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Abstract This letter reports on a search for hypothetical
heavy neutrinos, N, and right-handed gauge bosons, Wy,
in events with high transverse momentum objects which in-
clude two reconstructed leptons and at least one hadronic
jet. The results were obtained from data corresponding to an
integrated luminosity of 2.1 fb~! collected in proton—proton
collisions at /s = 7 TeV with the ATLAS detector at the
CERN Large Hadron Collider. No excess above the Stan-
dard Model background expectation is observed. Excluded
mass regions for Majorana and Dirac neutrinos are presented
using two approaches for interactions that violate lepton and
lepton-flavor numbers. One approach uses an effective oper-
ator framework, the other approach is guided by the Left—
Right Symmetric Model. The results described in this letter
represent the most stringent limits to date on the masses of
heavy neutrinos and Wg bosons obtained in direct searches.

1 Introduction

The discovery of neutrino oscillations [1, 2] unambiguously
establishes that neutrinos have non-zero mass and provides
clear evidence for physics beyond the Standard Model (SM).
One possible explanation for the mass of light neutrinos is
provided by theoretical models based on a Grand Unified
Theory (GUT). Such models often introduce one or more
additional neutrino fields, which manifest themselves as new
heavy particles that could be directly observable at the Large
Hadron Collider (LHC). In the framework of GUT mod-
els, the mass of the light neutrinos could be explained via
the see-saw mechanism [3—6]. This predicts m, = sz /my,
where, for each generation, m, is the mass of a known light
neutrino, m p is the Dirac mass for charged fermions of the
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same generation, and my is the mass of a new heavy neu-
trino, N. If the see-saw mechanism were to explain the mas-
ses of the known neutrinos, both the light and the heavy
neutrinos would have to be Majorana particles. This would
violate lepton number conservation, and yield a striking sig-
nature of two leptons with the same charge at the LHC [7].

This letter reports on a search for new heavy neutrinos of
either Majorana or Dirac type, with data corresponding to an
integrated luminosity of 2.1 fb~! recorded with the ATLAS
detector at the LHC. Two approaches are employed. The first
approach aims at exploring possible sources of new physics
predicting heavy neutrinos using a Lagrangian of effective
operators (referred to as HNEO hereafter) [8]. The theory is
built on effective four-fermion operators (¢q’ — N¢) with
the N decaying promptly via a three-body decay, N — €jj.
The second approach is based on the concept of Left—Right
Symmetry [9-11] which extends the electroweak part of the
SM by a new gauge group. Its force particles (Wg and Z’
bosons) could be produced at LHC energies. A particular
implementation of left-right symmetry breaking [12], the
Left—Right Symmetric Model (LRSM) with doubly charged
Higgs bosons [13, 14] is used in the present analysis. Ac-
cording to this model, the heavy neutrinos would be pro-
duced in the decays of a WR boson via gg’ — Wr — £N,
with N decaying subsequently via N — £Wg — £jj. Thus,
the final state signature for both models consists of two
leptons and two jets with high transverse momenta (pr).
Only electrons and muons are considered in this analy-
sis.

The N invariant mass can be fully reconstructed from
the decay products in both approaches. Given the s-channel
production in the LRSM, the Wr mass, mwy,, can also be
reconstructed in this model. The reconstructed Wr boson
and N masses are used to perform the search in the con-
text of the HNEO and LRSM models, respectively. Like the
SM neutrinos, heavy neutrinos can mix if their masses are
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different. Both the scenarios of no mixing [15] and maxi-
mal mixing [16] between two generations of lepton flavors
(electron and muon) are investigated assuming that the mass
difference between the heavy neutrinos is much smaller than
the experimental resolution of their reconstructed invariant
mass. In the case of maximal mixing, a mass difference of
2 GeV is assumed. If the heavy neutrinos are of Majorana
type, they would contribute to both the same-sign (SS) and
opposite-sign (OS) channels, while heavy Dirac neutrinos
would contribute solely to the OS channel.

Heavy neutrinos were previously searched for at LEP and
excluded for masses up to =100 GeV [17-20]. The most
stringent direct limits on WR bosons [21, 22] come from the
Tevatron, where Wr — tb decays were searched for. As-
suming a branching ratio of 100 %, Wgr boson masses be-
low 825 GeV are excluded at 95 % confidence level (C.L.).
Recently, the ATLAS collaboration published an inclusive
search for new physics in the same-sign dilepton signature
for an integrated luminosity of 34 pb~! [23]. The 95 %
C.L. limits presented exclude Wr masses up to about 1 TeV
for the LRSM model and Majorana neutrino masses around
460 GeV for the HNEO model.

2 The ATLAS detector

The ATLAS detector [24] is a multipurpose particle physics
apparatus with a forward-backward symmetric cylindrical
geometry and nearly 47 coverage in solid angle.! The in-
ner tracking detector (ID) covers the pseudorapidity range
In| < 2.5 and consists of: a silicon pixel detector, provid-
ing typically three measurements per track; a silicon mi-
crostrip detector (SCT), which provides typically four to
five measurements; and, for |n| < 2.0, a transition radi-
ation tracker (TRT), giving typically 30 straw-tube mea-
surements per track. The ID is surrounded by a thin su-
perconducting solenoid providing a 2 T magnetic field.
A high-granularity liquid-argon (LAr) sampling electromag-
netic calorimeter covers the region |n| < 3.2. An iron-scinti-
llator tile calorimeter provides hadronic coverage in the cen-
tral rapidity range of || < 1.7. The end-cap and forward
regions, spanning 1.5 < |n| < 4.9, are instrumented with
LAr calorimeters for both electromagnetic and hadronic
measurements. The muon spectrometer (MS) surrounds the
calorimeters and consists of a system of air-core super-
conducting toroid coils, precision tracking chambers up

VATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the center of the detector and the z-axis
coinciding with the axis of the beam pipe. The x-axis points from the
interaction point to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, ¢) are used in the transverse plane,
¢ being the azimuthal angle around the beam pipe. The pseudorapidity
is defined in terms of the polar angle 6 as n = Intan(6/2).
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to [n| < 2.7, and detectors for triggering in the region of
In| <2.4.

3 Trigger and data

The data used in this analysis were recorded between March
and August 2011 at a center-of-mass energy of 7 TeV. The
application of beam, detector, and data quality requirements
results in a total integrated luminosity of 2.1 fb~! with an
estimated uncertainty of +3.7 % [25, 26]. The data were
recorded with single lepton (e or w) triggers [27]. At the
last stage of the trigger decision, the electron trigger selects
candidate electrons with transverse energy ET > 20 GeV,
satisfying shower-shape requirements and matching an ID
track. For the last part of the dataset, corresponding to an
integrated luminosity of 0.5 fb~!, the threshold was raised
to 22 GeV. The muon trigger selects candidate muons with
pt > 18 GeV and |n| < 2.4. These triggers reach full ef-
ficiency for electrons with pt > 25 GeV and muons with
pt > 20 GeV. The typical trigger efficiencies measured
from data for leptons selected for offline analysis are 99 £+
1 % for electrons, and 74 % and 91 % for muons in the
barrel (|| < 1.05) and end-cap (1.05 < |5| < 2.4) regions,
respectively, with an uncertainty of about 1 %.

4 Monte Carlo simulation

Fully simulated Monte Carlo (MC) event samples are
used to develop and validate the analysis procedure, es-
timate the detector acceptance and reconstruction effi-
ciency, and aid in the background determination. The sim-
ulation of background processes is described in detail in
Ref. [28]. For the major backgrounds, Z/y* + jets pro-
duction and top quark pair production, ALPGEN [29] and
Mc@NLO [30-32] are used, respectively. The leading-
order parametrization CTEQ6L1 [33] of the parton density
functions (PDF) is used for the ALPGEN simulation, while
the next-to-leading order parametrization CTEQ6.6 [33]
is used for the MC@NLO simulation. Fragmentation and
hadronization are performed in both cases with HERWIG
[34-36], using JIMMY [37] for the underlying event mod-
elling. Diboson (WW, WZ, and Z Z) event samples are gen-
erated using HERWIG, while MADGRAPH [38] interfaced to
PyTHIA [39] is used for Wy and Zy production. Single top-
quark production is generated with MC @ NLO. The produc-
tion of WTWT arising from a t-channel gluon exchange,
resulting in two jets in the final state and two same-sign
W bosons, are generated with MADGRAPH interfaced to
PYTHIA. The associated production of a vector boson with
a tf pair (ttW, ttZ, tiy) is simulated with MADGRAPH
interfaced with PYTHIA.
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The HNEO signal MC samples are generated using
CALCHEP [40] and the leading-order PDF CTEQ6L [33],
and hadronization simulated with PYTHIA. All lepton com-
binations of e, p or t leading to lepton number violating
(LNV) signatures, which produce SS or OS dilepton events,
are included. The model is implemented via a Lagrangian of
effective operators defined as

o0
EZZA:—At'ZO‘iOi(m’ M
n=>5 |

1

where n is the operator dimension, A is the scale of LNV
interactions, ¢; are the coupling constants between the neu-
trino N and the leptons, and O; are the effective opera-
tors [8]. The signal samples are produced for four effective
operator hypotheses: the four-fermion vector operator, Oy,
and four-fermion scalar operators, O;1, Oy2, and Og3. The
tree-level-generated dimension-6 operator Oy corresponds
to dulNe, while Og and Oy, correspond to QuNL and LNQd,
respectively, and Oy3 corresponds to QNLd (e, u, d and L,
Q denote the right-handed SU(2) singlets and left-handed
SU(2) doublets, respectively). The production via the effec-
tive operators Qg1 and Os, have the same cross section and
lead to identical event kinematics, which makes them indis-
tinguishable. The production cross sections for the Majorana
and Dirac neutrinos in the framework of the effective La-
grangian are related to the energy scale of new physics and
the coupling constant o & a2/ A%, such that the coupling can
be varied to scan for new physics at different A scales.

The LRSM signal MC samples are generated using an
implementation of this model [14] in PYTHIA, with modified
leading-order parton distribution functions MRST2008LO*
[41]. The coupling constants for the Wr and left-handed W
boson are assumed to be the same, including the CKM ma-
trix for Wr boson couplings to right-handed chiral quark
components. It is assumed that there is no mixing between
the Wr boson and the SM W boson. The LRSM signal MC
samples are generated constraining the decays to e or p and
with my < mywy. The branching fractions used are the ones
predicted by PYTHIA. When the mass difference between
the Wr and the N is large, the leptonic branching fractions
are &8 %, and they decrease with decreasing mass differ-
ence.

Both Majorana and Dirac type heavy neutrinos are con-
sidered, assuming that the total production cross section is
the same for both cases. The leading-order theoretical cross
sections are used.

All signal and background samples are generated us-
ing the ATLAS underlying event tunes [42, 43] and pro-
cessed through the ATLAS detector simulation [44] based
on GEANT4 [45]. The MC samples are produced includ-
ing the simulation of multiple interactions per LHC bunch
crossing (pile-up). Varying pile-up conditions and their de-
pendence on the instantaneous luminosity of the LHC are

taken into account by reweighting MC events to match the
pile-up conditions measured in data.

5 Object reconstruction and event selection

The criteria for electron and muon identification closely fol-
low those described in Ref. [46]. Electrons are required to
pass the “medium” selection criteria, with pt > 25 GeV and
|n] < 2.47, excluding the electromagnetic calorimeter tran-
sition region, 1.37 < |n| < 1.52 [47]. To improve the back-
ground rejection for || > 2.0, more stringent requirements
are placed on the track-cluster matching in n and shower
shape. Electron tracks that pass through an active region of
the innermost pixel detector are required to have a measure-
ment in that layer in order to suppress electrons from photon
conversions. Additionally, an electron whose track matches
the ID track of a muon candidate is rejected.

Muons are required to be identified in both the ID and
the MS systems. The ID track is required to have at least
one pixel hit, more than five SCT hits, and a number of TRT
hits that varies with 1. Muon tracks that pass through an ac-
tive region of the innermost pixel detector are required to
have a measurement in that layer. The curvatures, as mea-
sured by the ID and MS systems, must have the same sign.
Only muons with pt > 25 GeV and || < 2.4 are consid-
ered. Selection criteria on the displacement of the muon rel-
ative to the primary vertex, selected as the one with the high-
est p% of associated tracks, are required. The longitudi-
nal (zp) and transverse (dp) impact parameters must satisfy
|zol <5 mm, |dp| < 0.2 mm, and |dy/0yg,| < 5, where oy,
is the uncertainty on dp. These cuts reduce the cosmic ray
muon background to a negligible level and also reduce the
background from non-prompt muons.>

To reduce the background due to leptons from decays of
hadrons (including heavy-flavor hadrons) produced in jets,
requirements on the isolation of leptons are imposed. To
evaluate the isolation energy for electrons, the transverse en-
ergies deposited in the calorimeter towers in a cone in n—¢
space of radius AR = /(A¢)? + (An)? = 0.2 around the
electron direction are summed and corrected for energy de-
position from pile-up events. In addition, the transverse en-
ergy of the electron, ET, corrected for energy leakage into
the neighboring towers, is subtracted. The isolation trans-
verse energy is required to be less than 15 % of the elec-
tron ET. An equivalent quantity, ETAR:O'3, is calculated for
the muon using a cone size of AR = 0.3. If there is no jet
with pt > 20 GeV within AR < 0.4 of the muon, E-?R:Oj
is required to be less than 15 % of the muon pt. Addition-
ally, muons with pt < 80 GeV should have no other track

2Leptons from W, Z and t decays are classified as prompt leptons,
while leptons any hadron decays are classified as non-prompt leptons.
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with pt > 1 GeV originating from the primary vertex within
a cone of AR = 0.3 around the muon. Otherwise, if the
muon has a jet nearby, it must satisfy pt > 80 GeV and
(ETAR:0'3/pT —3)/pr > —0.02 GeV~!. These isolation re-
quirements are powerful in rejecting background muons and
highly efficient for selecting signal muons produced in the
decays of heavy neutrinos and reconstructed near the signal
jets in cases where the heavy neutrino is boosted.

Jets are reconstructed using the anti-k; jet clustering al-
gorithm [48, 49] with a radius parameter R = 0.4. The input
to this algorithm is clusters of calorimeter cells seeded by
cells with energies significantly above the measured noise.
The energies and momenta of jets are evaluated by perform-
ing a four-vector sum over these clusters, treating each clus-
ter as an (E, p) four-vector with zero mass. Jets are cor-
rected for calorimeter non-compensation, upstream material
and other effects using pt and n-dependent calibration fac-
tors [50] obtained from MC simulation [51], and validated
with test-beam and collision-data studies. Only jets with
pt > 20 GeV and |n| < 2.8 are considered. To avoid dou-
ble counting, the closest jet within AR < 0.5 of an electron
candidate is discarded. The selected jets must pass quality
requirements based on their shower shape, and their calori-
meter signal timing must be consistent with the timing of
the beam crossings [52]. Events with any jet that fails the jet
quality criteria are rejected. To suppress jets unrelated to the
hard scattering of interest, at least 75 % of the summed pt of
all reconstructed tracks associated with a jet with || < 2.8
must come from tracks originating from the selected pri-
mary vertex. During a part of the data-taking period, cor-
responding to an integrated luminosity of 0.9 fb~!, an elec-
tronic failure in a small n—¢ region of the LAr EM calorime-
ter created a dead region. For this integrated luminosity,
events in data and MC containing either an identified elec-
tron or a jet, with pt > 40 GeV, satisfying —0.1 <n < 1.5
and —0.9 < ¢ < —0.5 are rejected, leading to a loss of sig-
nal efficiency of about 10 % for this portion of the data.

Events are preselected by requiring exactly two identified
leptons with pt > 25 GeV originating from the primary ver-
tex and at least one jet with pt > 20 GeV. At least one of
the lepton candidates must match a triggered lepton at the
last stage of the trigger selection. To reduce the number of
background events from Drell-Yan production and misiden-
tified leptons, the dilepton invariant mass, myy, is required
to be greater than 110 GeV. The signal region is then sub-
divided into SS and OS dilepton events. In the OS dilepton
channels, further background reduction is achieved by re-
quiring that the scalar sum of the transverse energies of the
two leptons and the leading two jets with pt > 20 GeV, de-
noted by ST, is greater than 400 GeV. This event selection is
referred to hereafter as the baseline selection. As mentioned
previously, the mass of the N can be reconstructed from its
decay products of one lepton and two jets. In the case where
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the N is boosted, the hadronic decay products can be recon-
structed as one jet due to their proximity to each other. For
scenarios with a large mass splitting between the Wr and N,
up to half of the signal events have only one jet. The Wg bo-
son invariant mass is reconstructed from the leptons and the
two highest pr jets in events with at least two jets, or a sin-
gle jet in events with only one jet. Anti-k; jets are massive,
and therefore, the jet four-momenta are used in calculating
the invariant mass. For the LRSM, the Wr boson invariant
mass, mgej(j), is required to be greater than 400 GeV for
both SS and OS final states.

6 Background estimation

Several processes have the potential to contaminate the sig-
nal regions. The main background to the SS dilepton fi-
nal state, which is referred to as “fake lepton” background,
arises from SM W +jets, ¢7, and multi-jet production where
one or more jets are misidentified as prompt isolated lep-
tons. This background is measured using a data-driven tech-
nique rather than using less accurate estimates from MC
simulation. The other significant background arises from
charge misidentification of a reconstructed electron as a re-
sult of hard bremsstrahlung followed by asymmetric conver-
sion (e}jl;rd — e;f)ﬁ%ard — esioﬂe:f)ﬁelfard). This background
is estimated with a combination of MC and data-driven tech-
niques. Small contributions from diboson and single top-
quark events are also accounted for using MC.

For the e*eT and u*u T final states, the dominant back-
grounds are Z/y* +jets and ¢7 events, with about equal con-
tributions after all selection criteria are applied. The e ¥
final state is dominated by ¢f production. The backgrounds
from ¢7, single top-quark, and diboson production are es-
timated from MC simulation, while the estimation of the
Z/y* + jets background is extracted from a normalization
to the data. The fake lepton background is estimated from
data, using the same method as for the SS final states.

A data-driven approach, similar to the one described in
Refs. [23, 28], is used to estimate the fake lepton back-
ground. The method uses “loose” leptons in addition to
the candidate leptons. Loose muons are defined using the
same identification criteria as the candidate muons, except
for the isolation requirements, which are not applied. For
the electrons, looser requirements on the shower shape vari-
ables, track-cluster matching, and track quality are used,
and the isolation requirement is not applied. The method
uses the fractions of these loose fake leptons, Rpye, and
loose prompt leptons, Rprompt, Which also pass the can-
didate lepton requirements. A 4 x 4 matrix is then em-
ployed on the “loose—loose” and “loose—tight” dilepton
sample to predict the total fake lepton background con-
tributing to the SS and OS dilepton final states. The Rpye
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fractions are measured using fake lepton enriched control
regions containing a single loose lepton. Additional cri-
teria are imposed to reduce the true lepton contamina-
tion from electroweak processes to a negligible level. For
events in the control regions, the transverse mass, mt =
\/2 . p% . E‘TrliSS (1 —cosA¢(L, Efr“iss)), is required to be
less than 40 GeV. EM is defined as the missing trans-
verse momentum based on the calorimeter information and
the transverse momenta of muons within |n| < 2.7 [46],
while A¢ (¢, E%“iss) is the azimuthal angle separation be-
tween the lepton and the E‘Tniss vectors. Additionally, the fol-
lowing requirements are imposed: A¢ (jet or e, EMIs$) < 0.1
for the electron control region and A¢ (i, E?iss) < 0.5 for
the muon control region. For the muon control region, an
additional requirement of at least one jet is imposed. After
these criteria are applied, the remaining background from
electroweak processes is estimated to be less than 5 %. The
Rprompt fractions are measured using Z boson events satis-
fying 86 GeV < my; < 96 GeV via a method referred to as
the “tag-and-probe” method. The “tag” lepton is required to
satisfy all lepton selection criteria, while the unbiased op-
posite charge “probe” lepton should satisfy the loose crite-
ria. The Rprompt fractions are parametrized as a function of
the lepton pt and range from 89 % to 98 % for muons and
96 % to 99 % for electrons. To improve the accuracy of the
prediction, the fractions are parametrized as a function of
kinematic variables separately for leptons that pass the anal-
ysis trigger requirement and those that do not. The muon
Riake is measured separately for muons that originate from
heavy flavor jets and those that do not, where the jet flavor is
identified using a combination of the secondary vertex [53]
and impact parameter-based [54] b-tagging algorithms. For
muons, Reye ranges from 5 % to 10 % (5 % to 40 %) for
heavy flavor (light flavor) jets. For electrons, Rpye ranges
from 45 % to 60 %.

A partially data-driven approach is adopted to estimate
Z/y* — ee and Z/y* — puu contributions to the OS
dilepton channels. A control region is defined requiring
80 GeV < my; < 100 GeV and >1 jets, where non-Z bo-
son contributions are found to be negligible. Normaliza-
tion factors between the observed number of events in data
and the MC prediction are obtained as a function of jet
multiplicity from this region and applied to the MC esti-
mates in the signal region. All other backgrounds, including
Z/y* — trt, are estimated from MC simulation. The con-
tribution of Z/y* — tt is found to be negligible after all
selection criteria are applied. Table 1 summarises the back-
ground estimates for the OS channels. In the OS ee and
up channels, Z/y* + jets and 7 backgrounds dominate,
while the ¢7 production contributes more than 90 % in the
eir channel. Smaller contributions arise from diboson pro-
duction and events with fake leptons.

The fraction of reconstructed electrons with charge mis-
identification due to hard bremsstrahlung is measured from
simulated Z/y* + jets events, by comparing the MC gener-
ated charge of the electron originating from the Z to that of
the reconstructed electron candidate. The fraction is parame-
trized as a function of the electron Et and 1 and applied to
Z/y* — ete™ and tf — e*¢Fbhb MC backgrounds to ob-
tain their contributions to the SS dilepton final state, thus
benefiting from the large number of simulated OS events.
Since the MC overestimates the charge misidentification as
observed in the Z/y* — ee data sample, n-dependent scale
factors between data and MC simulation are obtained us-
ing Z/y* — eTe® events with 80 GeV < myy < 100 GeV.
Both electrons are required to be within the same 1 range
and with the same charge. These factors are applied to the
MC estimates. The rate of charge misidentification due to
tracking resolution is found to be negligible within the lep-
ton transverse momentum range of interest and is well de-
scribed by the MC simulation.

All other backgrounds are estimated from MC simulation
and found to be small, as shown in Table 2. In the SS ee and
e channels, the dominant background arises from fake lep-
tons. The next most significant background is diboson pro-
duction for the ep channel and Z/y* production for the ee
channel. The SS pp channel is dominated by the diboson
background with a smaller contribution from fake leptons.

7 Systematic uncertainties

The dominant contribution to the systematic uncertainties
in the SS ee and ep channels arises from the fake lep-
ton background estimate. As a first step in validating the
parametrization of Rpake and Rprompt, @ closure test is per-
formed in data. Measurements of Rpake and Rprompt are ob-
tained by randomly sampling half of the control regions. The
predicted values are then compared with the values mea-
sured in the other half of the data. The closure test yields
an agreement for Reake and Rprompt Of, respectively, +40 %
and 5 % for muons and, for electrons, &5 % (£20 % for
1 < |n| < 1.9) and +2 %, which are propagated to the fake
lepton background estimate. To evaluate the uncertainty on
the overall fake lepton background estimate, the robustness
of the procedure is tested against variations across samples.
The estimated fake lepton background is compared to the
observed background in SS events passing the same selec-
tion as events in the signal region but where the sub-leading
lepton has a transverse momentum between 15 GeV and
25 GeV. The fake lepton background contributes between
65 % in ee™ to 87 % in e u* of the total background. This
study tests the reliability of both the parametrization and the
use of Reake and Rprompt to extract the background predic-
tion. In this sample, the total background prediction agrees
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with the observed data within £10 %. A 30 % overall sys-
tematic uncertainty is assigned to cover for the differences
between the predicted and the observed mg, spectra.

The uncertainties on the background due to the electron
charge misidentification arise from the limited number of
MC events used to parametrize the rate and the scale factors
used to correct the simulation for differences between data
and MC and contribute 13 % and £12 %, respectively.

The background and signal estimates derived from MC
are affected by the jet energy scale (JES) calibration and the
jet energy resolution (JER), theoretical and MC modelling
uncertainties, and pt and 1 dependent uncertainties on the
lepton identification and reconstruction efficiencies (identi-
fication +(0.2-3.3) %, pt scale (0.2-2) % and resolution
+(0.4-10) %) [47, 55, 56]. The JES (£(2-6) %) and JER
(£(5-12) %) uncertainties applied depend on jet pt and n
and are measured from the 2010 dataset [52]. An additional
contribution of +(2—7) % to the JES uncertainty is added in
quadrature to account for the effect of high luminosity pile-

Table 1 Summary of the expected background yields and observed
numbers of events for the OS dilepton channels. The top part of the
table shows the numbers obtained for events with two leptons, >1 jet,
myge > 110 GeV, and St > 400 GeV. The bottom part of the table
shows the numbers for the final LRSM selection, where an additional

up in the 2011 dataset. MC modelling uncertainties for 77
production [28] are derived using different MC generators
and varying, within their uncertainties, the parameters that
control initial and final state radiation. The resulting uncer-
tainties are +15 % and 3=(5-7) % for ¢t and diboson contri-
butions, respectively.

Due to the limited knowledge of PDFs and «;, the uncer-
tainties are evaluated using a range of current PDF sets with
the procedure described in Ref. [57]. The final uncertainty is
taken from the outer bounds of the overall error bands. The
PDF uncertainties are estimated to be =9 % for the LRSM
signal and 12 % for the HNEO signals.

8 Results and interpretation

The expected and observed numbers of events in each dilep-
ton final state for the baseline selection and the LRSM se-
lections are compared in Tables 1 and 2 for the OS and

requirement mg;j(j) > 400 GeV is imposed. The quoted uncertainties
include statistical and systematic components, excluding the luminos-
ity uncertainty of £3.7 %. The latter is relevant for all backgrounds
except for the fake lepton(s) background, which is measured using data

Physics processes eteT uEpF et uF Total
Z/y* +jets 136.1 +12.5 173.2+15.1 0.8+0.8 310+20
Diboson 43+1.8 73+1.9 59+1.6 18+3
Top 103.1£12.3 1009+ 12.0 199.4 £23.3 403 + 46
Fake lepton(s) 12.5£8.1 —0.2+£0.7 6.1 +4.2 18+9
Total background 256.0 +26.2 281.2+27.9 212.3+33.8 750 +78
Observed events 248 245 247 740
Megj(j) = 400 GeV
Total background 254.8 +25.8 279.7+27.6 2109+334 745+ 77
Observed events 246 241 244 731

Table 2 Summary of the expected background yields and observed
numbers of events for the SS dilepton channels. The top part of the
table shows the numbers obtained for events with two leptons, > 1
jet and mg, > 110 GeV. The bottom part of the table shows the num-
bers for the final LRSM selection, where an additional requirement

mygj(jy > 400 GeV is imposed. The quoted uncertainties include statis-
tical and systematic components, excluding the luminosity uncertainty
of £3.7 %. The latter is relevant for all backgrounds except for the
fake lepton(s) background, which is measured using data

Physics processes etet u* etut Total
Z/y* +jets 26.1+£5.6 0.0%5¢ 12407 27+6
Diboson 12.7+£2.3 72+1.7 18.8 £ 3.0 39+6
Top 58413 0.740.3 6.8+ 1.6 1343
Fake lepton(s) 93.6 +£35.7 3.1+1.6 53.8+£20.3 151450
Total background 138.3 £36.5 11.0722 80.7 £20.8 230+ 52
Observed events 155 99 268
Megj(j) = 400 GeV
Total background 48.4£16.1 44731 24.6£7.6 77+21
Observed events 59 39 106
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SS events, respectively. Additionally, the reconstructed ma-
sses of the N and Wr candidates, mgj(j) and, mggj(j) re-
spectively, are examined in each dilepton channel. Figures 1
and 2 show those distributions for the OS and SS channels
(ee, ut, and ey combined).

Given the good agreement between the data and the ex-
pectations from SM processes, the results are used to set
limits at 95 % C.L. on the visible cross section, o Ae, where
o is the cross section for new phenomena, 4 is the accep-
tance (i.e. the fraction of events passing geometric and kine-
matic selection requirements at the particle level), and € is
the efficiency (i.e. the detector reconstruction and identifica-
tion efficiency). For the HNEO model, Ae is about 10 % for
mpy = 0.1 TeV and reaches a plateau value of about 28 %
at around my = 0.8 TeV, for all six dilepton channels. For

£ 240 F ' T =
2 220 E ATLAS _[L dt=2.11f" \Vs=7 TeV E
@ E -¢-Data (740 entries) E
$ 200 & 0s W Z+jets E
@ 180 | M Fake lepton(s) E
160 Diboson =
€ E W Top E
140 [1Background uncertainty 3
120 [ —HNEO, O, =
100 £ my=0.3 TeV, Aa"?=2 TeV 3
80 [ E
60 [ E
40 F E
20 —;
: 1618 _ 2
(% 1.5
NN o SO LSO e e 72
a M * 3 feccecced
05 [~ —T——
0 02 04 06 08 1 12 14 16 18 2
my;, [TeV]
c : T : . : T T T :
2 0 ATLAS J Ldt=211fb" Vs=7 TeV
@2 --Data (268 entries)
b s W Z+jets
o 100 M Fake lepton(s)
Diboson
80 I Top
[71Background uncertainty
—HNEO, O,

v
60 my=0.3 TeV, Ao’"?=2 TeV

PP P 1Y

0 02 04 06 08 1 12 14 16 18 2

Data/SM
OCaMNhwrsh O©

Fig. 1 Distributions of the reconstructed N invariant mass, mgjj),
for OS (top) and SS (bottom) dilepton events with >1 jets and
myeg > 110 GeV. A selection criterion St > 400 GeV is used for the
OS selection. The hypothetical signal distributions for my = 0.3 TeV
for Oy and A//a =2 TeV are superimposed

the LRSM, Ae varies between 40 % and 65 % across the
(mwg, my) plane. The lowest Ae occurs for small mpy. It
should be noted that the difference in Ae between the two
models is dominated by the fact the decays to 7 leptons are
included in generating the HNEO samples, while only de-
cays to e and p are included in the LRSM samples. Table 3
quotes the limits obtained for each channel, after the base-
line selection.

The resulting limits for the interpretation of the data in
terms of the HNEO and LRSM models are derived using as
templates the reconstructed masses of the N and Wr candi-
dates in each dilepton channel. The baseline selection is used
for the HNEO model, while the additional cut of mg; ;)
is applied for the LRSM model. Systematic uncertainties

% 500 T T T T T T T =]
N ATLAS ILdt=2.1 fo" \s=7 TeV ]
d -o-Data (731 entries) ]
S 400 0s W Z+jets -
i) M Fake lepton(s) ]
S Diboson |
> Tol ]
300 W Top 4
u [-]Background uncertainty i
—LRSM ]
my, =1.2 TeV,m,=0.1 TeV R
200 A —
100 -
= Oo
4 1.5
s
©
O 05
0
0.4
my, [TeV]
% F T T T T T T T E
N % = ATLAS '[Ldt=2.1 fo! \5=7 TeV E
! 80 -¢-Data (106 entries) &
2 E SS i Z+jets E
e 70 F M Fake lepton(s) r
S E Diboson ]
g %F M Top E
50 [ [-]Background uncertainty 4
—LRSM E
40 my, =1.5TeV,m,=0.8 TeV
30 3
20 E
10 E
=l 4
1.6 1.8 2
= =
%] m
E =
© -
s} cros s
76 18 2

Fig. 2 Distributions of the reconstructed WR invariant mass, ngj ),
for OS (top) and SS (bottom) dilepton events with >1 jets,
mge > 110 GeV, and mygjj) > 400 GeV. A selection criterion
St > 400 GeV is used for the OS selection. The hypothetical signal
distributions for my, = 1.2 TeV and my = 0.1 TeV (mw, = 1.5 TeV
and my = 0.8 TeV) for the case of maximal mixing, are superimposed
to the OS (SS) distribution
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Table 3 Observed (obs) and expected (exp) 95 % C.L. upper limits
on the visible cross section, (O’.AE)gS, for each OS and SS dilepton
channel after the baseline selection

Channels (0 Ae)gp, D] <UA€)2’?P (1]
otoT 28.6 31.0
T 25.1 36.7
etuF 50.9 364
etet 37.6 29.6
P 6.1 4.6
et 25.4 16.2
— 4 T T
E) i ATLAS e O, , Expected ]
e SS+0S — O, , Observed i
“_5 3; . . Og,/s0 - Expected |
= - . —— Og,sp» Observed |
i —— O, , Expected ]
2; —_— OSs , Observed B
i J.Ldt=2.1 o' ]
1™ eerupren R 1
C Ns=7TeV NMajorana ]
| L |
00 1 2 3
my [TeV]
> 4 T T T T T
3 i ATLAS ... O, , Expected ]
= [ oS — O, , Observed 4
,.5 3; ' e Og,/s2+ Expected |
< - —— Og,sp» Observed
i —— Og,, Expected ]
2; ’’’’’ — O, , Observed B
i ' J-Ldt=2.1 ' ]
lf ee+lL+el B
F Ns=7TeV NDirac 1
Lo \
G() 1 2 3
m,, [TeV]

Fig. 3 Expected and observed 95 % C.L. upper limits on A/ /a as
a function of the mass of a heavy neutrino, for the operators Oy,
Os1/Os2, and Os3, using the formalism of Lagrangian of effective op-
erators, for the Majorana (fop) and Dirac (bottom) scenarios

from JES and JER are included as variations in the signal
and background templates. The uncertainties on the mea-
surement of Rpxe and Rprompt are included as variations in
the fake lepton background templates. All other uncertain-
ties have no significant kinematic dependence. Correlations
of uncertainties between signal and background, as well as
across channels, are taken into account.

The 95 % C.L. exclusion limits on the mass of the
heavy neutrino in the HNEO model and their dependence

@ Springer
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Fig. 4 Expected and observed 95 % C.L. upper limits on the heavy
neutrino and WRr masses for the Majorana (fop) and Dirac (bottom)
cases, in the no-mixing and maximal-mixing scenarios

on A/\/a are shown in Fig. 3 for the Majorana and Dirac
scenarios using various effective operator hypotheses. Fig-
ure 4 shows the exclusion limits for the masses of heavy
neutrinos and the Wr boson in the LRSM interpretation, for
the no-mixing and maximal-mixing scenarios between N,
and N, neutrinos, for both the Majorana and Dirac heavy
neutrinos hypotheses.

The above results are obtained with a Bayesian [58] ap-
proach, where systematic uncertainties are treated as nui-
sance parameters with a truncated Gaussian as a prior shape.
The prior shape on the parameters of interest, o x BR, is as-
sumed to be flat.

9 Conclusions

A dedicated search for hypothetical heavy Majorana and
Dirac neutrinos, and WR bosons in final states with two
high- pt same-sign or opposite-sign leptons and hadronic
jets has been presented. In a data sample corresponding to
an integrated pp luminosity of 2.1 fb~! at /s =7 TeV,
no significant deviations from the SM expectations are ob-
served, and 95 % C.L. limits are set on the contributions
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of new physics. Excluded mass regions for Majorana and
Dirac neutrinos are presented for various operators of an ef-
fective Lagrangian framework and for the LRSM. The latter
interpretation was used to extract a lower limit on the mass
of the gauge boson Wr. For both no-mixing and maximal-
mixing scenarios, WRr bosons with masses below x1.8 TeV
(2.3 TeV) are excluded for mass differences between the
Wr and N masses larger than 0.3 TeV (0.9 TeV). In the ef-
fective Lagrangian interpretation, considering the vector op-
erator and Majorana-type heavy neutrinos, the lower limit on
A/+/a ranges from ~2.5 TeV to ~0.7 TeV for heavy neu-
trino masses ranging from 0.1 TeV to 2.7 TeV. Comparable
limits are obtained for Dirac-type neutrinos in both models.
The results described represent the most stringent limits to
date on the masses of heavy neutrinos and WR boson ob-
tained in direct searches.
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