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Supersymmetry reach of the Fermilab Tevatron via trilepton, like-sign dilepton,
and dilepton plus tau jet signatures
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We determine the Fermilab Tevatron’s reach in supersymmetric parameter space in trilepton, like-sign
dilepton, and dilepton plus tau-jet channels. We critically study the standard model background processes. We
find larger backgrounds and, hence, significantly smaller reach regions than recent analyses. We identify the
major cause of the background discrepancy. We improve signal-to-noise by introducing an invariant mass cut
which takes advantage of a sharp edge in the signal dilepton invariant mass distribution. Also, we indepen-
dently vary the cuts at each point in SUSY parameter space to determine the set which yields the maximal
reach. We find that this cut optimization can significantly enhance the Tevatron reach.
[S0556-282(199)05717-3

PACS numbdps): 11.30.Pb, 24.10.Lx

[. INTRODUCTION unique clean trilepton signatuf,10], which has been con-
sidered a “gold-plated” mode for SUSY discovery at the
For at least the next 6 years the Fermilab Tevatron willTevatron. Both the Collider Detector at Fermil&@bDF) and
remain the highest energy collider in the world. The Teva-DO Collaborations have already performed run | trilepton
tron upgrade will provide an exciting opportunity for discov- analyseq11]. In light of the importance of this channel in
ering physics beyond the standard model. The hadronic enyn |1, it is clamant to:
vironment at the Tevatron presents a number of challenges (1) have a reliable estimate of both signal and background
and extracting new physics signals can be difficult. In thisrates. We would prefer to determine background rates from
respect, signatures with low standard modespecially  gata, but until run Il we primarily rely on Monte Carlo simu-
QCD) backgrounds are extremely valuable, as they may Profiions. 1saeT and PYTHIA have been two of the most com-
vide our best opportunity 1_‘or finding new physics before themonly used event generators in SUSY analyses. While there
CEgul\éérZ?nin:';?;gtg\%lIl[dl‘]E(thgs?ngr??agr(]:.inating particle is a reasonable agreement for the sigrafHIA-based stud-
o LS ies[10,12 have obtained larger values for the trilepton back-
physicists for more than 25 years. It seems an intrinsic com: rounds (mainly WZ and ZZ) than 1saJETbased analyses
ponent of theories unifying gravity and gauge interaction 9,13,14. This discrepancy was noticed and discussed in the

such as string theonM theory or supergravity, has played . .
an important role in the “second string revolution” of the TeV 2000 Repor{15], but was attributed to the different

last few years. The minimal supersymmetric extension of thd€Pton rapidity cuts used in the various analyses.
standard mode{MSSM) is a well defined, renormalizable _ (2) use an optimized set of cuts, which will maximize the
and calculable model, which offers a technical solution to thel €vatron reach. A first step in this direction was taken in
hierarchy problenj2], if the masses of the superpartners of Refs.[14], where softer leptopy cuts have been proposed,
the standard model particles are of order the weak scale. Offpus enhancing signal over background throughout a large
belief that supersymmetry might be relevant at energy scalgRart of parameter space. _
accessible at present colliders is reinforced by the successful (3) include next-to-leading ord¢NLO) corrections to the
gauge coupling unificatiofi3]. Also, due to decoupling the production cross sections. The corrections to diboson pro-
MSSM is generally in agreement with precision dpth In  duction[16], tt production[17] and Drell-Yan[18], have
addition, a generic prediction of the MSSM is the existenceébeen known for some time, and the corrections will soon be
of a light Higgs bosoi5,6], which is preferred by fits to data available for chargino-neutralino production as wé9|.
[7]. In summary, the MSSM is a well-motivated extension of  (4) identify regions of parameter space where the reach
the standard model, which has a very rich and interestingia the trilepton signature is diminished and try to find an
phenomenology8]. alternative search strategy in those regions. An example of
Because of the relatively lojwcompared to the LHC or this sort is the large tgé region with light sleptons, where
Next Linear Collider(NLC)] center of mass energy and in- one often finds that both the chargino and the neutralino
tegrated luminosity in run Il, the Tevatron is able to exploredecay predominantly to tau leptons. Then the trilepton signal
only the low end of the superpartner spectrum. Searches fdras a very small branching ratend the leptons are quite
colored superpartnefsquarks and gluingsare done in jetty  soft, which can make it unobservable at run Il, even for
channels, which suffer from relatively large backgrounds. Orchargino masses as low as 100 GeV. In this case it is pos-
the other handSU(2)-gaugino pair production leads to a sible to recover sensitivity by considering alternative signa-
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tures with tau jet§12]. Another alternative to the trilepton eration, and theHw v. 2.2 detector simulation packaf23],

signature is the inclusive like-sign dilepton chanh20],

which mimics an average of the CDF and DO Run Il detector

where the signal acceptance is increased by not requiring thgerformance. We useyTHIA for the background determina-

odd-sign lepton in the event.

tions, together withrauoLA [24] to account for the correct

In this paper, we shall try to address most of these issuegon averaggtau polarization in tau decays. We have made

We perform detailed Monte Carlo simulations of signal andseveral modifications isHw, which are appropriate for our
background using botRYTHIA and ISAJET and explain the  hyrposes:

cause for the largest background discrepancy. We also deter-

mine the maximum reach by applying an optimal set of cutd1) We extend the tracking coverage|tg|<2.0, which in-

at each point in the supersymmetric parameter space.

Also, we make use of the presence of a sharp edge in the

dilepton invariant mass distribution of the signal by applying
a more restrictive invariant mass cut, thus reducing\wha

and ZZ backgrounds. As the NLO corrections to gaugino
production are not yet available, we conservatively use lea

ing order cross sections for all processes. Preliminary results

[19] show that thek-factor is roughly the same for both

signal and background. Hence, we expect that the Tevatron

©)

reach will be improved once NLO corrections are incorpo-
rated.

We show our results for the discovery potential of the
upgraded Tevatron in the so-called minimal supergravity
model (MSUGRA) [29]. This model has universal soft pa-
rameter boundary conditions at the grand unification scal

creases the electron and muon acceptance, as is expected
in run Il [25]. For muons with 1.5|5|<2.0, we apply

the same fiducial efficiency as for xQ#|<1.5. How-

ever, we still require that tau jets are reconstructed only
up to|n|<1.5.

) We retain the existing electron isolation requirement and

add a muon isolation requiremeint.2 GeV, wherd is

the total transverse energy contained in a cone of size
AR= A $?+ A %?=0.4 around the muon.

We increase the jet clust&r cut to 15 GeV and correct
the jet energy for muons. We also add a simple electron/
photon rejection cuE,,/E;,q<10 to the jet reconstruc-
tion algorithm, whereEg,(Enag is the cluster energy
from the electromagnetithadronig calorimeter.

€ .
and its spectrum displays characteristic properties. For ex# We correct the calorimeter for muons. _
ample, the imposition of electroweak symmetry breaking re{5) We account for an incorrect assignment of neutralino

sults int |u|>M,, so that the lightest chargino and lightest
two neutralinos are gaugino-like. Also, the squark and slep-

particle id’s in thelSAJET translation ofSTDHEP V. 4.05
[26].2

ton masses are generation independent, except at large tan

where the third generation masses can be lighter. This model N . .

has five input parameters: the scalar miks the gaugino  1he addition of the muon isolation cut and the fgt/Enag
massM,, the A-term A,, the ratio of vacuum expectation Cut allows us to uniquely resolve the ambiguity arising in
values tags, and the sign of thg term. We show results for SHW V. 2.2, when a lepton and a jet are very close.

>0 andA,=0. As we mentioned in the Introduction, we show results for

We adopt a signature driven approach by comparing anfré€ of the cleanest SUSY channels in run Il at the
contrasting three of the cleanest channels for run ll—the tri-' €vatron—trileptons, inclusive like-sign dileptons and dilep-
lepton (3L) [9,10], like-sign dilepton(2L) [20] and dilepton tons 'pllus a tau jet. In our analysis we consider both channel
plus tau jet2L1T) [12] channels. The 3L channel is the long specific and channel independent cuts. In most of those
studied “gold-plated” channel. The 2L channel has largerCases, we use several alternative values for the cut on a par-
signal acceptance compared to 3L, but it is agriori clear ticular variable. For example, we try seveEgl cuts, several
whether this advantage will be spoiled by the concomitanf€ts 0fpr cuts, etc. We employ a parameter space dependent
increase in the background. The 2L1T channel is known t&Ut Optimization: at each point in SUSY parameter space, we
be important at large ta8, where the right-handed tau- consider all possible combinations of cuts, and determine the

slepton is lighter than the first two generation sleptons. Her&€st combination by maximizing/\B. In contrast to supe-

we will discuss this channel at small t8nas well. rior neural network analyses, the additional CPU require-
We describe in detail our numerical analysis in Sec. I1,ments when employing this simple optimization are negli-

where we also describe the cuts we consider for each signgible. We concede that it may not be possible to perform an

ture. We discuss all non-negligible backgrounds and theitdentical analysis with real data, particularly due to trigger

evaluation in Sec. Ill. Then, in Sec. IV, we map our resultsiSSUes. Even so, it is useful and interesting to see which cuts

for the Tevatron reach onto the parameter space of thwork bestin the different parts of parameter space, and to see

MSUGRA model. We reserve Sec. V for our conclusions. how much one can gain by choosing optimal cuts.
We first list the channel-independent cuts, which in gen-

eral are designed to suppress backgrounds common to all

. . . , , three channels.
In this section we describe our numerical analysis. We use

PYTHIA V. 6.115[21] andISAJET v. 7.42[22] for event gen- (1) Four Ey cuts:E;>{15,20,2% GeV or no cut.
(2) Six high-end invariant mass cuts for any pair of opposite

II. ANALYSIS

1,1 is the Higgsino mass parameter ag is the soft supersym-

metry breaking S(2) gaugino mass. 2The assignment has been correctedinHEP V. 4.06.
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TABLE I. Channel-specific sets qif; cuts. [T ]
. 0151 —
Channel pT cuts > r 7
S
3L pr(l1) pr(l2) pr(ls) 2L pr(ly) pr(l2) 10 SIGNAL
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2L1T pr(ly) pr(l2) pr(7) [ P
LrZZx i Lo
1 8 5 10 0 25 50 5 100 125
2 8 5 15 my+- (GeV)
3 1 > 10 FIG. 1. The invariant mass distribution of any pair opposite
4 11 5 15

sign, same flavor leptons for the signal evemigh M =700 GeV,
Mq,=160 GeV, taBp=5) and thepyTHIA WZ background. We

) ) ) __impose a set of cuts from Refl4]: p(1)>{11,7,3 GeV, central
sign, same flavor leptons. The event is discarded 'f'iepton with pr>11 GeV and|#|<1.0,E;>25 GeV and|m,--
IMz—my+-|<{10,18 GeV; or m+->{50,60,70,8p —M|>10 GeV. Each histogram is normalized to its cross section.
GeV.

(3) Four az.|mutha| angle cuts on opposite sign, same flavo\rNZ cross section at run Il will be-2.6 pb. Folding in the
leptons: two cuts on the difference of the azimuthal

. branching ratios oW and Z to leptons, we get a 3WZ
iggliu?r A'[ZTQV;OS ?é)%gi?/b;;?rplteopﬁ;w'? ﬂ;{if’(‘i’?}' background cross section production of 46 fb. It has a reduc-
. T S ' ible and an irreducible component. The irreducible compo-
(4) An optional jet vetaJV) on QCD jets in the event. nent (~3 fb) is due toZ— 7" 7~ —1 "1 "decays. The invari-
] - ) ant mass of the resulting lepton pair from the tau decays is
We list the channel-specifipr cuts in Table I. In the 3L ysyally far from thez-mass, in a region which is typical of
channel, the first foupy cuts in the table also require a the signal. Hence there is no obvious cut which can substan-

central lepton withpr>11 GeV and| 7| <1.0 or 1.5. tially reduce this part of th&VZ background without at the
For all channels we impose a low-end invariant mass Cusame time reducing signal-to-noise. On the other hand, the
on any pair of opposite sign, same flavor lepton®: |- remaining background~43 fb) is reducible, since it arises

>11 GeV. This cut is designed to suppress a number ofrom z—|*|~ decays. In this case the invariant mass -
backgrounds, e.g. Drell-Yab, cc, and the contribution of the resulting lepton pair is equal q0§=(pz)“(pz),“
from Wy* (see below It is common for lepton analyses to where (), is the 4-momentum of the parent boson. Most
include a cut on the X7,A¢) distance between any two of the time theZ is produced nearly on-shelp3~M3.
leptons AR>0.4, which suppresses background frdr, Hence, the invariant mass dum,+,- —My|>10 GeV is very
cc, and anomalously reconstructed cosmics. We choose néfficient in removing this source of background. However,
to include this cut, since we do not simulate those backihe parent can also be off-shell, due to eitherZheidth, or
grounds.(Monte Carlo simulations do not reliably estimate ']EO \:V_Z/Wydinlte(rjfe:ﬁnﬁe- 1VPYTH|_A,_Whe_fe ?nly thedﬂfft_bef;_
the backgrounds fronbb and cc production) We have [€Ct IS MOGEIEd, he Iepton pair invariant mass distribution
checked,%owever, that the effect o?méz cut o)n signal and follows a Breit-Wigner shape. We find _that roqghlyllo% of
background is negligible. the 3L background events pass the dilepton invariant mass

In the next section we briefly discuss the main back-Cut; thus bringing the reQu_cibIe background cross section
grounds for the three channels. This will also motivate thedown to about 4.3 ft.)' T.h's IS a'llmost a factor of two Iarggr
choice of some of the cuts above. than the corresponding irreducible background cross section

(compare to 2.6 fp SincelSAJET does not incorporate either
Z-tail effect, we find essentially no reducible background
IIl. BACKGROUNDS cross section fromsAJET after the dilepton invariant mass
We simulate the following background processasth cut is applied® This difference betweersaJET and PYTHIA

the generated number of events in parenthestz (10°), largely accounts for the discrepancy in the backgrounds

— . found in Refs[10,12 and Refs[9,13,14. In what follows
WZ_(105),WW (1), tt (10F), Z+jets (8x1C°) and we usePYTHIA for our background estimate.
W-+jets (8x10°).

We illustrate the above discussion in Fig. 1 where we

A. Backgrounds to the trilepton channel

We start with thew Z background, which is known to be  3Energy smearing in the detector simulation produces a very small
the major source of background for the 3L channel. The totabackground which survives the 10 G&/mass window cut.
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show the invariant mass distribution afy pair of opposite  quire the odd-sign lepton in the 3L events due to the gain in

sign, same flavor leptons for both signal aWdZ back-  signal acceptance. At the same time, events with two like-

ground. The signal point hdd =700 GeV,M,=160 GeV  sign leptons are still quite rare at the Tevatron, so the 2L

and tarnB=5, which results inm;(ltzm;gz 122 GeV. The channel was suggested as a possible alternative to 3L for

leptons are required to pass the set of cuts from Rief]: SUSY searches in run I. However, the rates for the relevant

pr(1)>{11,7,3 GeV, central lepton witlpr>11 GeV and diboson backgrounds were somewhat underestimated, since

| 7| <1.0, Er>25 GeV andm;+ ;- —M|>10 GeV. The his- ISAJETwas used for the simulation. Here we are interested in

tograms are normalized to the respective cross section.  determining whether the 2L channel will be useful in the
Even with the modeling of th&-width effect, we caution larger background environment of run II.

that theWZ simulation inPYTHIA is still not realistic, since We first do a back-of-the-envelope comparison of\tfg

theW+y* contribution is neglected. It results in a peak at low backgrounds for the 3L and 2L channels. After not requiring

invariant mass, and the resulting distribution is markedly dif-the odd-sign lepton, one is left with the choicevetoingthat

ferent from the result shown in Fig. 1. We anticipate that itiepton. In the case of a veto, we find for the relative size of

will be necessary to cut awagll events on the low-end of the two backgrounds

the dilepton invariant mass distribution. We therefore always

apply the cuffm;+,-|>11 GeV for all three channels. This owA2L) 2g(1—g)+0.3%,[0.65+0.351—¢,)]

cut also helps in eliminating background lepton pairs from =

Drell-Yan, as well as)/¢ andY decays. owz3L) 26fe7+0.3557
Since recent trilepton analyses of the Tevatron reach use 1—eg,

ISAJET for the simulation[13,14], they underestimate the tri- ~

lepton background. As a result, we find a significantly re-

duced Tevatron reach. However, in some cases we can em- i ) )
ploy an invariant mass cut which will substantially reduceWheree is the acceptance for leptons coming directly from

the WZ background with no significant loss of signal. The W Or Z decays., is the acceptance for tHeisually softey
signal distribution in Fig. 1 has a sharp kinematic cut-off at/€Ptons coming from leptonic tau decays, andis the effi-
aroundnmi;o— myo~ s /260 GeV, and we can exploit this ciency of theZ-window invariant mass cutim;+ - —My|

. L . . >10 GeV (we have neglected its effect on tireeducible
feature to increase signal-to-noise. Indeed, by applying thBackground componentWe find from Monte Carlo that the
more stringent cum|+|7<m;(lt/2~60 GeV, we can elimi-

typical run Il values for these efficiencies W Z production
nate most of the off-shelZ events, at almost no cost to areg;~0.60, & ,~0.46 ande,~0.10. Plugging into Eq(1),
signal. This is why in addition to standa#tmass window e find for the ratio 6.3, which agrees reasonably well with
cuts we consider four dilepton mass cuts which elimiradte  the result 5.8 from our full Monte Carlo simulation. For the
events above a given invariant mass value. Also notice thafignal point shown in Fig. 1 we find,=0.62 ands,=0.99
only a very small fraction of signal events have invariantand the corresponding ratio is
dilepton masses between 0 and 11 GeV, so that the low-end
invariant mass cuin;+;->11 GeV is quite efficient in im- Osignal(2L)  1—¢
proving S/+/B. Our discussion of th&VZ background can be 2 == ~
similarly applied to the less serious, but nevertheless non-
negligible ZZ background.

The second largest background to the 3L channel is fro

dileptontt events, where there happens to be a third isolate
lepton from ab-jet. This background is most easily sup-
pressed by a jet veto.

Finally, the remaining 3L background one should worry
about isZ-jet production. In this case part of the backgroundsign) lepton, just as in Ref[20]. In this case, the signal

is due to events where a jet fakes a lepton. Monte Carl%mc:eptance is definitely increased. Unfortunately, the corre-

s_imulations, especial!y with a _simplified_ detector Si_mUIationsponding increase in the background is even larger than be-
like SHW, cannot give a reliable estimate of this baCk'fore'

ground. In order to estimate the fake rate one has to under-

stand the details of the detector response as well as the jet

fragmentation. Only with run Il data will one be able to owz2L) 2e(1-e+eez)+0.3%,
obtain a good estimate. For our study we follow a procedure owzA3L) 2ee,+0.3Fe2

which makes use of run | data. It was used in R&D] to
study thew+ jets background to the 2L chanr(ske the next
subsection

(€Y

gez’

= 0.6. 2
UsignaI(SL) g€z @

m his reveals that vetoing the third lepton is definitely not a
ood idea. In comparison to the 3L channel, the signal goes
own, while the major background component is increased

almost 6 times.

We therefore only consider thianclusive 2L channel,
where we do not have any requirements on the thadd-

©)

for the typical values of the efficiencies. We can see imme-
diately that the 2L channel can compete with the 3L on the
) ) ) basis ofS/\/B only if the lepton acceptance for the signal is
B. Backgrounds to the like-sign dilepton channel less than 17.3~37%. However, for typical values of the
We now discuss the backgrounds to the 2L channel. RefSUSY model parameters the lepton acceptance is much
erence[20] observed that it can be advantageous to not rehigher.
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10 background cross section is obtained by multiplying the
: cross section from Fig. 2 by the probability that an isolated

103 track will fake a lepton. We see that the background from
= fakes falls extremely fast witlp;, so a largemp; require-
3 ment will substantially suppress it.
@ 10° We normalize the isolated track rate to data. Using the
) measured 1.5% fake rate per isolated track, we find 1.5 fb of
E . cross section when running the simulationyat= 1800 GeV
3 and using the set of cuts from Rg20]. This is half the cross
i section found in Ref[20]. Hence, to match the data to

100 PYTHIA/SHW we need to double the isolated track rate ob-

tained from Monte Carlo.
107! ‘IOI N I15I - I20 N 5 N IIOI N ‘15I - I20‘ I I25 i i
pr (GeV) by (GeV) C. Backgrounds to the dilepton plus tau jet channel

o . , ) The largest background to the 2L1T channel is Drell-Yan

_ FIG. 2. py distribution of isolated tracks ife) W-+jet produc- 1921 \yhere the tau jet is a fake. As it turns out, SHW does
tion and(b) Z_+jet production. The isolated tr_acks hale 2 Ge_V quite a good job in simulating the fake tau r&¥], so we
and are outside th&R=0.7 cone around any jet. The events in the can safely rely on the Monte Carlo for this background. We
distributions potentially contribute to the 2L background: they haveshaII not further discuss the backgrounds to the 2L1T é:han—
one real lepton witlp;>11 and| 7| <2 and one same sign isolated nel: we refer the interested reader to RE12,28. We find a
track with | 7| <2. - . . 7

71 marginal increase in the background rate here, due to the

larger » coverage used in this analysis.
To make matters worse, the 2L channel suffers from a gery 9 Y

potentially large new source of backgrouni:+jet produc-
tion where the jet fakes a lepton. Although the rate for a jet
faking a lepton is quite small, on the order of 10 the large In Table Il we summarize our results for the different
W+ jet cross section results in a major background for the 2lbackgrounds to the three channels.

channel. As we mentioned earlier, the best way to estimate The results are presented for a standard choice of cuts in
this background is from data, since Monte Carlo simulationsach case. For the 3L channel, we pick the set of cuts from
are not reliable for fakes. In our analysis we shall follow theRef. [14]: p(1)>{11,7,5 GeV, central lepton withpt
procedure of Ref[20], where the rate for observing an iso- >11 GeV and|»|<1.0, E;>25 GeV, |mj+-—M,|>10
lated track which would otherwise pass the lepton cuts wa&eV, and ndA ¢| or JV cuts. For the 2L channel we use the
measured in the run 1Z+jet event sample. This rate was following cuts from Ref[20]: p(1)>{11,1%} GeV, |m+ -

then multiplied by the probability that, given an isolated —M,|>10 GeV, and nd&,|A¢| or JV cuts. Here we re-
track, it would fake a lepton. This probability was measuredquire both leptons to haviy|<2.0, whereas Ref20] re-

in run | minimum bias events to be 1.5%, independent of quires|»|=1. Finally, for the 2L1T channel we use the cuts
pr [20]. In our study we first simulate with Monte Carlo the p(7)>15 GeV, |7(7)|<1.5, p(1)>{8,5 GeV, | ()|

pr distribution of isolated tracks iW and Z production, <2.0, |m+-—Mgz|/>10 GeV, E+>20 GeV, and no JV,
which is shown in Fig. 2. In this figure we plot the isolated from Ref.[12]. All errors in the table are statistical.

track py distribution corresponding to the 2L background, Comparing to Refs[14,20 we see a significant increase
i.e. we combine a real lepton withy>11 GeV and| 7| <2 in theWZ andZZ backgrounds in both the 3L and 2L chan-
with a same sign isolated track witly| <2. Hence, the 2L nels. In the 2L case this is in part due to the largecover-

D. Summary and discussion

TABLE Il. Background cross sections after cits fb) for the three channels, each with a set of cuts
described in the text. All errors are statistical. We also list the 3L background found iflRe&nd the 2L
background found in Ref20].

2L [20]
E=2 TeV E=1.8 TeV

Process 3L [14] [n()|<2 [7()|<1 2L1T
ZZ 0.21+ 0.01 0.04 1.836:0.006 0.1:0.01 0.372:0.003
Wz 1.39+ 0.01 0.40 8.7% 0.03 1.1-0.02 1.36- 0.01
WW 0.009£0.003 0.00Z0.001 0+ 0.02 0.54- 0.02
tt 0.33t 0.01 0.14 0.2 0.01 0+ 0.02 1.64- 0.03
Z+jet 0.13+ 0.01 3.58- 0.05 1.2 0.1 11.3- 0.6
W+ jet — 10.5- 0.2 3.0

Total 2.0 0.02 0.58 249 0.2 5.6 15.2 0.6
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age that we use, as well as the higher center-of-mass energ M, (GeV) M, (GeV)
The remaining difference is due to the lackDtail effects 5 ?"_"_1?0 2?0 3?0 5?07?0 5|°1?° 2?0 3?0 5?0 7?0
in the ISAJET simulation. TheWZ background is almost as 4’_‘{ (8) M,/z=175 GeV { ;- (b) M, ;=250 GeV
large asW+jet, which is not surprising based on the esti- _ 2 N aL =] )
mate in Eq.(3) (compare thaVZ backgrounds to 3L versus & L b\ P § tang=5 E
2L). We remind the reader that our 2+ jet background % 5F
has been normalized to the 2+ jet background from Ref. % 2t
[20], so the difference in the/+ jet background seen in the §&10—2 |
table is due solely to the different tracking coverage andzs 50 - E
center of mass energy. E ~

In the 3L case, we find significantly larger backgrounds _32_ X1 i
than Ref[14]. In fact, we surmise that the lepton efficiency 3 J l 3
is smaller insHw than in thelSAJET detector simulation, and B 00 500 e 200 300 200 700
if one were to take this into account the background differ- my, (GeV) my, (GeV)

ences would be even larger. Part of the difference irvtti&
and ZZ backgrounds is due to the fact thtTHIA gives a
~15% larger diboson cross section thsaJET. However,
the largest part of the difference in the diboson backgroun
rates is due to th&-width. Notice that with the fake rate
procedure discussed in Sec. llIB we are able to obtain a
estimate of theZ+ jet trilepton backgroundwhere the jet
fakes a lepton This background has not been taken into
account in previous studies.

We do not trust the Monte Carlo simulation to provide a
reliable estimate for theN+jet and Z+jet backgrounds
where the jet gives rise to a real isolated lepton. We expecominantly via realat largeM,) or virtual (smallMy,) W-
these backgrounds to be small, and we ignore them. or Z-boson exchange. In this case the reach is determined

In the next section, we present results for the Tevatrorsolely by the signal production cross section. At smaller val-
reach in the three channels in the minimal gravity-mediatedies ofMq the off-shell slepton mediated decays destructively
SUSY breaking model. In our simulations we usaHIA for interfere with the gauge mediated decays. At small values of

FIG. 3. Branching ratios of a chargino-neutralino pair into the

L (solid), 2L (dash and 2L1T(dot dot dashchannels versus the
ightest stau masghottom axi$, or alternatively, versudl, (top
axis), with MSUGRA model parameters t#h=5, u>0, A;=0
gnd(a) M,=175 GeV or(b) M,,=250 GeV. The arrows indicate
the chargino thresholdn;(l::rrr,l. For the range ofM, values
shown the chargino mass varies from 118 to 139 GeVajnand
from 187 to 201 GeV inb).

the background estimates arshJET for the signal. Moy (Mg=M,J/2) sleptons become lighter than thg /x5
and two-body decays to lepton final states open up. This
IV. DISCOVERY REACH FOR GRAVITY-MEDIATED enhances the leptonic branching ratios of the gauginos and
MODELS improves the Tevatron reach. We illustrate these features in

. , ) Fig. 3 where we show the branching rafiaf a chargino-
We next discuss the discovery potential of the Upgradeﬁi]eutralino pair into the 3L, 2L and 2L1T channels at an
Tevatron in the MSUGRA model. There are various SUSY\15yGRA model point with taB=5, u>0, A;=0 and(a)

production processes which give rise to the lepton signalg, =175 GeV or(b) My,=250 GeV. We plot versusT.
. 7

under consideration. The dominant source of signal in mos{bottom axi$ or M, (top axig. Notice that because of the
O .

. ~4+7~0 .
regions of para}meter space 1§, xz prqduct|on_ Other rather small value of tag®, all slepton flavors are practically
chargino/neutralino and slepton production processes als&’egenerate.

contribute. Typically these processes constitute a small frac- In Fig. 3@ the chargino massm= is only about 120
tion of the total signal cross section, but in some regions of ' X1

parameter space.g. large ta, smallM,) they can domi- GeV, so the two—body'decay to th&-boson is closed. If
nate. We ignore the possibility of small contributions from Mo>92 GeV the chargino decays are three-body and the 2L
squark and gluino production processes. and 3L channels have a larger branching ratio than the 2L1T,

We first review which parts of the MSUGRA parameter roughly by a factor of two. The dip in the leptonic branching
o . . ~ ~0 ratios neamt, ~260 GeV is due to destructive interference
space are accessible in run |l via the 3L signature. ¥hg5 1

production cross section depends primarily on the charginbetween theZ and |-mediated graph$30]. In the region
mass, and scales roughly &;5>. Therefore, at the Teva- Mo<92 GeV the two-body decays to sleptons are open and
tron we can only explore regions with sm#l;;,, where the
cross section is large. The; x5 production proceeds pre-
dominantly vias-channelW-boson exchange. There is also “When we use the term “branching ratios” in relation to a pair of
destructive interference fromchannel squark exchange. As particles, we mean a sum of products of branching ratios.
a result, they; x3 cross section is slightly enhanced in caseFor example, if the two-body decays ofx; and
of heavy squarksi.e. at large values dfl ). X5 are closed, BR{;x3—3L)=[BR(x; —x3l"»)+BR(x;

At large values oM, (Mo=700 Ge\} the sleptons are —xi7" v,—x3l " v )I[BRO3—xI 1) +BRG—xIr" 7
heavy and the gauginos decay to three-body final states:x%*17 v vv, v,)].

075004-6



SUPERSYMMETRY REACH OF THE FERMILAB . .. PHYSICAL REVIEW [B0 075004

My (GeV) M, (GeV) |“|r|||
5 1?0 zcl)o 3c|>o 5cl)07<|>o 1?0 chJo 3<|>o 5?0 7c|>o —e (a) tang=5 %:z:; (b) tang=35
/ B H
(a) M, /=175 GeV (b) M,/2=250 GeV £
27T T 1 E
—_ [+)] T 0.0‘-
& B 200 [ ool N
g Nt PR
S N -
- Q - == =1 X #
% — : - e b
T 2150_‘:"‘ 2 - -
on T KT B "
[1ad B S A
He - R e ox C=
B0 0.0.0.9.0.0 00 Oy e — — =3
E oo R R R
m 0 =200 400 600 800 ©O 200 400 600 800 1000
M, (GeV) M, (GeV)
2 | | l 1 1 1 Loobilil L 1 1 1 Looloal .
100 200 300 500700 200 300 500 700 FIG. 5. Tevatron reach in the 3L channel for MSUGRA models
my, (GeV) my (GeV) with ©>0, A;=0, and(a) tanB=5 or (b) tanB=235. We show the

reach with both a standard set of soft c[ig] (dashed, for large
FIG. 4. The same as Fig. 3, but for t8s=35. This time the Mg only), as well as with the optimal set of cusolid) (see text
chargino mass varies from 126 to 140 GgWV (a)], and from 192to  The reach is shown for 30 3, 10 fb~* and 2 fo * total integrated
201 GeVJin (b)]. luminosity (from top to bottom. The cross-hatched region is ex-
cluded by current limits on the superpartner masses. The dot-dashed

quickly become dominant. But notice that Whﬂé can de- lines correspond to the projected LEP-II reach for the chargino and

cav to all slepton flavors throuah its B-ino componer , the lightest Higgs masses. (&) _the _Ieft_ dotted line shows where

de)éays domir?antly to a stau, sigce the charginopcouep/)ﬁlifngs 8, m?f and the right dotted line indicates, = . lh (b) the

the right-handed sleptons are proportional to the correspondlotted lines show whemer =~ (left) andnm;, =nm- (right).

ing lepton masses. Hence, the branching fraction of the 2L1T

channel dominates the region 401,<=90 GeV. ForM;  counting for all relevant background processes and using a

=40 GeV the 2L1T branching ratio rapidly drops while the realistic detector simulation. We shall not only update the

2L and 3L branching ratios increase and become dominaréxisting 3L analyses with improved estimates of W&, ZZ

again, due to two-body decays }éf to sneutrinos. and Drell-Yan background rates, but foremost we are inter-
In Fig. 3(b) the mass ofy; is near 190 GeV and it is ested in evaluating the different.prospects each channel can

always above th&V-boson threshold. IM, is greater than offer. For example, we would like to see whether the 2L

about 400 GeV thg) is above the&-boson threshold, and in channel o:]fers rhea(;rll_ bﬁyondlthe sL channsl,Acl)r can cover
: . . : - regions where the channel is suppressed. Also, we want

this region the branching ratios for the three signatures ar?ogdetermine the region of parameteprpspace where the 2L1T

determined by th&V- and Z-boson branching ratios to lep- . . )

tons. In the regiorM ,<150 GeV the sleptons are lighter channel can offer an independent check of a signal in one of

. the other channels.
than the chargino, and the two-body decay modes to sleptons The cut optimization procedure is an important ingredient

greatly enhance the leptonic branc;hlng fractions. The 2L1_.|i—n our analysis. We show results for the reach with the opti-
channel does not become as dominant because the charging

decays to quarks via an on-shel-boson. The decrease in mal set of cuts, determined independently at each point in
the leptonic branching ratios belowy=70 GeV is as before SUSY parameter space. The optimal set of cuts maximizes

due to two-body decays to sneutrinos. S/\/B. We require the observation of at least 5 signal events,

In Fig. 4 we show similar plots of the branching fractions, and present our results asr&exclgsmn contours in thi,
but for tang=35. Many of the features seen in Fig. 3 are _ M2 pl_ane, for two representative values of far 5 and
present here as well. For example, in Figa)dwe see the 35. We fix.>0 andAo=0.

: . In Fig. 5 we show the Tevatron reach in the 3L channel
broad region (15&n;, <400 GeV where the destructive with a standard set of soft cutd4] (dashed lines, for large

Z-| interference severely diminishes the branching ratiosp o only to prevent crowding as well as with the optimal set
And again we observe thgb—x9Z threshold in Fig. 4),  of cuts(solid). We show the expected reach for 2, 10 and 30
nearm;l=260 GeV. However, in this case the tau slepton isfb ! total integrated luminosity. The cross-hatched region is
significantly lighter than the first two generation sleptons.excluded by current limits on the superpartner masses and
Hence, the branching ratio to the three tau final state quickij’® dot-dashed lines indicate the projected reach at the
approaches 100% below the stau threshold, and the 2L1FERNe" e’ collider LEP-II for the chargino and the lightest
branching ratio is large. We also see that the 2L channel i§1199S mass.In Fig. 5a) the left(right) dotted line marks the
competitive at small values dfl, and is preferred over 3L

on the basis of branching ratio by a factor of 2.8.

To summarize, we see that depending on the values of thedit should be kept in mind that at small tarthe Higgs boson
MSUGRA parameters, any of the three channels offers someiass is a sensitive function of t@h For example, if the Higgs-
promise to be observed in run II. In the rest of this sectionposon is not discovered at LEP-II, t@3,A,=0 will be ex-
we shall do a comparative study of the three channels, acluded. The reach contours are much less sensitive t8.tan
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FIG. 6. The differenc@L (in fo~1) between the required total
integrated luminosity for the optimal set of cuts and the default set 100 == 200 400 600 800 1000
of cuts, for the 3L signal. The thresolid) contours correspond to
rom top to botto =30, an . The dotted lines e
from top to bottom AL=30, 10 and 2 fb. The dotted I M, (GeV

indicate the optimal-cut 30 ft! reach contours from Fig. 5.
FIG. 7. The optimal sets of 3L cuts in thd,,M,, plane, for

~ o~ A . tanB=5. The key indicates which symbols correspond to which

v.lxi(71/x1) mass thresbol(i, W~h'le~ in Fig.(5) the left cutf(central Iepto);l rapidityf, invarie)llnt massA ¢, a?wde cuty

(right) dotted line marks theg/x; (7,/x;) mass threshold. (see text The dotted line indicates the optimal-cut 30 fbreach
Comparing to the results of Reff13,14, we see the contours from Fig. 5.

Tevatron reach indicated in Fig. 5 is greatly reduced, due to

the larger backgrounds found in our analysis. Even with opof |A¢| cut: for the two highespr opposite sign, same fla-

timized cuts our results show a much smaller observable revor leptons the|A¢|<2.5 cut is indicated by “2,” the

gion. For example, using the set of cuts of REf4] at  |A¢|<3.0 cut by “3,” and no symbol indicates ra ¢| cut.

tanB=35 andM,=1 TeV, our results indicate that the re- The cut|A ¢|<2.5 forany pair of opposite sign, same flavor

gion bounded by the 2 fot 3-o- contour extends tdM,, leptons is indicated by “a.” The right superscript shows the

=123 GeV(or 136 GeV with optimal culs whereas in Ref. Eg cut: E+>{15,20,2% GeV (“15,”"20,”“25” ), or no cut

[14] the corresponding B=region extends to 180 GeV. Simi- (no symbao). A right subscript denotes the dilepton invariant

larly, their 30 fb ! 3-o contour extends t®1,,=250 GeV, mass cut:|mj+-—Mz/>{10,18 GeV (“10,”“15” ) or

while ours extends td/,,=186 GeV (198 GeV with opti- m;+-<{50,60,70,8p GeV (“50,760,”“70,”“80” ). And

mal cuts. finally, a tilde over the central symbol indicates that the lu-
There is respectable reach beyond LEP-II at small valuesiinosity limit came from requiring 5 signal events rather

of My and tang, where the chargino and neutralino 2-body than 3 exclusion.

decays to sleptons are open. As expected from K, e The jet veto cut is not indicated on the figures. However,

Tevatron has no sensitivity beyond LEP-II in the regionexcept for one point at large tghthe jet veto was never

200=M =400 GeV. For large values & ,, where the lep- selected as an optimal cut. Indeed, the major 3L background

tonic decays of the gauginos are three-body, we find somevents(from WZ) are just as likely to contain extra jets as

sensitivity for both values of ta@. In this region there is a the signal.

clear benefit to using optimized cuts. At run@fb 1), with

the default set of cuts, only the region with small @&n 300 —

small My, and smallM4;, can be explored beyond LEP-II.

T T T

With optimal cuts, we see at large tBna non-negligible \M( )ET
region can be excluded beyond LEP-II. Looking beyond rur 250} Ap\P1/m,

I, we notice that at TeV3%30 fb™ 1) optimization can prove N

equivalent to doubling and sometimes even tripling the tota=; 19425 1 41 520

515 520 10 415 515 10 420 520
3av15 3%80 15 80 80 380
3501945 Bu 9By 518 T dus P4y
3450 Pdng P 430 1545 575 aBro Bio
‘948 258 Sda 3560 advs 37 Oig
180 1028 15350 185 Do 33 39 a4e abas
<8 3386 2570 ‘3445 10330 0833 1388 10858 10 885 V3R
0 15 ~20 10 525 10515 1 5 10715 154915 15515 157v15 168y 15
0‘0:0{?!' = "'v 11 80 ?2?4;0\ 3ﬁo -316Q 2270 zl7o 2‘60
"vv‘:: 152915 154715 155715 T0 945 155415
S el M b
R S R R R R TS
S IRIRRIPRLERRAIREIELIEREEXT

integrated luminosity. In Fig. 6 we show the difference in theZ
required luminosity when using the fixed set of cuts from «
[14] and the optimized cuts. As a guideline, we also show thes'
30 fb~* optimal-cut contourgdotted line$ from Fig. 5.

It is instructive to examine the optimized sets of cuts. In 150
Fig. 7 (Fig. 8 we show the optimal sets of cuts for the 3L
channel in theMy, My, plane, for tarB=5 (tang=35).

We use the following notation to describe the set of cuts a 100 —

200

|vv|‘vvv|‘v|vv

each point. The central symbol is the number of phecut 0 <00 400 600 BOO 1000
according to Table I. The left superscript indicates which M, (GeV)
. 0
central leptonn cut was chosen, eithdrp|<1.0 (labeled
“10” ) or | 5|<1.5(“15" ). A left subscript denotes the type FIG. 8. Same as Fig. 7, with tg~35.
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FIG. 9. The same as Fig. 5, for the 2L channel. The dashed lines FIG. 10. The same as Fig. 5, for the 2L1T channel. In this case
correspond to a set of cuts from RE20]. The 2, 10 and 30 fo!  the optimal cuts yield very little improvement relative to a default
reach contours are plotted. set of cuts from Ref[12] (listed in Sec. IlID, so the contours

corresponding to the default cuts are not shown.

There are several lessons to be drawn from Figs. 7 and & \ve show the 2L channel reach for the Tevatron. Because of
As expected, in those cases where the signal is strong affle much larger background the reach in the 2L channel is
dominates over the backgrouriypically for smallM, o not as great as in the 3L channel. There is one important
smallMy), softer cuts are beneficial. Indeed, the majority ofexception, however—the 2L channel does not lose sensitiv-
the points which can be discovered with 5 signal eventsity near the chargino-charged slepton threshold. Indeed, be-
have selecteg cut “1,” which is the most lenient set gy  cause of the Majorana nature of the neutralinos, in 50% of
cuts. For larger values dfl,,, where the background is the events the lost soft lepton in thé—T*|*decay is of the
more important, harder cuts on the leptofs are preferred.  oppositesign as the charged lepton from the chargino decay.
In fact, we see that in the region of interest for TeV 33 atThe remaining two hard leptons are then of the same sign
large Mo, the hardespy cuts we conside(from Ref.[13],  and they are readily reconstructed. Therefore, neaf fog
indicated by “5”), often work best. mass threshold, the 2L channel may prove to be a valuable

Figures 7 and 8 clearly indicate the advantage of the ingjternative to 3L.
variant mass cuts introduced in Sec. II. Of all the points on  Figure §b) reveals that at large tgone starts to lose 3L
the plots where the background is an issue, there are only gensitivity in the smallM, region, since the decays to tau
few at which a conventional-mass window cut is optimal. final states dominate. In fact, fovl,=<300 GeV and ta
In all other cases it is advantageous to cut all events with=35, we find no 3L reach in run Il beyond LEP-II. Only
invariant dilepton masses above a certain threshold. Noticwith multiple years of running and collecting soft lepton
also how the value of the threshold tends to increase witlevents will the Tevatron be able to start improving on the
increasingM,,. This is expected because the sharp edge it EP MSUGRA bounds. One can improve this situation by
the signal distribution is roughly at 0.M,,, (see Fig. 1 considering alternative signatures with tau j¢t]. Of

We also see from the figures that a missEg cut is thOSQ,_ the 2L1T Chahne|_is Singled out on the baSiS Of bOth
preferred essentially everywhere in parameter space. Howensitivity and statistical importance. _
ever, a softE; cut (E;>15 Ge\) often gives the better In Fig. 10 we show the Tevatron yeach in the 2L1T chan-
reach. The latest trilepton analysg3,14) have chosen to nel. In this case we compare the optlma'l reach toa set.of cuts
ereasetho €, cut rom s nominal i vlue of 20 Gev. 7 ReL 17 (115 1 6 JD, e T vy e
to 25 GeV. Our rgsults suggest that in the off-line ana!y5|sWe do not show the fixed cut lines in the figure.
one is better off with a loweE cut. However, more work is

. : . The 2L1T channel has no reach in the la region.
needed to conclusively determine what the Hestcut will However, when the two-body decays to stal";gs@opgn up the

be in the actual analysis. For example, triggering and energy, 17 pranching fraction is larger than the other two chan-
mismeasurement issues will have to be carefully taken inte|s eading to some sensitivity. While the region accessible

account. o . in the 2L1T channel at small tah is not competitive with
Lastly, in the majority of parameter space it is better notihe 3 and 2L reach, it can improve the statistical signifi-
to require aA ¢ cut. cance in case of exclusion, or it can serve as an important

Looking back at Fig. &), we observe that near the confirmation and provide unique information about the
slepton-chargino mass thresholds the reach becomes dilutagiodel parameters in case of discovery. This channel offers
This effect can easily be overlooked, since it only shows ugthe greatest reach at large {@n(together with the related
very close to threshold. We find that it is entirely due to themuch cleaner signature of two like-sign leptons plus a tau jet
suppressed signal acceptance. Indeed, although the brand¢t2]) in the smallM region.
ing ratio is increased immediately below threshold, the lep-

ton resulting from theys— 11" decay tends to be very soft

and it can fail the analysis cuts. In this paper we studied three of the cleanest and most
We next discuss the prospects for the 2L channel. In Figpromising channels for SUSY discovery at the Tevatron in

V. CONCLUSIONS
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run Il. We revisited the trilepton and like-sign dilepton good chance that the Tevatron will discover them in its up-
analyses, improving them in several key aspects. For excoming runs. However, the 3L signature has limited reach,
ample, we used a more realistic simulation of the majorand we can improve the reach by optimizing cuts and con-
backgrounds. We found larger backgrounds than previousidering alternative clean signatures.
analyses. We used a procedure relying on run | data to esti- Note addedWe thank H. Baer for providing us with a
mate backgrounds involving fake leptons. And we intro-preliminary version of a paper by H. Baer, M. Drees, F.
duced an invariant mass cut which took advantage of a shafpaige, P. Quintana and X. Tata. This paper is an update of
edge in the signal dilepton invariant mass distribution. Thistheir previous study13] of the reach of the Tevatron in the
cut was generally more effective in increasing signal-to-3L channel. Part of the improvement is the inclusion of the
noise than the standard invariant mass cuts. Also, we varied-width in the WZ background determination.
the cuts at each point in the supersymmetric parameter space,
and determined at each point thg set of cu_ts _wh[ch yields _the ACKNOWLEDGMENTS
largest reach. We found that this cut optimization can sig-
nificantly enhance the Tevatron reach. Lastly, we analyzed We thank J. Campbell, R.K. Ellis, J. Lykken, J. Nacht-
the reach of the 2L1T channel. man, and F. Paige for useful discussions. K.T(P.M.P) is
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