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Study of SUSY signatures at the Fermilab Tevatron in models with near mass degeneracy
of the lightest chargino and neutralino
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For some choices of soft supersymmetry~SUSY!-breaking parameters, the lightest supersymmetric particle
~LSP! is a stable neutralinox̃1

0, the NLSP is a charginox̃1
6 almost degenerate in mass with the LSP (Dmx̃1

[mx̃
1
62mx̃

1
0;mp2few GeV), and all other sparticles are relatively heavy. In this case, detection of sparticles

in the usual, supergravity~MSUGRA!-motivated signals will be difficult, since the decay products inx̃1
6

→x̃1
0... will be very soft, and alternative signals must be considered. Here, we study the viability of signatures

at the Fermilab Tevatron based on highly ionizing charged tracks, disappearing charged tracks, large impact
parameters, missing transverse energy, and a jet or a photon, and determine the mass reach of such signatures

assuming that only thex̃1
6 andx̃1

0 are light. We also consider the jet1E” T andg1E” T signatures assuming that
the gluino is also light withmg̃;mx̃

1
6. We find that the mass reach is critically dependent uponDmx̃1

and

mg̃2mx̃
1
6. If Dmx̃1

is sufficiently big thatct(x̃1
6)&few cm andmg̃ is large, there is a significant possibility

that the limits onmx̃
1
6 based on CERN LEP2 data cannot be extended at the Fermilab Tevatron. Ifct(x̃1

6)

.few cm, relatively background-free signals exist that will give a clear signal ofx̃1
6 production~for some

range ofmx̃
1
6! even if mg̃ is very large.

PACS number~s!: 12.60.Jv, 11.30.Pb, 13.85.2t, 14.80.Ly
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I. INTRODUCTION

In minimal supergravity~MSUGRA! models, the soft
supersymmetry-~SUSY! breaking parameters for the gaug
nos satisfy a common boundary condition at the ground u
fied theory~GUT! scale, leading to a relatively large ma
splitting between the lightest chargino and the lightest n
tralino @which is most often the lightest supersymmetric p
ticle ~LSP!#. This large mass splitting can lead to a lar
missing energy signal which facilitates the discovery
SUSY. However, for different boundary conditions, thex̃1

6

and x̃1
0 are very degenerate in mass, and discovering SU

may be more challenging or, at least, more difficult to fu
interpret. This arises naturally in two scenarios.

~1! M2,M1!umu. As reviewed in Ref.@1#, this hierarchy
occurs when the gaugino masses are dominated by or
tirely generated by loop corrections. This arises in the O
superstring model@2–5# and the closely related models
which SUSY breaking arises entirely from the conform
anomaly@6,7#, or when SUSY is broken by anF term that is
a member of the200 representation contained in (24
324)symmetric51% 24% 75% 200 @8#.

As examples of particular values for the gaugino m
parameters at the scaleMU (MZ), the O-II model withdGS
524 yields M3 :M2 :M151:5:10.6 ~6:10:10.6!, the O-II
model withdGS50 ~equivalent to the simplest version of th
conformal anomaly approach! yields M3 :M2 :M1
53:1:33/5 ~3:0.3:1!, and the 200 model yields 1:2:10
~6:4:10!. As a result:

In the200model and the O-IIdGS50 ~or pure conformal
anomaly! model,M2 is substantially belowM1 and the~tree-
level! value ofDmx̃1

[mx̃
1
62mx̃

1
0 can be very small.

In the O-II dGS524 case,M2 is only slightly less than
M1 at low energies, but stillDmx̃1

, a few GeV is very

typical.Dmx̃1
,1 GeV is possible ifumu*1 TeV or if tanb is
0556-2821/2000/62~1!/015002~20!/$15.00 62 0150
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not large and renormalization group equation~RGE! elec-
troweak symmetry breaking is imposed@4#.

In the 200 model, and especially the O-IIdGS524
model, bothmx̃

2
0 andmg̃ are typically quite close to the com

mon x̃1
6 ,x̃1

0 mass, and it is natural for the squark and slep
masses to be much heavier than any of the gaugino ma
Typical values ofumu required by RGE electroweak symme
try breaking are large, implying that the higgsinox̃2

6 , x̃3
0,

and x̃4
0 states are very heavy.

In the O-II dGS50 ~or conformal anomaly! model, the
gluino is typically very heavy compared to the chargino.

~2! umu!M1,2. In this case, thex̃1
6 , the x̃1

0, and thex̃2
0

are all closely degenerate in mass and higgsino-like, w
the gaugino states are much heavier. Extreme degene
Dmx̃1

,1 GeV, is only achieved forM1,2*5 TeV. The
squark and slepton masses might also be large. Curre
there is less theoretical motivation for this scenario.
Thus, the exact value ofDmx̃1

is model dependent. How

ever, it is generally true thatDmx̃1
,mp is difficult to

achieve. This is because the one-loop electroweak radia
corrections@9# give a positive contribution toDmx̃1

, that is

typically *mp , which must be added to the tree-level val
of Dmx̃1

. In scenario~1!, a useful approximation to the tree

level result whenuM1,2u!umu is

Dmx̃1
~ tree!.

mW
4 tan2 uW

~M12M2!m2 sin2 2b. ~1.1!

From this we see that ifM12M2.0, thenDmx̃1
(tree).0

and Dmx̃1
.mp is inevitable~see, e.g., theDmx̃1

graphs in
@4#!. Even though it does not arise in the conformal anom
or O-II model cases, there is no particular reason to excl
the possibility thatuM2u,uM1u but M12M2,0. For such
cases,Dmx̃1

values substantially belowmp are possible.
©2000 The American Physical Society02-1
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Thus, we will explore the phenomenology as a function
Dmx̃1

even forDmx̃1
,mp . Nonetheless, it should be unde

stood that currently popular models predictDmx̃1
values in

the range from slightly abovemp to several GeV. As we
shall see, this is the range for which supersymmetry sign
are very difficult to detect. And, as already stated, in scen
~2!, the tree-level value ofDmx̃1

is normally substantially

larger thanmp , and the one-loop corrections do not ha
much influence on the phenomenology. Supersymmetry
tection is almost certain to be difficult in this case.

The neutralino and chargino couplings toW andZ bosons
~in the absence ofCP violation! depend onM1 , M2 , m, and
tanb. For the cases considered above, the production r
for the lighter x̃1

6 , x̃1
0, and x̃2

0 states have the following
pattern:

~1! When M2,M1!umu, the Z→x̃1
0x̃1

0, Z→x̃1
0x̃2

0, Z
→x̃2

0x̃2
0, andW6→x̃1

6x̃2
0 cross sections are all small, whil

Z, g→x̃1
1x̃1

2 andW6→x̃1
6x̃1

0 can have large rates.
~2! When umu!M1,2, the Z, g→x̃1

1x̃1
2 , Z→x̃1

0x̃2
0, W6

→x̃1
6x̃1

0, and W6→x̃1
6x̃2

0 rates will be large@but smaller
than the unsuppressed channel rates in scenario~1!# and Z
→x̃1

0x̃1
0, Z→x̃2

0x̃2
0 are suppressed.

Therefore, some of the sparticle production rates can be
stantial, but this does not guarantee detection.

The most critical ingredients in the phenomenology of
class of models being considered are the lifetime~or decay
distancect! and the decay modes of thex̃1

6 , which in turn
depend almost entirely onDmx̃1

when the latter is small. The

ct and branching ratios of thex̃1
6 as a function ofDmx̃1

have been computed in Ref.@5# ~see also the closely relate

FIG. 1. Thect and branching ratios forx̃1
2 decay as a function

of Dmx̃1
[mx̃

1
62mx̃

1
0 for the M2,M1!umu scenario. From Ref.

@5#.
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computation for a nearly degenerate heavy lepton p
(L6,L0) in Ref. @10#! and are illustrated in Fig. 1 for sce
nario ~1!. For Dmx̃1

,mp , only x̃1
6→e6nex̃1

0 is important

and ct.10 m. OnceDmx̃1
.mp , the x̃1

6→p6x̃1
0 mode

turns on and is dominant forDmx̃1
&800 MeV, at which

point the multipion modes start to become important: cor
spondingly, one findsct&10– 20 cm forDmx̃1

just above

mp decreasing toct;100mm by Dmx̃2
;1 GeV.

For later reference, we present in Table I the specificct
values as a function ofDmx̃1

that we have employed in ou

Monte Carlo studies.
Since experimental details are particularly important

our analysis, we briefly review some of the components o
canonical Run II detector~e.g., CDF or DO” ! ordered accord-
ing to increasing radial distance from the beam.

An inner silicon vertex~SVX! detector extending radially
from the beam axis. The Collider Detector at Fermil
~CDF! run II vertex detector has layers atr;1.6, 3, 4.5, 7,
8.5, and 11 cm~the first and second layers are denotedL00
andL0, respectively! extending out toz5645 cm@11#. The
DO” SVX has four layers~but two are double sided!, with the
first at 2.5 cm and the last at 11 cm.

A central tracker~CT! extending from 15 to 73 cm~DO” !
or from roughly 20 to 130 cm~CDF!.

A thin preshower layer~PS!.
An electromagnetic calorimeter~EC! and hadronic calo-

rimeter ~HC!.
The inner-most muon chambers~MC!, starting just be-

yond the HC. The DO” inner central muon chambers form
~very roughly! a box, the ends of which~through which the
beam passes! are a 5.4 m35.4 m square and the sides o
which are 8 in. in length. The sides~parallel to the beams!
cover uhu,1, while the ends are instrumented out touhu
,2. The CDF inner muon chambers form roughly a barre
a radial distance of 3.5 m with length of about 5 m. There
no muon detection capability on the ends of the barrel,
only uhu,0.6 is covered by the inner chambers.

Both CDF and DO” will have a precise time-of-flight mea
surement~TOF! for any charged particle that makes it to th
muon chambers.
One fact that is important for our analysis is that the SV
CT, and PS can all give~independent! measurements of the
ionization energy loss (dE/dx) of a charged track passin
through them. This information can be used to distinguis
heavily ionizing chargino@which would be> twice minimal
ionizing ~2MIP! for bg<0.85# from an isolated minimally
ionizing particle~1MIP!. For example, at DO” the rejection
against isolated 1MIP tracks will be few31023, few
31023, and ;1021 for tracks that pass through the SVX
TABLE I. Summary ofct values as a function ofDmx̄1
as employed in Monte Carlo simulations.

Dmx̄1~MeV! 125 130 135 138 140 142.5 150
ct~cm! 1155 918.4 754.1 671.5 317.2 23.97 10.89
Dmx̄1~MeV! 160 180 185 200 250 300 500
ct~cm! 6.865 3.719 3.291 2.381 1.042 0.5561 0.1023
2-2
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TABLE II. Summary of detector components referred to in the text.

Component Description

SVX Silicon vertex detector from close to beam pipe to
;11 cm.

CT Central tracker starting just past SVX.
PS Preshower just outside the tracker.
EC Electromagnetic calorimeter.
HC Hadronic calorimeter.
TOF Time-of-flight measurement after HC and just befor

MC.
MC Muon chamber with first layer after the HC and just

beyond the TOF.
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CT, and PS respectively, with an efficiency of 90% for trac
with1 bg,0.85 @12#. At CDF, the discrimination factors
should be roughly similar@13#. Because of correlations, on
cannot simply multiply these numbers together to get
combined discrimination power of the SVX, CT, and PS
an isolated track that passes through all three; for suc
track with bg,0.85, the net discrimination factor woul
probably be of order few31025. A summary of our short-
hand notations for detector components appears in Tabl

In the following, we consider several possible signa
many of which are unique to SUSY scenarios with near m
degeneracies: ~a! LHIT and TOI, ~b! DIT, ~c! STUB and
KINK, ~d! HIP1KINK, ~e! HIP, ~f! g1E” T and jets1E” T ,
and ~g! standard MSUGRA signals. Abbreviated definitio
of these signals are presented in Table III. They will
elaborated upon later.

In this analysis, we make numerical estimates of the ba
ground and signal rates after cuts for these various sign
For measurements at the Tevatron in Run II, we have m
several assumptions, including triggering capabilities a
fake rejection rates. For example, in the time of flight~TOF!
analysis, the possible cosmic-ray background is not includ
Only once the Tevatron starts running will the experime
really know what the fake rates are and which trigger
choices are acceptable. Some of the numbers used are b
on educated guesses, backed up by discussions with
and DO” experimentalists. The numbers used are correc
the best of our knowledge, and our sources~people! are
listed in the acknowledgements. One aim of this study is
expose the issues that experimentalists will need to cons

II. COLLIDER PHENOMENOLOGY OF DEGENERATE
MODELS

Although our main focus will be on Tevatron in Run I
we first review the constraints on degenerate scenarios f
searches forx̃1

1x̃1
2 production at LEP and LEP2.

1It is a combination of Landau fluctuations, electronic noise a
most importantly in hadron collisions, overlapping soft tracks tha
responsible for these discrimination factors being worse than
might naively expect.
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A. Lepton colliders

As discussed above and in Refs.@3–5#, collider phenom-
enology depends crucially onDmx̃1

. Most importantly,

SUSY detection depends on which aspects~if any! of the
x̃1

1x̃1
2 final state are visible.

If the x̃1
6 decay products are soft and thex̃1

1x̃1
2 produc-

tion is otherwise untagged, the event may be indistingui
able from the largee1e2→e1e2gg→e1e21soft back-
ground. In this case, one will need to tagx̃1

1x̃1
2 production,

for example, from the initial- or final-state radiation of
photon, denoted as ISR@3#. Even with an ISR tag, it is pos
sible that thex̃1

1 and x̃1
2 will both be effectively invisible

because of the softness of their decay products and the
of a vertex detector signal. In this case,gx̃1

1x̃1
2 production is

observable as agM” signature, which is distinguishable from
the gn v̄ process by the threshold in the missing mass v
able M” 5A(pe21pe12pg)2 at M” 52mx̃

1
6. The exact mass

reach inmx̃
1
6 depends upon available luminosity and m

chine energy. Estimates were presented in Ref.@3#, which we
summarize for theM2,M1!umu scenario~1!. At the CERN
e1e2 collider LEP2, for L5125 pb21 per experiment, no
improvement was found over themx̃

1
6,45 GeV limit com-

ing from LEP1Z-pole data onZ→ invisible decay channels
At the Next Linear Collider the prospects are better: withL
550 fb21, the gM” channel will be sensitive up tomx̃

1
6

;200 GeV. In scenario~2!, both gx̃1
1x̃1

2 and gx̃1
0x̃2

0 will

have significant rates and a common threshold inM” , and the
discovery reach is similar to that in scenario~1!.

The experimental situation is greatly improved if th
LHIT signal can be employed or if the soft pions from th
x̃1

6 decays ingx̃1
1x̃1

2 events can be detected. This is clea
illustrated by the analysis from DELPHI at LEP2@14#. This
analysis employs~in order of increasing radius from th
beampipe! central inner detector~ID! and time projection
chamber~TPC! tracking devices and the ring-imaging Che
enkov device~RICH!. ~For details regarding these device
please refer to Ref.@14#.!

For scenario~1! or ~2!, when Dmx̃1
&200 MeV, the

charginos are sufficiently long lived to produce one of tw
signals forx̃1

1x̃1
2 production.

,
s
e

2-3
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TABLE III. Summary of signals. MIP refers to a minimally ionizing particle such as ab51 muon. For
detector component notation, see Table II.

Signal Definition

LHIT Long, heavily ionizing ~> 2MIP’s as measured by
SVX1CT1PS!, large-pT track that reaches the MC.
The energy deposit in the HC in the track direction
must be consistent with expected ionization energy
deposit for the b measured~using TOF and/or
SVX1CT1PS!, i.e., no hadronic energy deposit.

TOF A large-pT track seen in the SVX and CT along with
a signal in the TOF delayed by 500 ps or more~vs a
particle with b51!. HC energy deposit~in the
direction of the track! is required to be consistent
with the ionization expected for the measuredb ~i.e.,
no hadronic deposit!.

DIT An isolated, large-pT track in the SVX and CT that
fails to reach the MC and deposits energy in the HC
no larger than that consistent with ionization energy
deposits for the measured~using SVX1CT1PS! b.
Heavy ionization in the SVX1CT1PS,
corresponding tob,0.8 orb,0.6 ~DIT8 or DIT6!,
may be required.

KINK A track that terminates in the CT, turning into a soft,
but visible, charged-pion daughter track at a
substantial angle to parent.

STUB An isolated, large-pT ~as measured using SVX! track
that registers in all SVX layers, but does not pass all
the way through the CT. Energy deposits in the EC
and HC in the direction of the track should be
minimal.

SNT One or more STUB tracks with no additional trigger.
Heavy ionization of the STUB in the SVX,
corresponding tob,0.6 ~SNT6!, may be required.

SMET One or more STUB tracks with anE” T.35 GeV
trigger. Heavy ionization of the STUB in the SVX,
corresponding tob,0.6 ~SMET6!, may be required.

HIP A high-impact-parameter (b>5sb) track in the

SVX, with largeE” T triggering, perhaps in association
with a visible KINK in the SVX.

g1E” T Isolated, large-pT photon and largeE” T .

Monojet1E” T Large-pT jet and largeE” T .
MSUGRA-like jet~s!1E” T , trileptons, like-sign dileptons, etc.,

except that the cross section for thex̃1
6x̃2

0 trilepton
signal can be suppressed.
-
n
he

d
ra
n
g
e
su
is

al.

rat-
~a! For Dmx̃1
&mp , the charginos produce heavily ioniz

ing tracks~LHIT’s ! recognizable by high specific ionizatio
in the TPC or by the absence of Cherenkov light in t
RICH.

~b! For mp&Dmx̃1
&200 MeV, both the charginos an

their soft pion daughters yield visible tracks in the cent
tracking devices~the ID and the TPC, located in the regio
10 cm,r ,1 m!. A clean signal is provided by demandin
two primary particle tracks emitted in opposite hemispher
each decaying to a soft, charged daughter moving at a
stantial angle to the primary track. This type of signal
called a KINK.
01500
l

s,
b-

Note that no additional trigger is required for either sign
We summarize the DELPHI results for scenario~1!. By com-
bining ~a! and ~b!, DELPHI is able to excludemx̃

1
6 out to

nearly the kinematic limit~currently 92 GeV! for any
Dmx̃1

,200 MeV if the sneutrino is heavy~implying large

x̃1
1x̃1

2 production rate! or Dmx̃1
,60 MeV if the sneutrino is

light ~implying suppressed production rate!.
When Dmx̃1

*3 GeV, the decay products of thex̃1
6 be-

come easily visible, and the standard MSUGRA search st
egies apply. For a heavy sneutrino, thex̃1

6 is excluded out to
about 90 GeV forDmx̃1

53 GeV rising to 92 GeV for
2-4
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Dmx̃1
.10 GeV. For a light sneutrino, thex̃1

1x̃1
2 cross sec-

tion is smaller and the limit only extends to;65–75 GeV for
3 GeV,Dmx̃1

,10 GeV.

For 200 MeV&Dmx̃1
&3 GeV, the chargino tracks are no

long enough to use the ID/TPC KINK signature, and t
chargino decay products are too soft to provide a clear
nature on their own. In this case, one must overcome
very largegg collision background rate for events containin
only soft tracks by tagging the chargino pair producti
event. As proposed in Ref.@3#, DELPHI employs an initial
state radiation~ISR! photon tag. The photon is required
have energy above 4 GeV and the recoil massM” is required
to be above 96 GeV~which eliminates all but the virtualZ
tail of gZ* →gnn̄ events and the nonresonant contribution!.
Visible energy~excluding the photon! is required to be less
than a few percent ofAs ~the exact value depends upon t
Dmx̃1

value being probed!. Finally, in order to essentially

eliminate thegnn̄ background, the event is required to co
tain soft charged tracks consistent with the isolated pi
expected from the chargino decays. DELPHI observed
events after all cuts. For a heavy sneutrino, this exclu
mx̃

1
6&70 GeV for almost the entire 0.2&Dmx̃1

&3 GeV re-

gion except for a small sliver nearDmx̃1
;0.2 GeV. For a

light sneutrino, DELPHI ran only exclude mx̃
1
6

&50– 55 MeV for 0.5&Dmx̃1
&3 GeV, leaving a window

from 0.05–0.5 GeV where the only lower limit is that fro
LEPI, 45 GeV. The gaps arise because of the low efficie
for detecting very soft pions.2 In scenario~2!, there is no gap
where the best limit is that from LEPI. The CERN Interse
ing Storage Rings~ISR! signature excludesmx̃

1
6&58 GeV

for 0.2&Dmx̃1
&1 GeV and mx̃

1
6&56 GeV for 1&Dmx̃1

&3 GeV.
Thus, in theuM2u,uM1u!m scenario~1! on which we

shall focus, depending on the sneutrino mass there may
gap region in which the chargino is effectively invisibl
DELPHI finds that thegM” signature, discussed earlier,
indeed insufficient to improve over themx̃

1
6*45 GeV limit

from Z decays. We are uncertain whether DELPHI explor
the use of high-impact-parameter tracks in their vertex de
tor ~in association with the ISR trigger! to improve their
sensitivity ~by sharply reducing thegnn̄ background! in
these gap regions.

B. Hadron colliders

At hadron colliders, typical signatures of MSUGRA a
trilepton events from neutralino-chargino production, lik
sign dileptons from gluino pair production, and multije
1E” T from squark and gluino production. The trilepton sign
from x̃1

6x̃2
0 production and the like-sign dilepton signal fro

g̃g̃ production are both suppressed whenDmx̃1
is small by

the softness of the leptons coming from thex̃1
6 decay~s!. In

2With the ISR tag, thegg background is completely negligible.
01500
g-
e
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M2,M1!umu scenarios, the trilepton signal is further d
minished by the suppression of thex̃1

6x̃2
0 cross section. In

umu!M2 ,M1 scenarios,mx̃
2
0.mx̃

1
0 and even though the

x̃1
6x̃2

0 cross section is not suppressed thex̃2
0 decay products,

like those of thex̃1
6 , are very soft, yielding further suppres

sion of the trilepton signal. Provided thatmg̃ is light enough,
the most obvious signal for SUSY in degenerate model
jet~s! plus missing energy. Even if the gluino is rather dege
erate with thex̃1

6 andx̃1
0, it has been shown@4# ~see also@1#!

that the Fermilab Tevatron and CERN Large Hadron C
lider ~LHC! will probe a significant~albeit reduced com-
pared to MSUGRA boundary conditions! range ofmg̃ . This
is true since initial-state gluon radiation can be used
‘‘tag’’ the missing energy. This search can also be au
mented by thegg̃g̃ process, where theg is the tag. Asmg̃

2mx̃
1
6 increases, the jets fromg̃→qq̄x̃1

61qq̄x̃1
0 decays be-

come visible and the jet~s!1E” T signature initially becomes
stronger@4# despite the decrease in theg̃g̃ production cross
section. However, it is entirely possible that the gluino
much heavier than the lightx̃1

6 ,x̃1
0 states and that theg̃g̃

production rate~at the Tevatron at least! will be quite sup-
pressed. In this case, the ability to detect events in which
only directly produced SUSY particles are light neutrali
and chargino states could prove critical. In the remainde
this paper, we consider the sfermion, and heavier charg
and neutralino states to be extremely heavy, and investi
methods to probe degenerate models at the Tevatron. Ex
tations for scenarios where the gluino has a mass compar
to x̃1

6 will be given less discussion. First, we study wheth
photon tagging~which we noted above is useful at a lepto
collider! or jet tagging~as employed in many studies! might
provide a viable signal when thex̃1

6 decay is effectively
prompt and its decay products are too soft to be visible in
detector. Later, we consider the modifications to this pict
when thex̃1

6 decay is not prompt.
For numerical estimates of signal and background ra

we perform particle level studies using either the proces
contained in thePYTHIA 6.125 @15# event generator or by
adding external processes~several of theg1sparticles pro-
cesses considered here! into PYTHIA. Signals involving
chargino-neutralino pair production with jets are simulat
using the tree-level chargino-neutralino pair process and
ton showering. Based on our understanding ofW andZ bo-
son production at hadron colliders, this approach is m
accurate than a matrix element calculation of chargi
neutralino production plus parton whenever the transve
momentumQT of the chargino-neutralino pair is less tha
the relevant hard scaleQ. Here, that scale isQ5As
.2mx̃

1
6, and most of the data would lie below this sca

The estimates here are conservative, because they do
include the very highQT contribution (QT.Q) from
chargino-neutralino pair plus one hard jet, nor the change
rate to the tree-level level process.

To determine experimental quantities, a calorimeter is
fined out toh54.4 with a GaussianET resolution ofsET

580%/AET. Jets withET.5 GeV andR50.5 are recon-
2-5
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structed to defineE” T . Non-Gaussian contributions will b
estimated as described later. Charged track momenta an
pact parametersb are unsmeared, but the effects of detec
resolution onb are included.

1. Pure g or jet and E” T signatures

One of the most challenging possibilities in degener
models is when thex̃1

6 decay is prompt and its decay pro
ucts are too soft to be visible. At leading order in perturb
tion theory, x̃1

6(→x̃1
01soft)x̃1

0 and x̃1
1(→x̃1

01soft)x̃1
2

(→x̃1
01soft) production provide no good signature since

missing transverse momenta of the LSP’s essentially can
and the soft decay products are obscured by detector re
tion and the combined effect of the underlying event a
fragmentation-hadronization. However, it may still be po
sible to observe the transverse momentum of the LSP’s
high-pT jet or photon is also produced in an event.

In the absence of mismeasurements, the major phy

background tog1E” T at the Tevatron isgZ(→nn̄) and
gt6nt production, wheret(→E” T1soft). In reality, mis-
measurements of jets can produce a falseE” T , and the loss of
a track can cause an electron to fake a photon. We can
some insight into the relative importance of mismeasurem
backgrounds from Run I analyses. The DO” Run I measure-
ment of thegZ(→nn̄) signal@16# ~which is a background to
our signature! has a background fromW(→e6ne) when the
e fakes ag. For Run I the fake probability was roughly
constant with magnitudeRe→g5531023. The background
estimate in the DO” analysis is well reproduced by generatin
W(→e6ne) events withPYTHIA, replacing thee with a g,
weighting the event by an additional factorRe→g , and per-
forming all other cuts. The value ofS/B is about 0.3, but the
W contribution becomes negligible oncepT

g*50– 60 GeV,
which is beyond the Jacobian peak for the electronpT spec-
trum. Another significant background arises fromg1 jet,
where the jet fakesE” T . For E” T.40 GeV, this probability
can be conservatively estimated3 at Rj→E” T

51024 @17#. This

background can also be reproduced by generatingg1q,g
1g events withPYTHIA, demanding only one reconstructe
jet with ET.15 GeV, discarding this jet, weighting the eve
by an additional factorRj→E” T

, calculatingE” T from the sum
of all remaining jets, and performing all remaining cu
Once E” T.50 GeV, this background is roughly 5% of th
gZ(→nn̄) signal, and decreases quickly with increasingE” T .
Since we can reproduce the mismeasurement backgroun
a simple manner, we feel confident that we can reason
estimate the full background. Additionally, we will set o
cuts so that the mismeasurement backgrounds are sm
than the physics ones, which, for the chargino signal, w
be dominated by gZ(→nn̄). To reflect the detecto

3Note thatRj→E” T
represents a non-Gaussian component to theE” T

resolution; the Gaussian component is already included in our c
rimeter simulation.
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improvements in Run II, we use the factorRe→g51023 @17#.
To evaluate the viability of ag1E” T signature in degen-

erate scenarios, we have studiedgx̃1
1x̃1

2 andgx̃1
1x̃1

0 produc-
tion ~computed for various values ofM2 taking M1
51.5M2 , tanb55 andm51 TeV—typically, mx̃

1
6.mx̃

1
0 is

close toM2!. Because onlyE” T ~and notE” ! can be measured
we cannot perform a cut that eliminates the realZ back-
ground fromgZ production as can be done at LEP. At be
the distributions for signal and background inET

g may be
sufficiently different that a cut requiring highET

g will allow a
reasonable signal-to-background ratio, while retaining an
equate cross section for the signal. To demonstrate this
plot in Fig. 2~a! the gx̃1

1x̃1
2 and gx̃1

6x̃1
0 integrated signal

andg1E” T background~and some components thereof! as a
function of a minimum accepted value forET

g . ~Note that the
signal is multiplied by a factor of 10 in the figure.! Our
nominal cuts are

ET
g.ET

min , ET.ET
min , uhgu,2.0,

no jets with ET.15 GeV, uhu,3.5,

no e’s or m ’s with pT.5 GeV, uhu,2.0. ~2.1!

While the signal is somewhat flatter,S/B.0.1 is only
achieved if a very highET

min cut is imposed, but then ther
are too few signal events. IfS/B&0.1 is required, theg
1E” T signal can probe onlymx̃

1
6&50 GeV; mx̃

1
6;60 GeV

can be probed only if systematics are understood at
S/B;0.05 level. Either value is only a marginal improv
ment over the 45 GeV lower bound deriving from LE
Z-pole data. Even more importantly, both values are be
the limits set by DELPHI~unless the sneutrino is light!. In
scenario~2!, the signal cross section sum will be somewh
smaller than in scenario~1!, and S/B will typically be too
small to extract a signal from the data.

Given the importance of achieving a very small syste
atic error level in order to extend the LEP-LEP2 limits on
invisibly decaying chargino, it is worth noting that system
atic errors do decrease with integrated luminosity, and m
Run I analyses have systematic errors that are smaller tha
the same size as the statistical error. The Run II situa
should be much better than in Run I. Furthermore, we h
not exploited any difference in shape between the signal
background, which may increase the significance of the
nal. If any other distinguishing characteristics of the sign
can be observed, or if there are other sources of charg
production, then the upper limit ofmx̃

1
6 for which the g

1E” T signature is viable could be significantly larger th
estimated here.

Given the somewhat pessimistic results for theg1E” T sig-
nal, it is worth exploring the standard SUSY jets1E” T signal,
which will have a larger event rate for comparable cuts.
compared to the normal MSUGRA scenario, the softness
the x̃1

6 decay products implies that the jets1x̃1
1x̃1

2 events
o-
2-6
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will have much lower jet multiplicity. After including the
effects of initial-state gluon radiation, many events hav
monojet nature. The published Run I analyses have ta
advantage of the jet multiplicity to control the QCD bac
grounds, and are of little help in understanding potentia
large monojet backgrounds. Thus, we will consider apply
the standard MSUGRA 3-jet1E” T cuts to a Monte Carlo pre
diction of the signal, using the published background e
mates to set limits. Since the parton showering machin
can generate several jets per event, some signal events
pass the cuts. However, as discussed below, we find
there are substantial uncertainties in the Monte Carlo pre
tions for the multijet signal rate when the multiple jets a
generated from parton showering and not by sparticle

FIG. 2. Comparison of the signal and backgrounds forg1E” T

and j 1E” T searches at the Tevatron forAs52 TeV. In ~a!, we plot
the sum of thegx̃1

1x̃1
2 and gx̃1

6x̃1
0 cross sections integrated ove

ET
g ,E” T.ET

min , the additional cuts imposed are given in Eq.~2.1!.
Results are given formx̃

1
6.mx̃

1
0;56 GeV and;71 GeV; the signal

has been multiplied by a factor of 10. In~b!, we plot thej x̃1
1x̃1

2 and

j x̃1
6x̃1

0 ‘‘monojet’’ cross sections integrated overET
j ,E” T.ET

min , af-
ter imposing the additional cuts given in Eq.~2.2!. Results are pre-
sented formx̃

1
6.mx̃

1
0;61 GeV and;71 GeV; the signal has bee

multiplied by a factor of 100.
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cays. Thus, we also consider a monojet signature for wh
we believe that the monojet1E” T Monte Carlo signal rate
computed using parton showering will be more reliable. T
necessitates a study of the mismeasurement background
discussed below, we believe that this and other mon
1E” T backgrounds can be understood and convincingly c
trolled.

We consider the monojet1E” T signal first. To illustrate the
size of the signal from jets1x̃1

1x̃1
2 and jets1x̃1

1x̃1
0 com-

pared to background, we proceed much as in the case o
g tag. Our specific cuts are

ET
j .ET

min , E” T.ET
min , uh j u,3.5,

no other jets withET.15 GeV, uhu,3.5,

no e8s or m8s with pT.5 GeV, uhu,2.0. ~2.2!

With these cuts, the physics backgrounds fromj nn̄→ jE” T

and jW(→t→E” T) are larger than the mismeasureme
background, which is predominantly jet1jet production,
where one jet fakesE” T . We will only consider values of
ET

min above 75 GeV, which means thatE” T will always be
required to be above the threshold employed for the Ru
multijet analyses. To estimate the mismeasurement ba
ground, we have generated all QCD two parton proces
with PYTHIA, and retained only those events containing e
actly one or two jets withET.15 GeV. If there are two jets
we then randomly discard one of the two and weight
event by a factor 23Rj→E” T

. We then impose the cuts of Eq

~2.2!. For ET
j .ET

min575 GeV, we arrive at a cross sectio
estimate of 4 pb. The dominant physics backgroundsZ
(→nn̄)1 jet andW(→tnT)1 jet, contribute 4 and 1.6 pb fo
the same cuts~note, we are far beyond the Jacobian peak,
that W(→ ln l)1no jet, wherel 5e,m,t, can be ignored!.
Thus, even if our estimate of the QCD background is off

FIG. 3. Integrated luminosity~in pb21! required to observe

(S/AB55) or exclude at 95% CL (S/AB51.96) a monojet1E” T or

g1E” T signal fromg̃g̃ production, whenmg̃.mx̃
1
1. Predictions are

shown for signal-to-background ratios of 0.1 and 0.2. Formg̃ values
above those for which points are plotted,S/B is below the required

value. For the monojet1E” T@g1E” T# signal we impose the cuts o
Eq. ~2.2! @Eq. ~2.1!#, optimizing S/AB by scanning overET

min

.75 GeV @.50 GeV#.
2-7
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FIG. 4. Unnormalizedb distri-
butions for events accepted by th
non-b cuts of Eq. ~2.3! after re-
quiring that the TOF time delay be
.500 ps. The segments left afte
imposing various more restrictive
b cuts are also shown. Distribu
tions are given for mx̃

1
65100,

200, 300, and 400 GeV.
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a factor of 2, this will not substantially bias an exclusio

limit obtained using Gaussian statistics. After includingl l̄ ,
single top, gauge boson pairs, andW(→ene ,mnm)1 jet
backgrounds, the full background for the cuts of Eq.~2.2!
andET

min575 GeV is about 10 pb.
Figure 2~b! shows the integrated cross section for t

background and signal~signals are multiplied by 100 in th
figure! as a function ofET

min . It is clear that the backgroun

is so severe that the monojet1E” T channel will be much less
useful than theg1E” T channel. To see if there is any hop
for this discovery channel, we have varied theET

min cut in
search of a value such thatS/B.0.1 and such that there ar
at least 5 events forL530 fb21. We never satisfy these con
straints formx̃

1
6.45 GeV, so no limit beyond that from LEP

Z-pole data can be set using this channel. Nonetheless
explained below, a significant signal may appear in thj
1E” T channel if there are other sources of chargino prod
tion.

We will now turn momentarily to the multijet1E” T signal.
At the same time, we will also consider the more optimis
possibility that the gluino mass is small enough thatg̃g̃ pair
production has a reasonable rate at the Tevatron. In par
lar, we consider the limit, previously analyzed in Ref.@4# and
01500
as

-

u-

motivated in the O-II model, that the gluino is almost dege
erate in mass with thex̃1

6 . The results of Ref.@4# were that
mg̃5150 GeV could be excluded withL52 fb21 of data, and
that this reach could not be extended using higherL if one
demandedS/B.0.2. The exclusion was based on bac
ground estimates from DO” and CDF for their Run I 3 jet
1E” T searches. We have repeated the analysis of Ref.@4#
usingPYTHIA instead ofISAJET @18#. We find that we cannot
reproduce all of the results of Ref.@4#, and the reasons~to be
discussed below! suggest that one may not wish to trust r
sults obtained via Monte Carlo for a multijet1E” T signal of
the type considered here, in which the jets are genera
entirely by parton showering. For example, considermg̃
575 GeV. UsingPYTHIA, we find roughly half the signa
cross section~compared to@4#! after the DO” cuts. This dis-
crepancy arises because of the details of parton showe
used inISAJET ~Ref. @4#! as compared toPYTHIA ~our study!.
For the first, soft-gluon emission in a shower,PYTHIA re-
stricts the polar angle of the branching to be smaller than
angle of the color flow, whileISAJET does not. As a result
the soft gluons inISAJET are more widely distributed, and th
resultant jet multiplicity is higher. Indeed, when we turn o
the angular ordering effect inPYTHIA, we reproduce theISA-

JET results. For largermg̃ , however, the discrepancy re
2-8
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mains, and is not entirely resolved. If we use thePYTHIA

results, the Ref.@4# Tevatron limit onmg̃ is reduced tomg̃
;95– 100 GeV. However, the comparison of the two Mon
Carlo programs suggests that one cannot trust a parton s
ering result in degenerate scenarios for three hard, w
separated jets.

Thus, we return to our proposed monojet signature to
timate the potential of the Tevatron for probing themg̃

;mx̃
1
6.mx̃

1
0 scenario. As already noted, theE” T signature is

enhanced byqq̄,gg→g̃g̃, whereg̃→q8q̄x̃
1
6,qq̄x̃

1
0. For small

mg̃2mx̃
1
6 the q,q8,q̄ are typically too soft to be counted a

jets and thex̃1
6 decay products are not visible. Thus, t

monojet still comes from parton showering. In Fig. 3~a! we
plot the luminosity required forS/AB51.96 or 5 andS/B
.0.1 or 0.2 as a function ofmg̃ . We have employed the cut
of Eq. ~2.2!, searching for theET

min.75 GeV value that maxi-
mizes S/AB while satisfying the givenS/B criteria. ~For
lower mg̃ , ET

min575 GeV is always best; for the highestmg̃

values the bestET
min increases.! With the increased produc

tion of charginos and neutralinos from gluino decays, it
much easier to achieveS/B.0.2 and a gluino withmg̃
5150 GeV should be discovered or excluded early in Run
However, discovering or excludingmg̃5175 GeV will re-
quire reducing systematics to the extent that anS/B50.1
signal can be trusted. Specifically, forS/B.0.1, mg̃
5175 GeV can be excluded at 95% CL withL50.3 fb21 or
discovered at the 5s level with L52 fb21.

The processgg̃g̃, whereg̃→soft, yielding ag1E” T sig-
nal, is complementary to the monojet1E” T signal. We follow
the same procedure as discussed for the monojet1E” T signal,
except that we employ the cuts of Eq.~2.1! and require
ET

min.50 GeV. The luminosity required to discover or e
clude a givenmg̃ using this signal is plotted in Fig. 3~b!.
Even though theg1E” T signal requires more integrated lu
minosity to establish a signal for lowmg̃ ,S/B is larger, al-
lowing exclusion out to a larger value of the comm
chargino/gluino mass;mx̃

1
6;mg̃<175 GeV can be exclude

at 95% CL withL51 fb21 of integrated luminosity even i
S/B.0.2 is required.

For purposes of comparison, we note that in an MSUG
scenario the trilepton signature fromx̃1

6x̃2
0 production allows

one to probe chargino masses up to about 160 GeV foL
530 fb21 when the scalar soft-SUSY-breaking mass is la
@19#.

We note that the monojet1E” T and g1E” T signatures
should persist~and perhaps even improve somewhat! for
mg̃2mx̃

1
6;few210 GeV and/orDmx̃1

;few210 GeV.

Before concluding this subsection, we should comm
that there are potential contributions fromg̃x̃1

6 andg̃x̃1
0 pro-

duction that have not been included here. These are
pressed when the squark masses are large, as assumed
For the remainder of the paper, we assume that the gluin
also very heavy.

2. LHIT and TOF signatures

In the previous section, we considered the case where
mass splitting was large enough for the chargino decay to
01500
w-
ll-

s-

s

I.

A

e

t

p-
ere.
is

he
e

very prompt, but yet too small for the chargino decay pro
ucts to be visible. In this section, we consider the oppo
extreme, namelyDmx̃1

sufficiently small that the chargino i
so long lived that it passes through the TOF and enters
muon chambers. For instance, ifDmx̃1

,mp , then the aver-

agect is of the order of a meter or more. Of course, as no
earlier, the radiatively generated mass splitting ma
Dmx̃1

,mp somewhat unlikely in existing models. But, eve

for Dmx̃1
.mp , there is a tail of events with large enoug

bgct values for the chargino to reach the muon chambe
Thus, from the experimental point of view it is important
consider signals based on a muon-chamber LHIT or T
signal as a function ofDmx̃1

.
To distinguish a chargino that reaches the muon cham

from an actual muon without using the TOF, we employ t
procedures used by CDF in Run I for identifying a penetr
ing particle that is sufficiently heavily ionizing that it cann
be a muon. However, because the DO” inner muon chambers
are closer to the interaction point and cover more range
uhu, it is advantageous to employ the DO” muon chamber
configuration~see earlier description!. In analogy to the CDF
Run I procedure, we first demand a trigger for the ev
using one track~Track I! that penetrates to the muon cham
bers. We then examine the triggered events for a track~Track
II ! that is heavily ionizing and penetrates to the muon cha
bers. The specific LHIT cuts/requirements we impose in
study are4

Tracks I and II: (uhu,1,b'gct.2.7 m)
or (1,uhu,2,ubzugct.4 m), b.bmin ,

Track I: pT.15 GeV,

Track II: upW u.35 GeV, bg,0.85, ~2.3!

wherebmin is the minimum velocity required for thex̃1
6 to

penetrate to the muon chambers.bmin varies withmx̃
1
6, and

is calculated using the model employed in Ref.@20#. In Eq.
~2.3!, b' is the velocity perpendicular to the side of the b
formed by the inner muon chambers~see earlier description!
that the chargino eventually passes through, andbg,0.85 is
the 2MIP requirement. Tracks I and II may be the sa
track. LHIT events are expected to be background free.

For small mx̃
1
6, the x̃1

6x̃1
0 and x̃1

1x̃1
2 production cross

sections are large before cuts, but thebmin and bg require-
ments accept only a small portion of the full rate. For larg
mx̃

1
1, the cross section decreases, butbg is typically smaller.

These trends are illustrated in Fig. 4. This figure shows
full b distributions formx̃

1
65100, 200, 300, and 400 GeV

that remain after requiring that the chargino pass through

4Note that since the CDF procedure was originally designed
looking for massive quarks, they did not impose a requiremen
small hadronic energy deposit in the track direction~s!. We have not
imposed this requirement either. However, for the chargino sig
of interest here it could be imposed with little loss of signal eve
rate were this useful for reducing backgrounds.
2-9
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FIG. 5. Cross sections for
LHIT, TOF, and DIT
‘‘background-free’’ signatures a
Run II: Dmx̃1

50, 125, 135, 140
MeV.
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TOF device at least 500 ps later than a particle withb51 ~as
required in the TOF signal discussed below!. The impact of
the bmin cut and of various requirements on the maximu
value ofb is also shown. We see that formx̃

1
65100 GeV a

relatively small slice of theb distribution is retained afte
requiring both b.bmin and b,0.6(bg,0.75) or b
,0.65(bg,0.85). The slice accepted by such cuts is mu
larger formx̃

1
65400 GeV.

The cross section obtained after imposing all the cuts
Eq. ~2.3! is plotted as the open circles in Fig. 5 for a sele
tion of Dmx̃1

values. Forct5`, mx̃
1
15350 GeV~450 GeV!

can be excluded at the 95% C.L.~three events predicted
none observed! with 2 ~30! fb21 of data. A five-event dis-
covery would requiremx̃

1
6<325 GeV ~<430 GeV! for L

52 fb21 ~30 fb21!. The three event limits for variousDmx̃1

values are summarized in Fig. 12. As expected, the LH
signal mass reach declines asDmx̃1

increases, and the LHIT
signal has vanished byDmx̃1

5142.5 MeV.
The time-of-flight~TOF! signal is defined similarly to the

LHIT signal, except that thebg,0.85 requirement is re
placed by the requirement that Track II arrive at the TO
device at least 500 ps later than would a relativistic tra
For the expected 100 ps time resolution of the TOF sign
this corresponds to a 5s delay in arrival compared to a pa
ticle with b;1. Thus, we replace thebg,0.85 requirement
by
01500
h

f
-

T

.
l,

dTOF/~bc!2dTOF/c.500 ps, ~2.4!

wheredTOF is the distance to the muon chamber along
direction of flight.

As mentioned previously, for smallermx̃
1
6 values the TOF

signal accepts a significantly larger range ofbg than does the
heavy-ionizationbg,0.85 requirement of the LHIT signal
This is apparent from themx̃

1
65100 and 200 GeV windows

of Fig. 4 by comparing the totalb.bmin region to thebmin
,b,0.65 region. However, for largemx̃

1
6 near the upper

limit that can be probed by the LHIT signal~see themx̃
1
6

5400 GeV window of Fig. 4! the b,0.65 (bg,0.85)
LHIT cut has similar efficiency to the TOF cut. Thus, we c
anticipate that the TOF signal will be viable for lower lum
nosity than the LHIT signal ifmx̃

1
6 is not large, but that the

TOF signal will not be viable formx̃
1
6 values much beyond

those reachable by the LHIT signal.
The TOF cross sections as a function ofmx̃

1
6 are given in

Fig. 5 for the sameDmx̃1
values for which the LHIT cross

sections were plotted. As expected, Fig. 5 shows that
TOF signal is much more efficient than the LHIT signal
lower masses, but the upper mass limit attained using
TOF and LHIT signals is the same, e.g.,mx̃

1
6;430 GeV for

L530 fb21 andDmx̃1
5125 MeV.
2-10
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The underlying reason that the TOF and LHIT upper m
limits are the same is due to thes-wave nature of thex̃1

1x̃1
2

and x̃1
6x̃1

0 production subprocesses, which, in turn, impli
large cross sections inpp̄ collisions out to highmx̃

1
6. This

can be contrasted with the result for long-lived staus. T
p-wave nature of thet̃1t̃2 production subprocesses implie
much smallerpp̄ cross sections, for which the LHIT signa
mass reach is limited tomt̃&145 GeV. For such masses, th
LHIT requirement ofbg,0.85 is very restrictive. Due to its
acceptance ofbg values substantially beyond 0.85, the TO
signal improves the mass reach to 175 GeV@13#.

As a final comment, we believe that the presence of
additional TOF device between the EC and HC could be
significant value in the search forct&1 m. With an appro-
priate electronics design, events with a chargino that reac
the inner TOF device but not the muon chamber could
triggered by the inner TOF signal and the presence of a
chargino track in the tracker. The time delay of the TO
signal would indicate the mass of the particle, and su
events would be background free. However, the mass re
would only improve over the DIT signal discussed below i
heavy-ionization requirement has to be imposed in order
the latter be background free.

3. DIT signatures

As Dmx̃1
increases abovemp , ct becomes too small to

produce a LHIT or TOF signature with large efficiency. T
next signature of interest is an isolated track that passe
the way through the CT but disappears before reaching
TOF and MC. The disappearing, isolated track signatur
denoted by DIT. For our study, we employ the DO” detector
CT radius of 73 cm~which gives greater coverage for th
signal than does the CDF detector with CT radius of 1
cm!. The DO” trigger logic is well adapted to this type o
signal in that the CT track itself can be used to trigger
event provided it is sufficiently isolated. The isolation r
quired by DO” for a track trigger is that no other track be
the same azimuthal wedge as the trigger track. Each
muthal wedge is of sizeDf;0.1. The specific DIT trigger-
ing requirements we impose are

bTgct.73 cm,

pT
trigger.11 GeV, uh triggeru,2,

(
uDfu,0.1

pT
tracks2pT

trigger,2 GeV, ~2.5!

whereDf5f track2f trigger @17#. Once the event is triggered
we require~off-line! that it have highpT and decay before
reaching the TOF device and the muon chamber. With
this latter requirement, the track would be confused with
muon, unless we impose a further requirement that it
heavily ionizing. We hope to avoid such a requirement a
significantly reduces the signal event rate. Our specific D
cuts are then
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pT
track.30 GeV, 73 cm,bgct,dTOF, Ecal~DR,0.4!

2E
cal
x̃1

6

~b!<2 GeV, ~2.6!

wheredTOF is the distance to the TOF device, e.g., to the b
of the inner DO” muon chamber,Ecal(DR,0.4) is the total
energy deposited in the EC and HC calorimeters in the in

cated cone surrounding the track, andE
cal
x̃1

6

(b) is the average
ionization energy that the chargino would be expected
deposit in the EC and HC calorimeters for its~measured! b
in the given event, assuming it does not decay before exi
the HC. Given that in some events the chargino will dec
soon after entering the EC, this latter cut is quite conser
tive. A more optimal approach when the calorimeters
sufficiently segmented in the radial direction might be
look for events with chargino ionization energy deposits in
few inner segments but no corresponding energy depo
along the track direction in the outer segments. If the ter
nation of the track could be seen despite the small size of
ionization energy deposits~2–3 MIP’s, typically! and if
‘‘hot-spot’’/K0/ . . . backgrounds are not large, such eve
would be clearly distinct from background events, especia
given the pT

track.30 GeV cut. We have not attempted
implement this approach in our studies. In the absence
using the radial segmentation, theEcal cut may be very im-
portant for eliminating backgrounds. Fortunately, it is high
efficient for the signal. Although,x̃1

6x̃1
0 and x̃1

1x̃1
2 produc-

tion will have the usual hadronic~initial-state radiation,
minijet, . . .! activity associated with a hard scattering eve
the probability of having more than 5 GeV ofET of such
activity in uhu,1 is only about 30%, implying that smallEcal
near the chargino, in addition to the ionization energy dep
its of the chargino itself, will be automatic for most sign
events.

As discussed earlier, the requirements of Eq.~2.6! may on
their own be sufficient to yield a background-free signal.
this regard, theEcal(DR,0.4) cut is probably critical for
eliminating backgrounds. For example, an event in whic
S1 or S2 is produced and makes an isolated track in
tracker would be removed by this cut. Even if theS6 decays
just outside the central tracker, its decay products
strongly interacting and will produce substantial deposits
the calorimeters, especially the hadronic calorimeter. S
even after theEcal(DR,0.4) cut, one should consider th
possibility that the DIT signal will not be entirely free o
background. If not, one can impose a heavy-ionization
quirement. The ionization of the DIT will be measured in t
SVX, CT, and PS. We will consider cuts requiringb,0.6
(bg,0.75) or b,0.8 (bg,1.33). The former is roughly
equivalent to requiring three MIP’s of ionization. As illus
trated in Fig. 4, the latter is a much weaker cut that wo
accept many more signal events~at least for lower chargino
masses!, but we estimate that it would still reduce the num
ber of background events containing 1MIP tracks by at le
a factor of 10. The DIT signals with the aboveb cuts are
denoted by DIT6 and DIT8.

Cross sections for the DIT, DIT6, and DIT8 signals a
plotted as solid triangles, upside-down triangles and squa
2-11
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FIG. 6. Cross sections for DIT
and STUB ‘‘background-free’’
signatures at Run II:Dmx̃1
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respectively, in Figs. 5, 6, and 7. From Fig. 5, one finds t
for Dmx̃1

.125 MeV the DIT signal is as good or better tha

the LHIT signal. From theDmx̃1
5140 MeV window of Fig.

5, we see that even the DIT6 signal becomes superior to
LHIT and TOF signals as soon asDmx̃1

exceedsmp . Figure

6 repeats some of the smallDmx̃1
DIT results, but now in

comparison to the STUB and STUB1KINK signals dis-
cussed in the next section. Also shown in Fig. 6 is aDmx̃1

5142.5 MeV window. One sees that the DIT signals surv
crossing thex̃1

6→p6x̃1
0 decay threshold. In contrast, th

LHIT and TOF cross sections are already very small at
Dmx̃1

value. Figure 7 gives results for the DIT signals f

still larger Dmx̃1
values. Assuming no background, the 95

C.L. reaches of the DIT and DIT6 signals are given in F
12 for a range ofDmx̃1

values using the three event~no
background! criterion.

4. STUB and KINK signatures

As the chargino lifetime becomes still shorter, the pro
ability for triggering an interesting event using LHIT, TO
or DIT signals becomes small. In this case, theE” T generated
by initial-state-radiation of jets can be used to trigger
event. Such jets are inevitably present in association w
pair production of massive particles at a hadron collider.
01500
t

he

e

is

.

-

e
th
n

this section, we will then identify a chargino event by loo
ing for a track that passes all the way through the SVX
disappears prior to reaching the outer radius of the cen
tracker, i.e., a STUB track. Thect range of interest is thus
roughly 50 cm*ct(x̃1

6)*few cm. From Fig. 1 and Table I
we observe that suchct values are predicted asDmx̃1

ranges

from just slightly abovemp up to about 190 MeV. In this
Dmx̃1

range, the chargino decays primarily to a single s

charged pion plus thex̃1
0. The soft pion might be visible in

the tracker~where it would be emitted at substantial ang
relative to the STUB track, resulting in a KINK type of sig
nature!. The neutralino takes most of the energy of the dec
and is invisible. There are no calorimeter deposits associ
with the STUB. Thus, interesting events can potentially
identified by demanding that the STUB be heavily ionizin
be connected to a KINK, and/or have no associated calor
eter deposits.

For this study, we assume the detector capabilities
structure of the CDF detector, including the upgraded S
described in Ref.@11#. We define a STUB track by the re
quirement that the chargino pass through all layers of
vertex detector~we assume thatL00 is present! and that it
have largepT ~as determined off-line using the SVX track!.
We also demand that there be very little calorimeter activ
in a cone surrounding the STUB and that the track not m
it to the end of the CT or, equivalently, to the PS~in particu-
2-12
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FIG. 7. Cross sections for DIT
and STUB ‘‘background-free’’
signatures at Run II:Dmx̃1
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lar, it does not enter the calorimeters!. Our specific STUB
requirements are

pT.30 GeV, Ecal~DR,0.4!,2 GeV,

bTgct.11 cm, ubzugct,45 cm, bgct,dPS. ~2.7!

There is some chance that a signal requiring one or m
STUB’s might be background free, but such events can
be triggered on in the present CDF and DO” designs by virtue
of the fact that the SVX information is not analyzed un
level 3. Still, should some sign of this scenario become
parent in Run II data, perhaps via a very weak DIT signal,
upgrade of the trigger to include this possibility might
feasible.

Additional handles are available for ensuring that a ST
signal is background free. First, one can search for the KI
created when the chargino responsible for the STUB dec
to a charged pion inside the tracker. Forct values near 11
cm, this will be very probable. We will not explicitly explor
the efficiency for searching for KINK’s here. However, w
have computed STUB cross sections after requiring that
chargino decay a significant distance prior to reaching
outer radius of the CT. Specifically, we will give STU
cross sections for decay prior to a radial distance of 50 cm
1.1 m. ~The former is appropriate for the DO” tracker that
01500
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-
n

K
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e
e

or

ends at 73 cm—the latter is appropriate for the CDF trac
that extends to 1.3 m.! This type of signature will be denote
by SK ~for STUB1KINK !.

Finally, we have considered the additional requiremen
heavy ionization deposit in the SVX. Thus, we also pres
results requiring>1 STUB with b,0.6. The>3 MIP ion-
ization of a b,0.6 track, accompanied with the highpT

requirement and the lack of associated calorimeter acti
would certainly make this a background-free signal. No
that the STUB requirement that the chargino pass through
six layers of the SVX is critical to obtaining enoughdE/dx
samples for a reliable determination of whether or not
track is heavily ionizing. Samplings from just a couple
layers would not be adequate.

Results for the cross sections obtained by requiring>1
STUB, possibly withb,0.6 imposed, and no additional trig
ger ~NT!, are denoted by SNT and SNT6, respectively. T
cross sections for these signals as a function ofmx̃

1
6 are

plotted in Figs. 6 and 7 for a series ofDmx̃1
<200 MeV

values. Of course, they are always larger than the DIT, DI
and DIT6 cross sections, and certainly remain substantial
to much largerDmx̃1

values. The 95% C.L. limits based o
three events~no background! are given for the SNT and
SNT6 signals for a selection ofDmx̃1

values in Fig. 12.
Here, we see very significant mass reach results for
2-13
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smallest of theDmx̃1
values, but the mass reach decrea

significantly asDmx̃1
increases. In particular, we note th

for Dmx̃1
>250 GeV, only the SNT signal~and the SMET

signal discussed below! have cross sections above 0.1 fb f
mx̃

1
6>50 GeV. The corresponding 95% CL upper limits a

shown in Fig. 12, but we do not give the corresponding cr
section plots.

In order to assess the efficiency for seeing KINK’s
association with STUB’s we present Figs. 8 and 9. In Fig
we giveDmx̃1

5130 MeV cross sections for the 50 and 1
cm maximum radii~as appropriate for DO” and CDF, respec-
tively!, both before and after ab,0.6 cut, in comparison to
the full SNT cross section~no b cut!. For anyDmx̃1

,mp ,
the relative efficiencies for these different cross sections
essentially the same. But, observation of a KINK decay

FIG. 8. Cross sections for SKNT and SKNT6 signals where
KINK distance is either 50 cm, as appropriate for DO” , or 110 cm, as
appropriate for CDF. The solid curve is the SNT~no b cut! cross
section.

FIG. 9. Cross sections for SKNT, SKNT6, SKMET, and SK
MET6 signals at DO” in which the K refers to the requirement th
the chargino decay prior to a radial distance of 50 cm. Also sho
for comparison, as the solid and dotted lines, respectively, are
SNT and SMET~no b cut! cross sections at DO” .
01500
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Dmx̃1
,mp will be very difficult since the electron in the

dominant x̃1
6→e6nex̃1

0 decay is very soft. However, onc
Dmx̃1

.mp we will be looking for a somewhat harder~but

still soft! charged pion daughter track. In Fig. 9, we prese
the SKNT and SKNT6 cross sections for the DO” KINK dis-
tance of 50 cm for Dmx̃1

5140 MeV and Dmx̃1

5142.5 MeV. We observe that theDmx̃1
5142.5 MeV SNT

and SKNT results are essentially the same. This is beca
for Dmx̃1

.142.5 MeV, thect of the x̃1
6 is sufficiently short

that the decay always occurs before reaching 50 cm. S
larly, results for the CDF KINK distance of 1.1 m differ ver
little from the SNT results for anyDmx̃1

>140 MeV.

Unfortunately, as we have already emphasized, the ab
signals are not available for the current CDF and DO” trigger
designs. Thus, we now consider STUB and STUB1KINK

type signatures using anE” T.35 GeV trigger for the even

(E” T is computed assuminguhu,4 calorimeter coverage an
standard smearing and without including any SVX or trac
information!. These signals will be generically denoted b

SMET and SKMET. TheE” T trigger selects events with
initial-state gluon radiation. For reference, theE” T.35 GeV
trigger requirement retains 8–13 % of allx̃1

1x̃1
2 and x̃1

6x̃1
0

events. While this is not a large efficiency, it has the adv
tage of further reducing backgrounds from the very beg
ning. A photon tag trigger was also considered, but was
found to be competitive with theE” T trigger.

The main physics background after the trigger, but bef
any STUB requirements, isZ(→nn̄)1 jet, which has an ef-
fective cross section after our triggering requirements
seff;103 fb. Before STUB requirements, pure QCD bac
grounds are two orders of magnitude larger than
Z(→nn̄)1 jet background after requiringE” T.35 GeV, i.e.,
seff;105 fb. The requirement of an isolated, charged tra
reduces this background by at least a factor 1023 @21#. A
further requirement of>2 MIP energy deposit on all 6 SVX
layers contributes another factor of;1023. Therefore, we
estimate a background cross section below about 0.1 fb
cut of pT.30 GeV on the track may be sufficient without th
2MIP requirement. For a first estimate of sensitivity, we a
sume that the backgrounds are negligible after requiring
or more STUB tracks.

The cross sections for the SMET and SMET6~i.e., b
,0.6 being required for the latter! signals are plotted as
function of mx̃

1
6 in Figs. 6 and 7 in comparison to the DI

and DIT6 signals. The corresponding three event mass lim
are given in Fig. 12, including results forDmx̃1

5250 and
300 MeV. These latter points show that only the SNT a
SMET signals will give a background-free cross section
Dmx̃1

as large as 300 MeV.
We have also compared the SMET cross section to

cross section obtained by requiring two STUB’s without a
cut on missing energy~not plotted!. One finds that the SMET
efficiency is higher than that for two STUB’s. Thus, assu
ing that the SMET signal is background free, it is only if th
one STUB, i.e., SNT, signal is also background free that o
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would gain by modifying the triggering systems at CDF a
DO” so that a STUB could be directly triggered on using t
SVX alone.

Finally, Fig. 9 shows the SKMET and SKMET6 cros
sections at DO” obtained by adding to the SMET and SMET
cuts the requirement that the chargino decay prior to 50
so that one could see in the tracker the KINK produced
the chargino decay to a soft pion. For bothDmx̃1

5140 and
142.5 MeV, we see very little difference between these t
cross sections. Thus, one could look for KINK’s with litt
sacrifice in efficiency.

5. HIP signatures

As Dmx̃1
increases above 250 MeV, the chargino, on

erage, passes through fewer and fewer layers of the S
Consequently, it becomes increasingly difficult to reconstr
the SVX track and determine itspT . In addition, the number
of dE/dx samplings decreases and it becomes progressi
more difficult to determine whether or not it is heavily io
izing. The STUB signatures become very inefficient. T
precise point at which the SMET and SMET6 signals~that
can be implemented using current DO” and CDF trigger de-
signs! become untenable must be determined by the exp
mental groups. One could be hopeful that the reach inmx̃

1
6

of these signals might be increased forDmx̃1
,300 MeV or

so by looking for tracks that penetrate some, but not all,
the SVX layers. Such signals might be relatively clean if o
could also see the KINK of thex̃1

6→p6x̃1
0 decay in the

SVX. But, it seems very unlikely that one could go mu
beyondDmx̃1

5500 MeV (ct50.1 cm). Above some poin

in the Dmx̃1
5300– 500 MeV range, the only visible sign o

the chargino will be the high-impact parameter of the s
charged pion emitted inx̃1

6 decay. Aside from needing
means for triggering on HIP tracks, we will see that subst
tial additional requirements must be imposed to control
backgrounds. As a baseline for this analysis, we use the
pact parameter resolutionsb of the upgraded SVX of the
CDF detector, described earlier and detailed in Ref.@11#. As
before, we assume that the SVX will have the propos
extra layerL00 at a radius of roughly 1.6 cm. If the chargin
decays before this radius, we use theL00 parametrization of
sb . Otherwise, if a decay occurs between 1.6 and 3.0 cm
use theL0 resolution. For a pion track ofpT575 MeV, this
corresponds tosb of 0.28 ~0.37! mm usingL00 (L0); the
corresponding largepT limits are roughly 0.012~0.014! mm.
We requireb/sb.5 to eliminate fakes, which means th
detector is not sensitive tob,0.06~0.07! mm. Such charged
tracks, withb larger than five times the resolution, will b
denoted as HIP’s.

Unlike the STUB signature, the HIP signature has ir
ducible backgrounds. The best results are obtained u
events that pass ourg1E” T requirements. The HIP back
grounds for the monojet1E” T event sample are much large
In any hard scattering process, fragmentation and hadron
tion of hard jets and beam remnants can produce particle
the central rapidity region withgct on the order of 0.1–10
cm that decay to charged tracks:KS

0, D, B, L, S, J, V. To
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reduce this background without substantially reducing
signal, we impose a number of additional cuts:

75 MeV,pT
HIP,1 GeV, ET~DR,0.4!,2 GeV,

Ntracks51. ~2.8!

The pT,1 GeV cut is not optimized. It is 100% efficien
for the soft charged pions emitted in chargino decays in
models considered here, but strongly suppresses the m
backgrounds that tend to yield HIP’s with largepT .

The pT.75 MeV cut is imposed becausesb is increasing
quickly below this value.

The ET(DR,0.4),2 GeV cut is designed to remov
HIP’s directly associated with hard jets, which~by defini-
tion! have substantial transverse energy in particles near
pT,1 GeV HIP.

Some background is removed by requiring that only o
charged track is associated with a given impact param
~i.e., mostKS

0→p1p2, L0→p1p2, etc., decays can be re
constructed and removed when one of the tracks has a l
b!.

Since heavy flavor is always produced in pairs from t
parton sea, it may be possible to tag both hadrons and el
nate part of the background (ss→S1KS

01X), but we have
not included this in our analysis. Nor have we used the f
that some of the decays with a single charged track can
explicitly reconstructed@e.g.,S1→p1p0(→gg)#. After our
cuts, of all the long-lived particles noted earlier, only eve
containing the baryonsS1, S2, J, and V survive. Addi-
tional backgrounds arise fromt decays in the processe
Z/g* (→t1t2)1g andW(→tnt)1g, but these are insig-
nificant after theg1E” T cuts.

After the cuts listed above,PYTHIA predicts that about 14
fb of background remains in the single HIP signal and
fraction of a fb in the double HIP signal, with a tail in th
impact parameter distribution extending out to theL0 radius.
For anyDmx̃1

*200 MeV, the impact parameter distributio
for the signal is quite similar to that for the background. Th
is illustrated in Fig. 10 for the case ofmx̃

1
6556 GeV and

Dmx̃1
5300 MeV. As a result, no additional cuts onb appear

to be useful and the HIP search is reduced to a simple co
ing experiment. In order to check thePYTHIA computation of
the background from baryons with delayed decays that do
nate the impact parameter distribution, it will be very use
to measure this same component of the impact param
distribution inZ(→e1e2,m1m2)1g. This will allow con-
siderable control of systematic errors in the background p
dictions. In the absence of a cross check, the results
sented here should be considered only rough estimates.

After requiring S/B.0.2, the integrated luminosity re
quired to either exclude a chargino of a given mass at
1.96s ~95% C.I.! level or discover it at the 5s level is plotted
in Figs. 11~a! or 11~b!, respectively. Formx̃

1
6 values above

those plotted,S/B falls below theS/B.0.2 criterion that we
impose. We note that the HIP signal for smallDmx̃1

is quite
weak. This is because most decays are such that the cha
passes through the SVX before decaying. In this case,
2-15



n
n
er
r

io
;

th

rge
nal,
so-
als
to

the
to
ize-
e or

ave
-

e if

k-
s on
re-

e

t

be
m

t

an

ck

ta

r

n

JOHN F. GUNION AND STEPHEN MRENNA PHYSICAL REVIEW D62 015002
should look for the STUB and STUB1KINK signatures dis-
cussed earlier, for which backgrounds are negligible a
much better sensitivity is possible. Clearly, the STUB a
HIP signals are complementary with viability for the latt
rising with increasingDmx̃1

as mass reach for the forme

declines. AsDmx̃1
increases, the HIP1g1E” T signal in-

creases in viability until Dmx̃1
&300 MeV. By Dmx̃1

5600 MeV, the typical impact parameter for the decay p
declines below 100mm, and cannot be resolved by the SVX
the HIP signal can only probemx̃

1
6 values below the roughly

70 GeV limit set by the DELPHI analysis forDmx̃1

>600 MeV ~assuming a heavy sneutrino!.
Some further discussion of the difference between

FIG. 10. Impact parameter distributions for the signal and ba
ground. We plot the differential cross section,ds/db ~in units of
pb/0.25 mm!, and the integrated cross section,*b

`(ds/db8)db8 ~in
pb units!. The signal shown here is formx̃

1
6556 GeV andDmx̃1

5300 MeV. The fluctuations in the distributions are from the s
tistics of the Monte Carlo simulation.

FIG. 11. Reach for theg1E” T searches after requiring one o
more HIP for different mass splittingsDmx̃1

. The left curve shows
the 95% C.L. exclusion; the right shows the 5s discovery. We
requireS/B.0.2 and at least 3~5! expected events for exclusio
~discovery!.
01500
d
d

n

e

STUB and HIP signals is perhaps useful. First, it is the la
background that restricts the mass reach of the HIP sig
whereas the biggest limitation on the STUB signals is as
ciated with the chargino lifetime. Second, the STUB sign
are background free, while the HIP signal is not. The key
eliminating backgrounds to STUB signatures is that
S6, . . . hadrons that can give an SVX track will decay
particles that pass all the way through the CT and give s
able hadronic calorimeter energy deposits; in addition, on
more of the decay products are normally~i.e., except for
distribution tails where the charged decay products all h
small pT! visible as a full CT track. If there is some remain
ing background, then one would have to also look to se
the STUB is heavily ionizing. TheS6, . . . background
tracks would all be minimal ionizing, so that ab,0.6 re-
quirement would certainly eliminate the remaining bac
ground. The crossover point between the signals depend
whether the heavy-ionization requirement is necessary to
move the background. ForDmx̃1

5180 MeV, Fig. 12 shows

that with L530 fb21, the SMET ~SMET6! signals ~which
include theE” T.35 GeV trigger requirement! can be used to
exclude at 95% C.I. anymx̃

1
6&240 GeV ~&140 GeV!. In

contrast, forDmx̃1
5180 MeV the HIP signal can only prob

mx̃
1
6&80 GeV. ForDmx̃1

5200 MeV, the SMET signal still

probes up tomx̃
1
6&190 GeV, but the SMET6 signal falls jus

below the 95% C.L. ForDmx̃1
5300 MeV, the SMET and

HIP signals both probe up tomx̃
1
6&90 GeV.

Various exotic signals can be envisioned that might pro
Dmx̃1

values above 600 MeV, but we only comment on the

here. For example, ifDmx̃1
.ms1mc the decay x̃1

6

→Ds* x̃1
0 may occur, leading to aDs meson that carries mos

of theDs* ’s momentum. When combined with anE” T trigger,
the signature would be quite distinctive since theDs will not
be associated with a jet. However, the event rate for such
‘‘exclusive’’ channel might be small.

-

-

FIG. 12. 95% C.L. lower limits onmx̃
1
6 as a function ofDmx̃1

for ‘‘background-free’’ signatures at Run II withL52 fb21 andL
530 fb21.
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III. SUMMARY OF RESULTS, DISCUSSION,
AND CONCLUSION

In the previous sections, we considered several signat
for chargino production in models with near mass deg
eracy between the lightest chargino and neutralino. The
tivation for these models is described in the Introduction
brief summary of the signatures appears in Table III. W
have seen that there is a natural boundary near a mass
ting of Dmx̃1

;300 MeV.

For values ofDmx̃1
&300 MeV ~mass regionA!, signals

are based on observing a long-lived chargino as a semist
isolated track in the detector. The most unique signals are
long, heavily ionizing track~LHIT ! signal and the delayed
time-of-flight ~TOF! signal. These are present for events
which the chargino does not decay before reaching the m
chambers. For events in which the chargino decays be
the muon chambers, but still produces a track of substan
length, the relevant signals are the disappearing-isola
track ~DIT! signal and the short-isolated-SVX-track~STUB!
signal. The LHIT and TOF signals are dominant ifDmx̃1

is

very small~implying a very long chargino lifetime!, but the
latter signals quickly turn on asDmx̃1

is increased, becoming

the primary signals asDmx̃1
is increased to values abov

mp .
All these signals are distinct enough to be possibly ba

ground free. Because of the subtle nature of these signa
estimating the the range ofmx̃

1
6 values to which they can b

sensitive for any givenDmx̃1
, we have imposed cuts and/o

requirements such that the backgrounds should be neglig
even at the expense of some signal rate.

For Dmx̃1
*300 MeV, the chargino has an average lif

time such that the background free signals have too low
event rate~at the Tevatron! and we are forced to conside
signals with substantial backgrounds from physics and m
measurement sources. There are two primary signals in
latter category, but the most sensitive one can only be u
for 300 MeV&Dmx̃1&600 MeV~mass regionB!. It relies on
observation of a high-impact-parameter~HIP! pion from the
chargino decay in association with a photon tag-trigger
large E” T . For 600 MeV&10– 20 GeV~mass regionC!, the
chargino decay is essentially prompt, and we are forced
use the very insensitive signal of a photon tag-trigger p
largeE” T to search for chargino production.

The importance of particular detector components a
triggers for such signatures, as outlined in the main body
this paper, should be carefully reviewed by the CDF and”
Collaborations. The silicon tracker~SVX!, central tracking
system~CT!, preshower~PS!, electromagnetic and hadron
calorimeters~EC and HC!, time-of-flight ~TOF! measure-
ment and muon chambers~MC’s! all play crucial roles that
change as a function ofDmx̃1 . ~Our detector notation is
summarized in Table II.!

We will now summarize the Tevatron mass reach inmx̃
1
6

that can be achieved in theM2,M1!umu scenario~1!, as-
suming that the gluino, squarks and sleptons are all
01500
es
-

o-

e
lit-

le,
he

on
re
ial
d-

-
in

le,

n

s-
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ed

d

to
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d
f

o

heavy to have significant production rate~as is entirely pos-
sible!.

Region (A). For Dmx̃1 values &200–300 MeV, one
considers the background-free signals summarized ab
which will have the most substantial mass reach inmx̃

1
6. The

L52 fb21 and L530 fb21 95% C.L. ~3 events, no back-
ground! limits on mx̃

1
6 deriving from these signals are sum

marized in Fig. 12. We give a brief verbal summary.
Dmx̃1,mp : For such Dmx̃1 , the averagect of the

chargino is of order a meter or more. The LHIT and TO
signals are prominent, but the DIT and STUB signals app
if Dmx̃1 is not extremely small. These arise as a result of
exponential form of thect distribution in the chargino res
frame, which implies that the chargino will decay over
range of radii within the detector. One must also include
event-by-event variation of the boosts imparted to the cha
no~s! during production.

The LHIT signature can probe masses in the range 26
325 ~380–425! GeV for L52 fb21 (30 fb21), the lower
reach applying forDmx̃1;mp and the highest reach apply
ing for anyDmx̃1&125 MeV. The reach of the TOF signa
ture is nearly identical to that of the LHIT signature.5

The DIT signature has a reach6 of 320 ~425! GeV for
120 MeV<Dmx̃1<mp , and, in particular, is more efficien
than the LHIT and TOF signals forDmx̃1;mp . The DIT
signature reach drops by about 20 GeV with ab,0.6 cut
~DIT6! designed to require that the chargino track be hea
ionizing.

The STUB signature with no additional trigger~SNT! can
reach to.340 ~450! GeV for 120 MeV<Dmx̃1<mp , where
the mass reach drops by 10–20 GeV ifb,0.6 is required.
However, neither DO” nor CDF can use STUB information a
level 1 in their current design.

With the addition of a standardE” T trigger, the resulting
STUB signature~SMET! will be viable with the present de
tectors, reaching to 240–260~350–375! GeV for 120 MeV
<Dmx̃1<mp , which numbers drop by about 10 GeV ifb
,0.6 is required~SMET6!.

mp&Dmx̃1&200– 300 MeV: The LHIT and TOF sig
natures disappear, since almost all produced charginos d
before reaching the MC or TOF.

The DIT signature remains as long as theb,0.6 ~heavily

5The primary difference between the LHIT and TOF signals
that the LHIT signal requiresbg,0.85 for heavy ionization,
whereas the effective cutoff onbg imposed by the TOF delay re
quirement allows much largerbg to also contribute. That the maxi
mum reach of the two signals is essentially the same is somew
accidental. It happens that the chargino production cross sec
are large enough that charginos with rather large mass can
probed and such massive charginos are produced with lowb. Thus,
a cut requiring lowb is highly efficient. This is illustrated, for
example, by comparing the TOF to the TOF6 results in Fig.
This same accident is generic to all the signals discussed, so lon
Dmx̃1,mp .

6We did not study lowerDmx̃1 values since they are highly im
probable after including radiative correction contributions toDmx̃1 .
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TABLE IV. Summary of the best signals at Run II forx̃1
1x̃1

2 andx̃1
6x̃1

0 production and important detecto
components and measurements as a functon ofDmx̃1

. Mass reaches quoted are 95% C.L. forL530 fb21.
Detector component notation is summarized in Table II. Signal definitions are summarized in Table II
PS, EC, or HC veto requires no preshower, small EC, or small HC energy deposits in aDR,0.4 cone around
the x̃1

6 track candidate.pT (pT
p) is thepT of the x̃1

6 ~p6 from x̃1
6→p6x̃1

0). bp is thep6 impact parameter.

Dmx̃1

~MeV!

ct
~cm!

Best Run II
signature~s!

Tigger Crucial measurements and
associated detector components

Reach
~GeV!

0 ` TOF MC TOF,pT (SVX1CT) 460
LHIT MC pT (SVX1CT), dE/dx (SVX1CT1PS) 450

125 1155 TOF MC TOF,pT (SVX1CT) 430
LHIT MC pT (SVX1CT), dE/dx (SVX1CT1PS) 425
DIT CT pT (SVX1CT), HC veto 425
DIT6 CT same1dE/dx (SVX1CT1PS), 420

135 754 LHIT MC pT (SVX1CT), dE/dx (SVX1CT1PS), 425
TOF MC TOF,pT (SVX1CT) 420
DIT CT pT (SVX1CT), HC veto 430
DIT6 CT same1dE/dx (SVX1CT1PS) 420

140 317 DIT CT pT (SVX1CT), HC veto 430
DIT6 CT same1dE/dx (SVX1CT1PS) 420

142.5 24 SMET E” T
pT (SVX), PS1EC1HC veto 345

SMET6 E” T
same1dE/dx (SVX) 320

150 11 SMET E” T
pT (SVX), PS1EC1HC veto 310

SMET6 E” T
same1dE/dx ~SVX! 270

185 3.3 SMET E” T
pT ~SVX!, PS1EC1HC veto 215

SMET6 E” T
same1dE/dx ~SVX! 120

200 2.4 SMET E” T
pT ~SVX!, PS1EC1HC veto 185

250 1.0 SMET E” T
pT ~SVX!, PS1EC1HC veto 125

300 0.56 HIP g,E” T bp (SVX,L0), pT
g ,E” T ,pT

p ~CT!, EC1HC veto 95

600 0.055 HIP g,E” T bp (SVX,L00), pT
g ,E” T ,pT

p ~CT!, EC1HC veto 75

750-? ;0 g1E” T g,E” T pT
g ,E” T

,60
ck
e
nc
te
ic

a
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ur

ly
o
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e

ta
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er
ionizing! requirement is not necessary to eliminate ba
grounds. If we requireb,0.6, there is a mismatch with th
requirement that the chargino pass through the CT—o
Dmx̃1 is above 145 MeV, and the entire signal is genera
by large boosts in the production process which is in confl
with requiring smallb.

The SNT signature probesmx̃
1
6&300 GeV ~&400 GeV!

for Dmx̃1;mp and L52 fb21 (L530 fb21). For Dmx̃1 as
large as 300 MeV, it alone among the background-free ch
nels remains viable, probingmx̃

1
6&70 GeV~&95 GeV!. Cer-

tainly, it would extend the DELPHI limits at LEP2 even i
the heavy sneutrino case. We recall that these were;90
GeV for Dmx̃1,200 MeV and ;70 GeV for 200 MeV
<Dmx̃1<3 GeV. But, as stated above, the SNT signat
will not be possible without a level-1 SVX trigger.

The STUB1E” T , SMET, and SMET6 signatures are ful
implementable at Run II and have a reach that is only ab
20 GeV lower than their SNT and SNT6 counterparts. U
fortunately, this would not extend the DELPHI limits unle
the sneutrino is light.

Region (B). For 300 MeV&Dmx̃1&600 MeV, the high-
impact-parameter~HIP! signal~a g1E” T tag for events yields
01500
-

e
d
t

n-

e

ut
-

the smallest backgrounds! is very useful despite the larg
background from production ofS6,... hadrons. It would
yield a 95% C.L. lower bound of 95 GeV~75 GeV! on mx̃

1
6

for Dmx̃15300 MeV (Dmx̃15600 MeV) for L530 fb21.
This is to be compared to the;70–75 GeV lower bound
obtained in the current DELPHI analysis of their LEP2 da
for this same range ofDmx̃1 if the sneutrino is heavy. ~If
the ñ is light, then there is no useful LEP2 limit if 60 MeV
<Dmx̃1<500 MeV, but LEP data requiresmx̃

1
6.45 GeV.!

With only L52 fb21 of data, the HIP analysis would onl
exclude mx̃

1
6,68 GeV (,53 GeV) for Dmx̃15300 MeV

(Dmx̃15600 MeV).
Region (C). For Dmx̃1*600 MeV, up to some fairly

large value~we estimate at least 10–20 GeV!, the chargino
decay products are effectively invisible at a hadron collid
and the most useful signal isg1E” T . However, this signal at
best probesmx̃

1
6&60 GeV ~for any L.2 fb21!, whereas the

DELPHI analysis of their LEP2 data already excludesmx̃
1
6

<70 GeV for 500 MeV<Dmx̃1<3 GeV ~if the sneutrino is
heavy—only <50–52 GeV if the sneutrino is light! and
mx̃

1
6<90 GeV forDmx̃1.3 GeV.
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An overall summary of the signals and their mass reac
the Tevatron for detectingx̃1

1x̃1
2 andx̃1

6x̃1
0 production in the

M2,M1!umu scenario~1! appears in Table IV.
All the above mass limits assume that the gluino is qu

heavy and rarely produced at the Tevatron. If it is not t
much heavier than the chargino, then all the above sig
will have additional event rate coming fromg̃g̃ pair produc-
tion followed by g̃→x̃1

6q8q̄ decays. The effect ofg̃g̃ pair
production on the LHIT, TOF, DIT, SNT, SMET, and HI
signatures depends strongly on the mass splitting betw
the gluino and the chargino as well as onDmx̃1 , so we did
not explicitly consider possible enhancements to these si
tures here. Instead, we focused on the fact that gluino
duction will provide a critical increase in the mass rea
when neither the chargino track nor its decay products
visible, and the only signatures are those dependent prim
upon missing transverse energy. This is the case ifDmx̃1 is
above 600 MeV but below the point at which the chargi
decay products can be seen as energetic jets or leptons
example, we explicitly considered the extreme ofmg̃;mx̃

1
6

~which is quite natural in some string models—see Introd
tion!. In this case, we found that a monojet1E” T signal will
probe~at 95% C.L.! mg̃;mx̃

1
6,150 GeV, while theg1E” T

signal will probemg̃;mx̃
1
6,175 GeV. ~Both numbers as-

sume thatS/B.0.2 is required for a viable signal in th
presence of large background.!

In some of the models in question, it is entirely possib
that Dmx̃1 is quite substantial~.20 GeV!, and the signals
considered in this paper are not very useful. If the gluino
heavy, then one should explore the potential of the trilep
signal coming fromx̃1

6x̃2
0 production. However, this is a

suppressed cross section when both the lightest neutra
and lightest chargino are W-ino like. Standard MSUGR
studies do not apply without modification; the cross sect
must be rescaled and the lepton acceptance recalculated
function of Dmx̃1 . If the gluino is close in mass to th
chargino, then the standard multijet1E” T signal will be viable
whenDmx̃1 is large enough for the jets inx̃1

6→q8q̄x̃1
0 decay

to be visible. The like-sign dilepton signal will also emer
for large Dmx̃1 , as the leptons inx̃1

6→ lnx̃1
0 become ener-

getic. Since both signals will have substantial background
detailed study is required to determine their exact mass re
as a function ofDmx̃1 . If the gluino has a moderate mass b
mg̃2mx̃

1
6 is large enough, then the extra jets fromg̃

→q8q̄x̃1
6 become visible and nearly all events contain mo

than one jet. The multijet1E” T signal becomes viable a
shown in Ref.@4#. ~We note that the reach of the monoj
1E” T signature explored here deteriorates once the mul
1E” T signal becomes substantial. For instance, we find
the former signal is no longer useful oncemg̃2mx̃

1
6

.10 GeV.! Of course, additional SUSY signals wi
emerge if some of the squarks, sleptons and/or sneutrino
light enough~but still heavier than thex̃1

6! that their produc-
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tion rates are substantial. In particular, leptonic signals fr
the decays@e.g., l̃ L

6→ l 6x̃1
0 or ñ l→ l 6x̃1

7 in scenario~1!#
would be present.

If one or more of the signatures outlined here are o
served, then the precise values ofmx̃

1
6 andDmx̃1 will be of

significant theoretical interest.mx̃
1
6 will be determined on an

event-by-event basis if the chargino’s momentum and ve
ity can both be measured. For the LHIT signal,p will be
measured by the curvature of the track in the SVX and in
CT. The velocity will be measured by the ionization ener
deposit in the SVX, CT, and PS. In the case of the TO
signal, there will be, in addition, an independent time-o
flight determination ofb. For the DIT signal, the SVX1CT
curvatures give a measurement ofp and the SVX1CT1PS
ionization energy deposits provide a determination ofb. For
the SNT and SMET signals,p and b are measured by cur
vature and ionization~respectively! in the SVX. ~Note that,
in all these cases, accepting only events roughly consis
with a given value ofmx̃

1
6 will provide further discrimination

against backgrounds.! However, for the HIP andg1E” T sig-
nalsmx̃

1
6 can only be estimated from the absolute event ra

As regardsDmx̃1 , it will be strongly constrained by knowing
which signals are present and their relative rates. In addit
if the soft charged pion can be detected, its momentum
tribution, in particular the endpoint thereof, would provid
an almost direct determination ofDmx̃1 .

Given the possibly limited reach of the Tevatron when t
lightest neutralino and chargino are nearly degenerate, it
be very important to extend these studies to the LHC.
particularly important issue is the extent to which the lar
ct tails of thex̃1

6 decay distributions can yield a significan
rate in the background-free channels studied here. Hopef
as a result of the very high event rates and boosted kinem
ics expected at the LHC, the background-free channels
remain viable for significantly largerDmx̃1 andmx̃

1
6 values

than those to which one has sensitivity at the Tevatron
this regard, a particularly important issue for maximizing t
mass reach of these channels will be the extent to wh
tracks in the silicon vertex detector and/or in the cent
tracker can be used for triggering in a high-luminosity en
ronment.

While finalizing the details of this study, two other pape
@22,23# appeared on the same topic. Some of the signatu
discussed here are also considered in those papers. Our
ies are performed at the particle level and contain the m
important experimental details.
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