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1. Introduction

The left-right (LR) symmetric extension to the Standard Model model [1, 2, 3] is attractive be-
cause it naturally explains the parity violation seen in weak interactions as a result of spontaneously
broken parity. The model necessarily incorporates additional Wﬁ and Z' gauge bosons and heavy
right-handed neutrino states V; and thus can also explain the smallness of the ordinary neutrino
masses through the see-saw mechanism [4]. In this paper we present the results of the search for
heavy neutrinos and the associated heavy gauge bosons of the minimal LR symmetric model using
the Compact Muon Solenoid (CMS) detector at the LHC.

The strength of gauge interactions of Wgﬁ bosons is described by the coupling constants gg.
Strict LR symmetry leads to the relation g; = gg at My,, which will be assumed throughout this
paper. To simplify our study, we further assume that the mixing angles (Wg — W, Z’' — Z, and
Ny — Np) are small. The existing direct experimental limit on the Wg mass from the Tevatron
Wr — qq analysis is in the range 739 - 768 GeV depending on the heavy neutrino mass [5], from
the Tevatron W — tb analysis 890 GeV [6] [7]. The direct experimental limit on the Wi mass from
the LHC Wg — b analysisis is 1.85 TeV [8] [9]. The indirect model-dependent estimates based on
the the K; — K mixing results give a limit on the Wi mass of about 2.5 TeV [10], [11].

2. Heavy neutrino production and decay

We consider the leading production reaction at the LHC: pp — Wr +X — Ny + ¢+ X. The
right-handed neutrino decays into a charged lepton /= and an off-shell W which subsequently
decays into a pair of quarks which hadronize into jets (). This produces the final state

Wr = N — 0 0Wg — Lilyjj (L= e, i), 2.1

where /1, ¢, have the same flavor. A unique feature of the heavy neutrino production and decay
process is that it has a two-dimensional resonance structure. The distributions of the variables My, ;
and My, ;; should exhibit rather narrow peaks, with the reconstructed width of ¢(100 GeV') for the
Wg mass peak and ¢(50 GeV) for the width of the N; mass peak. In this analysis, we assume
that only one type of heavy neutrino, predominantly coupled to either the electron or muon flavor,
will be accessible at LHC energies with the other N, masses too heavy to produce. However, the
case with degenerate Ny masses does not differ significantly, as the opening of an additional decay
channel for the W would decrease not only the lepton channels but also the quark channels.

Our search is characterized by the Wg and V; masses, which are allowed to vary independently.
We note that the reaction used in the analysis can also proceed if My, > My, , but we neglect this
possibility due to the relatively small cross section when compared to the dominant production
mechanism.

Since QCD does not distinguish between left- and right-handed particles, the k-factor calcu-
lation is similar to the W and W’ production k-factors [12]. In these calculations, made with the
FEWZ program [13], o is taken at the W mass which results in a k-factor that slowly decreases as
a function of Myy,, from 1.33 at My, = 500 GeV to 1.25 at My, = 2.5 TeV (can be approximated
by a straight line in this range).
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We use PYTHIA [15], with default CTEQ6L1 parton distribution functions [16], for the sig-
nal event generation and calculation of cross sections. PYTHIA 6.4 includes the LR symmetric
model with the standard assumptions mentioned above [17]. We also study relevant background
samples generated using PYTHIA (dibosons), NLO generator POWHEG [18] (¢7, tW), SHERPA
[19] (Z+jets), MADGRAPH [20] (W+jets).

3. Physical objects reconstruction and event selection

In this analysis we primarily reconstruct electrons, muons and jets, although we also examine
photons and the missing transverse energy in the event for selected background studies. We col-
lect the events used in this analysis through double electron trigger and single muon trigger with
thresholds that depend on the instantaneous luminosity. For the background studies we also use
events collected through single photon trigger. This analysis includes data from 2011, extended by
the portion of the 2012 dataset.

We reconstruct electron candidates offline starting by associating electromagnetic clusters in
the ECAL with transverse energy Er > 40 GeV with a track in the tracker and apply standard
identification and isolation criteria optimized for electrons with energies of hundreds of GeV. The
ECAL cluster for each electron candidate must be spatially matched to a reconstructed track in the
central tracking system in both 11 and ¢. Electron candidates must deposit most of its energy in
the ECAL and relatively little in the HCAL, and also have a shower shape consistent with that of
an electromagnetic shower. The electron candidate cluster should be isolated from other energy
deposits in the calorimeter and from reconstructed tracks in the central tracking system. More
information about electron reconstruction and identification in CMS during this running period can
be found in [21].

The muon identification strategy is based on both the muon detectors and the inner tracker,
as described in [22]. We require pr > 40 GeV/c for both muons. At least one of the muons used
to define the WR candidate must be matched to the muon trigger object used to select the events
online. Each muon must satisfy identification criteria optimized for muons with large transverse
momentum. Muon identification requirements ensure good consistency between the measurements
of the muon detector and the inner tracker and suppress muons from decay-in-flight of hadrons as
well as shower punch-through. We suppress non-isolated muon backgrounds by summing the
transverse momentum of tracks within AR < 0.3 of the muon direction and requiring that the final
pr sum, ignoring the muon itself, is less than 10% of the muon p7.

Jets are reconstructed by forming clusters of charged and neutral hadrons, photons, and leptons
that are first reconstructed using the CMS particle-flow technique [23], using the anti-kT clustering
algorithm [24] with a cone size parameter R = 0.5. Adjusting for the effects of the additional
("pileup") pp collisions in the event, charged hadrons which do not originate from the highest
pT primary vertex in the event are ignored during jet clustering. The neutral pileup component
is removed by applying a residual area-based correction described in [25], [26]. We impose a
minimum transverse momentum requirement of 40 GeV/c on the jet candidates. We apply standard
jet identification procedures to suppress jets from calorimeter noise and beam halo, and we reject
the event if either of the two highest pr jet candidates fails identification criteria. The energy
of reconstructed jets is corrected based on the results of simulation and data studies [27]. In the
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electron channel, and also in studies using el jj events, we do not consider jets if a valid electron
candidate is found within the jet radius. As muons are not likely to fake jet signatures, we reject
any muon found with AR(u, j) < 0.5.

We rank the muons and jets in the event according to their transverse momentum and order the
electrons according to their transverse energy, where the unique treatment of electrons reflects the
dominant contribution of the ECAL energy to the electron energy/momentum measurement. We
then select Wg — ¢N; candidates using the two highest Er/pr same-flavor (e or u) leptons, and
the two highest pr jets that satisfy the above criteria. As the Wgx — ¢N; decay tends to produce
high momentum leptons, we further require E7(pr) > 60 GeV(/c) for at least one of the lepton
candidates. In the electron channel, we reject the event if no electron candidate is found in the
ECAL barrel region (|n| < 1.44).

We limit contributions from Standard Model backgrounds by imposing requirements on the
dilepton mass (Myy) and the mass of the reconstructed Wx candidate (My;;). Electroweak back-
grounds, primarily from Z+jets, are suppressed by requiring My, be above the Z mass. We find that
the optimal cut on My, is 200 GeV.

Provided the Wy candidate event meets all acceptance requirements, the ability to reconstruct
four high pr objects using the CMS detector is quite high. Reconstruction efficiency, including the
trigger and lepton identification requirements, ranges between 75-80% in the muon channel, and
70-75% in the electron channel.

4. Backgrounds

The background for W — ¢N; decay primarily consists of events from Standard Model pro-
cesses with two real leptons, such as ¢tfand Z+jets. It is also possible for jets to be misidentified as
leptons, which allows QCD multijet processes to contribute background events.

We estimate the ¢t7contribution using simulated events, normalizing it to the cross section mea-
sured by CMS [28]. We cross check this normalization using a sample of reconstructed el jj events
in data and simulation. Based on the results of this study, we apply a scale factor (close to 1) in
addition to the cross-section normalization in order to account for the expected top background.

Our estimate of the Z+jets background contribution is based on observation of Z — ee, Lt
decays in simulation and data. We normalize the Z+jets contribution to the inclusive NNLO cal-
culation [12, 13], and then rescale the expected distribution to data (accounting for background
contributions) using the reconstructed dilepton mass region near the Z peak in the events with at
least two jets. We take the remaining electroweak and top background estimates directly from
simulation, as their small cross sections severely limit their impact on the background level.

We determine the QCD multijet background from data using an estimate of the lepton fake
rate. For each channel, we examine a sample of dijet events in data in order to determine the lepton
fake rate. For the electron channel this sample is selected using photon triggers (prescaled for low
E7 photons). Each event should contain at least one electron-like object, i.e. an ECAL cluster
satisfying soft shape criteria matched to a track. For the muon channel we collect dijet events using
the nominal analysis triggers. We increase the dijet sample purity by rejecting events with missing
transverse energy above 20 GeV. The remaining roughly 30% contribution from electroweak and
top (as expected from simulation) are statistically removed via simulated event samples. We then
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apply the derived fake rate to a multijet sample selected using nominal triggers to estimate the
multijet background contribution to the My ;; distribution.

As the statistics in the region of high eejj masses is small, causing big statistical errors, we
use an exponential lineshape to describe the background contributions. This is done separately for
the three parts of background: ¢7, Z+jets and all others.

5. Systematic uncertainties

The dominant systematic uncertainty relating to Wg — ¢N; production is due to variations in
the predicted cross-section for the signal production as a result of the uncertainties in the parton dis-
tribution functions (PDFs) of the proton. This uncertainty is determined to be 4-22%, depending on
the Wr mass hypothesis, following the PDFALHC prescriptions [29]. The next leading signal un-
certainty is due to the lepton reconstruction and identification uncertainties, which are determined
from a collection of Z — £*{~ events from both data and simulation.

The background systematic uncertainty is dominated by the uncertainty on the shape of the
My ;; background distributions. This uncertainty is determined in each mass bin based on the
number of events surviving all selection criteria for each background sample. We use the Gamma
distribution to describe the systematic uncertainty due to the background shape for each background
type, as only a small number of events from simulation and data control samples appear in each
mass bin. Log-normal distributions are used for the remaining systematic uncertainties. For the
background shape systematic uncertainty, we treat each bin as uncorrelated. All other systematic
uncertainties are correlated across My ;; bins.

The normalization of the various background samples and additional factorization and scale
theoretical uncertainties also contribute to the total systematic uncertainty to a lesser extent. The
uncertainties on the total number of background events are derived taking into account the relative
contribution of all background events after the full event selection, and the correlation of each
systematic effect between the background processes. All systematic uncertainties are summarized
in Table 1.

6. Results

We present the My, ; distribution for events passing all cuts in Figures 1, 2 and 3. We observe
no excess beyond expectations from Standard Model processes.

As we find no evidence for W — ¢N, decay, we estimate limits on Wx production using a
multi-bin technique based on the RooStats package [30]. We use the reconstructed four-object
mass for a shape analysis. The mass is collected in bins of width 200 GeV up to 1600 GeV, with
all events with My,;; > 1600 GeV collected in a single bin. Systematic uncertainties are included
as nuisance parameters in the limit calculations.

We use a CLg limit setting technique [31, 32] to estimate the 95% C.L. excluded region as a
function of the Wy cross-section multiplied by the Wz — ££ j branching fraction and W mass. The
(Myw,,My,) limits are obtained by comparing the observed (expected) upper limit and the expected
cross section for each mass point. They are presented in Figures 4, 5. The limits extend to roughly
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Table 1: Summary of the systematic uncertainties, where each magnitude of uncertainty reflects the devia-
tion from the nominal My, ;; distribution following the procedures described in the text. The total errors in
the bottom row are obtained by summing in quadrature all the relative uncertainties in a given column. The
background shape uncertainties are computed in Myy;; bins, the numbers shown in this table are the weighted
average values. The remaining uncertainties are constant as a function of My;;. Some uncertainties differ
for 2011 and 2012 data, in this case a range is specified. Some uncertainties for the signal, for example PDF,
are very different for different mass points, this is the main reason to specify a range in this case. The uncer-
tainties on the total number of background events are derived taking into account the relative contribution of
all background events after the full event selection, and the correlation of each systematic effect between the
all background processes.

Electron Channel

Systematic Signal
Uncertainty eff. 1t Z+jets QCD Other bkgd
Jet Energy Scale +0.1-1% - +3% - +2%
Jet Energy Resolution +0.1-1% - +1% - +1%
Electron Energy Scale +0.1-1% - +0.3% - +2%
Electron Reco/ID/Iso +9-17% - +0.1% - +9%
Trigger Efficiency +1-2% - +0.2% - +1%
Background shape - +16-20% | +£16-53% - +25-35%
Simulation statistics +2% - - - -
Background normalization - +15% +3% - +4%
PDF +4-22% - +0.4% - +9%
Fact./Ren. scale, ISR/FSR +1-2% - +5% - +8%
QCD estimate - - - +33-50% -
Total +10-25% +22% +21-53% | £33-50% | +34-38%
Muon Channel
Systematic Signal
Uncertainty eff. tt Z+jets QCD Other bkgd
Jet Energy Scale +0.1-1% - +2% - +2%
Jet Energy Resolution +0.1-1% - +1% - +1%
Muon Energy Scale +0.1-0.5% - +2% - +1%
Muon Reco/ID/Iso +6-18% - +0.1% - +6%
Trigger Efficiency +0.1-0.3% - +0.5% - +0.1%
Background shape - +16% | £11-49% - +30-40%
Simulation statistics +2% - - - -
Background normalization - +9-11% +3% - +4%
PDF +4-22% - +0.4% - +9%
Fact./Ren. scale, ISR/FSR +1-2% - +5% - +8%
QCD estimate - - - +50-60% -
Total +8-23% +21% | £14-49% | £50-60% | +33-44%
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My, = 2.5 TeV in each channel and exclude a wide range of heavy neutrino masses for Wr mass
assumptions below this maximal value.

We also present limits as a function of Wi mass for a right-handed neutrino with My, = %MWR
in Fig. 6. Good agreement is seen between the observed and expected limits.

The combined limits for the 7 and 8 TeV data for the muon channel are presented in Fig. 7.

7. Conclusions

We have presented a search for right-handed bosons (Wg) and heavy right-handed neutrinos
(Np) of the left-right symmetric extension of the standard model [33], [34], [35]. We used data
collected at the LHC at the collision energies of 7 and 8 TeV. The background contribution from
the top and electroweak processes is determined from simulated event samples and the expected
rates are normalized to data whenever possible. The background from QCD multijet events is
estimated from data. The uncertainty for the backgrounds is estimated using data-driven methods.
We find that our data samples are in good agreement with expectations from SM processes. We use
a CLg approach to set a limit on the W and N, masses that includes treatment of the systematic
uncertainties as nuisance parameters. 7 and 8 TeV data samples separately, we are able to exclude
regions in the (My,, My, ) mass space that extend up to My, = 2.5 TeV for both channels and for
7 and 8 TeV data. Combining Wg — UN,;, search results conducted on 7 and 8 TeV collision data,
we exclude a region in the (MWR,MNM) mass space that extends to My, = 2.9 TeV.

% 103 E CMS Rreliminaw ‘ — D_ata: = % 100k CMS Fjreliminary — — D_ata: —
0} [ jL=50fblat7Tev - Sijots: 48 D) [ jL=5.0fblat7 Tev - Dijors: 48
o 102 L [ other: 13 o 80; [ other: 13
a E - —— Signal: 42 8 B —— Signal: 42
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Figure 1: Four-object invariant mass distributions (linear and logarithmic scale plots) for events surviving
all selection criteria. The signal mass point My, = 1800 GeV, My, = 1000 GeV, is included for comparison.
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Figure 2: Four-object invariant mass distributions for events surviving all selection criteria. The signal mass
point My, = 1800 GeV, My, = 1000 GeYV, is included for comparison. Green and yellow bands below are
the background uncertainties.
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Figure 3: Four-object invariant mass distributions for events surviving all selection criteria. The signal mass
point My, = 1800 GeV, My, = 1000 GeV, is included for comparison.
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Figure 4: 2D Limits for the 7 TeV LHC data.
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Figure 5: 2D Limits for the LHC data taken at 8 TeV.
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Figure 6: Limits as a function of W mass for a right-handed neutrino with My, = %MWR.
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Figure 7: Combined limits for the LHC data taken at 7 and 8 TeV.
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