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We show that the R-parity violating decays of the lighter top squarks (~t1) triggered by the lepton number

violating couplings �0
i33, where the lepton family index i ¼ 1–3, can be observed at the LHC via the

dilepton dijet channel even if the coupling is as small as 10�4 or 10�5. This is the case in several models of

neutrino mass, provided the ~t1 is the next lightest supersymmetric particle and the lightest neutralino is the

lightest supersymmetric particle. First, we have obtained a fairly model-independent estimate of the

minimum observable value of the parameter [Pij � BRð~t ! lþi bÞ � BRð~t� ! l�j �bÞ] at the LHC for an

integrated luminosity of 10 fb�1 as a function of m~t1 by a standard PYTHIA based analysis. We have then

computed the parameter Pij in several representative models of neutrino mass constrained by the neutrino

oscillation data and have found that the theoretical predictions are above the estimated minimum

observable levels for a wide region of the parameter space.
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I. INTRODUCTION

Neutrino oscillation experiments [1] have confirmed that
neutrinos indeed have very tiny masses, several orders of
magnitude smaller than any other fermion mass in the
standard model (SM). The tiny masses of the neutrinos,
however small, provide evidence of new physics beyond
the SM.

Neutrinos can be either Dirac fermions or Majorana
fermions depending upon whether the theory is lepton
number conserving or violating. In the SM, as originally
proposed by Glashow, Salam, and Weinberg, neutrinos are
massless since right-handed neutrinos and lepton number
violating terms are not included.

Both R-parity conserving (RPC) and R-parity violating
(RPV) minimal supersymmetric extensions of the SM
(MSSM) [2] are attractive examples of physics beyond
the SM. In general, the MSSM may contain RPC as well
as RPV couplings. The latter include both lepton number
and baryon number violating terms which result in cata-
strophic proton decays. One escape route is to impose R
parity as a symmetry which eliminates all RPV couplings.
This model is generally referred to as the RPC MSSM.
However, neutrino masses can be naturally introduced in
this model only if it is embedded in a grand unified theory
(GUT) [3]. Tiny Majorana neutrino masses are then gen-
erated by the seesaw mechanism [4]. Proton decay is a
crucial test for most of the models belonging to this type.

However, an attractive alternative for generating
Majorana masses of the neutrinos without allowing proton
decay is to impose a discrete symmetry which eliminates
baryon number violating couplings from the RPV sector of
the MSSM but retains the lepton number violating ones.
The observation of neutrinoless double beta decay [5] and

the absence of proton decay may be the hallmark of such
RPV models of neutrino mass.
The GUT based models, though very elegant, hardly

have any unambiguous prediction which can be tested at
the LHC. In contrast, the RPV models of neutrino mass are
based on TeV scale physics and, consequently, have many
novel collider signatures.
The observables in the neutrino sector not only depend

on the RPV parameters but also on the RPC ones like the
masses of the superpartners generically called sparticles.
Thus the precise determination of the neutrino masses and
mixing angles in neutrino oscillation experiments, together
with the measurement of sparticle masses and branching
ratios (BRs) at collider experiments, can indeed test the
viability of the RPV models quantitatively. Moreover, the
collider signatures of this model are quite distinct from that
of the RPCmodel. In this paper our focus will be on a novel
signature of a RPV model of � mass which can be easily
probed at the early stages of the upcoming LHC
experiments.
In the RPV models the lightest supersymmetric particle

(LSP) decays into lepton number violating channels pro-
ducing signals with high multiplicity but without much
missing energy which are in sharp contrast with the signals
in a typical RPC model. In RPVMSSM the sparticles other
than the LSP can also directly decay via lepton number
violating channels, which may lead to spectacular collider
signatures. However, in a typical model of neutrino mass
consistent with the oscillation data, such couplings turn out
to be so small [6] that the RPC decay of the sparticles
overwhelms the RPV decays. Thus the LSP decay is the
only signature of R-parity violation.
However, the scenario changes dramatically if we con-

sider the direct RPV decay of the lighter top squark (~t1) [7–
10] with the assumption that ~t1 is the next lightest super-
symmetric particle (NLSP) while the lightest neutralino
(~�0

1) is the LSP. The theoretical motivation for the ~t1-NLSP
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scenario is the fact that its superpartner—the top quark—is
much heavier than any other matter particle in the SM. This
large top mass (mt) leads to a spectacular mixing effect in
the top squark mass matrix, which suppresses the mass of
the lighter eigenstate [2]. We assume that the ~t1 NLSP
decays via the loop induced mode ~t1 ! c~�0

1 [11] and the

four-body [12] decay mode, which occurs only in higher
orders of perturbation theory, with significant BRs. The
validity of this assumption will be justified later. The RPV
decays can now naturally compete with the RPC ones in
spite of the fact that couplings underlying the former
modes are highly suppressed by the � oscillation data [13].

The lighter top squark decays into a lepton and a b jet via
RPV couplings �0

i33 are listed below:

ðaÞ ~t1 ! lþi b; ðbÞ ~t�1 ! l�i �b; (1)

where i ¼ 1–3 corresponds to e, �, and �, respectively.
Our signal consists of opposite sign dileptons (OSDL) and
two hard jets with very little E6 T . These modes dominate,
e.g., in many RPV models, where neutrino masses are
generated at the one-loop level by the �0

i33 couplings,

where i is the lepton index and 3 stands for quarks or
squarks belonging to the third generation (see below).

We take the lowest order QCD cross section of top
squark pair production, which depends on m~t1 only.

Requiring that the significance of the signal over the SM
background be at least at the 5� level for an integrated
luminosity of 10 fb�1 or smaller, we can then put fairly
model-independent lower limits on the products of the BRs
(PBRs) of the RPV decay modes in Eq. (1). In our analysis,
both the signal and the backgrounds are simulated with
PYTHIA. As expected, the range ofm~t1 that can be probed at

the LHC is significantly larger compared to the reach of
Tevatron run II [14,15]. The details of our simulations will
be presented in the next section.

In principle, the viability of probing any RPV model of
neutrino mass with the above characteristics at the LHC
can be checked by computing PBRs in respective models,
and comparing with the estimated lower limits. For the
purpose of illustration we have considered in Sec. III a
model based on three bilinear RPV couplings (�i) and
three trilinear couplings (�0

i33) at the weak scale [16], and

have carried out the above check. It is gratifying to note
that most of the parameter space allowed by the neutrino
oscillation data can be probed by the early LHC experi-
ments with an integrated luminosity of 10 fb�1 (see
Sec. III). Moreover, the constraints from oscillation data
indicate that the �0

i33 couplings should have certain hier-

archical patterns leading to distinct collider signatures
[17]. This hierarchy among the couplings can be qualita-
tively tested by observing the relative sizes of signals
involving different OSDL combinations.

The summary, conclusions, and future outlooks are in
the last section.

II. THE SIGNALS AND THE SM BACKGROUNDS

The production and decay of the lighter top squark pairs
are simulated by PYTHIA [18]. Initial and final state radia-
tion, decay, hadronization, fragmentation, and jet forma-
tion are implemented following the standard procedures in
PYTHIA. We have considered only the RPV decay modes of
~t1 via the couplings �0

i33, i ¼ 1–3 [Eq. (1)], and in this

section their BRs are taken to be free parameters. We have
used the toy calorimeter simulation (PYCELL) in PYTHIA

with the following criteria:
(i) The calorimeter coverage is j�j< 4:5. The segmen-

tation is given by ��� �� ¼ 0:09� 0:09, which
resembles a generic LHC detector.

(ii) A cone algorithm with �Rðj; jÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

��2 þ ��2
p ¼

0:5 has been used for jet finding.
(iii) Jets are ordered in ET and E

jet
T;min ¼ 30 GeV.

Various combinations of OSDLs in the final state are
selected as follows:
(i) Only tau leptons decaying into hadrons are selected,

provided the resulting jet has PT � 30 GeV and
j�j< 3:0.

(ii) Leptons (l ¼ e, �) are selected with PT � 20 GeV
and j�j< 2:5.

The following selection criteria (SC) are used for back-
ground rejection:
(i) The � jets are tagged according to the tagging effi-

ciencies provided by the CMS Collaboration [19]
(Fig. 12.9) (SC1). The hadronic BR of the � is also
included in the corresponding efficiency. For e and
�, SC1 is the lepton-jet isolation cut. We require
�Rðl; jÞ> 0:5. The detection efficiency of the lep-
tons is assumed to be approximately 100% for
simplicity.

(ii) Events with two isolated leptonic objects (e, �, or
tagged � jets) are rejected if PT � 150 GeV, where

l ¼ e or� (SC2) or EVð�Þ
T < 100 GeV, whereEVð�Þ

T is
the ET of the � jet.

(iii) We select events with exactly two jets other than the
tagged � jets (SC3). The event is rejected if the
additional jets have PT � 100 GeV (SC 4).1

(iv) Events with missing transverse energy ðE6 TÞ>
60 GeV are rejected (SC5).

Through SC1 we have severely constrained the trans-
verse momentum of two leptons, l ¼ e, �, to reject the
leptons coming from the leptonic decays of the tau.
Moreover, such a strong cut reduces most of the SM back-
grounds significantly. We have considered backgrounds
from WW, WZ, ZZ, t�t Drell-Yan (DY) and QCD events.
The missing energy veto plays a crucial role to tame down
WW and t�t backgrounds, as they are rich in missing energy.
Mistagging of light jets as � jets is a major source of
background to ditau events. We have taken this into ac-

1It is expected that this cut would also suppress the super-
symmetric backgrounds due to, e.g., ~q, ~g production.
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count. However, if we also employ b tagging, then this
background can be brought under control to some extent.

In our work b tagging has been implemented according
to the following prescription. A jet with j�j< 2:5 match-
ing with a B hadron of decay length >0:9 mm has been
marked tagged. The above criteria ensure that 	b ’ 0:5 in
t�t events, where 	b is the single b-jet tagging efficiency
(i.e., the ratio of the number of tagged b jets and the
number of taggable b jets in t�t events).

The LO cross sections for ~t1 � ~t�1 pairs presented in

Table I are computed using CALCHEP (version 2.3.7) [20].
In Table II we have presented the combined efficiencies

of SC1–SC5 in steps. The first column of Table II shows
signals with different topologies of final states. Here eeX,
��X, e�X, and e�X represent final states without b-jet
tagging. The cumulative efficiency of each SC for m~t1 ¼
400 GeV is presented in the next five columns. However,
we have not separately presented the efficiencies corre-
sponding to final states with muons, as we have assumed
that both e and � are detected with approximately 100%
efficiency.

Table III contains the effect of b-jet tagging on different
final states. We have used the notations 0b, 1b, and 2b to
specify signal events with zero, one, and two tagged b jets,
respectively. From this table it is also evident that the
efficiencies increase for larger m~t1 since the PT cuts on

leptons become less severe. This compensates the fall of
the cross section with increasing m~t1 , to some extent.

In Table IV we have shown the effect of cuts on the
background from t�t events. SC2 is very effective in reduc-
ing this background significantly. Moreover, this back-
ground is accompanied by a large amount of E6 T , and
SC5 also reduces it significantly. Since t�t decays contain
two b quarks, b tagging is not very effective here and has
not been included in Table IV.

Table V presents another important background arising
from the 2 ! 2 processes due to pure QCD interactions for
400 GeV< p̂T < 1000 GeV, where p̂T is the transverse
momentum of the two partons in the final state. However,
SC2 completely kills all backgrounds except for those with

the di-� final states. The latter background, mainly due to
mistagging of light flavor jets as � jets, affects the di-�
signal very seriously. The mistagging probability has also
been taken from [19] (Fig. 12.9).
This background is very large, as expected, since the

QCD cross section is very large. The leading order cross
sections have been computed by PYTHIA in two p̂T bins:
(i) 400 GeV< p̂T < 1000 GeV and
(ii) 1000 GeV< p̂T < 2000 GeV. We have chosen the

QCD scale to be
ffiffiffi

ŝ
p

. The corresponding cross sections
are 2090 pb and 10 pb, respectively. Beyond 2000 GeV
the number of events is negligible. We shall discuss later
how the visibility of the di-� signal can be improved by
employing b tagging.
In Table VI we have computed the numerically signifi-

cant backgrounds of all types for L ¼ 10 fb�1. Here
‘‘� � �’’ denotes a vanishingly small background. It is clear
from this table that only t�t and QCD backgrounds are
relevant. The LO cross sections in the second row of
Table VI, except for the QCD processes, have been com-
puted using CALCHEP (version 2.3.7) [20]. Because of very
strong cuts on PT of the highest two leptons, SC2, DY-type
backgrounds become vanishingly small. Moreover, SC3
and SC4 finally reduce it to zero. Other backgrounds like

TABLE I. ~t1 � ~t�1 pair production cross section (�) at the LHC
for different m~t1 .

Signal 240 300 400 450 500

� (pb) 14.6 4.8 1.1 0.58 0.32

TABLE II. Efficiency table for m~t1 ¼ 400 GeV.

~t1~t
�
1 	1 	2 	3 	4 	5

eeX 0.937 08 0.292 239 0.087 228 0.043 344 0.032 823

��X 0.251 343 0.111 546 0.033 201 0.031 554 0.008 955

e�X 0.941 01 0.295 239 0.088 216 0.043 415 0.033 060

e�X 0.474 948 0.180 945 0.053 820 0.044 793 0.016 965

TABLE III. Final efficiencies for different m~t1 (including b
tagging if implemented).

Signal

m~t1 ðGeVÞ 240 300 400 450 500

ee0b 0.000 32 0.000 66 0.001 89 0.002 34 0.002 55

ee1b 0.001 21 0.003 30 0.011 16 0.014 61 0.015 80

ee2b 0.001 76 0.005 09 0.019 84 0.026 20 0.031 21

eeX 0.003 28 0.009 05 0.032 82 0.043 15 0.049 57

��0b 0.000 59 0.000 73 0.001 12 0.000 91 0.000 97

��1b 0.001 53 0.002 84 0.003 63 0.003 51 0.003 91

��2b 0.001 26 0.002 26 0.004 21 0.004 50 0.005 22

��X 0.003 38 0.005 82 0.008 96 0.008 92 0.010 98

�e0b 0.000 45 0.000 81 0.001 48 0.001 42 0.001 42

�e1b 0.001 35 0.003 07 0.006 67 0.007 05 0.007 17

�e2b 0.001 26 0.003 46 0.008 82 0.009 97 0.010 78

�eX 0.003 08 0.007 34 0.016 97 0.018 43 0.019 36

�e0b 0.000 315 0.000 67 0.001 90 0.002 35 0.002 57

�e1b 0.001 23 0.003 34 0.011 25 0.014 69 0.016 35

�e2b 0.001 78 0.005 12 0.019 92 0.026 25 0.031 29

�eX 0.003 32 0.009 12 0.033 06 0.043 29 0.050 21

TABLE IV. Efficiency table for the t�t process.

t�t 	1 	2 	3 	4 	5

ee 7:63� 10�3 2:22� 10�5 5:70� 10�6 7:00� 10�7 1:00� 10�7

�� 4:76� 10�4 4:00� 10�6 1:50� 10�6 1:00� 10�6 4:00� 10�7

e� 7:74� 10�3 2:01� 10�5 6:01� 10�6 6:80� 10�7 5:0� 10�7

e� 1:88� 10�3 9:3� 10�6 2:95� 10�5 9:50� 10�7 2:00� 10�7
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WW,WZ, and ZZ become vanishingly small mainly due to
SC2.

The PBR is defined as

Pij � BRð~t1 ! lþi bÞ � BRð~t�1 ! l�j �bÞ (2)

where i or j can run from 1–3 corresponding to e,�, and �,
respectively. The minimum observable product branching

ratio (MOPBR � Pmin
ij ) corresponds to S=

ffiffiðp BÞ � 5, where

S and B are the number of signal and background events,
respectively. However, for a typical signal with negligible
background, we have required S � 10 as the limit of ob-
servability, and MOPBR is computed accordingly.

For a givenL the MOPBR for each process is computed
from Tables III and VI by the following expression:

Pmin
ij ¼ 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�L��b	b
p

�L�ð~t1~t�1Þ	
; (3)

where Pij is already defined in Eq. (2). �
b and 	b (not to be

confused with 	b, the b-jet tagging efficiency) denote the
cross section and the efficiency of the background of type
b. Similarly, 	 is the final efficiency for the signal. � is 2
for i � j and 1 for i ¼ j. The integrated luminosity L is
taken to be 10 fb�1. The estimated MOPBRs are given in

Table VII (without b-jet tagging) and Table VIII (with two
tagged b jets).
We remind the reader that in Tables VII and VIII a signal

is assumed to be observable if S � 10, even if B is� 4. In
Tables VII and VIII a ‘‘�’’ indicates that the corresponding
channel cannot be probed.
Our conclusions so far have been based on LO cross

sections. If the next to leading order corrections are in-
cluded, the ~t1 � ~t�1 production cross section is enhanced by
30%–40% due to a K factor [21]. It is then clear from Eq.
(3) that the estimated MOPBR would remain unaltered
even if all significant background cross sections are en-
hanced by a factor of 2 due to higher order corrections.
We present in Fig. 1 the distribution (unnormalized) of

the invariant mass of an electron-jet pair in the dielectron-
dijet sample without b tagging for m~t1 ¼ 300 GeV. We

first reconstruct the invariant mass for all possible electron-
jet pairs. Among these pairs we select two such that the
difference in their invariant mass is minimum.We then plot
the higher of the two invariant masses. This peak, if
observed, would unambiguously establish the lepton num-
ber violating nature of the underlying decay. In contrast, if
neutralino decay is the only signal of R-parity violation,
then this information may not be available. For example, if
~�0
1 ! �b �b is the dominant decay mode of the LSP via the

�0
i33 coupling, then the lepton number violating nature of

the decay dynamics will be hard to establish.

TABLE V. Efficiency table for the QCD process in the p̂T bin: 400 GeV< p̂T < 1000 GeV.

QCD 	1 	2 	3 	4 	5

ee 1:16� 10�5 0 0 0 0

�� 9:10� 10�3 4:02� 10�3 1:05� 10�3 2:85� 10�4 2:10� 10�4

e� 6:0� 10�6 0 0 0 0

e� 0 0 0 0 0

TABLE VI. Total number of all types of backgrounds that
survived after all cuts.

Background

Final state WþW� W�Z ZZ t�t QCD DY

�ðpbÞ 73.5 33.4 10.1 400 2090, 10.6 3400

ee0b 0.37 0.33 0.40 0.40 � � � � � �
ee1b � � � � � � � � � � � � � � � � � �
ee2b � � � � � � � � � � � � � � � � � �
ee 0.37 0.33 0.40 0.40 � � � � � �
��0b � � � � � � � � � � � � 4218 � � �
��1b � � � � � � � � � 0.80 143 � � �
��2b � � � � � � 0.20 0.80 12 � � �
�� � � � � � � 0.20 1.60 4373 � � �
�e0b � � � � � � � � � � � � � � � � � �
�e1b � � � � � � � � � 0.40 � � � � � �
�e2b � � � � � � � � � 0.40 � � � � � �
�e � � � � � � � � � 0.80 � � � � � �
�e0b 0.37 � � � � � � 0.40 � � � � � �
�e1b � � � � � � � � � 0.80 � � � � � �
�e2b � � � � � � � � � 0.80 � � � � � �
�e 0.37 � � � � � � 2.00 � � � � � �

TABLE VII. Minimum value of the PBR estimated from the
sample without b tagging.

m~t1 ðGeVÞ 240 300 400 450 500

Pmin
11 ð%Þ 2.1 2.3 2.8 4.0 6.3

Pmin
33 ð%Þ � � � � �

Pmin
12 ð%Þ 1.0 1.1 1.4 2.0 3.4

Pmin
13 ð%Þ 1.1 1.4 2.7 4.7 8.0

TABLE VIII. Minimum value of the PBR estimated from the
2-b tagged sample.

m~t1 ðGeVÞ 240 300 400 450 500

Pmin
11 ð%Þ 3.9 4.1 4.5 6.6 10.0

Pmin
33 ð%Þ 9.4 16.0 37.5 66.4 �

Pmin
12 ð%Þ 1.9 2.0 2.3 3.3 5.0

Pmin
13 ð%Þ 2.7 3.0 5.2 8.6 14.5
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In the next section we shall calculate the PBR for differ-
ent signals in a realistic model of neutrino mass con-
strained by the neutrino oscillation data, and examine
whether the predictions exceed the corresponding
MOPBR estimated in this section. Our main aim is to
illustrate that the LHC experiments will be sufficiently
sensitive to probe these models and not to make an ex-
haustive study of all possible models.

III. MODEL CALCULATIONS

The collider signatures considered in the last section
arise only in models with nonvanishing trilinear �0

i33-type

couplings at the weak scale. However, consistency with
neutrino oscillation data requires the introduction of more
RPV parameters (bilinear superpotential terms, bilinear
soft breaking terms, etc.) [22]. In fact, the list of possible
choices is quite long. It is expected that the constraints on
the �0 couplings in the most general model imposed by the
�-oscillation data will be considerably weaker and the
observability of the resulting dilepton-dijet signal will
improve. Thus we have restricted ourselves to models
with a minimal set of parameters capable of explaining
the oscillation data with rather stringent constraints on the
�0 couplings.

We work in a basis where the sneutrino vacuum expec-
tation values are zero. It is assumed that in this basis only
three nonzero bilinear (�i) and three trilinear (�0

i33) cou-

plings, all defined at the weak scale, are numerically sig-
nificant. In this framework the neutrino mass matrix
receives contributions both at tree level and at one-loop
level. It should be emphasized that the tree-level mass
matrix, which is independent of �i33 couplings, yields

only two massless neutrinos. Thus the interplay of the
tree-level and one-loop mass matrices is essential for con-
sistency with the oscillation data.
The chargino-charge lepton, the neutralino-neutrino,

and other relevant mixing matrices in this basis may be
found in [22]. In principle, the diagonalization of these
matrices may induce additional lepton number violating
couplings which can affect the BRs of the top squark
decays considered in this paper. For example, the RPC
coupling ~t1 � t� ~W3 may induce new RPV vertices
through ~W3 � � mixing. However, it was shown in [23]
that the new modes induced in this way would have neg-
ligible BRs. As a result the approximation that the decays
of the top squark NLSP are driven by the �0

i33 couplings

only is justified.
In addition to the RPV parameters, the neutrino masses

and mixing angles depend on RPC parameters. In this
paper we shall use the following popular assumptions to
reduce the number of free parameters in the RPC sector:
(i) At the weak scale the soft breaking mass squared
parameters of the L- and R-type squarks belonging to the
third generation are assumed to be the same (the other
squark masses are not relevant for computing neutrino
masses and mixing angles in this model). (ii) We shall
also use the relation M2 	 2M1 at the weak scale, as is
the case in models with a unified gaugino mass atMG. Here
M1 and M2 are, respectively, the soft breaking masses of
the U(1) and SU(2) gauginos, respectively.
The tree-level neutrino mass matrix and, hence, the

predicted neutrino masses depend on the parameters of
the gaugino sector (through the parameter C [16,17]).
They are M2, M1, � (the Higgsino mass parameter), and
tan 
 ¼ v2=v1, where v1 and v2 are the vacuum expecta-
tion values for the down-type and the up-type neutral Higgs
bosons, respectively. We remind the reader that for rela-
tively large tan
 the loop decay overwhelms the RPV
decay [10,12]. We have, therefore, restricted ourselves to
tan
 ¼ 5–8. It is also convenient to classify various mod-
els of the RPC sector according to the relative magnitude of
M2 and �. If M1 <M2 
 �, then the lighter chargino
(~��

1 ), the LSP (~�0
1), and the second lightest neutralino (~�

0
2)

are dominantly gauginos. Such models are referred to as
the gauginolike models. On the other hand, in the mixed
model (M1 <M2 	 �), ~��

1 and ~�0
2 are admixtures of

gauginos and Higgsinos. In both cases, however, ~�0
1 is

purely a bino to a very good approximation. There are
models with M1, M2 � � in which ~��

1 , ~�
0
1, and ~�0

2 are

Higgsinolike, and all have approximately the same mass
( 	 �). It is difficult to accommodate the top squark NLSP
in such models without fine adjustments of the parameters.
Thus the LSP decay seems to be the only viable collider
signature. One can also construct models with wino or
Higgsino dominated LSPs. However, the ~t1-NLSP scenario
cannot be naturally accommodated in these frameworks,
for reasons similar to the one in the last paragraph.

FIG. 1. The invariant mass distribution for m~t1 ¼ 300 GeV.
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The one-loop mass matrix, on the other hand, depends
on the sbottom sector (through the parameter K2 [16,17]).
This parameter decreases for higher values of the common
squark mass for the third generation. From the structure of
the mass matrix it then appears that, for fixed C, identical
neutrino masses and mixing angles can be obtained for
higher values of the trilinear couplings if K2 is decreased.
Thus, at first sight, it seems that the arbitrarily large width
of the RPV decays may be accommodated for any given
neutrino data. This, however, is not correct because of the
complicated dependence of the RPVand loop decay BRs of
~t1 on the RPC parameters and certain theoretical con-
straints. The common squark mass cannot be increased
arbitrarily without violating the top squark NLSP condi-
tion. Of course, larger values of the trilinear soft breaking
term At may restore the NLSP condition. But larger values
of At tend to develop a charge color breaking (CCB)
minimum of the scalar potential [24]. Finally, the pseudo-
scalar Higgs mass parameterMA can be increased to satisfy
the CCB condition. But as noted earlier [17] that would
enhance the loop decay width as well and suppress the BRs
of the RPV decay modes.

We have chosen the following RPC scenarios: (A) The
gaugino dominated model and (B) the mixed type model.
The choice of RPC parameters for model (A) and
model (B) are as follows: (A) M1 ¼ 195:0, M2 ¼ 370:0,
� ¼ 710:0, tan
 ¼ 6:0, At ¼ 1100:0, Ab ¼ 1000:0,
M~qðcommon squark massÞ ¼ 450:0,

M~lðcommon slepton massÞ ¼ 400:0, and MA ¼ 500:0;
(B) M1 ¼ 170:0, M2 ¼ 330:0 � ¼ 320:0, tan
 ¼ 6:0,
At ¼ 1045:0, Ab ¼ 1000:0, M~q ¼ 450:0, M~l ¼ 400:0,

and MA ¼ 200:0, where all masses and mass parameters
are in GeV. Both the scenarios correspond to m~t1 ¼
240 GeV, and ~t1 is the NLSP. It should be noted that the
slepton mass is specified to ensure that the ~t1 is the NLSP. It
does not affect the neutrino mass matrix.

Even if ~t1 is the NLSP the following modes may com-
pete with the RPV decays and overwhelm it:

ðaÞ ~t1 ! t~�0
1; ðbÞ ~t1 ! bW ~�0

1;

ðcÞ ~t1 ! c~�0
1; ðdÞ ~t1 ! f �fb~�0

1:
(4)

In the parameter spaces we have worked with, mode (a) is
kinematically disallowed. The second mode is highly sup-
pressed if the LSP is bino dominated, as is assumed in this
analysis. Thus in the scenario under consideration, only
modes (c) and (d) may compete with RPV decays of ~t1. In
this section we have computed the PBRs taking into ac-
count the competition among the above three modes.
Next we have randomly generated bilinear and trilinear

RPV couplings, �i and �0
i33. Then these parameters are

constrained by � oscillation data, which allows very few
sets of RPV parameters for the above RPC parameters.
Most of the allowed trilinear RPV couplings lie in the
range 10�4–10�5. Finally, the relevant PBRs have been
calculated in models (A) and (B).
In Table IX we present several representative sets of

trilinear RPV parameters allowed by � oscillation data and
the corresponding PBR. The dots (‘‘� � �’’) indicate that the
predicted PBR is negligible. As noted before, two of the
couplings turn out to be large while the third one is sup-
pressed due to oscillation constraints. It turns out that the
PBR’s involving the large couplings are larger than the
corresponding MOPBRs estimated in the last section, even
without b tagging (see Table VII). The only exception is
P33, which cannot be probed without b-jet tagging (see
Table VIII).
For larger m~t1 , there exists allowed RPV parameter

space with observable PBRs at the early LHC runs.
However, if we go beyond m~t1 ¼ 500 GeV the ditau chan-

nel cannot be probed even with b tagging. Nevertheless,
observation of the e� � and the �� � channels will
provide evidence for a relatively large �333. We present
in Table X similar information as in Table IX for m~t1 ¼
500 GeV. The RPC parameters corresponding to a gaugino
model are chosen to be M1 ¼ 475:0, M2 ¼ 860:0, � ¼
1650:0, tan
 ¼ 6:0, At ¼ 995:0, Ab ¼ 1000:0, M~q ¼
575:0, M~l ¼ 525:0, and MA ¼ 300:0, where all masses

and mass parameters are in GeV.
We have checked that even for m~t1 > 500 GeV there

exists RPV parameter space allowed by oscillation data
which leads to observable dilepton-dijet signals in early
LHC experiments.

TABLE IX. Trilinear RPV couplings allowed by �-oscillation data and the corresponding
PBRs computed in models (A) and (B) (see text) with m~t1 ¼ 240 GeV.

�0
133½�10�5� �0

233½�10�5� �0
333½�10�5� P11 P22 P33 P12 P23 P13

Model (A)

1.6 8.3 10.0 � � � 5.1 10.8 0.2 7.4 0.3

7.5 0.7 9.2 4.9 � � � 11.4 � � � 0.1 7.5

4.6 4.5 0.3 6.8 6.8 � � � 6.7 � � � � � �
Model (B)

11.9 0.99 15.0 4.2 � � � 10.6 � � � � � � 6.6

0.59 13.6 16.8 � � � 4.3 10.2 � � � 6.6 � � �
7.3 7.4 0.9 6.3 6.6 � � � 6.4 0.1 0.1
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We have randomly generated 109 sets of RPV parame-
ters in the mixed model withm~t1 ¼ 240 GeV. Out of these,

only 4354 are consistent with the �-oscillation data. These
solutions can be further classified into three groups accord-
ing to the highest value of �0

i33. The three columns in

Table XI correspond to these groups. The first column in
Table XI contains detailed information about the flavor
structure of the RPV couplings in the 92 solutions with
the hierarchy �0

133 > �0
233, �

0
333. The next few rows display

the number of solutions with predicted PBRs in different
channels above the observable limits as given in
Table VIII. For example, the third row indicates that sig-
nals in eeþ 2 jets and e�þ 2 jets channels are observable
with 10 fb�1 of data in 56 solutions. These channels, if
observed, would further reveal that �0

133 > �0
333 > �0

233. On

the other hand, observable signals in eeþ 2 jets and e�þ
2 jets channels as given in the next row would indicate the
hierarchy �0

133 > �0
233 > �0

233.

If only one channel, say the eeþ 2 jets, is observed, one
can conclude that �0

133 >>�0
233, �

0
333 (see row 5). On the

other hand, the observation of only the e�þ 2 jets signal
(see row 6) would indicate �0

133 	 �0
233 � �0

233. The chan-

nel e�þ 2 jets dominates over the eeþ 2 jets or the
��þ 2 jets channel because of the factor of 2 which
enhances the number of events when leptons of two differ-
ent flavors with all possible charge combinations are ob-
served. Finally, the seventh row with ‘‘**’’ indicates that
no signal can be observed with L ¼ 10 fb�1.

Similar information for ð�0
233Þmax and ð�0

333Þmax is pre-

sented in the next four columns following the same con-
vention and inferences about the hierarchy of the �0

i33 can

be drawn from the lepton flavor content of the final states.

We have verified that for L ¼ 100 fb�1 all solutions pre-
dict well at least one Pij above the corresponding Pmin

ij .

IV. CONCLUSION

In conclusion we reiterate that the OSDL signals with
the same or different flavors of leptons (e, �, or tau jets)
plus two additional jets arising from RPV decays of ~t1 � ~t�1
pairs produced at the LHC would be a promising channel
for probing the RPV coupling �0

i33 [see Eq. (1) and the

discussions following it]. This is true, in general, if ~t1
happens to be the NLSP, which is a theoretically well-
motivated scenario. This signal is especially interesting in
the context of RPV models of neutrino mass. Part of our
analysis (Sec. II), however, is fairly model independent
since the size of the signal is necessarily controlled by the
production cross section of the ~t1 � ~t�1 pair as given by

QCD and the product branching ratio Pij [see Eq. (2)]. The

model-independent estimates of Pmin
ij [see Eq. (3)] corre-

sponding to observable signals for different m~t1’s [see

Eq. (3)] for an integrated luminosity of 10 fb�1 are pre-
sented in Tables VII and VIII using the Monte Carlo event
generator PYTHIA. We have optimized the cuts for m~t1 ¼
240 GeV. However, for even larger values ofm~t1 the signal

efficiencies increase for the same set of cuts, keeping the
background events almost negligible. Top squark masses in
the vicinity of 500 GeV yield observable signals in this
channel for realistic models of m�. Although our calcula-
tions are based on LO top squark pair production cross
sections, we emphasize that the inclusion of next to leading
order corrections is likely to yield even larger estimates of
Pmin
ij as argued in Sec. II.

We have further noted that, in spite of the combinatorial
backgrounds, the invariant mass distribution of the lepton
(e or�) jet pair shows a peak atm~t1 (see Fig. 1). This peak,

if discovered, will clearly establish the lepton number
violating nature of the underlying interaction. This may
not be possible if neutralino decays happen to be the only
RPV signal.
In models of � mass, the underlying �0 couplings turn

out to be very small. If �0
i33 contributes to the one-loop

�-mass matrix, it is typically of the order of 10�4–10�5 due
to constraints imposed by the �-oscillation data. Even if �0
is small, the RPV decay of the ~t1 NLSP may have sizable
BRs over a large region of the parameter space because the
competing loop induced decay [part (c) of Eq. (4)] or the
four-body decay [part (d) of Eq. (4)] of ~t1 also has sup-
pressed widths. For the purpose of illustration we have

TABLE X. Same as Table IX for m~t1 ¼ 500 GeV.

�0
133½�10�5� �0

233½�10�5� �0
333½�10�5� P11 P22 P33 P12 P23 P13

9.1 4.0 6.4 20.7 � � � 5.1 4.0 2.0 10.3

4.4 10.9 5.6 � � � 31.4 2.2 5.1 8.3 1.3

TABLE XI. Number of allowed solutions in the mixed model
(m~t1 ¼ 240 GeV), consistent with �-oscillation data, which sat-

isfy the MOPBRs given in Tables VII and VIII. The above
numbers are estimated for L ¼ 10 fb�1.

ð�0
133Þmax ð�0

233Þmax ð�0
333Þmax

92 2176 2086

P11, P13 56 P22, P23 1376 P33, P23 874

P11, P12 15 P22, P12 119 P33, P13 27

P11 2 P22 664 P22, P23 274

P12 10 �� 17 P11, P13 25

�� 9 P23 45

P33 304

�� 537
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considered a specific model of �mass [16] with parameters
constrained by the �-oscillation data. It is interesting to
note that in this model most of the theoretically predicted
Pij’s [Eq. (2)] for several representative choices of RPC

parameters turn out to be larger than the Pmin
ij ’s estimated in

Sec. II for L ¼ 10 fb�1. For larger L almost all solutions
yield Pij’s at the observable level. The relative size of the

observed final states with various lepton flavor content will
indicate the hierarchy among the �0

i33’s for different i’s.
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