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We consider the resonant production of sleptonsRgan 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 dedys Viee
discovery potential of this process at run Il 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,) extension of the minimal
supersymmetric standard mod®SSM) [1] supersymmet-

PACS nunider12.60.Jv, 13.85.Qk, 14.80.Ly

ous possible decay channels are given in Table I. Most of the
previous studies have considered only Rgdecays of the
resonant slepton to either leptons via the first term in(&p.
[10,19,20,13 or to quarks via the second term in EQJ)

ric particles can be produced on resonance. While the cro$40,20,13,12 There has been no study of the supersymmet-
sections for these resonant production processes are sujfic gauge decays of the resonant charged sleptons. The cross
pressed by th&®, Yukawa couplings, the kinematic reach is sections for these processes were first presentefllOh
greater than that of supersymmetric particle pair productionwhere there was a discussion of the possible experimental
The R, extension to the MSSM contains the following signatures; however the signal we are considering was not

additional terms in the superpotential:

1 L S
WRPZE)\ijksabLlaLJbEk"_ )\i’jksabL;QJka

1 o
+§>\;gks“ﬂyugDJﬁB§+ kiLiH,, (1)

wherei,j=1,2,3 are the generation indicesh=1,2 are the
SU(2), indices anda,B,y=1,2,3 are thesU(3) indices.

L‘_(Q_‘) are the leptorfquark SU(2) doublet superfield<€E'
(D',U") are the electroidown and up quatkSU(2) singlet

superfields, anti,,, n=1,2, are the Higgs superfields. For a

recent summary of the bounds on the couplings in(Egsee
[2].

The terms in Eq(1) lead to different resonant production

discussed and there was no calculation of the standard model
background. In several workshop contributions we have pre-
sented first studies of the supersymmetric gauge decays of
charged slepton$13,21,23. Here we present a complete
analysis of both the Fermilab Tevatron and CERN Large
Hadron Collider(LHC) case. The supersymmetric gauge de-
cays of sneutrinos have been studied2@,23. These stud-

ies were performed using a hadron-level Monte Carlo simu-
lation for both the signal and background processes, in
addition the analyses 422,23 used a detector simulation
and looked at the trilepton signature for resonant sneutrino
production.

TABLE I. Decay modes of charged sleptons and sneutrinos. The
index «=1,2 gives the mass eigenstate of the slepton.

mechanisms in various collider experiments. The first term Charged Sleptons Sneutrinos

leads to resonant sneutrino productionghe collisions

[3—9], while the third term gives resonant squark production

in hadron-hadron collisiongl0—17. The second term gives
both resonant squark production @p collisions[18] and

resonant slepton production in hadron-hadron collisions, T
I

which we will consider here.
A systematic study oRR, signatures at hadron colliders
was first performed inll]. Resonant slepton production in

hadron-hadron collisions has previously been considered in
[10,11,19,20,13,12,21-23The signature of this process de-

Supersymmetric Tia—1 x° Ti— v x°

Gauge Decays Tia—vix~ D=l Xt

Rp DecayS Tia%Ujdk ’;iHEjdk

il N

Weak Decays Tiw— VW™ DT WY

Ti—Ti1Zo

Higgs Decays Tia—mH =T HT

Ti2—Tisho,Ho, Ao

pends on the decay mode of the resonant slepton. The vas
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- . d x° d I The production of like-sign dileptons is also possible in
d i ¢ o N resonant sneutrino production followed by a supersymmetric
1 - N dr} i} gauge decay to a chargino and a charged lepten,
) — ~ ~ iy
u o u ¥° —17x{ . This can be followed by)(fﬂqq’x(l), the neu-
_ tralino can then decay as in Fig. 2 to give a like-sign dilepton
FIG. 1. Production of®l*. pair.

. . L S All the resonantR, production mechanisms and the de-
We will consider a specific signature, i.e. like-sign dilep- cays of the SUSY particles have been included in the
ton production, for these processes rather than any one give{pwic event generatof24]. The implementation of both
resonant production mechanism. We would expect ”ke'Sig'??-parity conserving andR-parity violating SUSY is de-
dilepton production to have a low background from standard, . ipeq in[25], the matrix elements used for the varidRs

model (SM) processes. This is an extension of our analys'ﬁ)rocesses are given [a2].
of [13,21,23 to include additional signal processes and stan- \y/a will only consider one of th&, Yukawa couplings to

dard model backgrounds. We also consider the backgrour‘ge non-zero at a time. We shall focus ®hy;;, which leads
from sparticle pair production and the possibility of measur, resonant smuon production. The production cross section

ing the sparticle masses which was not considered iMepends quadraticallv on the. Yukawa coupling. The low-
[13,21,23. We use a parton-shower Monte Carlo simulation,engrgy bc?und is give);] by 1 Ping.

including hadronization but no detector simulation, for both
the signal and background processes.

In Sec. Il we will consider the signal processes in more M3
detail, followed by a discussion of the various different pro- AL, .<0.059 <—R> 2
cesses which contribute to the background in Sec. lll. We 21 100 GeV'
will also discuss the various cuts which can be used to re-
duce the background. In Sec. IV we will then consider the
discovery potential at both run Il of the Tevatron and at thefrom the ratio R, =T'(7—eve)/T'(m—uv,) [2,4. The
LHC. We also consider the possibility of reconstructing thebound on the coupling.;,; from neutrino-less double beta
neutralino and slepton masses using their decay products. decay[2,26] is very strict and basically excludes an observ-

able signal. For higher generation couplirVg§j the cross
II. SIGNAL section is suppressed by low parton luminosities. We do not
consider the production of leptons.

There are a number of different possible production agwe are considering a dominaxs,, coupling the lep-
mechan_isms foralikg-sign dilepto_n pair via refsona_mt sleptoions produced in the neutralino decays and the hard pro-
production. The dominant production mechanism is the progesses will be muons. We will therefore require throughout
duction of a charged slepton followed by a supersymmetriGhat poth leptons are muons because this reduces the back-
gauge decay of the charged slepton to a neutralino and &ond, where electrons and muons are produced with equal
charged lepton. This neutralino can then decay via theopability, with respect to the signal. This typically reduces
crossed process to give a second charged lepton, which dyge standard model background by a factor of four while
to the Majorana nature of the neutralino can have the samggaying the dominant signal process almost unaffected. It
charge as the lepton produced in the slepton decay. The prgyjj| |ead to some reduction of the signal from channels
duction of a charged lepton and a neutralino via the LQQyhere some of the leptons are produced in cascade decays
term in theR, superpotential, Eq1), occurs at tree level via  fom the decay of aV or Z boson.
the Feynman diagrams given in Fig. 1. The decay of the The signal has a number of features, in addition to the
neutralino occurs at tree level via the diagrams given in F'gpresence of a like-sign dilepton pair, which will enable us to
2. ] ] ) ) extract it above the background:

Like-sign dileptons can also be produced in resonant pgyided that the difference between the slepton and the
charged slepton production with a supersymmetric gauge degeytralino or chargino masses is large enough both the lep-
cay of the slepton to a chargino and neutrimd,— x; v, . tons will have a high transverse momentym, and be well

The chargino can then decay — ! v x5. Again, given the isolated. _ o o
Majorana nature of the neutralino, it can decay to give a As the neutralino decays inside the detector, for this sig-

like-sign dilepton pair. nature, there will be little missing transverse enery, in
the event. AnyE; will come from semi-leptonic hadron de-
£ o 1 o cays or from cascade decays following the production of a
%4 q X ot X i chargino or one of the heavier neutralinos.
ZL\< ﬁL\\< &,§< The presence of a third lepton can only come from semi-
d d ); leptonic hadron decays, or in SUSY cascade decays if a
. chargino or one of the heavier neutralinos is produced.
FIG. 2. Feynman diagrams for the decgy—|"du. The neu- The presence of two hard jets from the decay of the neu-
tralino is a Majorana fermion and decays to the charge conjugatéralino.
final state as well. There is a further decay made- vdd. The cross section for the signal processes and the
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acceptancewill depend upon the various supersymmetrytralino is heavier than the sleptons the resonance will not be
(SUSY) parameters. Because of the large number of paramaccessible for the supersymmetric gauge decay modes we are
eters we will use the standard minimal supergravityconsidering and the slepton will decay 3 modes.
(SUGRA) scenario where the soft SUSY breaking masses for (2) TheISAJET code for the running of the couplings and
the gauginos ;) and scalars Nlp), and the tri-linear the calculation of the MSSM decay modes only works when
SUSY breaking termsAj) are universal at the grand unified the neutralino is the LSP.
theory (GUT) scale. In addition we require radiative elec-  The plots in Fig. 3 also include the current experimental
troweak Symmetry breaking. This leaves five parameterﬁmits on the SUSY parameters from the CEMe_ col-
My, Mo, Ag, tang and sgnu. . lider LEP. This experimentally excluded region comes from
We have performed a scan Mo and My, with Ag=0  two sources: the region at lardé, is excluded by the limit
GeV for two different values of tag and both values of on the cross section for chargino pair production fri28]
sgnu. The masses of the left-handed smuon and the lightegind the limit on the chargino mass frdi80J; the region at
neutralino are shown in Fig. 3. There are regions in thesgmall M, is excluded by the limit on the production of
plOtS which we have not considered either due to the lack O{;muons from[zg] There is also a limit on the neutralino
radiative electroweak symmetry breaking, or because thgroduction cross section frofi28], however for most of the
lightest neutralino is not the lightest supersymmetric particlesSygrA parameter space this is weaker than the limit on
(LSP). In the MSSM, the LSP must be a neutral color singletchargino pair production. The gap in the excluded region
[27], from cosmological bounds on electric- or color-chargedpetweenM,, of about 50 GeV and 100 GeV is due to the
stable relics. However iR-parity is violated the LSP can presence of a destructive interference betweert-tirennel

decay and these bounds no longer apply. We should thergneutrino exchange and thechannel photon an@ ex-
fore consider cases where one of the other SUSY particles ghanges in the chargino production cross sectiomie™

the LSP. We have only considered the case where the nedplisions.

tralino is the LSP for two reasons: _ The limit on the coupling\5,, is shown in Fig. 4. As can

(1) Given the unification of the SUSY breaking param- e seen from Figs. 3 and 4 the limit on the coupling is fairly
eters at the GUT scale it is hard to find points in paramete{,aak for large regions of parameter space, even when the
space where the lightest neutralino is not the LSP without thg,,0n is relatively light. This is due to the squark masses,

lightest neutralino becoming heavier than the sleptons, Whicﬁpon which the limit depends, being larger than the slepton
tend to be the lightest sfermions in these models. If the Nneusy,asses in the SUGRA moddlsf. Eq. (2)].

The signature we are considering requires the neutralino

to decay inside the detector. In practice, if the neutralino

lwe define the acceptance to be the fraction of signal eventlecays more than a few centimeters from the primary inter-
which pass the cuts. action point a different analysis including the displaced ver-
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tices would be necessary. The neutralino decay length 8/ exchange. This can give one charged lepton from the top
shown in Fig. 5 and is small for all the currently allowed decay, and a second lepton with the same charge from the
values of the SUGRA parameters. There will however be alecay of the meson formed after thequark hadronizes.

lower limit on theR, couplings which can be probed using  Non-physics backgrounds. There are two major sources:

this process as the decay Iengﬂi/)\’gll [32]. (i) from misidentifying the charge of a lepton, e.g. in Drell-
Yan production, andii) from incorrectly identifying an iso-
IIl. BACKGROUNDS lated hadron as a lepton. This means that there is a major
source of background froV production with an additional
A. Standard model backgrounds jet faking a lepton.
The dominant standard model backgrounds to like-sign These processes have been extensively stigi@e4d as
dilepton production come from: they are also the major backgrounds to the production of

Gauge boson pair production, i.e. productionW# or Iike—sign dileptons in. the MSSM. The first studies of like-
ZZ followed by leptonic decays with some of the leptons notSign dilepton production at the LH[37] only considered the
being detected. background from heavy quark production, teandbb pro-

tt production. Either the or t decays semi-leptonically, duction. More recent studies for both the LH88—41 and
giving one lepton. The second top quark decays hadronitun Il of the Tevatron[42—-43 have also considered the
cally. A second lepton with the same charge can be producegfckground from gauge boson pair production. In addition
in a semi-leptonic decay of the bottom hadron formed in théhe Tevatron studiet2—43 have included the non-physics

decay of the second top quark, i.e. backgrounds. We have considered all the physics back-
grounds, from both heavy quark production and gauge boson
t—>Wer—>,u+7Mb, pair production, but have neglected the non-physics back-

grounds which would require a full simulation of the detec-
_ - _ _ tor. As we discuss below, since our signal is different, the
t—W~"b—qgb, b—u'v,.c. (3 optimal cuts are also different in our case.
— In these studies a number of different cuts have been used
bb production. If either of these quarks hadronizes toto suppress the backgrounds. These cuts can be split into two
form aBﬁys meson this can mix to give ES’S. This means groups, firstly those cuts which are designed to reduce the
that if both the bottom hadrons decay semi-leptonically thebackground from heavy quark production:
leptons will have the same charge as they are both coming A cut on thep+ of the leptons requiring
from eitherb or b decays. pleptons, nCUT (4)
Single top quark production. A single top quark can be T L

produced together with la quark by either as- or t-channel  The values op$VT for Tevatron studies have been between 5

055008-4



RESONANT SLEPTON PRODUCTION IN HADRON .. PHYSICAL REVIEW D 63 055008

(b) tanf=2 sgnu<0

(a) tanf=2 sgnu>0

1000 T T 1000 T T T
10 nm 10 nm
800 — 800
100 nm,
% 600 — % 600
S o
< 400 — = 400
100 wm ] 100 pum
200 [— - 200 -
‘ [0 BTG FIG. 5. Contours showing the decay length of
200 400 600 BOO 1000 200 400 600 800 1000 a neutralino produced in the decay of an on-mass-
M/ GeV Mp/GeV shell slepton in theM,, M4, plane forA;=0
(d) tanB=10 sgnu<0 GeV, \},,=1072 and different values of ta@
1000 RS e S A and sgnu. The striped and hatched regions are

10 nm

the same as in Fig. 3.
800

100 nm

M, 5/ GeV
[e]
o
o
x
5

.
[
o

i

100 um
200

T
LT S NI
200

600 800 1000 400 600 800 1000
Mo/ GeV Mo/GeV

and 20 GeV. Higher values, between 20 and 50 GeV, havevas used in the analyses [@2,44,43.

usually been used in LHC simulations. Instead of a cut on the mass of OSSF lepton pairs some
A cut requiring that the leptons are isolated, i.e. imposinganalyses considered a veto on the presence of an OSSF lep-

a cut on the transverse enerdy,", in a cone about the ton pair in the event.

direction of the lepton such that In [45,43 a cut on the transverse mass was imposed to
reject leptons which come from the decays/@bosons. The
E'TC< Eo. (5)  transverse mas$/;, of a lepton neutrino pair is given by
2_
E, has usually been taken to be less than 5 GeV for Tevatron M%=2[pr [[pr [(1—cosA¢y,), (8
simulations and between 5 and 10 GeV for LHC studies. The
radius of the cone is usually taken to be whereps, is the transverse momentum of the charged lepton,
pr, is the transverse momentum of the neutriassumed to
AR=VA¢“+A7°<04, (6)  be the total missing transverse momentum in the éamd

_ _ o A ¢y, is the azimuthal angle between the lepton and the neu-
whereA ¢ is the azimuthal angle antl the pseudo-rapidity  trino, i.e. the missing momentum in the event. This cut is
of the particles with respect to the lepton. applied to both of the like-sign leptons in the event to reject

It was shown in37] that these cuts can reduce the back-events in which either of them came from the decay t¥a
ground from heavy quark production by several orders ofoson. A cut removing events with 60 Ge\WW <85 GeV
magnitude. Any higfpy lepton from a bottom hadron decay was used irf45] to reduce the background frokVW and
must come from a higlp; hadron. This is due to the small \yz production.
mass of the bottom hadron relative to the lepfmnwhich For the MSSM signatures considered [i42,43,45,43
means the lepton will be travelling in the same direction ashere is missing transverse enerdy;, due to the LSP es-
the other decay producf#6]. Hence the isolation andr  caping from the detector. This allowed them to impose a cut

The analyses df40-43,45,44then imposed further cuts  There are however differences between the MSSM signa-
to reduce the backgrounds from gauge boson pair produgyres which were considered i#2,43,45,44 and theR,
tion, which is the major contribution to the SM background processes we are considering here. In particular as the LSP
after the imposition of the isolation anm cuts: decays, there will be little missing transverse energy in the

_Acuton the invariant massp; + -, of any pair of oppo- R, events. This means that instead of a cut requiringfthe
site sign same flavdiOSSH leptons to remove those leptons 4 he above some value we will consider a cut requiring the
coming from Z decays, i.e. E to be less than some value, i.e.

|Mz_m|+|*|<m|c+u|1, (7 Er<ESYT. (9)
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This cut will remove events from some of the possible resothe SUSY background which typically has more than four

nant production mechanisms, i.e. those channels where tagh pt jets.

neutrino is produced in either the slepton decay or the cas- (2) A cut such that there are exactly two jets, or only two

cade decay of a chargino, or one of the heavier neutralinogr three jets above a givem:. This will reduce the gauge

to the lightest neutralino. However it will not affect the de- boson pair background where typically the only jets come

cay of a charged slepton to a neutralino which is the domifrom initial-state radiation, as well as the background from

nant production mechanism over most of the SUSY paramsparticle pair production.

eter space. In practice we would use a much higher momentum cut in
Similarly, the signal we are considering in general will the first case, as we only need to ensure that the cut is suf-

not contain more than two leptons. Further leptons can onlficiently high that most of the sparticle pair production

come from cascade decays following the production of eithegyents give more than 2 or 3 jets above the cut. However

a chargino or one of the heavier neutralinos, or from semiyith the second cut we need to ensure that the jets in the

leptonic hadron decays. This means that instead of the cut Qfignal have sufficiently higlp; to pass the cut as well. In

the invariant mass of OSSF lepton pairs we will only con-pafice we found that the first cut significantly reduced the
sider the effect of a veto on the presence of OSSF pairs. Thigyaicle pair production background while having little ef-

veto was con5|dgred iM2,43 but f(_)r the MSSM signal fect on the signal, while the second cut dramatically reduced
considered there it removed more signal than background.the signal as well. In the next section we will consider the

effects of cut 1 on both the signal and background at run Il of

B. SUSY backgrounds the Tevatron and the LHC.

So far we have neglected what may be the major source
of background to this process, i.e. supersymmetric particle
pair production. If we only consider sma, couplings the HERWIG6.1 [24] was used to simulate the signal and the

dominant effect in sparticle pair production is that the '—SPbackgrounds from sparticle patE bb and single top quark
produced at the end of the cascade decays of the other SUSY,qyction.HErRwiG does not include gauge boson pair pro-
particles will decay. For larg&, couplings the cascade de- qction in hadron-hadron collisions and we therefore used
cay chains can "’?'30 be affected_by the h?a"'er SUS_Y PaSyTHIAG.1 [47] to simulate this background. The simulation
t|cIe52 decaying V.'aRP mode_sz which we W'". not cons_,|der of the signal includes all the ndR; decay modes given in
hgre. The LSP will decay giving a quark—ant|ququ pair and Table I. We used a cone algorithm wik= 0.4 radians for
either a charged lepton or a neutrino. There will usually be Il the jet reconstructions. The algorithm is similar to that

two LSPs in each event, one from the decay chain of each sed by CDF, apart from using the midpoints between two

the sparticles produced in_the hard collision. This means th?articles as a seed for the algorithm in addition to the par-
they can both decay to give leptons with the same charg icles themselves. The inclusion of the midpoints as seeds

Leptons can.also he produced in. the cascade decays. T.hqﬁ‘?proves the infra-red safety of the cone algorithm.

Processes will therefpre be a major background_to like-sign Due to the large cross sections for some of the standard

dilepton product]on via res_onant slepton production. odel backgrounds before any cuts we imposed parton-level
The cuts which were intended to reduce the standarén

del back d will al ianificant q the back uts and forced certain decay modes in order to simulate a
model background will aiso significantly reduce the Dack-g, jcient number of events with the resources available. We
ground from sparticle pair production. However we will need

X S X designed these cuts in such a way that hopefully they are
to impose additional cuts to suppress this background. In thﬁ/eaker than any final cut we apply, so that we do not lose

signal events there will be at least two high jets from the any of the events that would pass the final cuts. We imposed

neutralino decay, there may be more jets from either 'n't'al'the following cuts for the various backgrounds:

state QCD radiation or radiation from quarks produced in the prroduction We forced theB hadrons produced by the

neutralino decay. In the dominant production mechanism, i.e. L . . )
y P ehadronlzatlon to decay semi-leptonically. This neglects the

~ T~ .
KR X this will be the only source of jets, however ad- production of leptons in charm decays which has a higher
ditional jets can be produced in the cascade SUSY decays if, << section but which we would expect to have a loper

a chargino or one of the heavi_er neutralinos is pFOdPCGd- Ind be less well isolated than those leptons produced in bot-
the SUSY background there will be at least four hghjets tom decays. If there was only orﬁgs meson in the event

from the neutralino decays, plus other jets formed in th his was forced to mix. When there was more than Bﬁg

decays of the colored sparticles which are predominantl .
formed in hadron-hadron collisions. This suggests two pos)fneson then one of them was forced to mix and the others

sible strategies for reducing the sparticle pair productionwere forced not to mix. Similarly we imposed a parton-level

background: cut on the transverse momentum of the inittland b,

(1) A cut such that there are at most 2 or 3 j@owing  p2P=pPa™" This parton-level cut should not affect the
for some QCD radiationabove a giverp. This will reduce  background provided that we impose a cut on the transverse

momentum of the leptons produced in the decpy"*"
Zp_;la_arton_

IV. SIMULATIONS

These additional decays are includecHERWIG6.1 tt production While not as large as theb production
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cross section the cross section foris large, particularly at
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FIG. 6. Contours showing the cross section
for the production of a neutralino and a charged
lepton at run Il of the Tevatron in thielg, My,
plane forAq=0 GeV and\j,,=10"2 with dif-
ferent values of tag and sgnu. The striped and
hatched regions are described in the caption of
Fig. 3.

gluon radiation, the transverse momenta of the quarks are no

the LHC. We improved the efficiency by forcing one of the longer equal. Therefore a cut on for example fheof the

top quarks in each event to decay semi-leptonically, agaifardest quarkpr >py
this neglects events in which there are leptons from charnp; quark, PT,
decay. However we did not impose a cut on fheof the top

cuT
<pr

> pr
is the same as the leading-order cut we applied.

CUT " together with a cut on the lower

CUT _ 5, with any positive value ofs

quarks as due to the large top quark mass even relatively I0@jven that we need a high transverse momentum bottom

pt top quarks can give higpt leptons.

we need to simulate.

modes.

next-to-leading-order calculation d#8] for gauge boson

hadron to give a higlp; lepton and only events with two
Single top quark productiorWhile the cross section for such highp leptons will contribute to the background a cut
this process is relatively small compared to the heavy quarkequiring both bottom quarks to hape>p$"T ,i.e. =0, is
pair production cross sections we still forced the top to decaynost appropriate. However at this point the perturbation
semi-leptonically as above to reduce the number of eventtheory is unreliablg50] and for the cuts we applied the
next-to-leading-order cross section is smaller than the
Gauge boson pair productionThe cross sections for leading-order result. We therefore applied the QL
these processes are relatively small and it was not necessagypCUT with no cut on the softer bottom as this avoids the
to impose any parton-level cuts, or force particular decayoint at which the perturbative expansion is unreliable, i.e.

_ _ ~ 6=p$YT. We used the program §51] to calculate the next-

have been normalized by using next-to-leading-order cross A of the simulations and SUSY cross section calcula-
sections for the various background processes. We used thgns used the latest MRS parton distribution [&], as did

the calculation of the single top production cross section.

pair production. Thet simulations were normalized using The parton distribution sets used in the various next-to-
the next-to-leading-order with next-to-leading-log resummadeading-order cross sections are described in the relevant pa-
tion calculation from[49].
The calculation of a next-to-leading-order cross section We can now study the signal and background in more
for bH production is more prob|ematic due to the parton-deta” for both the Tevatron and the LHC. This is followed
level cuts we imposed on the simulated events. There are Ry a discussion of methods to reconstruct the masses of both

range of possible options for applying the cut we imposed

pers.

on the bottom quark at next-to-leading order. At leading or-
der the transverse momenta of the quarks are identical and

the lightest neutralino and the resonant slepton.

A. Tevatron

therefore the cut requires them both to have transverse mo- The cross section for the production of a neutralino and a
mentump,> p$UT. However at next-to-leading order, due to charged lepton, which is the dominant production mecha-

055008-7
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(a) tanf=2 sgnu>0 (b) tanp=2 sgnu<0
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%}; ° 3 FIG. 7. Contours showing the cross section
J \_n;‘!(—u‘_FJHHHHMHHHH‘H\H\H\‘H for the production of a S|ept0n followed by a Su-
e 0 WO ey 0 persymmetric gauge decay at run Il of the Teva-
° tron in theM,, M, plane forA,=0 GeV and
(c) tanf=10 sgnu>0 . (d) tanf=10 sgnu<0 \},,=1072 with different values of ta@ and
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] ] scribed in the caption of Fig. 3.
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nism, is shown in Fig. 6 in th&1y, My, plane withAy=0 We will first discuss the cuts applied to reduce the various

GeV and\,,,=10 2 for two different values of tag and  standard model backgrounds and then present the discovery
both values of sgnu. The total cross section for resonant potential at the Tevatron if we only consider these back-
slepton production followed by supersymmetric gauge degrounds. This is followed by a discussion of the adqmonall
cays is shown in Fig. 7. As can be seen the total cross sectiditts needed to reduce the background from sparticle pair
closely follows the slepton mass contours shown in Fig. 3Production.
whereas the neutralino lepton cross section falls-off more

quickly at smallM 4, where the charginos and heavier neu-

tralinos can be produced. This cross section must be multi- We have applied the following cuts to reduce the standard
plied by the acceptance, i.e. the fraction of signal eventsnodel backgrounds:

which pass the cuts, to give the number of observable events (1) A cut requiring all the leptons to be in the central
in the experiment. region of the detectot,n|<2.0.

1. Standard model backgrounds

(a) Top production 6(b) Bottom production
|||||||||||||||||||||||| 10 |\|\|||||‘|\|||||\|‘\|||

._.
o
2
|
|

—
o
S

—
(=]
[av)

No. of Events at 2fb™!/GeV
° -
| [=]
[av] o
|
No. of Events at 2fb™!/GeV

—
(=]
(=]

L1l | L1 | :;: :r: Lb-d |1I>I bed | I | L1l ‘ | . L1 ‘ L1
5 10 15 20 25 30 5 10 15 20 25 30
P, of lower P, lepton/GeV P, of lower P, lepton/GeV

-
o
|

IS

FIG. 8. Effect of the isolation cuts on thgandbgbackgrounds at run |l of the Tevatron. The dashed line gives the background before
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, including

the cut on the number of jets, for tlh)Ethackground this is indistinguishable from the solid line. The distributions have been normalized to

2 fb~ ! integrated luminosity. As a parton-level cut of 20 GeV was used in simulatingﬁrtmckground the results below 20 GeV for the
leptonp+ do not correspond to the full number of background events.
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(a) Transverse Mass (b) Missing Transverse Energy
FrooT | TTTT | TTTT | TTTT | TTT1T I TT 1 1] FromoT | TTTT I TTTT I TTTT I TTTT13
- g 0.41— —
~ 0.6 P i ]
L L [ 7
< 2 03— —
@ e | ] .
« Y L | FIG. 9. The transverse mass and missing
- .
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(2) A cut on the transverse momentum of each of thebackground after the imposition of the isolation gndcuts.
like-sign leptonsp!®P®"=20 GeV, this is the lowest cut we Figure 9a) shows that the cut on the transverse mass, i.e.
could app|y given our parton level cut @fl),anon: 20 GeV, remOVing the region 60 Ge¥YM << 85 GeV, for each of the
like-sign leptons will reduce the background framZ pro-

. : . . duction, which is the largest of the gauge boson pair produc-

(3) An isolation C.Ut on the I|ke-3|gn_ leptons so that thetion backgrounds. Similarly the cut on the missing transverse
transverse energy in a cone of radilB=VA¢“+A7 energy, E;<20 GeV, will significantly reduce the back-
=0.4, about_ the d|rect|on_ of the lepton is less than 5 GeV. ground from WZ production as can be seen in Figp) 9The

(4) We reject events with 60 GeVM1<85 GeV([cf. Eq.  effect of these cuts is shown in Fig. 10. Our simulations do
(8)]. This cut is applied to both of the like-sign leptons.  not includeWy production which was recently found to be a

(5) A veto on the presence of a lepton in the event withmajor source of background to like-sign dilepton production
the same flavor but opposite charge as either of the leptons i the MSSM[43]. However, we would expect this to be less
the like-sign pair if the lepton hagy>10 GeV and passes important here due to the different cuts we have applied. In
the same isolation cut as the like-sign leptons. particular, in the analysis ¢#3] a cut on the invariant mass

(6) A cut on the missing transverse ener@y,<20 GeV. of OSSF lepton pairs was imposed to reduce the background
In our analysis we have assumed that the missing transver§®m Z production, rather than the veto on the presence of
energy is solely due to the momenta of the neutrinos proOSSF leptons which we have used. The veto and missing
duced. transverse energy cut will reduce the number of events from

The first two cuts are designed to reduce the backgroun¥Vy production while the cut on the invariant mass will not
from heavy quark production, which is the major source ofsuppress this background. S
background before any cuts. As can be seen in Fig. 8 the cut The effect of all these cuts on the background is given in
on the transverse momentumﬂ_>20 Gev, reduces the Table Il. While the dominant baCkgrOUnd is froiZ pro-
background by several orders of magnitude and the additiofuction, the dominant contribution to the error comes from
of the isolation cut reduces this background to less than onkb production. This can only be reduced with a significantly
event at run Il of the Tevatron. more elaborate simulation.

The remaining cuts reduce the background from gauge We also need to calculate the acceptance of these cuts for
boson pair production which dominates the standard modehe signal. To estimate the acceptance of the cuts we simu-

for the bb background.

(&) WZ production (b) ZZ production
1.0000 grerrr SR
. 0.5000 - =, 010007 e
§ L e = ] § 0-0500;* RN EES % FIG. 10. Effect of the isolation cuts on the
T, 0.1000 — = T ey = WZ and ZZ backgrounds at run Il of the Teva-
8 00500 — 4 & o100 — tron. The dashed line gives the background be-
f [ ] f 0.0050 — - fore any cuts, the solid line shows the effect of
B 00100 - C ] the isolation cut described in the text. The dot-
& o050 B - I o _ dash line gives the effect of all the cuts, including
E a 1 0005 i the cut on the number of jets. The distributions
2 0.0010 I 1 2 - ] are normalized to 2 fb' luminosity.
0.0008 F b L L 3 0.0001 ok Lw Lu Ly
10 20 30 40 50 60 10 20 30 40 50 60
P, of lower P, lepton/GeV P, of lower P, lepton/GeV
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TABLE Il. Backgrounds to like-sign dilepton production at run Il of the Tevatron. The numbers of events
are based on an integrated luminosity of 2 foWe 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 production 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 Afterp cut After isolation pr, My, E; cuts After all cuts
Process ang+ cuts and OSSF lepton
veto
WW 0.23£0.02 0.0-0.003 0.0:0.003 0.0-0.003
Wz 9.96+0.09 7.93:0.08 0.2 0.01 0.210.01
7 2.05£0.03 1.610.02 0.069% 0.005 0.069 0.005
tt 34.1t1.6 0.028:0.002 0.00320.0006 0.00160.0004
bb (3.4+1.3)x 10° 0.15+0.16 0.15-0.16 0.15-0.16
Single Top Quark 1.770.01 0.00140.0003 0.000% 0.0001 0.000% 0.0001
Total (3.4:£1.3)x 10° 9.72+0.18 0.43£0.16 0.43£0.16

lated twenty thousand events at one hundred points in the:10~2, if we only consider the standard model backgrounds

Mg, My, plane. The acceptance was then interpolated beand apply the cuts we described to suppress these back-

tween the points and multiplied by the cross section to givegrounds. Figure 12 shows the effect of varying fecou-

the number of signal events passing the cuts. This can thesling for 2 fb~ ! integrated luminosity with the same assump-

be used to find the discovery potential by comparing theions.

number of signal events with ac5statistical fluctuation of We have taken a conservative approach where the back-

the background. ground is taken to be one standard deviation above the cen-
Figure 11 shows the discovery potential, for different in-tral value. Due to the small number of events we must use

tegrated luminosities and a fixed value of the couplidg,  Poisson statistics, this means that for the standard model

(a) tanf=2 sgnu>0 (b) tanf=2 sgnu<o0
800 ERERRREEE 800 EREma s
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= 17! 2 ! ] = - - ] ) )
i ] L R R FIG. 11. Contours showing the discovery po-
200 —_ —— 10 fo7 200 ] tential of the Tevatron in th&l,, M4, plane for
il H 1 N1;=10"2 andA,=0 GeV. These are adex-
: TIPSy PP '3!)0' e cess of the signal above the background. Here we
P ey 0 Mo/ GeV have imposed the cuts on the isolation grdof
’ the leptons, the transverse mass and the missing
500 (c) tanf=10 sgnu>0 500 (d) tanf=10 sgnu<0 transverse energy described in the text, and a veto
R el on the presence of OSSF leptons. We have only
] 1 considered the standard model background. The
800 — 800 — striped and hatched regions are described in the
o] 1 caption of Fig. 3.
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(a) tanf=2 sgnu>0 (b) tanf=2 sgnu<0
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background given in Table Il, 7 events corresponds to theluction; or sparticle pair production followed by the decay of
same probability as adb statistical fluctuation for a Gaussian the LSP. We will now consider additional cuts which will
distribution. Here we have used 0.59 events as a conservatigippress the background to resonant slepton production from
estimate of the background, i.e. @ fluctuation above our sparticle pair production and hopefully allow these two sce-
central value. narios to be distinguished.

For small couplings there are regions, for lov,,
which cannot be observed even for small smuon masses. For 2. SUSY backgrounds
larger couplings however we can probe masses of up to 430 We have seen that by imposing cuts on the transverse
(500 GeV for a couplingh5;,=0.05 with 2(10) fo"! inte-  momentum and isolation of the like-sign dileptons, the miss-
grated luminosity. Masses of up to 5800 GeV can be ing transverse energy, the transverse mass and the presence
observed for a coupling of},,=0.1 with 2(10) fo~! inte-  of OSSF leptons the standard model backgrounds can be
grated luminosity. significantly reduced. However a significant background

We have neglected the non-physics background. Thi§fom sparticle pair production still remains. We therefore
mainly comes from fake leptons W production. The cuts imposed the following additional cut to reduce this back-
we have applied to reduce the gauge boson pair productioground:
backgrounds, in particular the cuts on the missing transverse Vetoing all events when there are more than two jets each
energy and the transverse mass, will significantly reduce thigith pr>20 GeV.
background. It was noted i#2] that the cross section falls ~ While this cut slightly reduces the signal it also dramati-
extremely quickly with thep; of the fake lepton, and hence cally reduces the background from sparticle pair production.
the largepr cut we have imposed will suppress this back-We performed a scan of the SUGRA parameter space at the
ground. A proper treatment of the non-physics backgroundour values of tas8 and sgnu considered in Sec. Il. We
requires a simulation of the detector. This is beyond thegenerated fifty thousand events at each of one hundred points
scope of this paper. in the Mg, M4, plane at each value of tghand sgnu, and

In Figs. 11 and 12 the background from sparticle pairthen interpolated between these points as for the signal pro-
production is neglected. This is reasonable in an initiaicess. This allowed us to estimate an acceptance for the cuts
search where presumably an experiment would be lookingvhich we multiplied by the sparticle pair production cross
for an excess of like-sign dilepton pairs, rather than worryingsection to give a number of background events.
about precisely which model was giving the excess. If such The effect of all the cuts on the total background, i.e. the
an excess were observed, it would then be necessary to egfandard model background and the sparticle pair production
tablish which physical processes were producing the excesgackground is shown in Fig. 13 for different integrated lu-
In the R, MSSM there are two possible mechanisms whichminosities with\ ;= 10"2 and in Fig. 14 for an integrated
could produce such an excess: either resonant sparticle priminosity of 2 fo* with different values of\} ;.
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FIG. 13. Contours showing the discovery po-
tential of the Tevatron in th&ly, M4, plane for
\;;=10"2 andA,=0 GeV. These are adbex-
cess of the signal above the background. Here in
addition to the cuts on the isolation apd of the
leptons, the transverse mass and the missing
transverse energy described in the text, and a veto
on the presence of OSSF leptons we have im-
posed a cut on the presence of more than two jets.
This includes the sparticle pair production back-
ground as well as the standard model back-
grounds. Again the striped and hatched regions
are as described in the caption of Fig. 3.

As can be seen, the effect of including the sparticle paiticle pair production, relative to the SM background, which

production background is to reduce ther Sliscovery re-

also reduces the statistical significance of the signal. How-

gions. These regions are reduced for two reasons: for largever even for this relatively small value of the coupling there
M1, the additional cut removes more signal events andare large regions of parameter space in which a signal is
hence reduces the statistical significance of the signal; atisible above the background. The ratio of signal to back-
small values oM, there is a large background from spar- ground is still larger than one for most of the region where
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FIG. 14. Contours showing the discovery po-
tential of the Tevatron in th&,, M4, plane for
A;=0 GeV and an integrated luminosity of 2
fb~1 for different values oh,,,. These are a&
excess of the signal above the background. Here
in addition to the cuts on the isolation apg of
the leptons, the transverse mass and the missing
transverse energy described in the text, and a veto
on the presence of OSSF leptons we have im-
posed a cut on the presence of more than two jets.
This includes the sparticle pair production back-
ground as well as the standard model back-
grounds. Again the striped and hatched regions
are as described in the caption of Fig. 3.



RESONANT SLEPTON PRODUCTION IN HADRON ..

(a) tanf=2 sgnu>0
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(b) tanf=2 sgnu<0

FIG. 15. Contours showing the cross section

for the production of a neutralino and a charged
lepton at the LHC in theMy, My, plane forA,
=0 GeV and\ 5, ,=10"2 with different values of

1000

tanB and sgnu. The striped and hatched regions
are described in the caption of Fig. 3.
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the signal is detectable above the background. Fousegd
there is only a very small region at loM,, where S/B
drops below one and even he&B>0.5. However for
sgnu<O0 there are regions of lov&/B for small values of
Mys,. The discovery range for the§, processes extends to
larger values oM ,,, than the % discovery curve for spar-

ticle pair production as only one sparticle is produced whic

800 1000

the increasing slepton mass than MQR dependence of the
low-energy limit.

B. LHC

h The cross section for the production of a charged lepton

requires a much lower parton-parton center-of-mass energg'd @ neutralino, which is again the dominant production

than sparticle pair production.

mechanism, at the LHC is shown in Fig. 15 in kg, M,

Again even for small smuon masses with low values offlane with A;=0 GeV and\;,,=10"2 for two different
the R, Yukawa coupling there are regions where a signal ofvalues of ta8 and both values of sgn. The total cross

resonant slepton production is not visible above the backsection for resonant slepton production followed by a super-
ground. However for large couplings the signal in these resymmetric gauge decay is shown in Fig. 16. As for the Teva-
gions is visible above the background. For a coupling oftron, the total resonant slepton cross section closely follows

N51,=0.05 a smuon mass of 3@BO GeV is visible above
the background with (10) fb~! integrated luminosity, and
for a coupling ofA5,,=0.1 a smuon mass of 4080 GeV
is visible above the background wit{1®) fb~?! integrated
luminosity.

This is a much lower value of thR, coupling than the
current low-energy bound2]. For a slepton mass of
310(330 GeV the limit on the coupling\j,, is 0.22(0.23§

the slepton mass contours whereas the cross section for neu-
tralino lepton production falls-off more quickly at smadl,,,

because the branching ratio fag — ux? is reduced due to

the production of charginos and the heavier neutralinos. We
adopted the same procedure described in Sec. IV A to esti-
mate the acceptance of the cuts we have imposed. We will
again first consider the cuts required to reduce the standard
model backgrounds and then the additional cut used to sup-

which is more than a factor of four greater than the couplingpress the sparticle pair production background.

we can probe. For a slepton mass of @1BD) GeV the limit

is 0.26(0.28) which is more than a factor of two greater than
the coupling we can probe. In general the coupling which
can be probed using this method decreases more rapidly WiW]

3This limit is obtained by using theg mass at the same SUGRA
point.

1. Standard model backgrounds

We applied the following cuts to reduce the standard
odel backgrounds:

(1) A cut requiring all the leptons to be in the central
region of the detectdry|<2.0.

(2) A cut on the transverse momentum of the like-sign

leptonsp'eP®"=40 GeV, this is the lowest cut we could ap-
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FIG. 16. Contours showing the cross section
for resonant slepton production followed by a su-
persymmetric gauge decay at the LHC in Mg,

My, plane forAq=0 GeV and\},,;=10" 2 with
different values of ta® and sgnu. The striped
and hatched regions are described in the caption
of Fig. 3.

The first two cuts are designed to reduce the background

from heavy quark, i.ebFandtTproduction which is again
(3) An isolation cut on the like-sign leptons so that the the major source of backgrounds before any cuts. However,

as can be seen in Fig. 17, after the imposition ofgheand

=0.4, about the direction of the lepton is less than 5 GeV. isolation cuts this background is significantly reduced. It re-

(4) We reject events with 60 Ge¥YM <85 GeV|cf. Eq.
(8)]. This cut is applied to both of the like-sign leptons.

mains the major source of the error on the background how-
ever due to the large cross section bdr production which

(5 A veto on the presence of a lepton in the event withmakes it impossible to simulate the full luminosity of the
the same flavor but opposite charge as either of the leptons ItHC with the resources available.

the like-sign pair if the lepton hagy>10 GeV and passes
the same isolation cut as the like-sign leptons.
(6) A cut on the missing transverse enerfy,<20 GeV.

No. of Events at 10fb™'/GeV

(a) Top production

10 |||||\|||||\|||\|||||| 10

10° —

-
(=]
[=]

(VRN
i

No. of Events at 10fb™'/GeV

1]

H
9
[a¥]

20 30 40 50 60
P, of lower P, lepton/GeV

100

The remaining cuts reduce the background from gauge
boson pair, particularlyvZ, production which dominates the
standard model background after the imposition of the isola-

6(b) Bottom production

104 —

108 [—

v

20

30 40 50 60

P, of lower P, lepton/GeV

FIG. 17. Effect of the isolation cuts on tté and beackgrounds at the LHC. The dashed line gives the background before 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, including the cut

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

in simulating thebgbackground the results below 40 GeV for the leppgrdo not correspond to the full number of background events. The
distributions have been normalized to 10 fhintegrated luminosity.
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FIG. 18. The transverse mass and missing
transverse energy in WZ events at the LHC. The
distributions are normalized to 10 b luminos-
ity.

FIG. 19. Effect of the isolation cuts on the
WZ and ZZ backgrounds at the LHC. The dashed
line gives the background before 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, including the cut on the
number of jets. The distributions are normalized
to 10 fb ! luminosity.

TABLE lIl. Backgrounds to like-sign dilepton production at the LHC. The numbers of events are based
on an integrated luminosity of 10 . 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 Aftempr cut After isolation pr, My, E; cuts After all cuts
Process ang+ cuts and OSSF lepton
veto

ww 3.6+0.5 0.0+ 0.06 0.0:0.06 0.0:0.06
Wz 239+2.5 198.6-2.3 3.8:0.3 3.8£0.3

Y4 55.4+0.7 45.2:0.6 1.04-0.09 1.04-0.09

tt (4.4£0.2)X 10° 0.28+0.13 0.06:0.06 0.06:£0.06
bb (4.4+0.9)x 10* 0.0x1.6 0.0:1.6 0.0-1.6

Single Top Quark 36615 0.0£0.004 0.0:0.004 0.0:0.004
Total (4.9:0.9)X 10t 244.1+2.9 4.9-1.6 4.9-1.6
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FIG. 20. Contours showing the discovery po-
tential of the LHC in theM,, M4, plane for
Np11=10"2 andA,=0 GeV. These are adbex-
cess of the signal above the background. Here we
have imposed cuts on the isolation gmgof the
leptons, the transverse mass and the missing
transverse energy described in the text, and a veto
on the presence of OSSF leptons. We have only
considered the standard model background. The

striped and hatched regions are described in the
caption of Fig. 3.

tion and pr cuts. Figure 18) shows that the cut on the on the missing transverse enerd;<<20 GeV, will signifi-

transverse mass, i.e. removing the region 60 &d4 <85

cantly reduce the background frondZ production as can be

GeV, for each of the like sign leptons will reduce the back-seen in Fig. 18). The effect of these cuts is shown in Fig.
ground fromWZ production, which is the largest of the 19. Again the simulation of the gauge boson pair production
gauge boson pair production backgrounds. Similarly the cubackgrounds does not includ@y production which may be
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FIG. 21. Contours showing the discovery po-
tential of the LHC in theMy, M, plane forA,
=0 GeV and an integrated luminosity of 10th
with different values of\;,,. These are a &
excess of the signal above the background. Here
we have imposed cuts on the isolation gndof
the leptons, the transverse mass and the missing
transverse energy described in the text, and a veto
on the presence of OSSF leptons. We have only
considered the standard model background. The
striped and hatched regions are described in the

caption of Fig. 3.
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FIG. 22. Contours showing the discovery po-
tential of the LHC in theMy, My, plane for
N51,=10"2 andA,=0 GeV. These are adbex-
cess of the signal above the background. Here in
addition to the cuts on the isolation apd of the
leptons, the transverse mass and the missing
transverse energy described in the text, and a veto
on the presence of OSSF leptons we have im-
posed a cut on the presence of more than two jets.
Here we have included the sparticle pair produc-
tion background as well as the standard model
backgrounds. The striped and hatched regions are
described in the caption of Fig. 3.

an important source of background, but should be signifiduction, the dominant contribution to the error comes from

cantly reduced by the cuts.

Table Ill. While the dominant background is fromZ pro-
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The effect of all these cuts on the background is shown ifmore elaborate simulation.
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This gives a total background after all the cuts of 4.9

FIG. 23. Contours showing the discovery po-
tential of the LHC in theMy, M4, plane forA,
=0 GeV and an integrated luminosity of 10th
with different values of\;,,. These are a &
excess of the signal above the background. Here
in addition to the cuts on the isolation apeg of
the leptons, the transverse mass and the missing
transverse energy described in the text, and a veto
on the presence of OSSF leptons we have im-
posed a cut on the presence of more than two jets.
Here we have included the sparticle pair produc-
tion background as well as the standard model
backgrounds. The striped and hatched regions are
described in the caption of Fig. 3.
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(a) A'gy,=107% (b) Ay =5.2x107°
15— | | | | | ] - | | | | | 1 FIG. 24. The reconstructed neutralino mass at
= - 1 o 04 — the Tevatron foiM ;=50 GeV,M,=250 GeV,
e [ 1 o ] tanB=2, sgnu>0 andA,=0 GeV. The value of
é F . % 05l 1 the coupling in(b) is chosen such that after the
E Lo ] g N ] cuts applied in Sec. IV A the signal iss5above
o F 1% L ] the background. At this point the lightest neu-
5 1 5 %R = tralino mass isM30=98.9 GeV. We have again
E 05— — 'E - ] normalized the distributions to an integrated lu-
z [ 1 201 — minosity of 2 fbo %. The dashed line shows the
r 1 N ] background and the solid line the sum of the sig-
0.0 L= .AM oo 0.0 u;}'ljjﬂ—i_nﬂm L nal and the background.
0 50 100 150 200 250 300 0 50 100 150 200 250 300
My, M

il

4.9+ 1.6 events, for 10 fb' integrated luminosity. If we take \},,=0.02 with 14100 fo~* integrated luminosity and for

a conservative approach and take a background of 6.5 eventg,coupling\,,,=0.05 a resonant slepton can be observed
i.e. @ lo fluctuation above the central value of our calcula-with a mass of 75®50 GeV with 10(100) fb~! integrated
tion a 5o statistical fluctuation would correspond to 16 juminosity.
events, for an integrated luminosity of 10 fh As can be As with the Tevatron analysis we have neglected the
seen from Fig. 17 this is a conservative upper bound. background from sparticle pair production which is reason-
We adopted the same procedure described in the previougle in an initial search for an excess of like-sign dilepton
section to obtain the acceptance for Rgsignal given the  pairs over the standard model expectation. If such an excess
cuts we have imposed. The discovery potential of the LHC isyere observed it would then be necessary to establish which
shown in Fig. 20, for\},,=10"2 with different integrated process was producing the effect. In the next section, we will
luminosities, and in Fig. 21, for an integrated luminosity of present the cuts necessary to reduce the background from
10 fo~! with different values of\5,,. This is considerably sparticle pair production and enable a resonant slepton sig-
greater than the discovery potential of the Tevatron at higtnature to be established over all the backgrounds.
M, and M, due to the larger center-of-mass energy of the
LHC and hence the larger cross sections. In particular the
search potential with one years running at high luminosity, The background from sparticle pair production is much
i.e., 100 fb 1, covers large regions of thd,, My, plane. At more important at the LHC than the Tevatron given the
very large values oM, this extends to regions where the much higher cross sections for sparticle pair production. The
sparticle pair production cross section is small due to thenature of the sparticles produced is also different due to the
high masses of the SUSY particles. higher energies. In the regions of SUGRA parameter space
At small values ofMy and M4, there are regions of where the pair production cross section at the Tevatron is
SUGRA parameter space which cannot be probed for anjarge the lightest SUSY particles, i.e. the electroweak gaugi-
couplings due to the cuts we have applied. However thesmos, are predominately produced. This is because the produc-
regions can be excluded by either LEP or the Tevatron antlon of the heavier squarks and gluinos is suppressed by the
we will therefore ignore them in the rest of this analysis. If higher parton-parton center-of-mass energies required. How-
we neglect these regions the LHC can observe a resonaster given the higher center-of-mass energy of the LHC the
slepton with a mass of up to 500 GeV for a coupling of  production of the colored sparticles which occurs via the

2. SUSY backgrounds

(8) Ng=1077 (b) Ny =6.9%107°
\II‘\\\I‘\\\Il\\I\ 0.3 ||\‘|\\\‘||\\|\\\

0.6 FIG. 25. The reconstructed neutralino mass at

the LHC for My=350 GeV, M,=950 GeV,
tanB=10, sgnu<0 andAy=0 GeV. The value
of the coupling in(b) is chosen such that after the
cuts applied in Sec. IV B the signal iss5above
the background. At this point the lightest neu-
tralino mass isj\/l;rlJ=418.0 GeV. We have again
normalized the distributions to an integrated lu-
minosity of 10 fb X. The dashed line shows the
background and the solid line the sum of the sig-
nal and the background.
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(a) A'p,=107% (b) A'p;,=5.1x107°

L | | | | | ] C | | | | | ] FIG. 26. The reconstructed slepton mass at
= 15— ] =04 C ] the Tevatron foiM ;=50 GeV,M,=250 GeV,
g L {1 9 E tanB=2, sgnu>0 andAy,=0 GeV. The value
£ [ 1 2 o5 e of the coupling in(b) is chosen such that after the
5 1.0 — 5 “r 1 cuts applied in Sec. IV A the signal iss5above
5 i ] 5 r ] the background. At this point the smuon mass is
5 F g 5 02— — M;L= 189.1 GeV. We have again normalized the
P05 -1 2 F ] distributions to an integrated luminosity of 2
= i 1 201l - fb~ 1. The dashed line shows the background and

L _ L ] the solid line the sum of the signal and the back-

OAO_""|"”‘ |_4_|4—J_l_h‘FE—o—i_; 0.0_""""'l I'T\_IJr—L;_i—i_d_J‘v{ ground'
0 50 100 150 200 250 300 0 50 100 150 200 250 300
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strong interaction dominates the cross section. This mearaminosity for a couplingy;,,=0.1.
that a cut on the number of jets in an event will be more As with the Tevatron values of th, Yukawa coupling
effective in reducing the background from sparticle pair pro-which are much lower than the current low-energy boi2id

duction. The following cut was applied: . can be probed using like-sign dilepton production. For a
_ Vetoing all events when there are more than two jets eacllepton mass of 46600) GeV the limit on the coupling 5,4
with p;t>50 GeV. is 0.30(0.37§ which is more than a factor of six or seven,

As the sparticle pair production background at the LHC isdepending on the integrated luminosity, greater than the cou-
larger than at the Tevatron we needed to simulate morgjing we can probe. For a slepton mass of @) GeV the
events in order to obtain a reliable estimate of the acceptanggnit is 0.38(0.50) which is more than a factor of three or
for this baCkgrOUnd. This meant that with the available re-five' again depending on the integrated |uminosity, greater
sources we were forced to use a coarser scan dfifleM 1, than the coupling we can probe. In general the coupling
plane. We used a 16 point grid and simulated a differentyhich can be probed using this method decreases more rap-
i\’/lumber 0:1 events.ait each poir:jt depending on the va_\luz qélly with the increasing slepton mass than e depen-

1o as the sparticle pair production cross section is de- : L
creased a$l ), increases. We simulated 1010, 1¢°, and dence of the low-energy fimit.
10’ events at each of four points féd,,=875 GeV,M,,
=625 GeV,M,,=375 GeV andM,,=125 GeV, respec-
tively. There are many possible models which lead to an excess

Our estimate of the discovery potential of the LHC after Of like-sign dilepton pairs, over the prediction of the standard
this cut, including all the backgrounds is given in Fig. 22, formodel. Indeed, we have seen that within Ryeextension of
\o1.= 102 with different integrated luminosities, and in Fig. theé MSSM such an excess could be due to either sparticle
23, for an integrated luminosity of 10 T with different ~ Pair production followed byR,, decays of the LSPs, or reso-
values of theR, Yukawa couplings. As with the Tevatron nant charged slepton production followed by a supersymmet-
the discovery potential is reduced in two regions relative tdic gauge decay of the slepton. The cut on the number of jets
that shown in Figs. 20 and 21. The reduction at higl, is described above_glves one way of discriminating between
due to the smaller signal after the imposition of the jet cutthese two scenarios. S
whereas the reduction at sml,, is due to the larger back- An aiddlfuonal method of distinguishing between these two
ground. However there are still large regions of SUGRASCenarios is to try and reconstruct the masses of the d_ecgylng
parameter space in which this process is visible above thgp_articles fpr the resonant slepton _productlon. In principle
background, particularly at largsl,,, where there is less thls_ is stralghtforward. The neutralino _dec.ay to a quark-
sensitivity to sparticle pair production. Due to the larger@ntiquark pair and a charged lepton, will give two jets
backgrounds from sparticle pair production there are larg&nore after the emission of QCD radiatioand a charged
regions where the signal is detectable above the backgrourl@iPton. These decay products should be relatively close to-
although theS/B is small. In general there is a region ex- ggther. Therefpre .to reconstruct the neu_trallno we tpok the
tending around 200 GeV iN 4, above the bottom of thedb highest twop+ jets in the event and _comblned them with the
discovery contour for 100 fot whereS/B<1. charged Ieptqn Wh.ICh was plosest in, ) space. We .o_nly

If we again neglect the region at small, and M, used events in which both jets hgql> 10 GeVin addlthn
which cannot be probed for ari;, Yukawa couplings given to passing all the cuts described, i.e. both the cuts required to
our cuts, we can obtain a mass reach for the LHC, with &UPPress the standard model and SUSY backgrounds, in the
given R, Yukawa coupling. Slepton masses of 4&Q0)

GeV can be discovered with (1D0) fbo~ ! integrated lumi-
nosity for a couplingh;;;=0.05 and slepton masses of 4as for the Tevatron this limit is obtained by using flig mass at
6100820 GeV can be observed with (D0 fb~ ! integrated  the same SUGRA point.

C. Mass reconstruction
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(a) )\’211:10_2 (b) )\,211:6.9X10_3

FIG. 27. The reconstructed slepton mass at
the LHC for My=350 GeV, M,=950 GeV,
tanB=10, sgnu<0 andAy=0 GeV. The value
of the coupling in(b) is chosen such that after the
cuts applied in Sec. IV B the signal iss5above
the background. At this point the smuon mass is
M7, =745.9 GeV. We have again normalized the
distributions to an integrated luminosity of 10
fb~ . The dashed line shows the background and
the solid line the sum of the signal and the back-
— | ground.
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previous sections. This then gives a neutralino candidate, thiae neutralino decay from the cones used to define the jets. It
masses of these candidates are shown for a sample pointigncommon to include this effect in the jet energy correction,
SUSY parameter space for both the Tevatron, Fig. 24, ando this shift would probably not be observed in a full experi-
the LHC, Fig. 25. In both cases in addition to showing themental simulation.

result for the coupling\},,=10" 2, we have shown a cou- The agreement between the results of the simulation and
pling such that the signal is exactlyoSabove the back- the input values is good provided that the standard model
ground at this point to show what can be seen if the signal i9ackground is dominant over the background from sparticle
only just detectable. As can be seen in both figures the repaijr production and the lightest neutralino is predominantly

constructed neutralino mass is in good agreement with thSroduced in the smuon decay. This is the case at the points
simulated value, although the situation may be worse oncggeq in Figs. 24—27. At the poiM ,=50 GeV, M, ,,= 250

detector effects have peen i.ncluded. ) ) GeV, tan=2, sgnu>0 andAy=0 GeV the branching ra-

- ) ; N N&io for the decay of the smuon to the lightest neutralino is
remaining lepton in the event to give a slepton candidate

~ 0 4y . ; _
under the assumption that the like-sign leptons were progR\(/MkA_’X_lfsst))_Gg?j/"' S'Tig”y at th(()e pgftl\f%_f\?
duced in the procesk’—1*x?. The mass distribution of o’ " 42~ eV, tarB=10, sgnu=0 andAy,=0 Ge

these slepton candidates is shown in Fig. 26 for the Tevatro%he dominant decay mode of the smuon is to the lightest

- =0 ey
and Fig. 27 for the LHC. Again there is good agreement€utralino, BR{u —xip™)=99%. _ o
between the position of the peak in the distribution and the [t can however be the case that there is a significant back-
value of the smuon mass used in the simulation. ground from sparticle pair production and a substantial con-
The data for both the neutralino and smuon mass recorfibution from the production of charginos and heavier neu-
structions is binned in 10 GeV bins. We have used the eventalinos. This is shown in Fig. 28) for the neutralino mass
in the central bin and the two bins on either side to reconf€construction and Fig. 24 for the smuon mass reconstruc-
struct the neutralino and smuon masses. These reconstructi@n- As can be seen in the Figs.(@8and 29a) there is a
masses are given in Table IV. As can be seen for both thaignificant background in both distributions. At this point,
. . H [ —2 — —
points we have shown the reconstructed mass lies between'§: A21;=10"%, M(=350 GeV, My,,=350 GeV, taB
GeV and 15 GeV below the simulated sparticle mass. This is~ 10, sgnu<0 andA,=0 GeV, the smuon dominantly de-
due to the loss of some of the energy of the jets produced inays to the lightest chargino, BR(— x; v,) =50.9%, with

TABLE IV. Reconstructed neutralino and slepton masses. The following SUGRA points were used in
these simulations: point A had ;=50 GeV,M ;=250 GeV, tarB=2, sgnu>0 andA,=0 GeV; point B
has M,=350 GeV,M ;=950 GeV, tarB=10, sgnu<0 andAy;=0 GeV,; point C hasM ;=350 GeV,
M =350 GeV, tan3=10, sgnu<0 andA,=0 GeV. The Tevatron and LHC results are based on2 fb
and 10 fb ! integrated luminosity, respectively.

Experiment N o Cuts Point Neutralino mass/GeV Slepton mass/GeV

Actual Recon. Actual Recon.

Tevatron 102 no A 98.9 90.3 189.1 181.6
Tevatron 5.%10°3 no A 98.9 91.8 189.1 182.3
LHC 1072 no B 418.0 404.1 745.0 734.1
LHC 6.9x 10?2 no B 418.0 405.1 745.0 732.6
LHC 1072 no C 147.6 142.7 432.0 421.3
LHC 1072 yes C 147.6 143.4 432.0 423.3
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(a) Before Cuts (b) After cuts
_I TTT | TTTT | TTTT | TTTT | TTTT | TTT I_ 08 LI TT | TTTT | LI | TTTT | TTTT | TT L
15— — r ]
= T 1 = L ] FIG. 28. The reconstructed neutralino mass at
- - [ L B ’ -
e | 1 2,6l ] the LHC for A},;,=10"2, My=350 GeV, M,
2 r 1 *2 C ] =350 GeV, tanB=10, sgnu<0 and Ay;=0
5 Lo ] e C ] GeV. At this point the lightest neutralino mass is
. r 1 ; 04— — M;(gz 147.6 GeV. We have again normalized the
s | 1 = F . distributions to an integrated luminosity of 10
g & [ ] g y
05— - & 1 fb~ 1. The cuts used are described in the text. The
z | 1 2%*fC ] dashed line shows the background and the solid
- o | 1 L . 1= line the sum of the signal and the background.
O‘O_III f‘|1_i||||||_|||| ||||_ O_""J 1404 I’JI:—l_lJrI_I_I[JI_IJII_
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the other important decay modes being to the next-to-lightestf the combination of the hardest two jets in the event and

neutralino, BRfu — xou)=28.0%, and the lightest neu- the lepton closest to the jets iny(¢#) space, i.e. the trans-

tralino BR(/],_—&g,u*):ZO.Q%. In the neutralino distribu- yerse mgmentum of the neutral|no.can.d|date. S|m|I¢qul

tion there is still a peak at the simulated neutralino mass!S the azimuthal angle of the combination of the hardest two

although there is a large tail at higher masses. This tail i$8tS in the event and the lepton closest to the jetsz7)

mainly due to the larger sparticle pair production back-SPace, i-e. the azmuthal angle of the neutralln_o cqnd_njate.

ground. The production of charginos and the heavier neu- AS can be seen in both Figs. ®and 29b) this signifi-

tralinos does not significantly effect this distribution as the¢@ntly reduces the background and the spurious peak in the

heavier gauginos will cascade decay to the LSP due to thelepton mass dlstrllbutlon. At the§e points it is also poss@le

small R, coupling. to reconstruct the lightest ngutrglmo, chargino and sneutrino
In the slepton distribution in addition to the larger back- masses using the decay chains x; | * followed by the de-

ground there is also a spurious peak in the mass distributiosay of the chargingy; —!" v and theR,, decay of the

due to the production of the lightest chargino and}@eAs lightest neutralino to a lepton and two jd22,23. The re-

we are not including all the decay products of the chargino oconstructed neutralino and slepton masses, before and after

%3 in the mass reconstruction the reconstructed slepton madd€ imposition of the new cuts, are given in Table IV. The

in signal events where a chargino or heavier neutralino [$2Me procedure as before was used to extract the sparticle

produced is below the true value. masses. There is reasonable_ agreement between the_S|mu—
We can improve the extraction of both the neutralino andated and reconstructe'd sparticle masses although again the

slepton masses by imposing some additional cuts. The aim §gconstructed values lie between 5 and 15 GeV below the

these cuts is to require that the neutralino candidate and thé/ues used in the simulations, due to the loss of energy from

second lepton are produced back-to-back, because in most B¢ cones used to define the jets in the neutralino decay.

the signal events the resonant smuon will only have a small

transverse momentum due to the initial-state parton V. CONCLUSIONS

shower. We therefqre require the transverse momenta o \We have performed a detailed analysis of the background
thﬁl neultrallno candidate and the second lepton to satisfy, i e sjgn dilepton production at both run Il of the Tevatron
lpy *=pf#|<20 GeV, and the azimuthal angles to satisfy ang the LHC. We find a background from standard model
[ pjji,— b1,| — 180 <15°. p'tis the transverse momentum processes of 0.480.16 events for 2 fo! integrated lumi-

(a) Before cuts (b) After cuts

—
(=)

FIG. 29. The reconstructed slepton mass at
the LHC for A},;,=10"2, My=350 GeV, M,
=350 GeV, tarB=10, sgnu<0 and Ay=0
GeV. At this point the smuon mass M;L
=432.0 GeV. We have again normalized the dis-
tributions to an integrated luminosity of 107h.
The cuts used are described in the text. The
dashed line shows the background and the solid
line the sum of the signal and the background.
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nosity at the Tevatron and 4:91.6 events for 10 fb* inte- the signal from resonant slepton production is visible above
grated luminosity at the LHC after a set of cuts. If we only the combined standard model and SUSY pair production
consider this background there are large regions of SUGRAackground for large ranges of SUGRA parameter space, in
parameter space where resonant slepton production followeegrticular it is visible for much lower values of th@,
by a supersymmetric gauge decay of the slepton is visibleukawa coupling than are currently excluded by low-energy
above the SM background even for the small values of thexperiments. Finally we have studied the possibility of mea-
R, couplings we considered. suring the mass of the resonant slepton and the neutralino
This is presumably the strategy which would be adoptednto which it decays. Our results suggest that this should be
in any initial experimental search, i.e. looking for an excesgossible even if the signal is only just detectable above the
of a given type of event over the standard model predictionpackground.
If such an excess were observed it would then be necessary
to identify which of the many possible models of beyond the
standard model physics was correct. . . . ACKNOWLEDGMENTS
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