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Abstract

The SU-(3) ® SUL(2) ® SUR(2) ® U(1) left-right (LR) symmetric model explains the origin of the
parity violation in weak interactions and predicts the existence of additional Wx and Z’ gauge bosons.
In addition, heavy right-handed Majorana neutrino states N arise naturally within the LR symmetric
model. The Ns could be partners of light neutrino states, related to their non-zero masses through the
see-saw mechanism. This makes the searches of W, Z' and N interesting and important.

This note describes a study of the potential of the CMS experiment to observe signals from the N
and Wg production at the LHC. It is shown that their decay signals can be identified with a small
background. For the integral LHC luminosity of L; = 30 fb~!, the 5o discovery of Wz - boson and
heavy Majorana neutrinos N, with masses up to 3.5 TeV and 2.3 TeV, respectively is found possible.
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1 Introduction

Among several extensions of the Standard Model (SM) that can be tested at LHC, see e.g. [1], the left-right (LR)
symmetric model SUc(3) ® SUL(2) ® SUr(2) ® U(1) [2] is certainly one of the most interesting. The model
embeds the SM at the scale of the order of 1 TeV and naturally explains the parity violation in weak interactions
as a result of the spontaneously broken parity. The model necessarily incorporates three additional gauge bosons
Wg and Z' and the heavy right-handed Majorana neutrino states N. The Ns can be the partners (IV;) of the light
neutrino states v; (I = e, u,7) and can provide their non-zero masses through the see-saw mechanism [3]. This
makes LR model very attractive, since recent results from atmospheric, solar and reactor neutrino experiments
confirm the existence of neutrino oscillations, see e.g. [4], and therefore provide strong evidence that neutrinos are
not massless. The above mentioned experiments, though very impressive, provide no hints neither on the nature of
the masses (i.e. they cannot distinguish Dirac and Majorana neutrinos) nor on their values. The only observation
that can be used to give preference to some models compared to others is the fact that the neutrino masses are very
small compared to the charged lepton and quark masses. On the contrary, experiments searching for signals from
N's with masses in the LHC energy range look quite promising, since the large number of extensions of the LR
model predict the heavy neutrino masses to be somewhere between several hundred GeV and a few TeV [1].

There are several recent papers devoted to the study of the production of heavy neutrinos and new gauge bosons
at TeV energy scale, see e.g. Ref. [5]- [9]. The experimentally interesting large magnetic moments of muon and
tau neutrinos [10] associated with Majorana neutrino in the LR symmetric model are reported in [11]-[13]. In this
paper we discuss the production and the experimental signature of heavy Majorana neutrinos and the associated
heavy gauge bosons in the CMS detector at LHC. We perform our study in the framework of the minimal LR
symmetric model [2]. The goal of the work is to examine how the direct production of Wg and N; can be
manifested at the LHC energy. The preliminary results on this study has been reported in [14]. We also discuss
the optimal conditions for the observation of Wx and N signals in CMS at low luminosity taking into account all
most important background sources.

The rest of the paper is organized as follows. In Section 2 we briefly remind the essence of the LR model and
some constraints on its parameters. In Sections 3 the production and decays of Wg and N; are considered. The
description of the CMS detector simulation and reconstruction tools, and candidate events selection are presented
in Sections 4 and 5, respectively. The main background sources are discussed in Section 6. In Section 7 we present
the results of our analysis and discuss the CMS potential to discover Wg and N;. Section 7 contains concluding
remarks.

2 Left-right symmetric models

LR symmetric models of electroweak interactions were proposed to explain the origin of parity non-conservation
in weak interactions [2]. It is well known that in the SM gauge symmetry is broken spontaneously, while parity
(and charge) conjugation is broken explicitly in the Lagrangian. In the LR symmetric model parity, on the contrary,
is conserved in the Lagrangian and broken spontaneously together with the gauge symmetry.

An important question for the phenomenology of these models is the scale of the parity breaking. During a long
time there has been an interest in models where the masses of the right handed W g and Z” are in the multi-TeV
region. With the recent discovery of non-zero neutrino masses, the case for left-right models has become more
compelling for two reasons: i) the right handed neutrino, which is necessary to implement the see-saw mechanism,
is an integral part of these models and ii) the local B — L symmetry which protects the right handed neutrino mass
from being at the Plank scale is also part of the gauge symmetry.

In the minimal SU(2)r, x SU(2)r x U(1)p—r model each generation of quarks and leptons carry the quantum
numbers Qr, ~ (1/2,0,1/3), Qr ~ (0,1/2,1/3), Ly ~ (1/2,0,-1), Lg ~ (0,1/2,—1). The right-handed
fields are doublets under SU (2) g and a right-handed neutrino Ng should exist. The minimal Higgs sector consists
of a bi-doublet ¢ ~ (1/2,1/2,0) and two triplets Ag ~ (1,0, 2), Ar, ~ (0,1, 2). After the spontaneous symmetry
breaking, the phenomenological requirement |vr| 3> |k1|, |k2| < |vgr| for the vacuum expectation values vy, g and
k1 2 of the doublet and triplet Higgs fields ensures the suppression of the right-handed currents and the smallness
of the neutrino mass.

The SU(2)r x SU(2)r x U(1)p_r gauge symmetry group implies that the usual left-handed gauge bosons
Wi (i = 1,2,3), their right-handed counterparts W}, and the U(1) gauge boson Y combine to form the physical
charged and neutral gauge bosons and the photon. In general, the strength of the gauge interactions of these
bosons is described by the coupling constants gr,, gr and g’, respectively. However, strict LR symmetry ®;, +



®Rr, AL & Ag, ¢ < ¢+, where & denotes fermions, leads to the relation g, = gr at M, which will be
assumed throughout this paper.

The weak eigenstates WLi and Wgt mix in the mass eigenstates W+ and W’*. Assuming CP invariance, the
mixing matrix is defined by the angle & :

w* = cosEWWgE + sianW;E

wE = —sin,SWWgE + coswaf;cE Q)

The weak eigenstate T, can be identified with the pure SM gauge boson. Similarly the neutrino mass eigenstates
are mixtures of the weak eigenstates, parametrized by the angle £n:

v = cosénv' + sinény N’

N = —sinénv' + coséEnN' 2

Here, v and NV are the light and heavy neutrino mass eigenstates, and v’ = vy, + v§{ and N’ = vg + v§, are the
usual self-conjugate spinors. For simplicity, we do not take into account possible mixing between generations.

The charge-current interactions vertices for the left-chiral and right-chiral currents are given by

<wp|Wile™ >= g/2V2W; "y, (1 = 5)e

< NR|WR|€7 >= g/QﬁW;NNR’yu(I + ’75)6 (3)

The charge-current interactions for the mixed mass eigenstates can be obtained from these matrix elements.

The neutral gauge bosons in L-R models are mixtures of Wg, g and Y. The mixing between the massive neutral
bosons can be parametrized as

Z = cos€z 21 + sin€z Zo

7' = —sin€z 7y + cos€z 7o 4

where Z and Z' denote the mass eigenstates, and Z; and Z» denote the weak eigenstates of the massive neutral
bosons. The field Z can be identified as the corresponding SM boson.

The tree-level neutral current interaction for the physical Z, Z' is of the from

Lnc = g/2cosOw [Fyu(98 — 9375) F Zu + Frula) — 90 %) f 2, (5)
where
g{, = cos{fzg?,f + sinﬁzgvf,
g% = costz g% + sinézg ] (6)
and



g(‘),f = Ig —2Q7 sin®Ow, gl‘f = \/COSQ@Wg?/f

ggf = I?{, gf( = —\/cos2®WgElf @)

Here we take into account that in the LR model I, = 17, = 17 for the third components of the L/ R isospin for
a given fermion flavor f.

Existing experimental data constrain the Z' mass to the values O(1) TeV and the mixing among the neutral gauge
bosons to the values below O(10~*) [15, 16].

The lower bound on the W' mass derived from the K;, — K¢ mass difference is quite stringent, My~ > 1.6 TeV
[19], however with some uncertainties from the low energy QCD corrections to the kaon system. The bound on the
mixing angle is as low as £ < 0.013 [20]. The direct searches for W' at the Tevatron yield bounds My 2> 786
GeV assuming a light (keV-range) N, and My 2 650 GeV assuming My < My /2 [21]. These bounds are
less stringent in more general LR models [22]. Effects of the lepton flavor violation induced by heavy Majorana
neutrinos and some recent limits are discussed in [17] and [18], respectively.

The least tested components of the LR model are the masses and mixing of neutrinos. The analysis of the precision
data constrains fermion mixing [23]: the 90% CL bound for the electron neutrinos is |{x| < 0.081.

The mixing angle &w is independent of the neutral current parameters. The value of £x depends rather strongly
on the parameters of the model, allowing mixing up to £ ~ 0.1 [24].

3 Heavy Majorana neutrino production and decay

Among several reactions of N and Wg production in pp collisions the most interesting are: i) p +p — 2I* + X
due to the Wg fusion mechanism, i) p+p - W+ X — N+ 1+ X andiii) p+ p — 2N; + X with
the subsequent decay of N;’s into charged leptons [ and jets. The first reaction is quite similar to the process of
lepton number violation in the double-3 decay and has a clear experimental signature as an advantage. However,
its cross-section is small compared to the processes ii) and iii) [5]. The corresponding Feynman diagrams for
processes pp = Wg = 1+ Ny + X, and pp — Z' — N; + N; + X followed by the decay N; — | + j; + jo are
shown in Figure 1.

The cross sections of these reactions depend on the following parameters:

e the value of the coupling constant gg,

o the masses My, and My

e parameters of the CKM mixing matrix for the right-handed sector,
e the Wg — W, and Z' — Z mixing strengths, and

e the masses of the partners N; of the light neutrino state.
To simplify our study, we will use the following standard assumptions:

e the mixing angles are small

e right-handed CKM matrix is identical to the left-handed one, and
® Jr = 9L

Under these conditions and given the Higgs sector with Majorana masses for neutrinos, Z' is about 1.7 times
heavier than Wx [5, 6]. For this reason the process going through Z' has smaller cross section. In addition, its
signature is more complicated. Thus, we focus our study on the process ii) going through the direct production of
Wg. In addition, we assume that only the mass My, of the heavy neutrino predominantly coupled to the electron
flavor is accessible at LHC, other N; with masses being very large are not produced. As shown in Figure 1 the
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right-handed Majorana neutrino decays into a charged lepton /% and an off-shell Wz boson which decays into a
pair of quarks (jets (5) after hadronisation). This results in a final state 1/jj. Assuming the electron decay channel
of IV, results in the ey esj1 j2 final states:

N, = eWg — e+ 2 jets (8)

The case with degenerated masses of V; differs by the existence of reactions with muons and 7 and by the additional
factor in the cross section of the reaction pp - Wgr — e + N, + X due to slightly different Wg branching ratio.
This factor differs from unity by not more than 20% (see below Figure 3). Thus, one can consider only two
variables , namely My, and My, that could vary independently. The point My, = 500 GeV and Mw,, = 2000
GeV in this parameter space we will call below a reference point (LRRP).

Figure 1: Feynman diagrams for production of the heavy neutrino through a) Z' bosons, b) Wg bosons.

For the signal event generation and calculation of cross sections PYTHIA 6.2 [25] is used with default CTEQ5L
parton distribution functions of ref. [26]. The code includes the LR symmetric model with the standard assump-
tions mentioned above.

The dependence of the W total production cross section on its mass is shown in Figure 2. The fraction Wt /(W +
W, ) for Wg produced in pp collisions depends on Myy,, and changes from ~ 70% at My, ~ 1 TeV to ~ 95%
at M, ~ 10 TeV. Thus, at higher g boson masses the production of W boson dominates. Since the Wg with
mass below 1 TeV is excluded by indirect analysis [6], the mass region above 1 TeV is studied in this note.

In Figure 3 the signal cross section defined as the product of the total W g production cross section and the branch-
ing ratio of W decay into electron and N, is shown as a function of M, mass for different masses of Wg. The
production cross-section for pp — Wgr — eN, was found to be at least one order of magnitude higher than that
for the pp — Z' — NN, process. Therefore, the channel pp — Wgxr — eN, is the most suitable for the heavy
neutrino search.

4 Thedetector smulation and reconstruction
The detection of Wg, N, signals was studied using the full CMS detector simulation and reconstruction chain.

The main features of this analysis are listed below. If not specified otherwise, the numbers refer to LRRP.

e electron triggers were analysed. Events were reconstructed and further analysed only if there was a default
L1 (level 1) trigger (single or double electron). The efficiency of this trigger on the events with both electrons
in the ECAL (Electromagnetic Calorimeter) acceptance and with £, > 20GeV (only such events were
passed to the full detector simulation program) is compatible with 100%. The efficiency of HLT (high level
trigger) (single or double electrons) for the same events is 99%.

e F; cut on electrons (and positrons, below, for simplicity, both are called electrons) was 20 GeV.

e it was required that electrons should be isolated in the Tracker. This was found to be very important. The full
simulation shows that it is not possible to use non-isolated electrons (as one could try to do in the simplified
fast simulation) since they are found in many jets. The isolation of electrons in the Tracker is determined by
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Figure 2: The dependence of the cross section o (pp — Wg) on the Wg mass

using the following criterion: not more than one charged particle with P; > 2GeV in the cone with a radius
of 0.3 around the electron track.

o if the reconstructed electron was in a cone of radius 0.05 around some MC electron and its energy is smaller
that 2E ¢, they are called matched. Using this criterion, we measured the following characteristics of the
electron reconstruction and our electron selection: reconstruction efficiency (including isolation cuts) 86%;
efficiency of the isolation cuts to the electrons matched to MC 91%; purity of the electron sample before
isolation cuts 60%; purity of the electron sample after isolation cuts 90.4%.

e jets were reconstructed by the Iterative Cone algorithm with cone radius R=0.5. The algorithm for the
correction of the energy measurement that takes into account different response of calorimeters to electrons
(gammas) and hadrons was used. The E; cut on corrected jets was 40 GeV.

5 Selection of candidate events and the analysisvariables

The signal event candidates were preselected by requiring at least four reconstructed objects (criteria above) in the
final state (below this is called primary selection):

e two or more isolated electrons;

e at least two jets.

The two jets with the maximal transverse momentum were used as a signal jet pair j1, j». We found that in more
than 90% of signal events we choose the correct jets from the heavy neutrino decay if these jets are reconstructed?).

The following cuts and variables have been used in the further analysis:
e events with only two isolated electrons e1, es were selected. The invariant mass of this lepton pair M., was
required to be greater than 200 GeV.

o M f\,i"d - the invariant mass of an electron and two selected jets. Since there are two electrons selected, both
combinations, ey j1j2 and ezj1j2 Were considered. This variable was required to be inside some window

1) Correct means that the jet is inside a cone with radius 0.05 around the quark of the PY THIA event record produced in the
decay of the heavy neutrino
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masses.

with the width optimized to obtain the highest sensitivity in presence of background. The full width of this
mass window at LRRP is 110 GeV.

. Mvcggd - the invariant mass of the combination e; ez j1 j2 Of two selected electrons and jets.

In Figure 4 the distribution of the reconstructed mass M“md is shown for events simulated at LRRP. The reason for
this distribution to be non symmetric is two-fold. The addltlonal broad peak or long tail above the heavy neutrino
mass is due to the wrong choice of lepton. The tail toward zero in the M“”‘d distribution is due to the emission of
gluons and to the heavy neutrino decay into ¢ quarks (N, — eWg — etb) that produce wide jets or several jets.
The distribution of the M. C“gd mass for the same reconstructed events is shown in Figure 5.

In Figure 6 the efficiency of the primary selection and the efficiency of reconstruction of Wg decay products are
shown for the case of My, = 2 TeV. One can see that for neutrino masses with r = My, /Mw, < 0.3 the
reconstruction efficiency drops. The reason is that the heavy neutrino decay products are too close to each other in
the n — ¢ space. As a result, two jets are sometimes reconstructed as a single jet or an electron candidate does not
pass the isolation criteria.

6 Thebackground

Background is expected from the SM processes with a lepton pair and at least two jets in the final state.

To evaluate the amount of background, these events were simulated with PYTHIA and processed by the same
reconstruction program and passed the same selection criteria as signal events. The initial numbers of background
events (see below Table 1) correspond to the statistics that would be collected at the CMS detector for the integrated
luminosity L; = 30 fb—!. The following sources of background events are considered:

e the first background that was studied was the ZW process. This background was important in the heavy
neutrino search at LEP [27]. It was simulated with lepton decay modes of W and hadron decay modes of Z
forbidden. The cross section of this process is of the order of the signal cross section at LRRP. Due to the
fact that the tail of the Z mass distribution is rather long and that the signal events usually have a large value
of Mj; a lower cut My; > 200 GeV, well above the Z mass central value (see Figure 7), has been used to
suppress this kind of background. It is easy to suppress it due to its comparatively small cross section.
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Figure 4: The distribution of the reconstructed invariant mass vaae"d for the events simulated with 500 GeV
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e The ¢ production turned out to be one of the most important backgrounds. The simulation was made with
PYTHIA (standard CMS DST production). In the simulation of this background only leptonic W decay
modes were considered. It was checked that other W decay modes do not contribute. The cross section of
the t£ production simulated this way is about two orders of magnitude larger than the signal cross section at
LRRP. For the cross section we used the PYTHIA value multiplied by the K factor corresponding to the total
tt production cross section (with all decay modes allowed) of 830 pb (NLO value). We tried the alternative
way to simulate this important background with the program TOPREX [28]. This program correctly takes
into account the spin correlations between the ¢ and # and uses the TAUOLA code for = decays. The fast
simulation showed that the ¢# background obtained this way is not higher than with PYTHIA, so the usage
of the PYTHIA production does not underestimate the background.

e another important source of the background is the Z + jet process. This reaction has a cross section which
is about 5 orders of magnitude larger than the signal cross section at LRRP. The simulation of these events
even at the level of event generator would require a lot of the CPU time. In order to reduce the CPU time
the simulation was performed with PYTHIA requiring the minimal allowed p_ of the hard process to be
20 GeV. It was checked with loose cuts that this limit does not change the estimated humber of background
events for a given luminosity. This background is suppressed by the same cut as the ZTW production and
by the P; cuts on leptons and jets. In Figure 7 one can see the long tail of the Z invariant mass in this
background process and how Ay can be used for its suppression. It is also difficult to make directly a full
simulation with sufficient statistics. For this reason only preselected events (less than 102 fraction of all
generated events) were fully simulated.

o other possible sources of background are the ZH and W H productions. The cross section of these processes
is small and the background is easy to suppress. The suppression of W H process that gives more background
events than ZH is illustrated in the last colomn of the background reduction table. The Higgs mass in this
simulation was mg = 190 GeV'.

In Figure 8 the reconstructed N, mass peak in presence of the SM background is shown. The peak is well visible,
though the background seems to be rather high in the mass region of several hundred GeV. However, if we require
the reconstructed invariant mass of the system e; e j; j» for the same event to be greater than 1 TeV, the background
under the N, peak drops dramatically, as illustrated in Figure 9. In Figure 10 the reconstructed W g mass peak in
presence of the SM background is shown.

In Figure 11 the plots illustrating the Pt balance in the decay of W g are shown. The lower plots, in principle, can
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Figure 5: The distribution of the invariant mass M " for the reconstructed events simulated with the W mass
of 2000 GeV. The normalization is arbitrary.

be used for the rejection of background since the latter tends to have lower pt of the lepton coming directly from
Wr. However, the cut on this variable is less efficient than the Wz mass cut.

It is supposed that the search will be performed by scanning the mass spectrum of N candidates after selecting
events with M,.;; > 1TeV. For the part of parameter space with My, < 1.5TeV events with M..;; > 700GeV
should be selected. Note that in the background reduction table below the cut M,.;; > 1TeV is shown as the last
one, this is done to illustrate better its effect.

In Figure 12 the optimization of the M, ;; mass window cut is illustrated. It is applied here as the last cut. In the
calculation of efficiency, here and in the background reduction table, we assume that an event passes this cut if at
least one of the ejj combinations falls in the mass window. In Figure 13 the distributions of invariant masses in
the [Me, /ey, 721 Me,eaj:15.] Planes reconstructed for the background events are shown (e, has a highest E;). It is
seen that the background increases for the r = My, /My, values close to unity.

Table 1: Evolution of numbers of the signal and background events versus selection criteria. The initial numbers
of background events correspond to the statistics that would be collected at the CMS detector for the integrated
luminosity L; = 30 fb—'

Step Signal tt Z +jet ZW WH |
LRRP
Initial 4965 | 2.64 x 10% | 6.2 x 107 | 6 x 10* | 11000
Primary selection 2782 | 1.5 x 10° - 38 728
Two isolated leptons 2332 152000 - 15 165
My cut 2246 17200 3870 0 72
M mass window 970 3430 1000 0 2
Mg mass window + M§2md > 1TeV | 938 198 96 0 0

Due to its nature, the Majorana neutrino can decay either as a Dirac neutrino or as a Dirac anti-neutrino. Since the
final states are distinguishable, there is no interference between these two types of the decay channel. Assuming
that the V; neutrino couples dominantly to a single light charged lepton of - flavor, then the Dirac neutrinos will
always decay into opposite charged leptons I, while the Majorana neutrinos will decay like that half of the time,
but the other half into like-sign I’s. Like-sign charged leptons could provide a clean signal for the production of
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Majorana neutrinos in case of / associated with electrons or muons [29]. At the present stage of the analysis it was
found that the requirement of two like-sign leptons in the final state does not improve significantly the sensitivity
due to the loss of 50 % of the signal events. But it is an excelent cross check in the case of signal observation.
The only sources of the like-sign background events are the Z H and W H production. However, the cross sections
of these processes are small, thus making the search for heavy neutrino events with the like-sign leptons almost
physical background-free.

It was also observed that the more important background for the like-sign analysis is related to the the incorrect
reconstruction of charge of electron tracks. We found that such tracks can be effectively suppressed by a lower cut
on the number of hits in the track. A cut at 6 hits gives a suppression factor of about 3 keeping the efficiency to
tracks with a correct reconstruction at the level of 90%.

7 Results
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Figure 13: The distribution of invariant masses in the [Me, j, jo» Me;eq415.] (I€ft plot) and [Me, oy Meqesjrjol
(right plot) planes, reconstructed for the background events in the CMS detector. The applied cuts are presented in
Table 1.

The discovery potential of the events with Wg and N, in CMS was calculated using the following relation [30]:
S§=2(y/Ns+ Np—+/Ng) >5, 9)

where Ng and Np are the numbers of signal and background events respectively, which pass the selection criteria

described in Table 1 for both M., /e, j, 5, and M., .,j, ;. variables.

The corresponding discovery contour in the (Mw,,; My ) plane is shown in Figure 14. After three years of running
at low luminosity (30 fb—1) the use of pp — Wxr — eN, — eejj reaction allows to discover Wg and N, with
masses up to 3.5 TeV and 2.3 TeV, respectively. It is interesting that for the LRRP point the 5¢ discovery requires
just a few fb—? of the integrated luminosity.

The uncertainty of these results coming from various background uncertainties is small since the background itself
is rather small and the discovery region is usually limited by the fast drop of the signal cross section at high ratios
r = Mp,/Mw, or by the fast drop of efficiency at small . This is illustrated by the uncertainty on the jets
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energy scale of 3% [31] that we studied. It leads to uncertainties on the background of 5 - 10%. This changes the
significance by 3 - 10%. The discovery region upper boundary shifts by 0.5 - 3%, the lower one by 2 - 4%.

As to the signal cross section uncertainties, we studied the one from PDF (parton density functions) [32]. By
taking different PDF sets we found that the full amplitude of the cross section change is about 6% in the whole
discovery region. No change of acceptance was observed. Taking 6% pessimistically as the PDF uncertainty, it
was estimated from the cross section slopes of Figure 3 that the uncertainty of the upper boundary of the discovery
region is 1 - 2%. The uncertainty of its lower boundary coming from PDF is 2 - 3%.

8 Conclusion

We have studied the CMS potential for the discovery of a heavy right-handed Majorana neutrino NV, and a heavy
Wr gauge boson. The necessary suppression of the SM background processes is achieved by requiring two isolated
electrons and at least two jets being reconstructed in the final state with loose constraints on their kinematical
variables. For an integrated luminosity of 30 fo—! these new particles can be observed if the masses Myy,, and
M, are less than 3.5 and 2.3 TeV, respectively. For the masses My, ~ 2 TeV and My, ~ 0.5 TeV, the Wg and
N, particles can be discovered already after one month of running at low luminosity.

The sensitivity of CMS to Wx and N, at high luminosity of 300 fo—? after three years of running should make the
discovery region wider. However, to estimate the corresponding discovery region the effects of the pile-up have to
be carefully studied. This work, as well as the the analysis of the effect of the W g polarization, are in progress.
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