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Abstract

This Note describes the first search for signals from the production of right-handed Wx
bosons and heavy neutrinos Ny (¢ = e, ), that arise naturally in the left-right symmetric
extension to the Standard Model, with the CMS Experiment at the LHC using the 7 TeV
pp collision data collected in 2011 corresponding to an integrated luminosity of 5 fb=!.
No excess over expectations from Standard Model processes is observed. For models with
exact left-right symmetry (the same coupling in the left and right sectors) we exclude the
region in the two-dimensional parameter space that extends to (Myw,, My,) = (2500 GeV,
1700 GeV).

1 Introduction

The left-right (LR) symmetric extension to the Standard Model model [1, 2, 3] is attractive
because it naturally explains the parity violation seen in weak interactions as a result of spon-
taneously broken parity. The model necessarily incorporates additional W}% and Z' gauge
bosons and heavy right-handed neutrino states Ny, 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 Wg bosons is described by the coupling constants gg.
Strict LR symmetry leads to the relation g;, = gr at Myy,, which will be assumed throughout
this paper. To simplify our study, we further assume that the mixing angles (Wr—Wp, 2/ — Z,
and Ny, — Ny) are small. The existing experimental limit on the Wgx mass is in the range
739 — 768 GeV and depends on the heavy neutrino mass (the smaller number corresponds to
the case when all three N, have masses smaller than Myy,,) [5].

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 g which subsequently
decays into a pair of quarks which hadronize into jets (j). As shown in Figure 3 this produces
the final state

Wgr — €1 Ny — L1loWp — Lilagj (= e, p), (1)

where £1, /5 have the same flavor.
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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 O(100 GeV') for the Wx mass
peak and O(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 Ny, 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 Wgr would decrease not only the lepton channels but also the quark channels.

Our search is characterized by the Wx and Ny masses, which are allowed to vary indepen-
dently. 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 cal-
culation is similar to the W and W’ production k-factors [6]. In these calculations, made with
the FEWZ program [7], as is taken at the Wgr mass which results in a k-factor that slowly
decreases as a function of Myy,, from 1.33 at My, = 500 GeV to 1.26 at My, = 2 TeV (can
be approximated by a straight line in this range).

We use PYTHIA [9], with default CTEQ6L1 parton distribution functions [10], for the signal
event generation and calculation of cross sections. PYTHIA 6.4 includes the LR symmetric
model with the standard assumptions mentioned above. We also study relevant background
samples generated using PYTHIA, ALPGEN [11], and MADGRAPH [12].

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
collect the events used in this analysis through single electron or photon and single muon triggers
with thresholds that depend on the instantaneous luminosity.

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 7 and ¢. Electron candidates must deposit most of
its energy in the ECAL and relatively little in the HCAL (H/E < 5%), 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 [13].

The muon identification strategy is based on both the muon detectors and the inner tracker,
as described in [14, 15]. We require pr > 30 GeV/c for both muons, where each muon is
identified as a “global muon” with at least 10 hits in the silicon tracker. Additionally, at
least one muon must pass tighter selection criteria where we look for a muon candidate with a
transverse impact parameter with respect to the collision point of less than 2 mm, and the x?
per degree of freedom is below 10 for the global track fit. At least one hit from the pixel detector,
and hits from at least two muon stations, must be used in the global fit. The tight muon (or
either tight muon if both muons pass tight identification criteria) must also be matched to the
muon trigger object. 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 py sum, ignoring the muon itself, is less than 10% of the muon p7.



We reconstruct jets from calorimeter towers using the anti-kt clustering algorithm [16] with
a cone of radius R = 0.5 and 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 [17]. In the electron channel, and also in studies using
epjj 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,7) < 0.5.

We rank the muons and jets in the event according to their transverse momentum and or-
der 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 mea-
surement. We then select Wi — (N, candidates using the two highest Er/pr same-flavor (e
or i) leptons, and the two highest pp jets that satisfy the above criteria. As the Wgr — (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 (Mye) and the mass of the reconstructed Wg candidate (Myy;;). Electroweak
backgrounds, primarily from Z+4jets, are suppressed by requiring My, be above the Z mass.
We optimize the My, cut value as a function of (Myy,,, My,) to obtain the best expected limit
via a single-bin Bayesian approach [20] with a flat prior. Based on our studies we require
Myp > 200 GeV, and note that we obtain the same minimum dilepton mass requirement when
optimizing for Wg discovery.

The acceptance requirements for a candidate Wr — ¢N, decay are that the decay products
have sufficient Ep or pp, are produced within the detector acceptance, and the lepton candidates
do not overlap with jets. Additionally, the event fails acceptance requirements if My, and Myy;;
do not meet our minimum requirements. As My — 0 (as well as when My — Myy,,), it becomes
more difficult to reconstruct the necessary four objects that meet all kinematic requirements.
Furthermore, at low neutrino mass the Ny — ¢jj decay products tend to overlap, making it
difficult to reconstruct leptons outside of the jet cone. We find that the signal acceptance
is typically 70-80% at My ~ My /2 and drops to zero as we approach the My boundary
conditions.

Provided the Wg candidate event meets all acceptance requirements, the ability to recon-
struct 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 Wr — ¢N, decay primarily consists of events from Standard Model pro-
cesses with two real leptons, such as tt and 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 ¢¢ contribution using simulated events, normalizing it to the cross section
measured by CMS [18]. We cross check this normalization using a sample of reconstructed epjj
events in data and simulation. Based on the results of this study, we apply a small scale factor
comparable with unity 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, uu
decays in simulation and data. We normalize the Z+jets contribution to the inclusive NNLO
calculation [6, 7], and then rescale the expected distribution to data (accounting for background
contributions) using the reconstructed dilepton mass region near the Z peak. 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 with
calorimeter isolation applied to enhance the purity of electron-like signatures, while 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. We then apply
the derived fake rate to a multijet sample, where the roughly 30% contribution from electroweak
and top (as expected from simulation) are statistically removed via simulated event samples,
to estimate the multijet background contribution to the My;; distribution.

5 Systematic uncertainties

We consider the following systematic uncertainties in this analysis, and summarize the system-
atic contribution per channel in Table 1.

e Jet energy scale and resolution: We scale the reconstructed jet energy up and down
within the measured uncertainties [17] of about 1-7% per jet. We also smear the jet
energy in the simulation to account for the uncertainty in jet resolution as measured in
data. The normalization of the ¢t and Z+jets events to data imposes some constrants on
this procedure, for this reason the size of this uncertainty is reduced for these samples.

e Electron and muon energy scale and resolution: based on the comparison of the M(¢/)
distributions in the region of the Z peak in MC and data (two running periods), we
investigate the impact of a variation on the measured electron E7 and muon Pr and a
gaussian smearing of electron F7 and muon Pr.

e Electron and muon reconstruction, isolation, and identification: For the electron chan-
nel we obtain the uncertainty from a Tagd&Probe study of Z — ee events in data and
simulation. Taking into account the different P; spectrum for electrons from Wpgx and N,
decay, and including the impact hadronic activity has on electron isolation quantities, we
estimate a per-electron uncertainty of about 0.5%(1.1%) for barrel (endcap) region. For
the muon channel, we obtain the uncertainty using a sample of Z — puu events.

e Trigger efficiency: For electron channel we measure it using the events collected with lower
threshold double photon triggers (mostly prescaled) and use the statistical error of this
measurement as a systematic uncertainty. We note that with our Er cuts on electron
candidates most of our events are well above the trigger turn-on region. For the muon
channel, we vary the trigger efficiency based on a study of Z — uu events.

e Pileup: Superfluous pp collisions are included in the simulation to emulate the collision
environment produced by the LHC. The uncertainty on the effects of pileup in simula-
tion by varying the average number of collisions by 4+0.4 for Run A and +0.7 for Run
B. item Background shape: We consider variations in the function used to describe the
backgrounds, variations in the exponential slope obtained when fitting in different regions
of £¢jj mass, as well as the nominal fit uncertainty for the simulated background distri-
butions. We combine each of these uncertainties in order to estimate a total uncertainty
related to the My;; background shape. This is done separately for each My ; bin (bin
width is 200 GeV).

e Background normalization: we obtain an uncertainty for t¢ and Z+jets backgrounds based
on scaling our expectations from simulated event samples to data. For the remaining back-
grounds, we combine their cross section uncertainty with the CMS luminosity uncertainty.



e Statistical uncertainty from simulated samples: We obtain this uncertainty from the num-
ber of simulated background events that survive the full analysis selection.

e Theoretical uncertainties: We investigate the impact of modified initial and final state
radiation, variations in the proton parton distribution function parameters, and factor-
ization and scale variations using dedicated samples of simulated events.

e QCD background estimation: We apply our estimated fake rate to a separate three-jet
sample and compare our predictions to a sample of reconstructed e/u + jj events.

6 Results

We summarize the observed and expected number of events surviving our selection requirements
in Table 2 and Table 3, and present the My;; distribution for events passing all cuts in Figures 2.
We observe no excess beyond expectations from Standard Model processes.

We set upper limits using a multibin limit setting technique based on the RooStats pack-
age [19]. We use as a final variable the reconstructed four-object mass (meej; or my,;;) for
masses above 600 GeV. The mass is collected in bins of width 200 GeV, comparable to the
mass resolution for a right-handed W signal. The contributions from runs A and B for each
mass range are treated as separate bins, to account for the different acceptances of the two
analyses and properly account for the different rates of pileup in the two running periods. The
background contributions to each bin are determined from the analytical shape fits applied to
each background type.

Systematic uncertainties are included as nuisance parameters in the limit calculations.

We take the reconstruction and identification systematic uncertainties to be uncorrelated
between the 2010 and 2011 analysis, while all other systematic uncertainties are considered
correlated between 2010 and 2011. We use a Bayesian limit setting technique where the probing
of the systematic uncertainty space is carried out using a Markov Chain Monte Carlo technique.
The results of this limit setting were consistent with the result of the CLg technique.

The 95% C.L. limits on the cross-section times branching fraction as function of My are
estimated with a CLg limit setting technique for the masses of Wg in the sensitivity region
with a step of 100 GeV. The two example plots for different My, are shown in Figure 3.
Good agreement is seen between the observed and expected limits. These results can be used
for the evaluation of different model assumptions than those considered above. For the model
described above, we show the mass regions excluded in Figure 4, where we obtain these plots
by comparing the observed (expected) upper limit and the expected cross section for each mass
point. The limits extend to My, = 2500 GeV, and exclude a wide range of heavy neutrino
masses for My, =2000 GeV. In addition to the 95% C.L. exclusion limits shown as a function
of Wg and N, mass in Figure 4.

7 Conclusions

We have presented a search for right-handed bosons (Wg) and heavy neutrinos (Ne) of the
left-right symmetric extension of the Standard Model. 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 sample is in good agreement with expectations from Standard
Model processes. We use a CLg approach to set a limit on the Wx and N, masses that includes



Table 1: Summary of the systematic uncertainties, collected for each channel 2011 datasets
where the magnitudes of each uncertainty are estimated following the procedure 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 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 all background
processes.

Electron Channel

Systematic Signal
Uncertainty eff. tt Z+jets | QCD | Other bkgd
Jet Energy Scale +0.3-9% | +£10% +2% — +5%
Jet Energy Resolution +0-1% +0.6% +1% - +2%
Electron Energy Scale +0.1% +1.5% +2% - +1.2%
Electron Energy Resolution | <0.1% <0.1% +0.5% - +0.5%
Electron Reco/ID/Iso +4-13% +2% +5% - +8%
Trigger Efficiency +1% +1% +1% - +1%
Pileup, runs A (B) +£2(10)% | £2(11)% | £2(11)% - +2(11)%
Background shape - +20% +15% | +25% +25%
Simulation statistics +5-20% -
Background normalization — +9% +3% - +6%
ISR/FSR +1-3% - - - -
PDF +8-40% +0.4% 4+0.4% - +9%
Fact./Ren. scale 0% +7% +5% - +8%
QCD estimate - - - +33% -
Total +16-49% +30% +21% +42% +34%
Muon Channel
Systematic Signal
Uncertainty eff. tt Z+jets | QCD | Other bkgd
Jet Energy Scale +0.3-13% | 9% | £3% - +8%
Jet Energy Resolution +0-0.4% | +£0.4% | +0.2% - +0.2%
Muon Energy Scale +0-0.4% | £0.2% | £3.0% - +0.4%
Muon Reco/ID/Iso +15-18% | +£3% | £6.0% - +7%
Trigger Efficiency +0.6-1.5% | +0.2% | +0.3% - +4%
Pileup +0-0.4% | £0.2% | +1.0% - +2%
Background shape - +15% | £11% - +40%
Simulation statistics +5-20% - - - -
Background normalization - +9% +1% - +7%
PDF +8-40% +0.4% | £0.4% - +9%
Fact./Ren. scale, ISR/FSR | £1-2% +7% | 5% - +8%
QCD estimate - - — +60% —
Total +18-50% | +£21% | +£14% | £60% +44%




Table 2: Data statistics and signal/background yields after each stage of the event selection for
the electron channel. Values displayed in the “Signal” column assume My, = 1800 GeV and
My, = 1000 GeV.

Data | Signal | Tot.Bg | tt Z+jets QCD Other
EO | 8896 44 9028 | 969 7830 61 168
E1 | 6283 44 6234 | 779 5277 46 132
E2 | 5516 43 5478 762 4566 32 118

E3 | 311 42 311 192 92 13 14
E4 | 124 42 132 71 48 7 6
Key:

Designator | Meaning
EO Two HEEP electrons, two jets with kinematic and ID requirements applied
E1l One electron with p; > 60 GeV/c
E2 At least one electron in Barrel
E3 Mee > 200 GeV
E4 Meejj > 600 GeV

treatment of the systematic uncertainties as nuisance parameters. For models with exact left-
right symmetry (the same coupling in the right sector) we exclude the region in the two-
dimensional parameter space (Myy,,, Mpy,) that extends to My, = 2500 GeV.
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Figure 1: Wg and N, production and decay.
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Figure 2: Distributions for events surviving event selection criteria, neglecting the four-object
mass requirement, in the electron (top) and muon (bottom) channels using the 5 fb~! collision
data collected in 2011. The signal mass point My, = 1800 GeV, M N = 1000 GeV, is
included for comparison.
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