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Study of R-parity-violating supersymmetric signals at aneÀeÀ collider
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We study the pair production of right selectrons at a 500 GeVe2e2 collider followed by their decay into an
electron and a lightest neutralino. This lightest neutralino decays into multifermion final states in the presence
of R-parity-violating couplings. A detailed analysis of possible signals is performed for some important regions
of the parameter space. The signals are essentially free from the standard model backgrounds.
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I. INTRODUCTION

Supersymmetry~SUSY!, as one of the most attractive op
tions beyond the standard model~SM!, has been studied fo
the past few decades@1#. From the theoretical point of view
it offers a solution to the hierarchy problem. On the oth
hand, a lot of effort has been devoted to looking at the p
nomenological consequences of SUSY both in low-ene
processes and at high-energy colliders@2#. One of the candi-
dates for a realistic model is the minimal supersymme
extension of the SM. In the SM, it is not possible to wr
down interactions which violate baryon number~B! or lepton
number (L). In the SUSY version of the SM, the partic
spectrum is doubled and baryon number and lepton num
are assigned to the supermultiplets, leading toDB51 or
DL51 interactions in the Lagrangian. In the minimal sup
symmetric standard model~MSSM! it is assumed thatB and
L are conserved quantum numbers. This is ensured by
posing a discrete multiplicative symmetry calledR parity @3#
which is defined as

R5~21!L13B12S,

whereS is the intrinsic spin of the particle.
It can be checked very easily thatR equals11 for stan-

dard model particles and21 for the superpartners. An im
mediate consequence ofR-parity conservation is that th
sparticles appear in pair at each interaction vertex. This le
to the fact that the lightest supersymmetric particle~LSP! is
stable. The interactions of the LSP must be of weak stren
because they are mediated by virtual sparticles which
known to be quite heavy~of the order of the electrowea
scale!. The most favorite candidate to become an LSP is
lightest neutralino and the search strategies for supersym
try guided by the principle ofR-parity conservation are to
look for signals with large missing energy and moment
carried by an undetected neutralino@2#. Also the LSP is a
good candidate for the cold dark matter of the universe@4#.

The conservation ofR parity, however, is not prompte
by any strong theoretical reason, and theories whereR parity
is violated through nonconservation ofeither B or L have
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been considered. Such scenarios can be studied by gen
izing the MSSM superpotential to the following form@5#:

W5WMSSM1WR” , ~1!

with

WMSSM5mĤ1Ĥ21hi j
l L̂ i Ĥ1Êj

c1hi j
d Q̂i Ĥ1D̂ j

c1hi j
u Q̂i Ĥ2Û j

c

~2!

and

WR”5l i jk L̂ i L̂ j Êk
c1l i jk8 L̂ i Q̂j D̂k

c1e i L̂ i Ĥ21l i jk9 Û i
cD̂ j

cD̂k
c .

~3!

Here,Ĥ1 ,Ĥ2 are the SU~2! doublet Higgs superfields which
give rise to the masses of down-type and up-type quark
perfields, respectively, andL̂ (Q̂) denote lepton~quark! dou-
blet superfields.Êc,D̂c,Ûc are the singlet lepton and quar
superfields.i , j ,k are the generational indices and we ha
suppressed the SU~2! and SU~3! indices. Thel i jk are anti-
symmetric ini andj while thel i jk9 are antisymmetric inj and
k. The first three terms inWR” violate lepton number and th
last term violates baryon number. It is obvious that both
L and B violating terms cannot be present if the proton
stable. In order to get a large proton lifetime (;1040 s! @6# it
is sufficient to demand that eitherL or B be violated which in
turn breaksR parity. R-parity violation leads to considerabl
changes in the phenomenology. The most important con
quence is that the LSP can decay now. Also, the ligh
neutralino need not be the LSP because it is no longe
stable particle. The lepton number and baryon number v
lating terms mentioned above have received a lot of atten
and constraints have been derived on these new coup
from present experimental data@7#. Prospects ofR-parity
violation have been studied in the context of followin
present and future colliders: CERNe1e2 collider LEP,
DESY ep collider HERA, pp̄ at Fermilab Tevatron, CERN
Large Hadron Collider~LHC!, e1e2 and eg Next Linear
Collider ~NLC! @8–10#. Here we investigate the signatures
R-parity breaking at futuree2e2 linear colliders. Our aim is
to study the pair production of right selectrons (ẽR) which
will then decay into an electron and a neutralino. Finally t
neutralino will decay into multifermions through differen
R-parity-violating couplings.
©2001 The American Physical Society05-1
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DILIP KUMAR GHOSH AND SOUROV ROY PHYSICAL REVIEW D63 055005
In this paper we shall discuss theR violation in three
separate categories for the convenience of the analysis
will consider, in turn,WR” with either thel, l8, or l9 terms
existing in the superpotential at a time. The bilinear te
e i L̂ i Ĥ2 is also a viable agent forR-parity breaking which can
induce vacuum expectation values for the sneutrino fie
and generates a tree-level mass for one of the neutr
@11,12#. This scenario has been studied by several author
the context of recent results from SuperKamiokande~SK!
data on atmospheric neutrinos@13# and attempts have bee
made to find the correlation between the given pattern
neutrino masses and mixings and collider signatures of
persymmetry@14#. So far, no work has been reported whi
includes the study ofR-parity violation through the bilinea
term in the context ofe2e2 colliders and we wish to discus
it in our future work which requires a separate analysis a
gether@15#.

The paper is organized as follows. In Sec. II, we descr
the physics goals ofe2e2 colliders and their advantages an
disadvantages from the point of view of a supersymme
search. In Sec. III we will discuss the numerical results f
lowed by our conclusions in Sec. IV.

II. SEARCH FOR SUPERSYMMETRY AT eÀeÀ

COLLIDER

As we know, the currente1e2 collider at LEP is at the
verge of its closing. Apart from putting some lower boun
on different SUSY particles, there has been no sign of n
physics beyond the SM from LEP. Perhaps one can hop
see some signals beyond the SM at run II of Tevatron and
course, the LHC, but the clean environment of the next g
eratione1e2 linear collider will definitely complement the
signatures from hadron colliders. Even if SUSY is disco
ered at LHC, NLC can be used as a machine for precis
measurements for different SUSY parameters@16#.

Before going on to the discussion of the supersymme
search, let us first mention in brief the unique features of
e2e2 collider which establishes its importance in order
make model independent measurements at future h
energy physics experiments@17#. First of all, it should be
emphasized that at linear colliders the replacement of a b
of positrons with a beam of electrons can be achieved
rather straightforward manner and can lead to the option
colliding electron beams.

At e2e2 colliders, the initial energy is well known an
both e2 beams can be highly polarized so that the init
states are specified. The backgrounds are, in general,
tremely suppressed and they can be reduced further with
cific choices of the beam polarizations. However, the to
electric chargeQ and total lepton numberL of e2e2 collid-
ers forbid the pair production of most of the superpartners
virtue of total charge and lepton number conservation. T
is one disadvantage ofe2e2 colliders where only selectron
can be pair produced through the exchange of a Major
neutralino in thet andu channels@18,19# as shown in Fig. 1.
In contrast, ate1e2 colliders, selectron pair production oc
curs throughs-channelg andZ exchange as well as throug
t-channelx̃ i

0 exchange. The interference between thes- and
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t-channel diagrams is always destructive forAs.mZ @20#. In
thee2e2 mode, since theu-channel diagram is present alon
with the t-channel diagram and the interference betwe
them is constructive, the production cross section is alw
larger compared to thee1e2 mode. This cross section can b
further increased by choosing the initial electron beam po
ization properly. It has been shown@19# that the right selec-
tron pair production cross section is largest for the rig
polarized initial electron beam. This can be explained fro
the fact that in most of the MSSM parameter space the L
is B-ino dominated, which has a larger coupling witheRẽR

compared toeLẽL . Furthermore, it turns out that the sele
tron pair production cross section for the unpolarized init
state is smaller than that of right-polarized electron beam

Another important feature of thee2e2 collider is its be-
havior near threshold which shows a sharp rise in the se
tron pair production cross section@21#. This enables one to
measure the selectron masses very accurately. In contra
an e1e2 collider the threshold measurement is rather po
which compels one to determine theẽ mass~with an error of
few GeV! from the measurement of the electron end po
energy@21#. The study of slepton flavor violation can also b
done very effectively in ane2e2 collider.

In Fig. 2, we present contours for the cross section~in fb!

for the production ofẽR
2ẽR

2 final states in the (m,M2) plane
for tanb52,20,40 andAs5500 GeV. The mass of the righ
selectron is assumed to be 150 GeV for the plots in the
column and 200 GeV for the plots in the right column.

The explanation of the variation of cross section with t
parameters which appear in the neutralino mass matrix
shown in Fig. 2, is as follows. The arearuled out by LEP-2
represents the region which is disallowed by the charg
search at LEP-2 and corresponds to a mass of the lig
chargino (x̃1

6) less than 98 GeV@23#. This limit comes
purely from kinematic considerations and does not dep
on whetherR parity is conserved or violated. The area whi
is marked asX in the figure is not allowed because here t
selectrons become lighter than the LSP and hence the s
tron decaying to the lightest neutralino is forbidden.1 Since
we are considering right selectron pair production, the c
tribution to the cross section comes mainly from the light
neutralino which is dominated by aB-ino over a large part of

1In R-parity-violating models, it is also possible that theselectron,
rather than the lightest neutralino, is the LSP, and can decay
rectly into two leptons~quarks! through thel i jk(l i jk8 ) couplings,
respectively.

FIG. 1. Feynman diagram fore2e2→ẽ2ẽ2.
5-2
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FIG. 2. Contours of cross section~in fb! for
production of a pair of right selectrons at a
e2e2 collider with right-polarized (90%) elec-
tron beams. The left and right columns corr
spond to 150 GeV and 200 GeV right-selectro
masses.
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the parameter space. Here we assume the grand un
theory ~GUT! relationship between the SU~2! and U~1!
gaugino soft mass parametersM2 and M1 , M1
5 5

3 tan2 uWM2. As the value ofM2 increases, the lightes
neutralino starts becoming more and moreB-ino dominated
and hence the strength of theeR2ẽR2x̃1

0 coupling increases
at the same time. Also, the amplitude in this case require
t-channel neutralino mass insertion. These two effects c
bined together lead to an increase in the cross section w
M2 is increased for a fixed value ofm @18#. This feature is
evident from Fig. 2. For lower values ofm, theB-ino com-
ponent in the lightest neutralino starts decreasing wh
means a fall in the cross section and hence in order to ge
same cross section the value ofM2 ~consequently the value
of M1) must be increased. With the increase in select
mass the available phase space reduces and in order t
the same cross section as in the left column one must g
higher values ofM2.

The decay of right selectron yields following final state

e2e2→ẽR
2ẽR

2→e2e2x̃1
0x̃1

0 . ~4!
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This will give rise to two like-sign electrons and largep” T

signature. This kind of a signal as shown in Eq.~4! and the
relevant backgrounds have been well studied@19#.

In light of the above discussion, the next question wh
comes to mind is what could be the potential signatures a
e2e2 collider whenR parity is violated. Recently, the effec
of R parity violation has been studied for the producti

processeL
2eR

2→ẽL
2ẽR

2 @22#. In this work we will consider the
pair production of right selectrons assuming 90% rig
polarized electron beams because of the larger cross se
in this case. The subsequent analysis will not depend on
choice of initial electron polarization. As we will see in th
following section, since the lightest neutralino will decay,
will lead to multilepton final states with missing energy a
most free from standard model backgrounds. However, r
selectrons can also decay into heavier neutralino states,
is allowed by kinematics. In that case, the cascade decay
heavier neutralino will produce more complex signals. F
the simplicity of our analysis, we will not consider such d
cay patterns here.
5-3
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DILIP KUMAR GHOSH AND SOUROV ROY PHYSICAL REVIEW D63 055005
III. DECAY OF x̃1
0 AND ASSOCIATED SIGNALS

In this section we will discuss the possible signatures a
ing from the decay of the LSP through differentR-parity-
violating interactions, through sfermion~sleptons and
squarks! exchange diagrams. These Feynman diagrams
the amplitudes can be found in the literature@10,24#. Here,
we make the assumption that of all the couplings which v
late R parity, only one is dominant at a time, which is mo
vated from the fact that in the SM top quark Yukawa co
pling is much larger than the others. Furthermore, we ass
these couplings to be much smaller than the gauge coupli
though we require them to be large enough to make the
decay inside the detector. A genericR-parity-violating cou-
pling should be larger than 1025 to satisfy the above require
ment @25,7#. In our subsequent analysis we take these c
plings in the range 1021– 1022. If the R-parity-violating
operator is of the typeLLEc, the final states will have two
charged leptons and a neutrino. The flavor of these lep
are determined by the type ofl i jk coupling. If theR-parity-
violating operator is of the typeLQDc, the final states will
have either one charged lepton or a neutrino associated
two quarks. Finally in the presence of baryon number vio
ing couplingUcDcDc, the final state will have three quark
Throughout this analysis we assume 250 GeV left-slep
mass@sneutrino mass is related to left-slepton mass thro
the SU~2! relation# and 500 GeV squark mass. All th
squarks have been assumed to be degenerate in mass.
parton level Monte Carlo analysis we treat quarks/parton
jets, and the direction of jets is same as that of the ini
quarks/partons. We impose the following selection crite
for these leptons and jets:

pT
l .5 GeV, uh l u,3, ~5!

pT
j .15 GeV, uh j u,3. ~6!

We merge two jets into a single jet if their angular separat
DRj j ,0.7, where (DRj j )

2[(Dh) j j
2 1(Df j j )

2, Dh j j and
Df j j being the difference of pseudorapidities and azimut
angles, respectively, corresponding to two jets. The lepto
isolated from a jet ifDRjl .0.4, whereDRjl is defined in the
same way as above.

A. Signals from l-type couplings

Let us now discuss the signals which can be looked
when R parity is violated through the terms of the typ
l LLEc. The pair-produced LSPs from the decay of the t
right selectrons will lead to the final state consisting
e2e214l 61p” T . The flavor of the leptons coming from th
neutralino decay will depend on the particular type of co
pling involved. For example,l123 coupling gives

x̃1
0→nem

2t1,e2nmt1,n̄em
1t2,e1n̄mt2, ~7!

with equal probabilities. Here, for simplicity we have co
sidered a common value for alll-type couplings taken to be
0.07(mẽ/100 GeV!, close to the existing indirect bounds re
evant for most of those couplings. In order to tag the lep
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flavor one must multiply the signal cross section with t
efficiency of the corresponding lepton flavor identification

Since there are two neutrinos in the final states, rec
structing the mass of the LSP in such a case is not poss
However, the kind of final state mentioned above is sp
tacular in the sense that it is free from standard model ba
ground and permits easy detection at a 500 GeVe2e2 col-
lider.

In Fig. 3, we have shown the transverse momentum (pT)
distribution of the charged leptons produced in the final st
for MẽR

5150 GeV, and the following the set of input pa

rametersm52450 GeV,M25200 GeV and tanb52. For
this set of parameter pointsM x̃

1
05103 GeV andM x̃

2
05206

GeV. For later studies of the distributions we will use this s
of input parameters. It is easy to see from this distribut
that all six leptons survive thepT

l .5 GeV cut. Out of six

leptons, two come from the decay ofẽR ; the remaining four
leptons come from the decay ofx̃1

0.
We display in Table I some representative values of

cross sections in order to get an idea about the strength o
signal. In obtaining these numbers, we required six lept
satisfying the criteria given in Eq.~5!, and in addition im-
posed thatp” T.15 GeV. Thep” T requirement ensures that th
signal is SM background free. Two values of the right sel
tron mass, namely,mẽR

5150 ~GeV! and mẽR
5200 ~GeV!,

have been considered for the calculation of the cross
tions. We have considered the actual branching ratios of
decays of right selectrons including the direct decays thro
R-parity-violating couplings as well as decays into heav
neutralinos. It has already been mentioned that if the dec
into heavier neutralino states are allowed kinematically, th

FIG. 3. pT distribution of leptons for thel i jk case. The MSSM
input parameters arem52450 ~GeV!, M25200 ~GeV!, and
tanb52. The number adjacent to each curve represents lep
with the following energy ordering:El 1

.El 2
.El 3

.El 4
.El 5

.El 6
.

5-4
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will lead to more complex signals which we have not co
sidered in this work. For a fixed value ofm and tanb, with
increasingM2, the LSP mass increases; hence the MS
decay ofẽR decreases because of phase-space suppres
favoring the direct decay ofẽR through R-parity-violating
l231, which in turn reduces our signal. As is evident fro
this table, large cross sections may be obtained for a con
erable region of the parameter space and with a proje
integrated luminosity of 50 fb21 at an e2e2 collider one
could see some thousands of events. It must be noted a
point that if taus are produced in the final state, they wo
decay mainly into hadrons, but that requires a sepa
analysis.

B. Signals from l8-type couplings

The decay pattern of the LSP changes as we go on to
R-parity-violating couplings of the typel8 LQDc. For ex-
ample,l1238 coupling gives

x̃1
0→nesb̄,e2cb,n̄es̄b,e1c̄b. ~8!

As before, we again consider a common value for alll8-type
couplings. To identify the final state flavors one has to ta
into account the reduction in cross section due to flavor t
ging efficiency. It should be mentioned at this point th
unlike thel case here all final states are not equiprobab
We categorize the signals in the following manner. All the
states are assumed to be accompanied by two like-sign
electrons arising fromẽR decay: ~1! 2l 61jets; both x̃1

0

→ l 6 j j ; ~2! jets1p” T ; both x̃1
0→n j j ; ~3! l 61 jets1p” T , one

x̃1
0→ l 6 j j , the otherx̃1

0→n j j .
The last channel will be enhanced by a combinatoric f

tor of 2. We have folded the cross section with the branch
fraction of the LSP. The selection cuts~as discussed earlier!
are applied to the leptons and jets. After the energy orde
(Ej 1

.Ej 2
.Ej 3

.Ej 4
), we study the jetpT distribution as

TABLE I. Signal (e2e214l 61p” T) cross section assumin
LSP decays throughl i j 1 coupling for some representative values
the input parameters. Forl i jk with kÞ1, these cross sections wou

be larger by at least a factor of 2 since, in that case, theẽR only has
R-parity-conserving decay modes.

mẽR
5150 ~GeV! mẽR

5200 ~GeV!

m
~GeV!

M2

~GeV! tanb

mx̃
1
0

~GeV! s ~fb! s ~fb!

2450 200 2 103.1 537.40 407.0
2375 250 2 128.4 163.22 380.86

400 250 2 118.9 334.86 410.11
2500 280 20 140.2 11.93 325.05

375 200 20 98.5 564.31 398.30
475 265 20 131.6 107.16 372.35

2480 300 40 149.8 0.0 252.30
2350 225 40 111.5 448.23 413.10

400 200 40 99.0 563.24 400.41
05500
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shown in Fig. 4. These jets and charged leptons are
associated with largep” T arising from neutrinos for channel
~2! and~3! listed above. Thep” T distribution is shown in Fig.
5. The distributiona corresponds to the case when both t
LSP decays into then j j channel, where asb represents the

FIG. 4. pT distribution of jets for bothx̃1
0→ l 6 j j channels

throughl i jk8 coupling. The number adjacent to each curve rep
sents jets with the following energy ordering:Ej 1

.Ej 2
.Ej 3

.Ej 4
.

The input parameters are the same as in Fig. 3.

FIG. 5. p” T distribution for thel i jk8 case.a: both x̃1
0→n j j . b: one

x̃1
0→ l 6 j j , the other onex̃1

0→n j j . The input parameters are th
same as in Fig. 3.
5-5
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p” T distribution when one of the LSP decays through then j j
mode and the other one through thel 6 j j mode.

Finally in Table II we give cross sections for signals f
two ẽR masses 150 GeV and 200 GeV. We required four

TABLE II. Signal cross section assuming LSP decays throu
l i jk8 coupling for some representative values of the input para
eters. In each row, the first, second, and third numbers corres
to cross sections for the following final states:e2e212l 1 jets,
e2e21 l 1p” T1 jets, ande2e21 jets1p” T , respectively.

mẽR
5150 ~GeV! mẽR

5200 ~GeV!

m
~GeV!

M2

~GeV! tanb

mx̃
1
0

~GeV! s ~fb! s ~fb!

184.40 130.01
2450 200 2 103.1 214.54 150.20

126.85 89.43
234.20 180.47

2375 250 2 128.4 322.0 245.66
180.80 137.70
58.68 43.46

400 250 2 118.9 239.80 175.72
137.00 100.50
120.26 125.81

2500 280 20 140.2 277.60 289.10
152.91 158.83
73.95 51.71

375 200 20 98.5 184.42 128.8
110.64 77.31
126.84 100.50

475 265 20 131.6 321.33 253.00
179.23 140.38
2.79 130.48

2480 300 40 149.8 7.23 320.20
4.25 173.53

101.20 72.85
2350 225 40 111.5 246.40 176.07

142.30 102.0
82.48 57.60

400 200 40 99.0 190.30 132.70
114.06 79.80
05500
ts

and, respectively, four, three, or two leptons satisfying
criteria given in Eqs.~6! and ~5!, for channels~1!, ~2!, and
~3! listed above. In addition,p” T.15 GeV is imposed for
channels (2) and(3). Cross sections for heavier righ
selectron mass~5200 GeV! are lower than the correspond
ing quantities for 150 GeVẽR mass, just because of a lack o
enough phase space. The difference in the three cross
tions in each row can be explained from the branching ra
of x̃1

0 in two different channelsl 6 j j and n j j . The inputs
remain the same as in Table I. The cross sections for th
various channels are fairly large over a wide region of p
rameter space which is accessible in a 500 GeVe2e2 col-
lider. Signals corresponding toe2e21 jets1p” T and e2e2

1 l 61 jets1p” T final states may have the standard mod
background coming fromW2W2ZZ production. But this
cross section is found to be too low (,40 fb! and does not
affect the signal in a significant way.

If the produced LSP is highly relativistic, then its deca
products will be confined within a narrow cone around t
direction of the LSP. In that case, the lepton~decaying from
LSP! in a particular hemisphere is identified and its invaria
mass is constructed with all jets in the same hemisphere
similar thing is done in the opposite hemisphere. Then
demand that these two invariant masses should lie within
GeV of each other. If these two invariant masses are equa
nearly equal, we can say that they arise from the same pa
particle. In Fig. 6~a! we represent such an invariant ma
distribution, which shows a distinct peak at the LSP ma
~5103 GeV!. In order to get an estimate of the mass reso
tion, we have used Gaussian smearing@26# of the energies of
jets and leptons to ‘‘mimic’’ the response of a detector:

DEj /Ej50.4/AEj10.02, DEl /El50.15/AEl10.01.
~9!

In Fig. 6~b!, we show the mass distribution after ener
smearing. The LSP mass determined in this way has res
tion DM /M54%. It should also be noted that for about 80
of the total events the mass reconstructed in both sides
within 10 GeV of each other. In principle one can also r
construct the selectron mass in this way, but a more pre
determination can be done by threshold scan@21#.

h
-
nd
e
e

-

FIG. 6. Distribution in invari-
ant mass reconstruction from th
lepton and all jets in the sam
hemisphere: ~a! without lepton
and jet energy smearing and~b!
with lepton and jet energy smear

ing. Both x̃1
0 decay into thel 6 j j

channel throughl i jk8 coupling.
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C. Signals from l9-type couplings

Finally, the presence ofl9 in the superpotential can in
duceB number violating decay of the LSP. In this case, t
LSP will simply decay into three hadronic jets:

e2e2→ẽR
21ẽR

2→e21e21x̃1
01x̃1

0→e2e216 jets,
~10!

where the sets of three jets have invariant mass peakin
the neutralino mass~assuming all jets are seen!. As before,
we impose the selection cuts on leptons and at least four
From thepT distribution of six jets in Fig. 7 it is clear tha
for this value of the LSP mass~5103 GeV!, most of the jets
are hard enough to satisfy the jet trigger requirement as
cussed previously. From the jet number distributions in F
8, we see that most of the time the cross section prefer
peak at the five-jet channel~44.69% of the events!, followed
by the six-jet (42.86% of the events! and four-jet (11.83% of
the events! channels. The three-jet fraction of the cross s
tion is less than 0.5%. Imposition ofpT

j .15 GeV anduh j u
,3 cuts on the jets reduces the jet number. Finally we a
merge two jets into a single jet if their angular separat
DRj j ,0.7. The probability of jet merging is highly depen
dent on the mass of the parent particle from which the
originate and also onAs. The larger the boost of the pare
particle, the higher the probability of jet merging. In th
case, a 103 GeV LSP is produced from the decay of a
GeV right selectron. Each of these LSPs then decays
three jets with a reasonable boost, leading six jets to me
into five jets and occasionally into four and three jets.

In Table III we give signal cross sections for some rep
sentative values of parameters. In this case, we assum
squark mass to be 500 GeV, which enters as a propagat
the decay LSP. One can also reconstruct the LSP mass u

FIG. 7. pT distribution of jets for thel i jk9 case. The numbe
adjacent to each curve represents jets with the following ene
ordering:Ej 1

.Ej 2
.Ej 3

.Ej 4
.Ej 5

.Ej 6
.
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the following strategy: selecting the hardest jet in the fin
state, its invariant mass is then constructed with all other
in that hemisphere. A similar thing is done in the oppos
hemisphere. Then we demand that these two invar
masses should lie within 10 GeV of each other. If these t
invariant masses are equal or nearly equal, we can say
they arise from the same parent particle. Though we will
present here the invariant mass distribution, similar kinds
studies have been done by other authors and also by
ALEPH Collaboration in their study of the~now defunct!
four-jet anomaly@9,10,27#.

Before we conclude, we would like to mention the po
sible SM backgrounds in this case. We have earlier fou
that most of the time the signal cross section prefers to p
around five and six jets, free from any SM backgroun

y FIG. 8. Number of jets (Njet) when x̃1
0→ j j j throughl i jk9 cou-

pling.

TABLE III. Signal (e2e21 jets) cross section assuming LS
decays throughl i jk9 coupling for some representative values of t
input parameters.

mẽR
5150 ~GeV! mẽR

5200 ~GeV!

m
~GeV!

M2

~GeV! tanb

mx̃
1
0

~GeV! s ~fb! s ~fb!

2450 200 2 103.1 645.65 447.14
2375 250 2 128.4 925.61 714.22
400 250 2 118.9 859.80 634.50

2500 280 20 140.2 803.53 842.07
375 200 20 98.5 588.11 404.50
475 265 20 131.6 953.10 758.86

2480 300 40 149.8 45.0 929.10
2350 225 40 111.5 758.20 540.92
400 200 40 99.0 595.21 409.54
5-7
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However, there is a small fraction of cross section that g
into four-jet channels, which is less important for our pu
pose as far as the SM backgrounds are concerned. This
ticular signal has SM backgrounds from~a! e2e2

→e2e2ZZ, ~b! e2e2→e2e2Z* Z, and ~c! e2e2

→e2e2Z* Z* , with hadronic decay ofZ ~assuming all jets
are seen!.

One can make a rough estimate for this background. A
putting the selection cuts and including the relevant bran
ing ratios the cross section fore2e2→e2e2Z is of the order
of 100 fb. This cross section will get electroweak suppr
sion if anotherZ boson is radiated; moreover, the Br(Z

→qq̄) will further reduce this. After all these, if this back
ground is still comparable to the signal, then this can
eliminated by imposing the condition that the pair of di
invariant massM j j should not peak aroundMZ . However,
this may reduce the signal cross section in the region
parameter space where the LSP mass is nearly degen
with MZ . The detailed calculation of the other two bac
grounds@~b! and ~c!# is very cumbersome and we will no
perform this here. In this case, our main thrust will be
count the jets in the final state~associated with two elec
trons! to distinguish it from the background.

IV. CONCLUSIONS

We have discussed the pair production of right selectr
at a 500 GeVe2e2 linear collider in theR-parity-violating
supersymmetric model. The decay of right selectrons
yield a final state with an electron and a neutralino, mos
the LSP. Hence, we have two like-sign dielectrons and n
,

-
,

,

rin

h
.

cs

05500
s
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tralinos in the final state. We have assumed thatR parity is
weakly violated and thus only the LSP will decay into mu
tifermion states. Different possibilities have been conside
and it seems that rather optimistic signals can be seen for
kind of model. The decay of the LSP gives charged lepto
jets, and neutrinos in the final state. The behavior of th
leptons, jets, and missing transverse momentum~mainly due
to neutrinos! has been analyzed using a parton level Mo
Carlo event generator. This also enables us to study the
proximate distributions for different kinematic variables
leptons and jets. The decay of the LSP throughL-number-
violating coupling (l) leads to a very distinct signal with
hard isolated leptons and large missing transverse mom
tum. There are no SM processes which can mimic this s
nal. Similarly, for l i jk8 couplings, the signal basically con
sists of charged leptons, multiple jets, and/or miss
transverse momentum. In addition to this, the Majorana
ture of the LSP gives rise to like-sign dilepton signals w
practically no SM backgrounds. It has been demonstra
that the reconstruction of the lepton-jet invariant mass
give a rough estimate for the LSP mass. Forl i jk9 coupling,
the final state will have multiple jets associated with lik
sign dielectrons. We have shown that proper jet counting
required to distinguish the signal from the SM backgroun
In this case also it might be possible to determine the L
mass from the jet invariant mass reconstruction.
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