals
Fig. 15, but it should be kept in mind that the details of thisthat appear possible for just this one class of models, we
figure will be sensitive to our assumption abqut encourage our experimental colleagues to be in readiness for
To conclude, in GMSB models signals for SUSY eventstagging third generation particles as they embark on the
will be quantitatively and qualitatively different from those search for new phenomena in run Il of the Tevatron.
in the MSUGRA framework. This is primarily because a
neutralino NLSP decays into a photonZdoson or a Higgs
boson and a gravitino, or sparticles cascade decay to a slep-
ton NLSP which decays to leptons and a gravitino: these We are grateful to our colleagues in the gauge-mediated
additional bosongor their visible decay produgtsor leptons  SUSY breaking group of the run 1l SUSY and Higgs Work-
from slepton NLSP decays, often provide an additionalshop, especially Steve Martin, Scott Thomas, Ray Culbert-
handle which may be used to enhance the signal over SMon and Jianming Qian for sharing their insights. Model lines
background. Although we have not performed an exhaustivé and Il were first studied at this Workshop. We thank Re-
parameter scan, for the model lines that we studied, wgina Demina for her guidance dmjet tagging and mistag-
found that the SUSY readlas measured in terms of the massging efficiencies. P.M. was partially supported by Furatac
of the dominantly produced sparticjas at least as big, and de Amparo aPesquisa do Estado dé@SRaulo(FAPESR.
frequently larger than in the MSUGRA framework. For someThis research was supported in part by the U.S. Department
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