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Trilepton signature of minimal supergravity at the upgraded Fermilab Tevatron
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The prospects for detecting trilepton events (l 5e or m) from chargino-neutralino (x1
6x2

0) associated pro-
duction are investigated for the upgraded Fermilab Tevatron Collider in the context of the minimal supergrav-
ity model ~MSUGRA!. In some regions of parameter space,x1

6 andx2
0 decay dominantly into final states with

t leptons and the contributions fromt-leptonic decays enhance the trilepton signal substantially when soft cuts
on lepton transverse momenta are used. Additional sources of the MSUGRA trilepton signal and dominant
irreducible backgrounds are discussed. The dilepton (l 1l 2) invariant mass distribution near the end point is

considered as a test of MSUGRA mass relations. Discovery contours forpp̄→3l 1X at 2 TeV with an
integrated luminosity of 2–30 fb21 are presented in the MSUGRA parameter space of (m0 ,m1/2) for several
choices of tanb. @S0556-2821~99!07223-9#

PACS number~s!: 12.60.Jv, 11.30.Er, 14.80.Ly
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I. INTRODUCTION

In the near future the Main Injector~MI ! of the Fermilab
Tevatron Collider will run at 2 TeV center of mass ener
with a luminosity of about 1032 cm22 s21 and will accumu-
late an integrated luminosity (L) of 2 fb21 ~run II! or more
at each of the Collider Detector at Fermilab~CDF! and the
DO” detectors. It has been proposed to further upgrade
Tevatron luminosity to 1033 cm22 s21 to obtain a combined
integrated luminosityL530 fb21 ~run III! @1,2#. Another
possibility is that the MI will run at the run II luminosity fo
more years to accumulate a higher integrated luminosity.
order of magnitude increase in luminosity beyond the
fb21 @3,4# now available will significantly improve the pos
sibility that new physics beyond the standard model~SM!
could be discovered before the CERN Large Hadron Colli
~LHC! begins operation@2#.

In this article we extend our recent study@5# on the pros-
pects of detecting the trilepton signal with missing transve
energy in the minimal supergravity unified mod
~MSUGRA! at the upgraded Tevatron with a detailed co
sideration of backgrounds and optimized acceptance cu
improve the trilepton search. The primary source of trile
tons is the associated production of the lighter chargino (x1

6)
and the second lightest neutralino (x2

0) with both decaying to
leptons@6–9#. In MSUGRA with gauge coupling unification

the sleptons (l̃ ), the lighter chargino (x1
6) and the lighter

neutralinos (x1
0 ,x2

0) are considerably less massive than t
gluinos and squarks over most of the parameter space.
cause of this, the trilepton signal (3l 1E” T) is the most prom-
ising channel@3–9# for supersymmetric particle searches
the Tevatron. The trilepton background from SM proces
can be greatly reduced with suitable cuts.

In supergravity unified models@10#, supersymmetry
~SUSY! is broken in a hidden sector with SUSY breakin
0556-2821/99/60~11!/115015~12!/$15.00 60 1150
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communicated to the observable sector through gravitatio
interactions, leading naturally but not necessarily@11# to a
common scalar mass (m0), a common gaugino mass (m1/2),
a common trilinear coupling (A0) and a bilinear coupling
(B0) at the grand unified scale (MGUT). Through minimiza-
tion of the Higgs potential, theB coupling parameter of the
superpotential and the magnitude of the Higgs mixing
rameterm are related to the ratio of Higgs-field vacuum e
pectation values~VEVs! (tanb[v2 /v1) and to the mass o
theZ boson (MZ). The SUSY particle masses and couplin
at the weak scale can be predicted by the evolution of ren
malization group equations~RGEs! @12# from the unification
scale @13,14#. We evaluate SUSY mass spectra and co
plings in the minimal supergravity model in terms ofm0 ,
m1/2, A0 and tanb, along with the sign of the Higgs mixing
parameterm. The value ofA0 does not significantly affec
our analysis; therefore, we takeA050 in our calculations.
Non-universal boundary conditions among sfermion mas
@15# or gaugino masses@16# could change the productio
cross section and branching fractions of the charginos
neutralinos. Form1/25200 GeV and tanb&25, a non-
universality among sfermions significantly enhances the
lepton signal when 50 GeV&m0&130 GeV@15#.

The mass matrix of the charginos in the basis of the w

eigenstates (W̃6, H̃6) has the following form:

MC5S M2 A2MWsinb

A2MWcosb m
D . ~1!

Since this mass matrix is not symmetric, its diagonalizat
requires two matrices@17#. The sign of them contribution in
Eq. ~1! establishes our sign convention1 for m, which is
equivalent to theISAJET convention@18#.

1This sign convention form is opposite to that of Ref.@5#.
©1999 The American Physical Society15-1
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V. BARGER AND CHUNG KAO PHYSICAL REVIEW D60 115015
In Fig. 1, we present the masses of the lightest neutra
(x1

0), the second lightest neutralino (x2
0), the lighter chargino

x1
6 , the scalar electronsẽL and ẽR , the lighter tau slepton

( t̃1), and the lighter bottom squarkb̃1 at the mass scale o
MZ , and the mass of the lighterCP-even Higgs scalar (h0)
at the scaleQ5Amt̃ L

mt̃ R
@19,20#, versusm0, with MSUSY

51 TeV, m1/25200 GeV andm.0 for ~a! tanb52 and
~b! tanb535. To a good approximation, the mass of t
lightest chargino,mx

1
6;mx

2
0, is about twice mx

1
0. Also

shown in Fig. 1 are the regions that do not satisfy the f
lowing theoretical requirements: tachyon free and the ligh
neutralino as the lightest SUSY particle~LSP!. There are
several interesting aspects to note in Fig. 1:

~i! An increase in tanb leads to a largermh but a slight
reduction inmx

1
0, mx

1
6, and a large reduction ofmt̃1

andmb̃1
.

~ii ! Increasingm0 raises the masses of scalar fermions
~iii ! In most of the MSUGRA parameter space, the we

scale gaugino masses are related to the universal gau
mass parameterm1/2 by

mx
1
0;0.44m1/2,

mx
1
6;mx

2
0;0.84m1/2. ~2!

Consequently, the trilepton channel could provide valua
information about the value ofm1/2.

The masses ofx1
6 and x2

0 to the leading order in
MW

2 /(m22M2
2) can be expressed as@21#

mx
1
65M22

MW
2 ~M21m sin 2b!

m22M2
212MW

2
,

mx
2
05M22

MW
2 ~M21m sin 2b!

m22M2
2

. ~3!

FIG. 1. Masses ofx1
0, x2

0, x1
6 , ẽL , ẽR , t̃1 and b̃1 at theMZ

mass scale and mass ofh0 at the mass scaleQ5Amt̃ L
mt̃ R

, versus
m0, with MSUSY51 TeV, m1/25200 GeV and m.0 for ~a!
tanb52 and ~b! tanb535. The shaded regions are excluded
theoretical requirements~tachyons and LSP!.
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We find thatM2 and umu can be empirically expressed i
GeV units as a function of the grand unified theory~GUT!
scale massesm1/2, m0 and cos 2b as

M250.851m1/210.00244m022.20,

umu5am1/21b cos 2b1c,

a52.3420.153~m0/100 GeV!1@1.10

20.141~m0/100 GeV!#cos 2b,

b51.787m02167.5,

c51.909m02178.7, ~4!

for 100 GeV&m0 ,m1/2&1000 GeV and all tanb for which
perturbative RGE solutions exist. These mass formulas h
to an accuracy of 5% forM2 , mx

1
6 and mx

2
0, and to an

accuracy of 10% forumu. These formulas provide useful ap
proximations for quick estimates. In our analysis, we ha
used the numerical results from the RGEs.

The Yukawa couplings of the bottom quark~b! and the
tau lepton (t) are proportional to tanb and are thus greatly
enhanced when tanb is large. In supersymmetric grand un
fied theories, the masses of the third generation sfermions
consequently very sensitive to the value of tanb. As tanb

increases, the lighter tau slepton (t̃1) and the lighter bottom

squark (b̃1) become lighter than charginos and neutralin
while other sleptons and squarks remain heavy. Then,x1

6

and x2
0 can dominantly decay into final states with tau le

tons via real or virtualt̃1.
One way to detectt leptons is through their one-pron

and three-prong hadronic decays. The CDF and the DØ
laborations are currently investigating the efficiencies for
tecting these modes and for implementing at trigger @22#. It
has been suggested that thet leptons in the final state may b
a promising way to search forx1

6x2
0 production at the Teva-

tron if excellentt identification becomes feasible@9,23–25#.
Another way of exploiting thet signals @5#, which we

employ in this article, is to include the soft electrons a
muons from leptonict decays by adopting softer but realist
pT cuts on the leptons than conventionally used@7#. We find
that this can improve the significance of the trilepton sig
from x1

6x2
0 production@5#.

After suitable cuts, there are two major sources of the S

background@5,7–9,24–28#: ~i! qq̄→W* Z* ,W* g* → ln l l̄ or

l 8n8l l̄ ( l 5e or m), with one or both gauge bosons bein

virtual,2 and ~ii ! qq̄→W* Z* ,W* g* → lntt̄ or tn l l̄ and
subsequentt leptonic decays. In this article, we substantia
improve the background calculations including effects fro
virtual W and Z and the contributions from virtual photon
that are missing inISAJET and not included in earlier studies

2If it is not specified,W* andZ* represent real or virtual gaug
bosons, whileg* is a virtual photon.
5-2
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TRILEPTON SIGNATURE OF MINIMAL SUPERGRAVITY . . . PHYSICAL REVIEW D60 115015
These contributions are unexpectedly important. We reo
mize the acceptance cuts to reduce the larger backgro
that resulted.

The experimental measurements of theb→sg decay rate
by the CLEO@29# and LEP Collaborations@30# place con-
straints on the parameter space of the minimal supergra
model @31#. It was found thatb→sg disfavors most of the
MSUGRA parameter space when tanb*10 andm,0 @31#.
Therefore, we concentrate onm.0 in our analysis when
tanb>10.

In Sec. II we discuss thepp̄→x1
6x2

01X cross section
and the decay branching fractions ofx1

6 andx2
0. The accep-

tance cuts for the signal and background are discus
in Sec. III. We present the trilepton cross section fro

additional SUSY sources in Sec. IV. When the sleptonsl̃ )
and the sneutrinos (ñ) are light, they also contribute to th

trilepton signal via production ofl̃ l̃ and l̃ ñ. These contri-
butions are at interesting levels whenm0&150 GeV and
tanb*20. The discovery potential of the trilepton search
the upgraded Tevatron is presented in Sec. V, with 3s sig-
nificance contours for observation or exclusion and 5s sig-
nificance contours for discovery. Section VI discusses
end point reconstruction at run III for invariant mass dist
bution of l 1l 2 from the x2

0 decays. Our conclusions ar
given in Sec. VII.

II. ASSOCIATED PRODUCTION OF CHARGINO
AND NEUTRALINO

In hadron collisions the associated production of
lighter chargino and the second lightest neutralino occurs
quark-antiquark annihilation in thes channel through aW
boson (qq̄8→W6→x1

6x2
0) and in the t and u channels

through squark (q̃) exchanges. Figure 2 shows the Feynm
diagrams ofqq̄8→x1

6x2
0. The pp̄→x1

6x2
01X cross section

depends mainly on masses of the chargino (mx
1
6) and the

neutralino (mx
2
0). For squarks much heavier than the gau

bosons, thes-channelW-resonance amplitude dominates.

FIG. 2. Feynman diagrams ofqq̄8→x1
6x2

0.
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the squarks are light, a destructive interference between
W boson and the squark exchange amplitudes can supp
the cross section by as much as 40%, compared to
s-channel contribution alone. For larger squark masses,
effect of negative interference is reduced.

Feynman diagrams of the chargino and neutralino dec
into final states of leptons and neutrinos and the LSP
shown in Fig. 3: ~a! x1

6→ lnx1
0 or tnx1

0 and ~b! x2
0

→l1l2x1
0 or t1t2x1

0. Figure 4 presents the branching fra
tions of x2

0 versus tanb, with m1/25200 GeV and severa
values ofm0 for both m.0 and m,0. For tanb&5, the
branching fractions are sensitive to the sign ofm.

For m.0, and tanb;2, we have found that the dominan
decays are

m0&50 GeV: x1
6→ ñLl and t̃1n,

x2
0→ l̃ Rl , t̃1t and ñLn;

60 GeV &m0&110 GeV:

x1
6→ t̃1n,

x2
0→ l̃ Rl and t̃1t,

~x2
0→ ñLn suppressed!;

120 GeV &m0&170 GeV:

x1
6x2

0→3l 1E” T via virtual l̃ ;

m0*180 GeV: x1
6 , x2

0→qq̄x1
0 .

FIG. 3. Feynman diagrams of~a! x1
6→ lnx1

0 or tnx1
0 and ~b!

x2
0→ l 1l 2x1

0 or t1t2x1
0.
5-3
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V. BARGER AND CHUNG KAO PHYSICAL REVIEW D60 115015
For m,0 and tanb;2, we have found that the dominan
decays are

m0&100 GeV: x1
6→ ñLl ,

x2
0→ ñLn;

m0*110 GeV: x1
6→ t̃1n,

x2
0→x1

0h0.

For m0;200 GeV, x2
0 dominantly decays~i! into tt̄x1

0

for 25&tanb&40, ~ii ! into tt̃1 for tanb*40. For m0

&300 GeV and large tanb*35, both t̃1 and b̃1 can be
lighter than other sfermions, andx1

6 andx2
0 can decay domi-

nantly into final states witht leptons orb quarks via virtual

or real t̃1 and b̃1. For m0*400 GeV and 5&tanb&40,
B(x2

0→t1t2x1
0);B(x2

0→e1e2x1
0);2%.

Figure 5 shows the cross sections(pp̄→x1
6x2

0→3l

1X) at As52 TeV, which is the products(pp̄→x1
6x2

0

1X)3B(x1
6→ lnx1

0)3B(x2
0→ l 1l 2x1

0), versus tanb with-
out acceptance cuts, withm1/25200 GeV and several value
of m0 for bothm.0 andm,0. For tanb&5, the branching
fractions are sensitive to the sign ofm. For m,0 and tanb

FIG. 4. Branching fractions ofx2
0 decays into various channe

versus tanb with m1/25200 GeV, for ~a! m.0 and m0

5100 GeV, ~b! m.0 and m05200 GeV, ~c! m,0 and m0

5100 GeV, and~d! m,0 andm05200 GeV.
11501
;2, ~a! with m05100 GeV, B(x2
0→ ñn)50.71 andB(x2

0

→h0x1
0)50.19, some trileptons are due tox2

0→ l̃ Rl andt̃1t;
~b! with m05200 GeV, B(x2

0→h0x1
0)50.99 and conse-

quently the trilepton rate drops sharply. Form05100 GeV
and m1/25200 GeV, the curves end at tanb528, because
the region with tanb*28 is theoretically forbidden.

III. ACCEPTANCE CUTS

In this section we present results from simulations for
trilepton signal with an event generator and a simple ca
rimeter including our acceptance cuts. TheISAJET 7.40 event
generator program@18# with the parton distribution functions
of CTEQ3L @32# is employed to calculate the 3l 1E” T signal
from all possible sources of SUSY particles. A calorime
with segmentationDh3Df50.13(2p/24) extending to
uhu54 is used. We take an energy resolutions of 0.7/AE for
the hadronic calorimeter and 0.15/AE for the electromag-
netic calorimeter. Jets are defined to be hadron clusters
ET.15 GeV in a cone withDR[ADh21Df250.7. Lep-
tons withpT.5 GeV and withinuh l u,2.5 are considered to
be isolated if the hadronic scalarET in a cone withDR
50.4 about the lepton is smaller than 2 GeV.

The trilepton signal has dominant physics backgroun
from production ofW* V* , V* V* (V5Z or g), and t t̄ .
Most backgrounds from the SM processes can be remo
with the following basic cuts:

~1! We require three isolated leptons in each event3 with
pT.5 GeV anduh l u,2.0 and a hadronic scalarET smaller
than 2 GeV in a cone withDR50.4 around the lepton. This

isolation cut removes background frombb̄ andcc̄ decays.

3The events with 4 isolated leptons are considered as 4-le
signals in our analysis.

FIG. 5. Cross section ofpp̄→x1
6x2

0→3l 1X at As52 TeV
without cuts versus tanb, with m1/25200 GeV and several value
of m0 for ~a! m.0 and~b! m,0. For m05100 GeV, the curves
end at tanb528, because the region with tanb*28 is theoretically
forbidden.
5-4
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TRILEPTON SIGNATURE OF MINIMAL SUPERGRAVITY . . . PHYSICAL REVIEW D60 115015
~2! We requireE” T.25 GeV in each event to remov
backgrounds from SM processes such as Drell-Yan dilep
production, where an accompanying jet may fake a lepto

~3! To reduce the background fromW* Z* production, we
require that the invariant mass of any opposite-sign dilep
pair with the same flavor not reconstruct theZ mass:uMl l̄
2MZu>10 GeV.

~4! To eliminate the background fromJ/c andY, and to
reduce the background fromW* g* production, we require a
minimal value for the invariant mass of any opposite-si
dilepton pair with the same flavor:Ml l̄ >12 GeV. A more
severeMl l̄ cut is imposed later in Eq.~6!.

Our acceptance cuts are chosen to be consistent with
experimental cuts proposed for run II@33,34# at the Tevatron
as follows:

pT~ l 1!.11 GeV,

pT~ l 2!.7 GeV pT~ l 3!.5 GeV,

uh~ l 1 ,l 2 ,l 3!u,2.0,

E” T.25 GeV,

Ml l̄ >12 GeV

uMl l̄ 2MZu>10 GeV, ~5!

FIG. 6. Feynman diagrams ofud̄→e1nem
1m2.
11501
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and at least one lepton withpT( l ).11 GeV and uh( l )u
,1.0.

The surviving total background after these cuts has c
tributions from four major sources via quark anti-quark a
nihilation ~Fig. 6!: ~i! production of e6nm1m2 and

m6ne1e2 ( l 8n8l l̄ ), ~ii ! production of e6ne1e2 and

m6nm1m2 ( ln l l̄ ), ~iii ! production of e6nt1t2

1m6nt1t2 ( lntt̄), with subsequentt leptonic decays, and

~iv! production oft6ne1e21t6nm1m2 (tn l l̄ ), with sub-
sequentt leptonic decays. In addition, there are contrib

tions from the production ofeētt̄1mm̄tt̄ ( l l̄ tt̄), with one
t decaying leptonically and another decaying hadronica
We employed the programsMADGRAPH @35# andHELAS @36#

to evaluate the background cross section ofpp̄→3l 1E” T
1X for contributions from all these five subprocesses. T
background fromt t̄ was calculated withISAJET.

We present invariant mass distribution of the same-fla
lepton pairs with opposite signs in Fig. 7 for the domina

background fromqq̄8→ l 8n8l l̄ , with the basic cuts in Eq
~5!, but without theZ veto. This background cross sectio
from W* g* increases sharply as the invariant mass beco
smaller forMl l̄ &30 GeV. Therefore, a more stringent dile
ton invariant mass cut than that in Eq.~5! is necessary to
reduce the background fromW* g* .

Figure 8 shows the transverse mass@MT( l ,E” T)# distribu-
tion of the lepton associated with two same-flavor a
opposite-sign leptons,ds/dMT(pp̄→enmm̄1mneē1X),
from the dominant backgroundqq̄8→enmm̄1mneē at the
upgraded Tevatron with the basic cuts in Eq.~5!. Also shown

FIG. 7. Invariant mass (Ml l̄ ) distribution of the lepton pairs

with the same flavor and opposite sign@ds/dMl l̄ (pp̄→enmm̄

1mneē1X)#, for the dominant background fromqq̄8→ l 8n8l 1l 2,
at As52 TeV, with the basic cuts in Eq.~5!, but without aZ veto.

Also shown is the invariant mass distribution ofem̄1mē with op-
posite signs.
5-5
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are the same distributions of trileptons@pT( l 1)>pT( l 2)
>pT( l 3)# from the SUSY signal form.0, tanb53, m1/2
5200 GeV andm05100 GeV with the basic cuts. Thi
figure suggests that a cut on the transverse mass@MT( l ,E” T)#
around MW can efficiently reduce the backgrounds fro
W* Z* 1W* g* .

To further reduce the background fromW* Z* and
W* g* , we require that

uMl l̄ 2MZu>15 GeV ~Z veto!,

Ml l̄ >18 GeV ~g veto!,

MT~ l 8,E” T!<65 GeV or

MT~ l 8,E” T!>85 GeV ~W veto!. ~6!

whereMl l̄ is the invariant mass for any pair of leptons wi
the same flavor and opposite signs, andMT( l 8,E” T) is the

transverse mass of the lepton associated withl l̄ .
Some 3l events could be due toZ1 jets andW1 jets.

Since these sources always originate fromb→cln followed
by c→sln, they can be removed by imposing an angu
separation cut between the isolated leptons, giving a ba
ground consistent with zero. This angular separation
causes almost no signal loss.

The transverse momentum (pT) distribution for the three
leptons of the dominant background is shown in Fig. 9
pp̄→enmm̄1mneē1X. We label the trileptons asl 1,2,3,
where l 5e or m, according to the orderingpT( l 1).pT( l 2)

FIG. 8. Transverse mass@MT( l ,E” T)# distribution of the lepton
associated with two same-flavor and opposite-sign leptons from

dominant backgroundqq̄8→enmm̄1mneē with the basic cuts in
Eq. ~5!. Also shown are the same distributions of trilepto
@pT( l 1)>pT( l 2)>pT( l 3)# from the SUSY signal with the basic cut
for m.0, tanb53, m1/25200 GeV andm05100 GeV.
11501
r
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ut

r

.pT(l3) of their transverse momenta. Figure 10 presents
transverse momentum distribution of the three leptons fr
the SUSY signal withm.0, tanb510, m1/25200 GeV
and m05100 GeV. The most important lesson we lea
from Fig. 10 is that a large number ofl 3’s from the SUSY
particle decays have apT less than 5 GeV. Therefore, it i
very important to have a softpT acceptance cut onl 3 to
retain the trilepton events from SUSY sources@5#.

he

FIG. 9. Transverse momentum (pT) distribution of the trileptons

from qq̄8→ l 8n l 1l 2 at the upgraded Tevatron@ds/dpT(pp̄

→enmm̄1mneē1X)#, with the basic cuts in Eq.~5!, for the three
leptons withpT( l 1)>pT( l 2)>pT( l 3)>1 GeV.

FIG. 10. Transverse momentum distribution ofpp̄
→SUSY particles→3l 1X at As52 TeV with the basic cuts in Eq
~5! and pT( l 1)>pT( l 2)>pT( l 3)>1 GeV, for m.0, tanb510,
m1/25200 GeV andm05100 GeV
5-6
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TRILEPTON SIGNATURE OF MINIMAL SUPERGRAVITY . . . PHYSICAL REVIEW D60 115015
The effects of acceptance cuts on the signal and ba
ground are demonstrated in Table I. The trileptons are du
x1

6x2
0 production and the additional SUSY particle sourc

that are discussed in the next section. The cross section
the signal withm1/25200 GeV, m05100 GeV, and sev-

eral values of tanb, along withln l l̄ , t t̄ andZZ backgrounds
are presented for four sets of cuts:~a! basic cuts: accept
ance cuts in Eq.~5!; ~b! soft cuts A: acceptance cuts in Eq
~5! and ~6!; ~c! soft cuts B: the same cuts as soft cuts
except requiring 18 GeV<Ml l̄ <75 GeV; ~d! hard cuts:
the same cuts as soft cuts A, except requiringMl l̄

>12 GeV andpT( l 1 ,l 2 ,l 3).20, 15, and 10 GeV. We ob
serve that the soft cuts can considerably enhance the s
significance. A more strict cut to requireMl l̄ ,75 GeV as in

soft cuts B can further reduce the backgrounds froml 8n8l l̄

as well asln l l̄ with a slight reduction in the trilepton signa
for most SUGRA parameters and might slightly improve t
statistical significance. The reach with each of the soft cut
qualitatively similar. For brevity, we will present results wi
soft cuts A in this article.

In Table II, we present masses of relevant SUSY partic

TABLE I. The cross section ofpp̄→SUSY particles→3l 1X in
fb versus tanb for m1/25200 GeV andm05100 GeV along with
the trilepton cross sections of the SM backgrounds~BG! and values
of statistical significance (NS[S/AB, S5 number of signal events
andB5 number of background events! for an integrated luminosity
of L530 fb21, at the upgraded Tevatron with four sets of cuts:~a!
basic cuts: cuts in Eq.~5!; ~b! soft cuts A: cuts in Eqs.~5! and~6!;
~c! soft cuts B: the same cuts as soft cuts A, except requiring
GeV <Ml l̄ <75 GeV; ~d! hard cuts: the same cuts as soft cuts
except requiringMl l̄ >12 GeV, andpT( l 1 ,l 2 ,l 3).20, 15, and 10
GeV.

tanb\ cuts Basic Soft A Soft B Hard

3 12.8 8.82 8.41 4.04
10 3.49 2.57 2.43 1.13
20 1.18 0.90 0.79 0.34
25 0.66 0.50 0.43 0.20

SM BG

l 8n8l l̄ 2.63 0.72 0.60 0.32

ln l l̄ 2.09 0.41 0.30 0.20

lntt̄ 0.60 0.45 0.41 0.22

tn l l̄ 0.37 0.20 0.13 0.11

l l tt̄ 0.12 0.08 0.06 0.04

t t̄ 0.14 0.11 0.06 0.009

Total BG 5.95 1.97 1.56 0.90

tanb\NS

3 28.7 34.4 36.9 23.3
10 7.8 10.0 10.7 6.5
20 2.6 3.5 3.5 2.0
25 1.5 1.9 1.9 1.2
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for four sets of MSUGRA parameters4: The trilepton signal
cross sections and values of statistical significance for th
sets of parameters are presented in Table III with an in
grated luminosity ofL530 fb21.

Case I: In this case,ml̃ R
;mt̃1

,mx
1
6;mx

2
0, B(x2

0→ l̃ Rl )

558%, B(x2
0→ t̃1t)541%, andB(x1

6→ t̃1n)549%, so a
large rate for trilepton events is expected. Thex1

6x2
0 produc-

tion contributes about 81% of the total trilepton signal. T
MSUGRA parameters for this case are in the cosmologic
favored region of parameter space with an appropriatex1

0

relic density for cold dark matter (Vx
1
0h250.24) @20,38#.

Case II: This parameter space point has a large valu
tanb535 and t̃1 is much lighter thanx1

6 and x2
0; B(x2

0

→ t̃1t);100%, andB(x1
6→ t̃1n);100%. Here, we antici-

pate that an inclusive trilepton signal can be extracted w
relatively soft leptonpT cuts, since the detected leptons typ
cally come fromt decays.

Case III: This parameter space point also has a la
tanb, but theA0 parameter is chosen so that relatively lig

t̃ 1 , b̃1 and t̃1 are generated;B(x2
0→ t̃1t);100%, and

B(x1
6→ t̃1n);100%. The trileptons should occur at a sim

lar rate as in case II. The rather larget̃ 1 t̃ 1 production cross
section may yield an observablet̃ 1 signal.

Case IV: This parameter space choice has a small valu
tanb53 and theA0 has been chosen such thatt̃ 1 is light,

4These cases were selected for the SUGRA study in the RU
Workshop on Supersymmetry/Higgs at the Fermilab@37#.

8
,

TABLE II. Masses of relevant SUSY particles for fou
MSUGRA cases along with the value of the Higgs mixing para
eterm.0.

Parameters\ cases I II III IV
m0 100 140 200 250
m1/2 200 175 140 150
A0 0 0 2500 2600
tanb 3 35 35 3

Masses of relevant SUSY particles

The m parameter 312 241 286 369
mg̃ 508 455 375 403
mũL

457 417 375 420
md̃L

463 424 383 426
mũR

;md̃R
440 406 367 413

mt̃ 1
306 297 153 134

mb̃1
418 329 213 346

mx
1
6 141 126 106 109

mx
1
0 76 69 56 57

mx
2
0 143 127 107 111

ml̃ R
133 162 212 260

mt̃1
132 104 88 257

ml̃ L
180 194 229 275

mñL
165 177 214 266
5-7
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TABLE III. The cross section~in fb! of pp̄→SUSY particles→3l 1X at As52 TeV for the four
MSUGRA cases described in Table II with contributions from various SUSY channels. For each MSU
case, the statistical significanceNS[S/AB, S(B)5 number of signal~background! events, is presented for a
integrated luminosityL530 fb21 and the four sets of acceptance cuts described in Table I.

Acceptance cuts\ cases I II III IV SM background

Cross section
Basic cuts 12.8 1.58 1.94 4.13 5.95
Soft cuts A 8.82 1.21 1.32 3.06 1.97
Soft cuts B 8.41 0.97 1.18 2.97 1.56
Hard cuts 4.04 0.47 0.30 1.58 0.90

Statistical significance:NS[S/AB

Basic cuts 28.7 3.5 4.4 9.3
Soft cuts A 34.4 4.7 5.2 12.0
Soft cuts B 36.9 4.3 5.2 13.0
Hard cuts 23.3 2.7 1.7 8.8
m
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while both l R and t̃1 are heavier thanx6; B(x2
0→x1

0eē

1x1
0mm̄)56.6%, andB(x1

6→en1mn)523%. This case

could also provide an opportunity to search fort̃ 1 t̃ 1 produc-
tion where t̃ 1→bx1

6 with x1
6→ ln lx1

0.
Most trileptons in cases I and IV have higherpT than

those in cases II and III, because the latter contain so
secondary leptons fromt decays.

At run II with 2 fb21 integrated luminosity, we expec
about 4 events per experiment from the background c
section of 1.97 fb. Then the signal cross section must yie
minimum of 6 signal events for discovery; the Poisson pr
ability for the SM background to fluctuate to this level is le
than 0.8%. At run III withL530 fb21, we would expect
about 59 background events; a 5s signal would be 38 event
corresponding to a signal cross section of 1.28 fb, and as
signal would be 23 events corresponding to a signal cr
section of 0.77 fb.

IV. ADDITIONAL SOURCES OF TRILEPTONS

In addition to the associated production ofx1
6x2

0, there
are other SUSY contributions to trilepton events.

~1! If the sleptons and sneutrinos are light,l̃ ñ and l̃ l̃ can
make an important contribution to the trilepton signal andñ ñ
can make a small contribution.

~2! When the charginos (x1,2
6 ), and the neutralinos (x2,3,4

0 )
are not too heavy, they contribute to the trileptons viax2

0x2
0,

x2
0x3

0, x3
0x4

0, x1
6x3

0, x2
6x3

0, andx2
6x4

0 production.

~3! When the gluino (g̃), the squarks (q̃), and the neu-
tralinos (x2,3,4

0 ) are not too heavy, they also contribute to t

trileptons via the production ofg̃x2,3
0 and q̃x2,3

0 .

~4! The production ofg̃g̃ and q̃q̃ also make small trilep-
ton contributions.

For m0*500 GeV andm1/2&300 GeV, the associate
production ofx1

6x2
0, contributes at least 95% of the trilepto

signal. Form0&150 and tanb*20, production ofl̃ ñ and l̃ l̃
11501
e

ss
a
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ss

can enhance the trilepton cross section and may yield obs
able signals at run III. We summarize the contributions
trileptons from various relevant channels form.0 in Table
IV and for m,0 in Table V.

TABLE IV. The cross section ofpp̄→3l 1X in fb versus tanb
with contributions from various relevant SUSY channels atAs
52 TeV with the acceptance cuts described in Eqs.~5! and~6! for
m.0, m1/25200 GeV, tanb52, 10, 20 and 35~25 for m0

5100 GeV).

Channel\tanb 2 10 20 35~25!

~i! m05100 GeV
Total 9.58 2.57 0.90 0.50
x1

6x2
0 7.86 1.74 0.40 0.13

l̃ ñ 0.68 0.32 0.18 0.10

l̃ l̃ 0.35 0.16 0.15 0.13

x2
0x2

0, x2
0x3

0, x3
0x4

0, 0.30 0.12 0.05 0.05
x1

6x3,4
0 , x2

6x3,4
0 x1

6x2
7 , x2

6x2
7 0.04 0.08 0.06 0.05

g̃x2,3
0 , q̃x2,3

0 ,g̃g̃, q̃q̃,ñ ñ 0.35 0.15 0.06 0.04

~ii ! m05200 GeV
Total 2.11 0.23 0.25 0.31
x1

6x2
0 1.92 0.16 0.17 0.19

l̃ ñ 0.06 0.02 0.02 0.03

l̃ l̃ 0.03 – 0.01 0.01

x2
0x2

0, x2
0x3

0, x3
0x4

0, 0.02 – 0.01 0.02
x1

6x3,4
0 , x2

6x3,4
0 x1

6x2
7 , x2

6x2
7 0.01 0.02 0.02 0.02

g̃x2,3
0 , q̃x2,3

0 ,g̃g̃, q̃q̃,ñ ñ 0.07 0.03 0.02 0.04

~iii ! m05500 GeV
Total 0.27 0.48 0.46 0.42
x1

6x2
0 0.26 0.46 0.45 0.41

x2
0x2

0, x2
0x3

0, x3
0x4

0, – 0.01 – –
x1

6x3,4
0 , x2

6x3,4
0 x1

6x2
7 , x2

6x2
7 0.01 0.01 0.01 0.01

g̃x2,3
0 , q̃x2,3

0 ,g̃g̃, q̃q̃,ñ ñ – – – –
5-8
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V. DISCOVERY POTENTIAL AT THE TEVATRON

The cross sections for the trilepton signal after cuts
shown in Fig. 11 versusm1/2 with tanb53 and several val-
ues of m0 for both m.0 and m,0. Figure 12 shows the
cross sections of the trilepton signal and background a
cuts versusm1/2 with several values ofm0 and m.0 for
tanb510 and tanb535. Also shown are lines for~i! 6 sig-
nal events withL52 fb21 and~ii ! a 5s signal as well as a
3s signal withL530 fb21.

To assess the overall discovery potential of the upgra
Tevatron, we present the 99% C.L. observation contou
run II and the 5s discovery contour as well as the 3s ob-
servation contour at run III in Fig. 13 forpp̄
→SUSY particles→3l 1X at As52 TeV, with soft accep-
tance cuts@Eqs. ~5! and ~6!#, in the parameter space o
(m0 ,m1/2), with tanb52, for ~a! m.0 and ~b! m,0. All

TABLE V. The cross section~in fb! of pp̄→3l 1X at As52
TeV with contributions from various SUSY channels and the
ceptance cuts described in Eqs.~5! and ~6!, for m,0, m1/2

5160 GeV, tanb52 and several choices ofm0.

Channel\m0 ~GeV! 100 200 500 1000

Total 4.91 3.24 1.12 0.89
x1

6x2
0 3.74 2.62 1.07 0.88

l̃ ñ 0.12 0.15 – –

l̃ l̃ 0.12 0.03 – –

x2
0x2

0, x2
0x3

0, x3
0x4

0, 0.20 0.09 0.01 –
x1

6x3,4
0 , x2

6x3,4
0 x1

6x2
7 , x2

6x2
7 0.04 0.02 – –

g̃x2,3
0 , q̃x2,3

0 ,g̃g̃, q̃q̃,ñ ñ 0.69 0.32 0.04 0.01

FIG. 11. Cross section ofpp̄→SUSY particles→3l 1X with
soft acceptance cuts@Eqs. ~5! and ~6!#, versus m1/2, at As
52 TeV, with tanb52, m05100 GeV ~solid line!, 200 GeV
~dot-dashed line!, 500 GeV ~dashed line! and 1000 GeV~dotted
line! for ~a! m.0 and~b! m,0. Also noted by lines are the cros
sections for~i! 6 signal events withL52 fb21 ~dotted line! and~ii !
5s signal ~dashed line! as well as 3s signal ~dot-dashed line! for
L530 fb21. The chargino mass is given on the top horizontal sc
with m05500 GeV.
11501
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atSUSY sources of trileptons are included. Figure 14 sho
the 99% C.L. observation contour at run II and the 5s dis-
covery contour as well as the 3s observation contour at run
III for pp̄→SUSY particles→3l 1X in the (m0 ,m1/2) pa-
rameter space for tanb510 and tanb535. We have in-
cluded all SUSY sources of trileptons. For 180 GeV&m0

&400 GeV and 10&tanb&40, thex2
0 decays dominantly

into qq̄x1
0 and in these regions it will be difficult to establis

a supersymmetry signal.

-

e

FIG. 12. Cross section ofpp̄→SUSY particles→3l 1X with
soft acceptance cuts@Eqs. ~5! and ~6!#, versus m1/2, at As
52 TeV, with m.0, m05100 GeV ~solid line!, 200 GeV~dot-
dashed line!, 500 GeV~dashed line! and 1000 GeV~dotted line!,
for ~a! tanb510 and~b! tanb535, Also noted by lines are the
cross sections for~i! 6 signal events withL52 fb21 ~dotted line!
and ~ii ! 5s signal ~dashed line! as well as 3s signal ~dot-dashed
line! for L530 fb21. The chargino mass is given on the top ho
zontal scale withm05500 GeV.

FIG. 13. Contours for 99% C.L. observation at run II and 5s
discovery as well as 3s observation at run III in the (m0 ,m1/2)

plane, for pp̄→SUSY particles→3l 1X at As52 TeV with soft
acceptance cuts@Eqs. ~5! and ~6!#, for tanb52, ~a! m.0 and~b!
m,0. All SUSY sources of trileptons are included. The shad
regions denote the parts of the parameter space excluded by~i! the
theoretical requirements, or~ii ! the chargino search at LEP 2.
5-9
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In Fig. 15, we present the contours of 99% C.L. obser
tion at run II and 5s discovery as well as 3s observation at
run III for pp̄→SUSY particles→3l 1X in the (m0 ,m1/2)
plane for tanb53 with soft cuts A (uMl l̄ 2MZu.15 GeV)
and soft cuts B~18 GeV <Ml l̄ <75 GeV). The lighter
CP-even Higgs scalar mass (mh) is sensitive to the value o
tanb. Taking m1/25200 GeV,m05100 GeV,A050 and
m.0, we obtain mh589.5 GeV for tanb52 and mh
599.3 GeV for tanb53.

Also shown in Figs. 13, 14 and 15 are the regions that
not satisfy the following theoretical requirements: ele
troweak symmetry breaking~EWSB!, the correct vacuum for
EWSB obtained~tachyon free!, and the lightest neutralino a
the lightest SUSY particle~LSP!. The region excluded by the
mx

1
1&95 GeV limit from the chargino search@39# at LEP 2

is indicated.
We calculated cross sections for the signals and the b

grounds with tree level amplitudes. However, we expect t

FIG. 14. The same as Fig. 13, form.0, ~a! tanb510 and~b!
tanb535.

FIG. 15. The same as Fig. 13, form.0 and tanb53, with ~a!
soft cuts A (uMl l̄ 2MZu.15 GeV) and~b! soft cuts B~18 GeV
<Ml l̄ <75 GeV). The calculations in this figure are based
ISAJET 7.44 which incorporates the decay matrix elements for
charginos and the neutralinos.
11501
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our conclusions and discovery contours will be valid af
QCD radiative corrections are included. Recent stud
found that QCD corrections enhance the signal cross sec
of pp̄→x1

6x2
01X by about 10–30 % for 70 GeV&mx

1
1

&300 GeV @40#. QCD corrections also enhance the cro
section of the dominant backgroundpp̄→W* Z* 1W* g*
1X by about 30%@28,41#.

VI. MASS RECONSTRUCTION

If the two-body decayx2
0→ l̃ Rl→ l 1l 21x1

0 is kinemati-
cally allowed and a large integrated luminosity is accum
lated, it may be possible to test a predicted mass relation@42#
amongmx

2
0, ml̃ R

and mx
1
0. To demonstrate this interestin

possibility, we consider the following parameters:m1/2
5200 GeV, m05100 GeV, A050, tanb53 and m.0.
We evaluate masses and couplings of SUSY particles at
weak scale with renormalization group equations and ob
mx

2
05143 GeV, mẽR

5133 GeV, mx
1
0576.0 andm5312.

The corresponding trilepton cross section after cutss(pp̄
→SUSY particles→3l 1E” 1X)58.6 fb gives a promis-
ing signal with 258 events forL530 fb21. Thex1

6x2
0 pro-

duction contributes about 81% of the total trilepton signa
We consider the subtracted dilepton invariant mass dis

bution @42# defined as

ds

dM U
ll

5
ds

dM U
e1e2

1
ds

dMU
m1m2

2
ds

dM U
e1m2

2
ds

dMU
e2m1

.

~7!

The subtractions remove the lepton pairs with one lep
coming from x1

6 and another coming fromx2
0. This mass

distribution has a sharp edge~end point! that appears nea
the kinematic limit for this decay sequence, i.e.,

M
l l̄

MAX
5Mx

2
0A12

M
l̃

2

Mx
2
0

2 A12

Mx
1
0

2

M
l̃

2 '45 GeV. ~8!

Figure 16 shows the subtracted invariant mass distribu
for two leptons with opposite signs (l 1l 2) from pp̄
→SUSY particles→3l 1X with m.0, tanb53, m1/2
5200 GeV, andm05100 GeV. This distribution may al-
low a test of the MSUGRA mass relations in this optim
case with a high cross section, provided that a large lumin
ity accumulation (L*10 fb21) is obtained.

VII. CONCLUSIONS

In most of the MSUGRA parameter space,x1
6x2

0 produc-
tion is the dominant source of trileptons. Form0&150 and

tanb*20, production ofl̃ ñ and l̃ l̃ can enhance the trilepto
signal and may yield observable rates at run III in regions
parameter space that are otherwise inaccessible.

In some regions of MSUGRA parameter space, thex1
6

and thex2
0 decay dominantly to final states witht leptons.

e

5-10
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The subsequent leptonic decays of theset leptons contribute
importantly to the trilepton signal fromx1

6x2
0 associated pro-

duction. With soft but realistic leptonpT acceptance cuts
theset→ l contributions can substantially enhance the sta
tical significance of the trilepton signal, compared to th
with hard cuts. The branching fractions ofx1

6 andx2
0 decays

into t leptons are dominant when the universal scalar m
m0 is less than about 200 GeV and/or tanb*40.

The Tevatron trilepton searches are most sensitive to

FIG. 16. The subtracted invariant mass distribution for the sa
flavor lepton pairs with opposite signs (l 1l 2) as defined in Eq.~7!,

for pp̄→SUSY particles→3l 1X at As52 TeV, with m.0,
tanb53, m1/25200 GeV, andm05100 GeV.
t
p

ett
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region of MSUGRA parameter space withm0&100 GeV
and tanb&10. The discovery possibilities of the upgrade
Tevatron form.0 are summarized in the following:

~i! For m0;100 GeV and tanb;2, the trilepton signal
should be detectable at the run II ifm1/2&240 GeV (mx

1
6

&177 GeV) and at the run III ifm1/2&260 GeV (mx
1
6

&195 GeV).
~ii ! For m0;150 GeV and tanb;35, the trilepton signal

should be detectable at the run III ifm1/2&170 GeV (mx
1
6

&122 GeV).
~iii ! For m0*600 GeV and tanb;35, the trilepton sig-

nal should be detectable at the run III ifm1/2&170 GeV
(mx

1
6&130 GeV).

It might be difficult to establish a trilepton signal for 18
GeV &m0&400 GeV and 3&tanb&35, because for thes
parametersx1

6 andx2
0 dominantly decay intoqq̄8x1

0, and the
leptonic decays ofx2

0 is suppressed. However, the importa
lesson is that the experiments at the Tevatron may prob
substantial region not accessible at LEP 2.
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