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Resonant slepton production in hadron-hadron collisions
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We consider the resonant production of sleptons viaR” p in hadron-hadron collisions followed by supersym-
metric gauge decays of the sleptons. We look at decay modes which lead to the production of a like-sign
dilepton pair. The dominant production mechanism giving this signature is the resonant production of a
charged slepton followed by a decay to a charged lepton and a neutralino which then decays viaR” p . The
discovery potential of this process at run II of the Fermilab Tevatron and the CERN LHC is investigated using
the HERWIG Monte Carlo event generator. We include the backgrounds from the MSSM. We conclude with a
discussion of the possibility of extracting the lightest neutralino and slepton masses.
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I. INTRODUCTION

In the R-parity violating (R” p) extension of the minima
supersymmetric standard model~MSSM! @1# supersymmet-
ric particles can be produced on resonance. While the c
sections for these resonant production processes are
pressed by theR” p Yukawa couplings, the kinematic reach
greater than that of supersymmetric particle pair product

The R” p extension to the MSSM contains the followin
additional terms in the superpotential:

WR” p
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k1k iL iH2 , ~1!

wherei , j 51,2,3 are the generation indices,a,b51,2 are the
SU(2)L indices anda,b,g51,2,3 are theSU(3)C indices.
Li (Qi) are the lepton~quark! SU(2) doublet superfields,Ēi

(D̄ i ,Ū i) are the electron~down and up quark! SU(2) singlet
superfields, andHn , n51,2, are the Higgs superfields. For
recent summary of the bounds on the couplings in Eq.~1! see
@2#.

The terms in Eq.~1! lead to different resonant productio
mechanisms in various collider experiments. The first te
leads to resonant sneutrino production ine1e2 collisions
@3–9#, while the third term gives resonant squark product
in hadron-hadron collisions@10–17#. The second term give
both resonant squark production inep collisions @18# and
resonant slepton production in hadron-hadron collisio
which we will consider here.

A systematic study ofR” p signatures at hadron collider
was first performed in@11#. Resonant slepton production i
hadron-hadron collisions has previously been considere
@10,11,19,20,13,12,21–23#. The signature of this process d
pends on the decay mode of the resonant slepton. The
0556-2821/2001/63~5!/055008~23!/$15.00 63 0550
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ous possible decay channels are given in Table I. Most of
previous studies have considered only theR” p decays of the
resonant slepton to either leptons via the first term in Eq.~1!
@10,19,20,13#, or to quarks via the second term in Eq.~1!
@10,20,13,12#. There has been no study of the supersymm
ric gauge decays of the resonant charged sleptons. The c
sections for these processes were first presented in@10#
where there was a discussion of the possible experime
signatures; however the signal we are considering was
discussed and there was no calculation of the standard m
background. In several workshop contributions we have p
sented first studies of the supersymmetric gauge decay
charged sleptons@13,21,23#. Here we present a complet
analysis of both the Fermilab Tevatron and CERN Lar
Hadron Collider~LHC! case. The supersymmetric gauge d
cays of sneutrinos have been studied in@22,23#. These stud-
ies were performed using a hadron-level Monte Carlo sim
lation for both the signal and background processes,
addition the analyses of@22,23# used a detector simulatio
and looked at the trilepton signature for resonant sneut
production.

TABLE I. Decay modes of charged sleptons and sneutrinos.
index a51,2 gives the mass eigenstate of the slepton.

Charged Sleptons Sneutrinos

Supersymmetric l̃ ia→ l i
2x̃0 ñ i→n i x̃

0

Gauge Decays l̃ ia→n i x̃
2 ñ i→ l i

2x̃1

R” p Decays l̃ ia→ū jdk ñ i→d̄ jdk

l̃ ia→ n̄ j l k
2 ñ i→ l j

1l k
2

Weak Decays l̃ ia→ ñ iW
2 ñ i→ l̃ iaW1

l̃ i2→ l̃ i1Z0

Higgs Decays l̃ ia→ ñ iH
2 ñ i→ l̃ iaH1

l̃ i2→ l̃ i1h0 ,H0 ,A0
©2001 The American Physical Society08-1
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We will consider a specific signature, i.e. like-sign dile
ton production, for these processes rather than any one g
resonant production mechanism. We would expect like-s
dilepton production to have a low background from stand
model ~SM! processes. This is an extension of our analy
of @13,21,23# to include additional signal processes and st
dard model backgrounds. We also consider the backgro
from sparticle pair production and the possibility of meas
ing the sparticle masses which was not considered
@13,21,23#. We use a parton-shower Monte Carlo simulatio
including hadronization but no detector simulation, for bo
the signal and background processes.

In Sec. II we will consider the signal processes in mo
detail, followed by a discussion of the various different pr
cesses which contribute to the background in Sec. III.
will also discuss the various cuts which can be used to
duce the background. In Sec. IV we will then consider
discovery potential at both run II of the Tevatron and at
LHC. We also consider the possibility of reconstructing t
neutralino and slepton masses using their decay produc

II. SIGNAL

There are a number of different possible product
mechanisms for a like-sign dilepton pair via resonant slep
production. The dominant production mechanism is the p
duction of a charged slepton followed by a supersymme
gauge decay of the charged slepton to a neutralino an
charged lepton. This neutralino can then decay via
crossed process to give a second charged lepton, which
to the Majorana nature of the neutralino can have the s
charge as the lepton produced in the slepton decay. The
duction of a charged lepton and a neutralino via the LQ
term in theR” p superpotential, Eq.~1!, occurs at tree level via
the Feynman diagrams given in Fig. 1. The decay of
neutralino occurs at tree level via the diagrams given in F
2.

Like-sign dileptons can also be produced in reson
charged slepton production with a supersymmetric gauge
cay of the slepton to a chargino and neutrino,l̃ 1→x̃1

1n l .

The chargino can then decayx̃1
1→ l 1n l x̃1

0. Again, given the
Majorana nature of the neutralino, it can decay to give
like-sign dilepton pair.

FIG. 1. Production ofx̃0l 1.

FIG. 2. Feynman diagrams for the decayx̃0→ l 1dū. The neu-
tralino is a Majorana fermion and decays to the charge conju

final state as well. There is a further decay modex̃0→ndd̄.
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The production of like-sign dileptons is also possible
resonant sneutrino production followed by a supersymme
gauge decay to a chargino and a charged leptonñ

→ l 2x̃1
1 . This can be followed byx̃1

1→qq̄8x̃1
0, the neu-

tralino can then decay as in Fig. 2 to give a like-sign dilept
pair.

All the resonantR” p production mechanisms and the d
cays of the SUSY particles have been included in
HERWIG event generator@24#. The implementation of both
R-parity conserving andR-parity violating SUSY is de-
scribed in@25#, the matrix elements used for the variousR” p
processes are given in@12#.

We will only consider one of theR” p Yukawa couplings to
be non-zero at a time. We shall focus onl8211, which leads
to resonant smuon production. The production cross sec
depends quadratically on theR” p Yukawa coupling. The low-
energy bound is given by

l2118 ,0.0593S Md̃R

100 GeV
D , ~2!

from the ratio Rp5G(p→ene)/G(p→mnm) @2,4#. The
bound on the couplingl1118 from neutrino-less double bet
decay@2,26# is very strict and basically excludes an obse
able signal. For higher generation couplingsl2i j8 the cross
section is suppressed by low parton luminosities. We do
consider the production oft leptons.

As we are considering a dominantl2118 coupling the lep-
tons produced in the neutralino decays and the hard
cesses will be muons. We will therefore require through
that both leptons are muons because this reduces the b
ground, where electrons and muons are produced with e
probability, with respect to the signal. This typically reduc
the standard model background by a factor of four wh
leaving the dominant signal process almost unaffected
will lead to some reduction of the signal from channe
where some of the leptons are produced in cascade de
from the decay of aW or Z boson.

The signal has a number of features, in addition to
presence of a like-sign dilepton pair, which will enable us
extract it above the background:

Provided that the difference between the slepton and
neutralino or chargino masses is large enough both the
tons will have a high transverse momentum,pT , and be well
isolated.

As the neutralino decays inside the detector, for this s
nature, there will be little missing transverse energy,E” T , in
the event. AnyE” T will come from semi-leptonic hadron de
cays or from cascade decays following the production o
chargino or one of the heavier neutralinos.

The presence of a third lepton can only come from se
leptonic hadron decays, or in SUSY cascade decays
chargino or one of the heavier neutralinos is produced.

The presence of two hard jets from the decay of the n
tralino.

The cross section for the signal processes and
te
8-2
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FIG. 3. Contours showing the lightest neu

tralino mass, solid lines, and them̃L mass, dashed
lines, in theM0 , M1/2 plane withA050 GeV for
different values of tanb and sgnm. The hatched
regions at smallM0 are excluded by the require

ment that thex̃1
0 be the LSP. The region at larg

M0 and tanb is excluded because there is n
radiative electroweak symmetry breaking. Th
vertically striped region is excluded by the LE
experiments. This was obtained using the lim
on the chargino@28# and smuon@29# production
cross sections, and the chargino mass@30#. This
analysis was performed usingISAJET 7.48 @31#.
try
am
ity
fo

d
c-
te

te
es

o
th

icl
le
e

e
s

ne

-
te
th
ic
e

t be
e are

d
en

tal

m

f
o

on
ion
e

rly
the
es,
ton

lino
ino
ter-
er-

en
acceptance1 will depend upon the various supersymme
~SUSY! parameters. Because of the large number of par
eters we will use the standard minimal supergrav
~SUGRA! scenario where the soft SUSY breaking masses
the gauginos (M1/2) and scalars (M0), and the tri-linear
SUSY breaking terms (A0) are universal at the grand unifie
theory ~GUT! scale. In addition we require radiative ele
troweak symmetry breaking. This leaves five parame
M1/2, M0 , A0 , tanb and sgnm.

We have performed a scan inM0 and M1/2 with A050
GeV for two different values of tanb and both values of
sgnm. The masses of the left-handed smuon and the ligh
neutralino are shown in Fig. 3. There are regions in th
plots which we have not considered either due to the lack
radiative electroweak symmetry breaking, or because
lightest neutralino is not the lightest supersymmetric part
~LSP!. In the MSSM, the LSP must be a neutral color sing
@27#, from cosmological bounds on electric- or color-charg
stable relics. However ifR-parity is violated the LSP can
decay and these bounds no longer apply. We should th
fore consider cases where one of the other SUSY particle
the LSP. We have only considered the case where the
tralino is the LSP for two reasons:

~1! Given the unification of the SUSY breaking param
eters at the GUT scale it is hard to find points in parame
space where the lightest neutralino is not the LSP without
lightest neutralino becoming heavier than the sleptons, wh
tend to be the lightest sfermions in these models. If the n

1We define the acceptance to be the fraction of signal ev
which pass the cuts.
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tralino is heavier than the sleptons the resonance will no
accessible for the supersymmetric gauge decay modes w
considering and the slepton will decay viaR” p modes.

~2! The ISAJET code for the running of the couplings an
the calculation of the MSSM decay modes only works wh
the neutralino is the LSP.

The plots in Fig. 3 also include the current experimen
limits on the SUSY parameters from the CERNe1e2 col-
lider LEP. This experimentally excluded region comes fro
two sources: the region at largeM0 is excluded by the limit
on the cross section for chargino pair production from@28#
and the limit on the chargino mass from@30#; the region at
small M0 is excluded by the limit on the production o
smuons from@29#. There is also a limit on the neutralin
production cross section from@28#, however for most of the
SUGRA parameter space this is weaker than the limit
chargino pair production. The gap in the excluded reg
betweenM0 of about 50 GeV and 100 GeV is due to th
presence of a destructive interference between thet-channel
sneutrino exchange and thes-channel photon andZ ex-
changes in the chargino production cross section ine1e2

collisions.
The limit on the couplingl2118 is shown in Fig. 4. As can

be seen from Figs. 3 and 4 the limit on the coupling is fai
weak for large regions of parameter space, even when
smuon is relatively light. This is due to the squark mass
upon which the limit depends, being larger than the slep
masses, in the SUGRA models@cf. Eq. ~2!#.

The signature we are considering requires the neutra
to decay inside the detector. In practice, if the neutral
decays more than a few centimeters from the primary in
action point a different analysis including the displaced v

ts
8-3
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FIG. 4. Contours showing the limit on theR” p

Yukawa couplingl2118 in theM0 , M1/2 plane for
A050 GeV and different values of tanb and
sgnm. The striped and hatched regions are t
same as in Fig. 3.
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tices would be necessary. The neutralino decay lengt
shown in Fig. 5 and is small for all the currently allowe
values of the SUGRA parameters. There will however b
lower limit on theR” p couplings which can be probed usin
this process as the decay length;1/l8211

2 @32#.

III. BACKGROUNDS

A. Standard model backgrounds

The dominant standard model backgrounds to like-s
dilepton production come from:

Gauge boson pair production, i.e. production ofWZ or
ZZ followed by leptonic decays with some of the leptons n
being detected.

t t̄ production. Either thet or t̄ decays semi-leptonically
giving one lepton. The second top quark decays hadr
cally. A second lepton with the same charge can be produ
in a semi-leptonic decay of the bottom hadron formed in
decay of the second top quark, i.e.

t→W1b→m1n̄mb,

t̄→W2b̄→qq̄b̄, b̄→m1n̄mc̄. ~3!

bb̄ production. If either of these quarks hadronizes
form a Bd,s

0 meson this can mix to give aB̄d,s
0 . This means

that if both the bottom hadrons decay semi-leptonically
leptons will have the same charge as they are both com
from eitherb or b̄ decays.

Single top quark production. A single top quark can
produced together with ab̄ quark by either ans- or t-channel
05500
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W exchange. This can give one charged lepton from the
decay, and a second lepton with the same charge from
decay of the meson formed after theb quark hadronizes.

Non-physics backgrounds. There are two major sourc
~i! from misidentifying the charge of a lepton, e.g. in Dre
Yan production, and~ii ! from incorrectly identifying an iso-
lated hadron as a lepton. This means that there is a m
source of background fromW production with an additiona
jet faking a lepton.

These processes have been extensively studied@33–45# as
they are also the major backgrounds to the production
like-sign dileptons in the MSSM. The first studies of like
sign dilepton production at the LHC@37# only considered the
background from heavy quark production, i.e.t t̄ andbb̄ pro-
duction. More recent studies for both the LHC@38–41# and
run II of the Tevatron@42–45# have also considered th
background from gauge boson pair production. In addit
the Tevatron studies@42–45# have included the non-physic
backgrounds. We have considered all the physics ba
grounds, from both heavy quark production and gauge bo
pair production, but have neglected the non-physics ba
grounds which would require a full simulation of the dete
tor. As we discuss below, since our signal is different, t
optimal cuts are also different in our case.

In these studies a number of different cuts have been u
to suppress the backgrounds. These cuts can be split into
groups, firstly those cuts which are designed to reduce
background from heavy quark production:

A cut on thepT of the leptons requiring

pT
lepton.pT

CUT. ~4!

The values ofpT
CUT for Tevatron studies have been between
8-4
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FIG. 5. Contours showing the decay length
a neutralino produced in the decay of an on-ma
shell slepton in theM0 , M1/2 plane for A050
GeV, l2118 51022 and different values of tanb
and sgnm. The striped and hatched regions a
the same as in Fig. 3.
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and 20 GeV. Higher values, between 20 and 50 GeV, h
usually been used in LHC simulations.

A cut requiring that the leptons are isolated, i.e. impos
a cut on the transverse energy,ET

IC , in a cone about the
direction of the lepton such that

ET
IC,E0 . ~5!

E0 has usually been taken to be less than 5 GeV for Teva
simulations and between 5 and 10 GeV for LHC studies. T
radius of the cone is usually taken to be

DR5ADf21Dh2,0.4, ~6!

whereDf is the azimuthal angle andDh the pseudo-rapidity
of the particles with respect to the lepton.

It was shown in@37# that these cuts can reduce the bac
ground from heavy quark production by several orders
magnitude. Any highpT lepton from a bottom hadron deca
must come from a highpT hadron. This is due to the sma
mass of the bottom hadron relative to the leptonpT which
means the lepton will be travelling in the same direction
the other decay products@46#. Hence the isolation andpT
cuts remove the majority of these events.

The analyses of@40–43,45,44# then imposed further cut
to reduce the backgrounds from gauge boson pair prod
tion, which is the major contribution to the SM backgrou
after the imposition of the isolation andpT cuts:

A cut on the invariant mass,ml 1 l 2, of any pair of oppo-
site sign same flavor~OSSF! leptons to remove those lepton
coming from Z decays, i.e.

uMZ2ml 1 l 2u,ml 1 l 2
CUT , ~7!
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was used in the analyses of@42,44,45#.
Instead of a cut on the mass of OSSF lepton pairs so

analyses considered a veto on the presence of an OSSF
ton pair in the event.

In @45,43# a cut on the transverse mass was imposed
reject leptons which come from the decays ofW bosons. The
transverse mass,MT , of a lepton neutrino pair is given by

MT
252upTl

uupTn
u~12cosDf ln!, ~8!

wherepTl
is the transverse momentum of the charged lept

pTn
is the transverse momentum of the neutrino~assumed to

be the total missing transverse momentum in the event! and
Df ln is the azimuthal angle between the lepton and the n
trino, i.e. the missing momentum in the event. This cut
applied to both of the like-sign leptons in the event to rej
events in which either of them came from the decay of aW
boson. A cut removing events with 60 GeV,MT,85 GeV
was used in@45# to reduce the background fromWW and
WZ production.

For the MSSM signatures considered in@42,43,45,44#
there is missing transverse energy,E” T , due to the LSP es-
caping from the detector. This allowed them to impose a
on theE” T , E” T.ET

CUT , to reduce the background.
There are however differences between the MSSM sig

tures which were considered in@42,43,45,44# and theR” p
processes we are considering here. In particular as the
decays, there will be little missing transverse energy in
R” p events. This means that instead of a cut requiring theE” T
to be above some value we will consider a cut requiring
E” T to be less than some value, i.e.

E” T,ET
CUT . ~9!
8-5
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This cut will remove events from some of the possible re
nant production mechanisms, i.e. those channels whe
neutrino is produced in either the slepton decay or the c
cade decay of a chargino, or one of the heavier neutrali
to the lightest neutralino. However it will not affect the d
cay of a charged slepton to a neutralino which is the do
nant production mechanism over most of the SUSY para
eter space.

Similarly, the signal we are considering in general w
not contain more than two leptons. Further leptons can o
come from cascade decays following the production of eit
a chargino or one of the heavier neutralinos, or from se
leptonic hadron decays. This means that instead of the cu
the invariant mass of OSSF lepton pairs we will only co
sider the effect of a veto on the presence of OSSF pairs.
veto was considered in@42,43# but for the MSSM signal
considered there it removed more signal than backgroun

B. SUSY backgrounds

So far we have neglected what may be the major sou
of background to this process, i.e. supersymmetric part
pair production. If we only consider smallR” p couplings the
dominant effect in sparticle pair production is that the L
produced at the end of the cascade decays of the other S
particles will decay. For largeR” p couplings the cascade de
cay chains can also be affected by the heavier SUSY
ticles decaying viaR” p modes, which we will not conside
here.2 The LSP will decay giving a quark-antiquark pair an
either a charged lepton or a neutrino. There will usually
two LSPs in each event, one from the decay chain of eac
the sparticles produced in the hard collision. This means
they can both decay to give leptons with the same cha
Leptons can also be produced in the cascade decays. T
processes will therefore be a major background to like-s
dilepton production via resonant slepton production.

The cuts which were intended to reduce the stand
model background will also significantly reduce the bac
ground from sparticle pair production. However we will ne
to impose additional cuts to suppress this background. In
signal events there will be at least two highpT jets from the
neutralino decay, there may be more jets from either init
state QCD radiation or radiation from quarks produced in
neutralino decay. In the dominant production mechanism,
m̃→m2x̃1

0, this will be the only source of jets, however a
ditional jets can be produced in the cascade SUSY deca
a chargino or one of the heavier neutralinos is produced
the SUSY background there will be at least four highpT jets
from the neutralino decays, plus other jets formed in
decays of the colored sparticles which are predomina
formed in hadron-hadron collisions. This suggests two p
sible strategies for reducing the sparticle pair product
background:

~1! A cut such that there are at most 2 or 3 jets~allowing
for some QCD radiation! above a givenpT . This will reduce

2These additional decays are included inHERWIG6.1.
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the SUSY background which typically has more than fo
high pT jets.

~2! A cut such that there are exactly two jets, or only tw
or three jets above a givenpT . This will reduce the gauge
boson pair background where typically the only jets co
from initial-state radiation, as well as the background fro
sparticle pair production.

In practice we would use a much higher momentum cu
the first case, as we only need to ensure that the cut is
ficiently high that most of the sparticle pair productio
events give more than 2 or 3 jets above the cut. Howe
with the second cut we need to ensure that the jets in
signal have sufficiently highpT to pass the cut as well. In
practice we found that the first cut significantly reduced
sparticle pair production background while having little e
fect on the signal, while the second cut dramatically redu
the signal as well. In the next section we will consider t
effects of cut 1 on both the signal and background at run I
the Tevatron and the LHC.

IV. SIMULATIONS

HERWIG6.1 @24# was used to simulate the signal and t

backgrounds from sparticle pair,t t̄ , bb̄ and single top quark
production.HERWIG does not include gauge boson pair pr
duction in hadron-hadron collisions and we therefore u
PYTHIA6.1 @47# to simulate this background. The simulatio
of the signal includes all the non-R” p decay modes given in
Table I. We used a cone algorithm withR50.4 radians for
all the jet reconstructions. The algorithm is similar to th
used by CDF, apart from using the midpoints between t
particles as a seed for the algorithm in addition to the p
ticles themselves. The inclusion of the midpoints as se
improves the infra-red safety of the cone algorithm.

Due to the large cross sections for some of the stand
model backgrounds before any cuts we imposed parton-l
cuts and forced certain decay modes in order to simula
sufficient number of events with the resources available.
designed these cuts in such a way that hopefully they
weaker than any final cut we apply, so that we do not lo
any of the events that would pass the final cuts. We impo
the following cuts for the various backgrounds:

bb̄ production. We forced theB hadrons produced by th
hadronization to decay semi-leptonically. This neglects
production of leptons in charm decays which has a hig
cross section but which we would expect to have a lowerpT
and be less well isolated than those leptons produced in
tom decays. If there was only oneBd,s

0 meson in the even
this was forced to mix. When there was more than oneBd,s

0

meson then one of them was forced to mix and the oth
were forced not to mix. Similarly we imposed a parton-lev
cut on the transverse momentum of the initialb and b̄,

pT
b,b̄>pT

parton. This parton-level cut should not affect th
background provided that we impose a cut on the transv
momentum of the leptons produced in the decay,pT

lepton

>pT
parton.

t t̄ production. While not as large as thebb̄ production
8-6
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FIG. 6. Contours showing the cross sectio
for the production of a neutralino and a charg
lepton at run II of the Tevatron in theM0 , M1/2

plane forA050 GeV andl2118 51022 with dif-
ferent values of tanb and sgnm. The striped and
hatched regions are described in the caption
Fig. 3.
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cross section the cross section fort t̄ is large, particularly at
the LHC. We improved the efficiency by forcing one of th
top quarks in each event to decay semi-leptonically, ag
this neglects events in which there are leptons from ch
decay. However we did not impose a cut on thepT of the top
quarks as due to the large top quark mass even relatively
pT top quarks can give highpT leptons.

Single top quark production. While the cross section fo
this process is relatively small compared to the heavy qu
pair production cross sections we still forced the top to de
semi-leptonically as above to reduce the number of eve
we need to simulate.

Gauge boson pair production. The cross sections fo
these processes are relatively small and it was not neces
to impose any parton-level cuts, or force particular dec
modes.

Where possible the results of the Monte Carlo simulatio
have been normalized by using next-to-leading-order cr
sections for the various background processes. We used
next-to-leading-order calculation of@48# for gauge boson
pair production. Thet t̄ simulations were normalized usin
the next-to-leading-order with next-to-leading-log resumm
tion calculation from@49#.

The calculation of a next-to-leading-order cross sect
for bb̄ production is more problematic due to the parto
level cuts we imposed on the simulated events. There a
range of possible options for applying thepT cut we imposed
on the bottom quark at next-to-leading order. At leading
der the transverse momenta of the quarks are identical
therefore the cut requires them both to have transverse
mentumpT.pT

CUT. However at next-to-leading order, due
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gluon radiation, the transverse momenta of the quarks ar
longer equal. Therefore a cut on for example thepT of the
hardest quark,pT1

.pT
CUT , together with a cut on the lowe

pT quark, pT2
.pT

CUT 2d, with any positive value ofd
,pT

CUT is the same as the leading-order cut we appli
Given that we need a high transverse momentum bot
hadron to give a highpT lepton and only events with two
such highpT leptons will contribute to the background a c
requiring both bottom quarks to havepT.pT

CUT , i.e.d50, is
most appropriate. However at this point the perturbat
theory is unreliable@50# and for the cuts we applied th
next-to-leading-order cross section is smaller than
leading-order result. We therefore applied the cutpT1

.pT
CUT with no cut on the softer bottom as this avoids t

point at which the perturbative expansion is unreliable,
d5pT

CUT . We used the program of@51# to calculate the next-
to-leading-order cross section with these cuts.

All of the simulations and SUSY cross section calcu
tions used the latest MRS parton distribution set@52#, as did
the calculation of the single top production cross secti
The parton distribution sets used in the various next-
leading-order cross sections are described in the relevan
pers.

We can now study the signal and background in m
detail for both the Tevatron and the LHC. This is followe
by a discussion of methods to reconstruct the masses of
the lightest neutralino and the resonant slepton.

A. Tevatron

The cross section for the production of a neutralino an
charged lepton, which is the dominant production mec
8-7
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FIG. 7. Contours showing the cross sectio
for the production of a slepton followed by a su
persymmetric gauge decay at run II of the Tev
tron in theM0 , M1/2 plane forA050 GeV and
l2118 51022 with different values of tanb and
sgn m. The striped and hatched regions are d
scribed in the caption of Fig. 3.
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nism, is shown in Fig. 6 in theM0 , M1/2 plane withA050
GeV andl2118 51022 for two different values of tanb and
both values of sgnm. The total cross section for resona
slepton production followed by supersymmetric gauge
cays is shown in Fig. 7. As can be seen the total cross sec
closely follows the slepton mass contours shown in Fig
whereas the neutralino lepton cross section falls-off m
quickly at smallM1/2 where the charginos and heavier ne
tralinos can be produced. This cross section must be m
plied by the acceptance, i.e. the fraction of signal eve
which pass the cuts, to give the number of observable ev
in the experiment.
05500
-
on
3
e
-
ti-
ts
ts

We will first discuss the cuts applied to reduce the vario
standard model backgrounds and then present the disco
potential at the Tevatron if we only consider these ba
grounds. This is followed by a discussion of the addition
cuts needed to reduce the background from sparticle
production.

1. Standard model backgrounds

We have applied the following cuts to reduce the stand
model backgrounds:

~1! A cut requiring all the leptons to be in the centr
region of the detector,uhu,2.0.
efore
including

ed to

e

FIG. 8. Effect of the isolation cuts on thet t̄ andbb̄ backgrounds at run II of the Tevatron. The dashed line gives the background b
any cuts, the solid line shows the effect of the isolation cut described in the text. The dot-dash line gives the effect of all the cuts,

the cut on the number of jets, for thebb̄ background this is indistinguishable from the solid line. The distributions have been normaliz

2 fb21 integrated luminosity. As a parton-level cut of 20 GeV was used in simulating thebb̄ background the results below 20 GeV for th
leptonpT do not correspond to the full number of background events.
8-8
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FIG. 9. The transverse mass and missi
transverse energy in WZ events at run II of th
Tevatron. The distributions are normalized to
fb21 luminosity.
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~2! A cut on the transverse momentum of each of
like-sign leptonspT

lepton>20 GeV, this is the lowest cut we
could apply given our parton level cut ofpT

parton520 GeV,

for the bb̄ background.
~3! An isolation cut on the like-sign leptons so that t

transverse energy in a cone of radius,R5ADf21Dh2

50.4, about the direction of the lepton is less than 5 Ge
~4! We reject events with 60 GeV,MT,85 GeV@cf. Eq.

~8!#. This cut is applied to both of the like-sign leptons.
~5! A veto on the presence of a lepton in the event w

the same flavor but opposite charge as either of the lepton
the like-sign pair if the lepton haspT.10 GeV and passe
the same isolation cut as the like-sign leptons.

~6! A cut on the missing transverse energy,E” T,20 GeV.
In our analysis we have assumed that the missing transv
energy is solely due to the momenta of the neutrinos p
duced.

The first two cuts are designed to reduce the backgro
from heavy quark production, which is the major source
background before any cuts. As can be seen in Fig. 8 the
on the transverse momentum,pT.20 GeV, reduces the
background by several orders of magnitude and the add
of the isolation cut reduces this background to less than
event at run II of the Tevatron.

The remaining cuts reduce the background from ga
boson pair production which dominates the standard mo
05500
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e
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background after the imposition of the isolation andpT cuts.
Figure 9~a! shows that the cut on the transverse mass,
removing the region 60 GeV,MT,85 GeV, for each of the
like-sign leptons will reduce the background fromWZ pro-
duction, which is the largest of the gauge boson pair prod
tion backgrounds. Similarly the cut on the missing transve
energy, E” T,20 GeV, will significantly reduce the back
ground from WZ production as can be seen in Fig. 9~b!. The
effect of these cuts is shown in Fig. 10. Our simulations
not includeWg production which was recently found to be
major source of background to like-sign dilepton producti
in the MSSM@43#. However, we would expect this to be les
important here due to the different cuts we have applied
particular, in the analysis of@43# a cut on the invariant mas
of OSSF lepton pairs was imposed to reduce the backgro
from Z production, rather than the veto on the presence
OSSF leptons which we have used. The veto and miss
transverse energy cut will reduce the number of events fr
Wg production while the cut on the invariant mass will n
suppress this background.

The effect of all these cuts on the background is given
Table II. While the dominant background is fromWZ pro-
duction, the dominant contribution to the error comes fro
bb̄ production. This can only be reduced with a significan
more elaborate simulation.

We also need to calculate the acceptance of these cut
the signal. To estimate the acceptance of the cuts we si
e
-
e-

of
t-
g
s

FIG. 10. Effect of the isolation cuts on th
WZ and ZZ backgrounds at run II of the Teva
tron. The dashed line gives the background b
fore any cuts, the solid line shows the effect
the isolation cut described in the text. The do
dash line gives the effect of all the cuts, includin
the cut on the number of jets. The distribution
are normalized to 2 fb21 luminosity.
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TABLE II. Backgrounds to like-sign dilepton production at run II of the Tevatron. The numbers of ev
are based on an integrated luminosity of 2 fb21. We have calculated an error on the cross section by vary
the scale between half and twice the hard scale, apart from the gauge boson pair production cross
where we do not have this information and the effect of varying the scale is expected to be small anywa
error on the number of events is then the error on the cross section and the statistical error from the
Carlo simulation added in quadrature. If no events passed the cut the statistical error was taken to be t
as if one event had passed the cuts.

Number of Events
After isolation,

Background AfterpT cut After isolation pT , MT , E” T cuts After all cuts
Process andpT cuts and OSSF lepton

veto

WW 0.2360.02 0.060.003 0.060.003 0.060.003
WZ 9.9660.09 7.9360.08 0.2160.01 0.2160.01
ZZ 2.0560.03 1.6160.02 0.06960.005 0.06960.005

t t̄ 34.161.6 0.02860.002 0.003260.0006 0.001660.0004

bb̄ (3.461.3)3103 0.1560.16 0.1560.16 0.1560.16

Single Top Quark 1.7760.01 0.001460.0003 0.000160.0001 0.000160.0001

Total (3.461.3)3103 9.7260.18 0.4360.16 0.4360.16
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lated twenty thousand events at one hundred points in
M0 , M1/2 plane. The acceptance was then interpolated
tween the points and multiplied by the cross section to g
the number of signal events passing the cuts. This can
be used to find the discovery potential by comparing
number of signal events with a 5s statistical fluctuation of
the background.

Figure 11 shows the discovery potential, for different
tegrated luminosities and a fixed value of the couplingl2118
05500
e
e-
e
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e

-

51022, if we only consider the standard model backgroun
and apply the cuts we described to suppress these b
grounds. Figure 12 shows the effect of varying theR” p cou-
pling for 2 fb21 integrated luminosity with the same assum
tions.

We have taken a conservative approach where the b
ground is taken to be one standard deviation above the
tral value. Due to the small number of events we must
Poisson statistics, this means that for the standard m
o-

we

ing
eto
nly
he
the
FIG. 11. Contours showing the discovery p
tential of the Tevatron in theM0 , M1/2 plane for
l2118 51022 andA050 GeV. These are a 5s ex-
cess of the signal above the background. Here
have imposed the cuts on the isolation andpT of
the leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons. We have o
considered the standard model background. T
striped and hatched regions are described in
caption of Fig. 3.
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RESONANT SLEPTON PRODUCTION IN HADRON- . . . PHYSICAL REVIEW D 63 055008
FIG. 12. Contours showing the discovery p
tential of the Tevatron in theM0 , M1/2 plane for
A050 GeV and 2 fb21 integrated luminosity for
different values ofl2118 . These are a 5s excess
of the signal above the background. Here w
have imposed the cuts on the isolation andpT of
the leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons. We have o
considered the standard model background. T
striped and hatched regions are described in
caption of Fig. 3.
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background given in Table II, 7 events corresponds to
same probability as a 5s statistical fluctuation for a Gaussia
distribution. Here we have used 0.59 events as a conserv
estimate of the background, i.e. a 1s fluctuation above our
central value.

For small couplings there are regions, for lowM1/2,
which cannot be observed even for small smuon masses
larger couplings however we can probe masses of up to
~500! GeV for a couplingl2118 50.05 with 2~10! fb21 inte-
grated luminosity. Masses of up to 520~600! GeV can be
observed for a coupling ofl2118 50.1 with 2 ~10! fb21 inte-
grated luminosity.

We have neglected the non-physics background. T
mainly comes from fake leptons inW production. The cuts
we have applied to reduce the gauge boson pair produc
backgrounds, in particular the cuts on the missing transv
energy and the transverse mass, will significantly reduce
background. It was noted in@42# that the cross section fall
extremely quickly with thepT of the fake lepton, and henc
the largepT cut we have imposed will suppress this bac
ground. A proper treatment of the non-physics backgrou
requires a simulation of the detector. This is beyond
scope of this paper.

In Figs. 11 and 12 the background from sparticle p
production is neglected. This is reasonable in an ini
search where presumably an experiment would be look
for an excess of like-sign dilepton pairs, rather than worry
about precisely which model was giving the excess. If su
an excess were observed, it would then be necessary t
tablish which physical processes were producing the exc
In the R” p MSSM there are two possible mechanisms wh
could produce such an excess: either resonant sparticle
05500
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duction; or sparticle pair production followed by the decay
the LSP. We will now consider additional cuts which w
suppress the background to resonant slepton production
sparticle pair production and hopefully allow these two s
narios to be distinguished.

2. SUSY backgrounds

We have seen that by imposing cuts on the transve
momentum and isolation of the like-sign dileptons, the mi
ing transverse energy, the transverse mass and the pres
of OSSF leptons the standard model backgrounds can
significantly reduced. However a significant backgrou
from sparticle pair production still remains. We therefo
imposed the following additional cut to reduce this bac
ground:

Vetoing all events when there are more than two jets e
with pT.20 GeV.

While this cut slightly reduces the signal it also drama
cally reduces the background from sparticle pair producti
We performed a scan of the SUGRA parameter space a
four values of tanb and sgnm considered in Sec. II. We
generated fifty thousand events at each of one hundred p
in the M0 , M1/2 plane at each value of tanb and sgnm, and
then interpolated between these points as for the signal
cess. This allowed us to estimate an acceptance for the
which we multiplied by the sparticle pair production cro
section to give a number of background events.

The effect of all the cuts on the total background, i.e. t
standard model background and the sparticle pair produc
background is shown in Fig. 13 for different integrated l
minosities withl2118 51022 and in Fig. 14 for an integrated
luminosity of 2 fb21 with different values ofl2118 .
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FIG. 13. Contours showing the discovery p
tential of the Tevatron in theM0 , M1/2 plane for
l2118 51022 andA050 GeV. These are a 5s ex-
cess of the signal above the background. Here
addition to the cuts on the isolation andpT of the
leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons we have i
posed a cut on the presence of more than two je
This includes the sparticle pair production bac
ground as well as the standard model bac
grounds. Again the striped and hatched regio
are as described in the caption of Fig. 3.
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As can be seen, the effect of including the sparticle p
production background is to reduce the 5s discovery re-
gions. These regions are reduced for two reasons: for la
M1/2 the additional cut removes more signal events a
hence reduces the statistical significance of the signa
small values ofM1/2 there is a large background from spa
05500
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d
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ticle pair production, relative to the SM background, whi
also reduces the statistical significance of the signal. Ho
ever even for this relatively small value of the coupling the
are large regions of parameter space in which a signa
visible above the background. The ratio of signal to ba
ground is still larger than one for most of the region whe
o-
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FIG. 14. Contours showing the discovery p
tential of the Tevatron in theM0 , M1/2 plane for
A050 GeV and an integrated luminosity of
fb21 for different values ofl2118 . These are a 5s
excess of the signal above the background. H
in addition to the cuts on the isolation andpT of
the leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons we have i
posed a cut on the presence of more than two je
This includes the sparticle pair production bac
ground as well as the standard model bac
grounds. Again the striped and hatched regio
are as described in the caption of Fig. 3.
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RESONANT SLEPTON PRODUCTION IN HADRON- . . . PHYSICAL REVIEW D 63 055008
FIG. 15. Contours showing the cross secti
for the production of a neutralino and a charg
lepton at the LHC in theM0 , M1/2 plane forA0

50 GeV andl2118 51022 with different values of
tanb and sgnm. The striped and hatched region
are described in the caption of Fig. 3.
o
-
ic
er

o
l o
c
re
o

f

in

a
ic
w

ton
ion

er-
va-
ws
neu-

We
sti-
will

dard
up-

rd

al

gn
-

A

the signal is detectable above the background. For sgnm.0
there is only a very small region at lowM1/2 where S/B
drops below one and even hereS/B.0.5. However for
sgnm,0 there are regions of lowS/B for small values of
M1/2. The discovery range for theseR” p processes extends t
larger values ofM1/2 than the 5s discovery curve for spar
ticle pair production as only one sparticle is produced wh
requires a much lower parton-parton center-of-mass en
than sparticle pair production.

Again even for small smuon masses with low values
the R” p Yukawa coupling there are regions where a signa
resonant slepton production is not visible above the ba
ground. However for large couplings the signal in these
gions is visible above the background. For a coupling
l2118 50.05 a smuon mass of 310~330! GeV is visible above
the background with 2~10! fb21 integrated luminosity, and
for a coupling ofl2118 50.1 a smuon mass of 400~430! GeV
is visible above the background with 2~10! fb21 integrated
luminosity.

This is a much lower value of theR” p coupling than the
current low-energy bound@2#. For a slepton mass o
310~330! GeV the limit on the couplingl2118 is 0.22(0.23)3

which is more than a factor of four greater than the coupl
we can probe. For a slepton mass of 400~430! GeV the limit
is 0.26(0.28) which is more than a factor of two greater th
the coupling we can probe. In general the coupling wh
can be probed using this method decreases more rapidly

3This limit is obtained by using thed̃R mass at the same SUGR
point.
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the increasing slepton mass than theMd̃R
dependence of the

low-energy limit.

B. LHC

The cross section for the production of a charged lep
and a neutralino, which is again the dominant product
mechanism, at the LHC is shown in Fig. 15 in theM0 , M1/2

plane with A050 GeV andl2118 51022 for two different
values of tanb and both values of sgnm. The total cross
section for resonant slepton production followed by a sup
symmetric gauge decay is shown in Fig. 16. As for the Te
tron, the total resonant slepton cross section closely follo
the slepton mass contours whereas the cross section for
tralino lepton production falls-off more quickly at smallM1/2

because the branching ratio form̃L→mx̃1
0 is reduced due to

the production of charginos and the heavier neutralinos.
adopted the same procedure described in Sec. IV A to e
mate the acceptance of the cuts we have imposed. We
again first consider the cuts required to reduce the stan
model backgrounds and then the additional cut used to s
press the sparticle pair production background.

1. Standard model backgrounds

We applied the following cuts to reduce the standa
model backgrounds:

~1! A cut requiring all the leptons to be in the centr
region of the detectoruhu,2.0.

~2! A cut on the transverse momentum of the like-si
leptonspT

lepton>40 GeV, this is the lowest cut we could ap
8-13
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FIG. 16. Contours showing the cross secti
for resonant slepton production followed by a s
persymmetric gauge decay at the LHC in theM0 ,
M1/2 plane forA050 GeV andl2118 51022 with
different values of tanb and sgnm. The striped
and hatched regions are described in the capt
of Fig. 3.
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ply given our parton-level cut ofpT
parton540 GeV, for thebb̄

background.
~3! An isolation cut on the like-sign leptons so that t

transverse energy in a cone of radius,R5ADf21Dh2

50.4, about the direction of the lepton is less than 5 Ge
~4! We reject events with 60 GeV,MT,85 GeV@cf. Eq.

~8!#. This cut is applied to both of the like-sign leptons.
~5! A veto on the presence of a lepton in the event w

the same flavor but opposite charge as either of the lepton
the like-sign pair if the lepton haspT.10 GeV and passe
the same isolation cut as the like-sign leptons.

~6! A cut on the missing transverse energy,E” T,20 GeV.
05500
in

The first two cuts are designed to reduce the backgro
from heavy quark, i.e.bb̄ and t t̄ production which is again
the major source of backgrounds before any cuts. Howe
as can be seen in Fig. 17, after the imposition of thepT and
isolation cuts this background is significantly reduced. It
mains the major source of the error on the background h
ever due to the large cross section forbb̄ production which
makes it impossible to simulate the full luminosity of th
LHC with the resources available.

The remaining cuts reduce the background from ga
boson pair, particularlyWZ, production which dominates th
standard model background after the imposition of the iso
cuts,
the cut

used

he
FIG. 17. Effect of the isolation cuts on thet t̄ andbb̄ backgrounds at the LHC. The dashed line gives the background before any
the solid line shows the effect of the isolation cut described in the text. The dot-dash line gives the effect of all the cuts, including

on the number of jets, for thebb̄ background this is almost indistinguishable from the solid line. As a parton-level cut of 40 GeV was

in simulating thebb̄ background the results below 40 GeV for the leptonpT do not correspond to the full number of background events. T
distributions have been normalized to 10 fb21 integrated luminosity.
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RESONANT SLEPTON PRODUCTION IN HADRON- . . . PHYSICAL REVIEW D 63 055008
FIG. 18. The transverse mass and missi
transverse energy in WZ events at the LHC. T
distributions are normalized to 10 fb21 luminos-
ity.

FIG. 19. Effect of the isolation cuts on th
WZ and ZZ backgrounds at the LHC. The dash
line gives the background before any cuts, t
solid line shows the effect of the isolation cu
described in the text. The dot-dash line gives t
effect of all the cuts, including the cut on th
number of jets. The distributions are normalize
to 10 fb21 luminosity.

TABLE III. Backgrounds to like-sign dilepton production at the LHC. The numbers of events are based
on an integrated luminosity of 10 fb21. Again we have calculated an error on the cross section by varying the
scale between half and twice the hard scale, apart from the gauge boson pair cross section where we do not
have this information and the effect of varying the scale is expected to be small anyway. The error on the
number of events is then the error on the cross section and the statistical error from the Monte Carlo
simulation added in quadrature. If no events passed the cut the statistical error was taken to be the same as
if one event had passed the cuts.

Number of Events
After isolation,

Background AfterpT cut After isolation pT , MT , E” T cuts After all cuts
Process andpT cuts and OSSF lepton

veto

WW 3.660.5 0.060.06 0.060.06 0.060.06
WZ 23962.5 198.662.3 3.860.3 3.860.3
ZZ 55.460.7 45.260.6 1.0460.09 1.0460.09

t t̄ (4.460.2)3103 0.2860.13 0.0660.06 0.0660.06

bb̄ (4.460.9)3104 0.061.6 0.061.6 0.061.6

Single Top Quark 36.661.5 0.060.004 0.060.004 0.060.004

Total (4.960.9)3104 244.162.9 4.961.6 4.961.6
055008-15
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FIG. 20. Contours showing the discovery p
tential of the LHC in theM0 , M1/2 plane for
l2118 51022 andA050 GeV. These are a 5s ex-
cess of the signal above the background. Here
have imposed cuts on the isolation andpT of the
leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons. We have o
considered the standard model background. T
striped and hatched regions are described in
caption of Fig. 3.
e

k
e
c

g.
ion
tion and pT cuts. Figure 18~a! shows that the cut on th
transverse mass, i.e. removing the region 60 GeV,MT,85
GeV, for each of the like sign leptons will reduce the bac
ground from WZ production, which is the largest of th
gauge boson pair production backgrounds. Similarly the
05500
-

ut

on the missing transverse energy,E” T,20 GeV, will signifi-
cantly reduce the background fromWZ production as can be
seen in Fig. 18~b!. The effect of these cuts is shown in Fi
19. Again the simulation of the gauge boson pair product
backgrounds does not includeWg production which may be
o-

ere

ing
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nly
he
the
FIG. 21. Contours showing the discovery p
tential of the LHC in theM0 , M1/2 plane forA0

50 GeV and an integrated luminosity of 10 fb21

with different values ofl2118 . These are a 5s
excess of the signal above the background. H
we have imposed cuts on the isolation andpT of
the leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons. We have o
considered the standard model background. T
striped and hatched regions are described in
caption of Fig. 3.
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FIG. 22. Contours showing the discovery p
tential of the LHC in theM0 , M1/2 plane for
l2118 51022 andA050 GeV. These are a 5s ex-
cess of the signal above the background. Here
addition to the cuts on the isolation andpT of the
leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons we have i
posed a cut on the presence of more than two je
Here we have included the sparticle pair produ
tion background as well as the standard mod
backgrounds. The striped and hatched regions
described in the caption of Fig. 3.
ifi

i

m
tly

.9
an important source of background, but should be sign
cantly reduced by the cuts.

The effect of all these cuts on the background is shown
Table III. While the dominant background is fromWZ pro-
05500
-

n

duction, the dominant contribution to the error comes fro
bb̄ production. This can only be reduced with a significan
more elaborate simulation.

This gives a total background after all the cuts of 4
o-
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m-
ts.
c-
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FIG. 23. Contours showing the discovery p
tential of the LHC in theM0 , M1/2 plane forA0

50 GeV and an integrated luminosity of 10 fb21

with different values ofl2118 . These are a 5s
excess of the signal above the background. H
in addition to the cuts on the isolation andpT of
the leptons, the transverse mass and the miss
transverse energy described in the text, and a v
on the presence of OSSF leptons we have i
posed a cut on the presence of more than two je
Here we have included the sparticle pair produ
tion background as well as the standard mod
backgrounds. The striped and hatched regions
described in the caption of Fig. 3.
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FIG. 24. The reconstructed neutralino mass
the Tevatron forM0550 GeV,M1/25250 GeV,
tanb52, sgnm.0 andA050 GeV. The value of
the coupling in~b! is chosen such that after th
cuts applied in Sec. IV A the signal is 5s above
the background. At this point the lightest neu
tralino mass isM x̃

1
0598.9 GeV. We have again

normalized the distributions to an integrated l
minosity of 2 fb21. The dashed line shows th
background and the solid line the sum of the s
nal and the background.
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4.961.6 events, for 10 fb21 integrated luminosity. If we take
a conservative approach and take a background of 6.5 ev
i.e. a 1s fluctuation above the central value of our calcu
tion a 5s statistical fluctuation would correspond to 1
events, for an integrated luminosity of 10 fb21. As can be
seen from Fig. 17 this is a conservative upper bound.

We adopted the same procedure described in the prev
section to obtain the acceptance for theR” p signal given the
cuts we have imposed. The discovery potential of the LHC
shown in Fig. 20, forl2118 51022 with different integrated
luminosities, and in Fig. 21, for an integrated luminosity
10 fb21 with different values ofl2118 . This is considerably
greater than the discovery potential of the Tevatron at h
M0 andM1/2 due to the larger center-of-mass energy of
LHC and hence the larger cross sections. In particular
search potential with one years running at high luminos
i.e., 100 fb21, covers large regions of theM0 , M1/2 plane. At
very large values ofM1/2 this extends to regions where th
sparticle pair production cross section is small due to
high masses of the SUSY particles.

At small values ofM0 and M1/2 there are regions o
SUGRA parameter space which cannot be probed for
couplings due to the cuts we have applied. However th
regions can be excluded by either LEP or the Tevatron
we will therefore ignore them in the rest of this analysis.
we neglect these regions the LHC can observe a reso
slepton with a mass of up to 510~710! GeV for a coupling of
05500
ts,
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l2118 50.02 with 10~100! fb21 integrated luminosity and for

a couplingl2118 50.05 a resonant slepton can be observ
with a mass of 750~950! GeV with 10~100! fb21 integrated
luminosity.

As with the Tevatron analysis we have neglected
background from sparticle pair production which is reaso
able in an initial search for an excess of like-sign dilept
pairs over the standard model expectation. If such an ex
were observed it would then be necessary to establish w
process was producing the effect. In the next section, we
present the cuts necessary to reduce the background
sparticle pair production and enable a resonant slepton
nature to be established over all the backgrounds.

2. SUSY backgrounds

The background from sparticle pair production is mu
more important at the LHC than the Tevatron given t
much higher cross sections for sparticle pair production. T
nature of the sparticles produced is also different due to
higher energies. In the regions of SUGRA parameter sp
where the pair production cross section at the Tevatron
large the lightest SUSY particles, i.e. the electroweak gau
nos, are predominately produced. This is because the pro
tion of the heavier squarks and gluinos is suppressed by
higher parton-parton center-of-mass energies required. H
ever given the higher center-of-mass energy of the LHC
production of the colored sparticles which occurs via t
at

e

-

u-
e
ig-
FIG. 25. The reconstructed neutralino mass
the LHC for M05350 GeV, M1/25950 GeV,
tanb510, sgnm,0 andA050 GeV. The value
of the coupling in~b! is chosen such that after th
cuts applied in Sec. IV B the signal is 5s above
the background. At this point the lightest neu
tralino mass isM x̃

1
05418.0 GeV. We have again

normalized the distributions to an integrated l
minosity of 10 fb21. The dashed line shows th
background and the solid line the sum of the s
nal and the background.
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FIG. 26. The reconstructed slepton mass
the Tevatron forM0550 GeV,M1/25250 GeV,
tanb52, sgnm.0 andA050 GeV. The value
of the coupling in~b! is chosen such that after th
cuts applied in Sec. IV A the signal is 5s above
the background. At this point the smuon mass
M m̃L

5189.1 GeV. We have again normalized th
distributions to an integrated luminosity of
fb21. The dashed line shows the background a
the solid line the sum of the signal and the bac
ground.
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strong interaction dominates the cross section. This me
that a cut on the number of jets in an event will be mo
effective in reducing the background from sparticle pair p
duction. The following cut was applied:

Vetoing all events when there are more than two jets e
with pT.50 GeV.

As the sparticle pair production background at the LHC
larger than at the Tevatron we needed to simulate m
events in order to obtain a reliable estimate of the accepta
for this background. This meant that with the available
sources we were forced to use a coarser scan of theM0 , M1/2
plane. We used a 16 point grid and simulated a differ
number of events at each point depending on the value
M1/2 as the sparticle pair production cross section is
creased asM1/2 increases. We simulated 105, 105, 106, and
107 events at each of four points forM1/25875 GeV,M1/2
5625 GeV, M1/25375 GeV andM1/25125 GeV, respec-
tively.

Our estimate of the discovery potential of the LHC af
this cut, including all the backgrounds is given in Fig. 22, f
l21151022 with different integrated luminosities, and in Fig
23, for an integrated luminosity of 10 fb21 with different
values of theR” p Yukawa couplings. As with the Tevatro
the discovery potential is reduced in two regions relative
that shown in Figs. 20 and 21. The reduction at highM1/2 is
due to the smaller signal after the imposition of the jet c
whereas the reduction at smallM1/2 is due to the larger back
ground. However there are still large regions of SUGR
parameter space in which this process is visible above
background, particularly at largeM1/2 where there is less
sensitivity to sparticle pair production. Due to the larg
backgrounds from sparticle pair production there are la
regions where the signal is detectable above the backgro
although theS/B is small. In general there is a region e
tending around 200 GeV inM1/2 above the bottom of the 5s
discovery contour for 100 fb21 whereS/B,1.

If we again neglect the region at smallM0 and M1/2,
which cannot be probed for anyR” p Yukawa couplings given
our cuts, we can obtain a mass reach for the LHC, wit
given R” p Yukawa coupling. Slepton masses of 460~600!
GeV can be discovered with 10~100! fb21 integrated lumi-
nosity for a couplingl2118 50.05 and slepton masses
610~820! GeV can be observed with 10~100! fb21 integrated
05500
ns
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e
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a

luminosity for a couplingl2118 50.1.
As with the Tevatron values of theR” p Yukawa coupling

which are much lower than the current low-energy bound@2#
can be probed using like-sign dilepton production. For
slepton mass of 460~600! GeV the limit on the couplingl2118
is 0.30(0.37)4 which is more than a factor of six or seve
depending on the integrated luminosity, greater than the c
pling we can probe. For a slepton mass of 610~820! GeV the
limit is 0.38(0.50) which is more than a factor of three
five, again depending on the integrated luminosity, grea
than the coupling we can probe. In general the coupl
which can be probed using this method decreases more
idly with the increasing slepton mass than theMd̃R

depen-
dence of the low-energy limit.

C. Mass reconstruction

There are many possible models which lead to an exc
of like-sign dilepton pairs, over the prediction of the standa
model. Indeed, we have seen that within theR” p extension of
the MSSM such an excess could be due to either spar
pair production followed byR” p decays of the LSPs, or reso
nant charged slepton production followed by a supersymm
ric gauge decay of the slepton. The cut on the number of
described above gives one way of discriminating betwe
these two scenarios.

An additional method of distinguishing between these t
scenarios is to try and reconstruct the masses of the deca
sparticles for the resonant slepton production. In princi
this is straightforward. The neutralino decay to a qua
antiquark pair and a charged lepton, will give two jets~or
more after the emission of QCD radiation! and a charged
lepton. These decay products should be relatively close
gether. Therefore to reconstruct the neutralino we took
highest twopT jets in the event and combined them with th
charged lepton which was closest in (h,f) space. We only
used events in which both jets hadpT.10 GeV in addition
to passing all the cuts described, i.e. both the cuts require
suppress the standard model and SUSY backgrounds, in

4As for the Tevatron this limit is obtained by using thed̃R mass at
the same SUGRA point.
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FIG. 27. The reconstructed slepton mass
the LHC for M05350 GeV, M1/25950 GeV,
tanb510, sgnm,0 andA050 GeV. The value
of the coupling in~b! is chosen such that after th
cuts applied in Sec. IV B the signal is 5s above
the background. At this point the smuon mass
M m̃L

5745.9 GeV. We have again normalized th
distributions to an integrated luminosity of 1
fb21. The dashed line shows the background a
the solid line the sum of the signal and the bac
ground.
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previous sections. This then gives a neutralino candidate
masses of these candidates are shown for a sample po
SUSY parameter space for both the Tevatron, Fig. 24,
the LHC, Fig. 25. In both cases in addition to showing t
result for the couplingl2118 51022, we have shown a cou
pling such that the signal is exactly 5s above the back-
ground at this point to show what can be seen if the signa
only just detectable. As can be seen in both figures the
constructed neutralino mass is in good agreement with
simulated value, although the situation may be worse o
detector effects have been included.

We can then combine this neutralino candidate with
remaining lepton in the event to give a slepton candida
under the assumption that the like-sign leptons were p
duced in the processl̃ 1→ l 1x̃1

0. The mass distribution o
these slepton candidates is shown in Fig. 26 for the Teva
and Fig. 27 for the LHC. Again there is good agreem
between the position of the peak in the distribution and
value of the smuon mass used in the simulation.

The data for both the neutralino and smuon mass rec
structions is binned in 10 GeV bins. We have used the ev
in the central bin and the two bins on either side to rec
struct the neutralino and smuon masses. These reconstr
masses are given in Table IV. As can be seen for both
points we have shown the reconstructed mass lies betwe
GeV and 15 GeV below the simulated sparticle mass. Thi
due to the loss of some of the energy of the jets produce
05500
he
t in
d
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e-
e
e

e
e,
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n
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e
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e
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the neutralino decay from the cones used to define the jet
is common to include this effect in the jet energy correctio
so this shift would probably not be observed in a full expe
mental simulation.

The agreement between the results of the simulation
the input values is good provided that the standard mo
background is dominant over the background from spart
pair production and the lightest neutralino is predominan
produced in the smuon decay. This is the case at the po
used in Figs. 24–27. At the pointM0550 GeV,M1/25250
GeV, tanb52, sgnm.0 andA050 GeV the branching ra-
tio for the decay of the smuon to the lightest neutralino

BR(m̃L→x̃1
0m1)598%. Similarly at the pointM05350

GeV, M1/25950 GeV, tanb510, sgnm,0 andA050 GeV
the dominant decay mode of the smuon is to the light
neutralino, BR(m̃L→x̃1

0m1)599%.
It can however be the case that there is a significant ba

ground from sparticle pair production and a substantial c
tribution from the production of charginos and heavier ne
tralinos. This is shown in Fig. 28~a! for the neutralino mass
reconstruction and Fig. 29~a! for the smuon mass reconstru
tion. As can be seen in the Figs. 28~a! and 29~a! there is a
significant background in both distributions. At this poin
i.e. l2118 51022, M05350 GeV, M1/25350 GeV, tanb
510, sgnm,0 andA050 GeV, the smuon dominantly de
cays to the lightest chargino, BR(m̃L→x̃1

2nm)550.9%, with
ed in
TABLE IV. Reconstructed neutralino and slepton masses. The following SUGRA points were us
these simulations: point A hasM0550 GeV,M1/25250 GeV, tanb52, sgnm.0 andA050 GeV; point B
has M05350 GeV, M1/25950 GeV, tanb510, sgnm,0 and A050 GeV; point C hasM05350 GeV,
M1/25350 GeV, tanb510, sgnm,0 andA050 GeV. The Tevatron and LHC results are based on 2 fb21

and 10 fb21 integrated luminosity, respectively.

Experiment l8211 Cuts Point Neutralino mass/GeV Slepton mass/GeV
Actual Recon. Actual Recon.

Tevatron 1022 no A 98.9 90.3 189.1 181.6
Tevatron 5.231023 no A 98.9 91.8 189.1 182.3

LHC 1022 no B 418.0 404.1 745.0 734.1
LHC 6.931022 no B 418.0 405.1 745.0 732.6
LHC 1022 no C 147.6 142.7 432.0 421.3
LHC 1022 yes C 147.6 143.4 432.0 423.3
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FIG. 28. The reconstructed neutralino mass
the LHC for l2118 51022, M05350 GeV, M1/2

5350 GeV, tanb510, sgnm,0 and A050
GeV. At this point the lightest neutralino mass
M x̃

1
05147.6 GeV. We have again normalized th

distributions to an integrated luminosity of 1
fb21. The cuts used are described in the text. T
dashed line shows the background and the so
line the sum of the signal and the background.
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the other important decay modes being to the next-to-ligh
neutralino, BR(m̃L→x̃2

0m1)528.0%, and the lightest neu

tralino BR(m̃L→x̃1
0m1)520.9%. In the neutralino distribu

tion there is still a peak at the simulated neutralino ma
although there is a large tail at higher masses. This ta
mainly due to the larger sparticle pair production bac
ground. The production of charginos and the heavier n
tralinos does not significantly effect this distribution as t
heavier gauginos will cascade decay to the LSP due to
small R” p coupling.

In the slepton distribution in addition to the larger bac
ground there is also a spurious peak in the mass distribu
due to the production of the lightest chargino and thex̃2

0. As
we are not including all the decay products of the chargino
x̃2

0 in the mass reconstruction the reconstructed slepton m
in signal events where a chargino or heavier neutralino
produced is below the true value.

We can improve the extraction of both the neutralino a
slepton masses by imposing some additional cuts. The ai
these cuts is to require that the neutralino candidate and
second lepton are produced back-to-back, because in mo
the signal events the resonant smuon will only have a sm
transverse momentum due to the initial-state par
shower. We therefore require the transverse momenta
the neutralino candidate and the second lepton to sa
upT

j j l 12pT
l 2u,20 GeV, and the azimuthal angles to satis

uuf j j l 1
2f l 2

u21800u,150. pT
j j l 1 is the transverse momentum
05500
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of the combination of the hardest two jets in the event a
the lepton closest to the jets in (h,f) space, i.e. the trans
verse momentum of the neutralino candidate. Similarlyf j j l 1

is the azimuthal angle of the combination of the hardest t
jets in the event and the lepton closest to the jets in (h,f)
space, i.e. the azimuthal angle of the neutralino candida

As can be seen in both Figs. 28~b! and 29~b! this signifi-
cantly reduces the background and the spurious peak in
slepton mass distribution. At these points it is also poss
to reconstruct the lightest neutralino, chargino and sneut
masses using the decay chainñ→x̃1

1l 1 followed by the de-

cay of the charginox̃1
1→ l 1n l x̃1

0 and theR” p decay of the
lightest neutralino to a lepton and two jets@22,23#. The re-
constructed neutralino and slepton masses, before and
the imposition of the new cuts, are given in Table IV. T
same procedure as before was used to extract the spa
masses. There is reasonable agreement between the
lated and reconstructed sparticle masses although again
reconstructed values lie between 5 and 15 GeV below
values used in the simulations, due to the loss of energy f
the cones used to define the jets in the neutralino decay

V. CONCLUSIONS

We have performed a detailed analysis of the backgro
to like-sign dilepton production at both run II of the Tevatro
and the LHC. We find a background from standard mo
processes of 0.4360.16 events for 2 fb21 integrated lumi-
at

is-

he
lid
FIG. 29. The reconstructed slepton mass
the LHC for l2118 51022, M05350 GeV, M1/2

5350 GeV, tanb510, sgnm,0 and A050
GeV. At this point the smuon mass isM m̃L

5432.0 GeV. We have again normalized the d
tributions to an integrated luminosity of 10 fb21.
The cuts used are described in the text. T
dashed line shows the background and the so
line the sum of the signal and the background.
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nosity at the Tevatron and 4.961.6 events for 10 fb21 inte-
grated luminosity at the LHC after a set of cuts. If we on
consider this background there are large regions of SUG
parameter space where resonant slepton production follo
by a supersymmetric gauge decay of the slepton is vis
above the SM background even for the small values of
R” p couplings we considered.

This is presumably the strategy which would be adop
in any initial experimental search, i.e. looking for an exce
of a given type of event over the standard model predicti
If such an excess were observed it would then be neces
to identify which of the many possible models of beyond t
standard model physics was correct.

In theR” p MSSM such an excess of like-sign dileptons c
come from two possible sources, from sparticle pair prod
tion followed by the decay of the LSP, and from resona
sparticle production. We have considered the backgroun
resonant slepton production from sparticle pair product
and found that after an additional cut on the number of
.

o
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rk

rg
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tt.
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05500
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the signal from resonant slepton production is visible abo
the combined standard model and SUSY pair product
background for large ranges of SUGRA parameter space
particular it is visible for much lower values of theR” p

Yukawa coupling than are currently excluded by low-ener
experiments. Finally we have studied the possibility of me
suring the mass of the resonant slepton and the neutra
into which it decays. Our results suggest that this should
possible even if the signal is only just detectable above
background.
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