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Abstract This letter reports on a search for hypotheticalses of the known neutrinos, both the light and the heavy
heavy neutrinod), and right-handed gauge bosoWé, in  neutrinos would have to be Majorana patrticles. This would
events with high transverse momentum objects which inviolate lepton number conservation, and yield a strikimg si
clude two reconstructed leptons and at least one hadroniature of two leptons with the same charge at the LHC [7].
jet. The results were obtained from data corresponding to This letter reports on a search for new heavy neutrinos of
an integrated luminosity of.2 fb~! collected in proton- either Majorana or Dirac-type, with data correspondingto a
proton collisions at/s=7 TeV with the ATLAS detector at integrated luminosity of 4 fo~* recorded with the ATLAS
the CERN Large Hadron Collider. No excess above the Stardetector at the LHC. Two approaches are employed. The first
dard Model background expectation is observed. Excludedpproach aims at exploring possible sources of new physics
mass regions for Majorana and Dirac neutrinos are presentgdedicting heavy neutrinos using a Lagrangian of effective
using two approaches for interactions that violate leptwh a operators (referred to as HNEO hereaftér) [8]. The theory
lepton-flavour numbers. One approach uses an effective ofs built on effective four-fermion operatorgd — N¢) with
erator framework, the other approach is guided by the Leftthe N decaying promptly via a three-body dedsy;+ /jj.
Right Symmetric Model. The results described in this letterThe second approach is based on the concept of Left-Right
represent the most stringent limits to date on the masses &ymmetry[9=11] which extends the electroweak part of the
heavy neutrinos andk bosons obtained in direct searches. SM by a new gauge group. Its force particl&sz(and Z’
PACS 16.60.St, 12.38.0Qk, 13.85.Rm posons) coulld be produped at LHC energie;. Alparticular
implementation of left-right symmetry breaking [12], the
Left-Right Symmetric Model (LRSM) with doubly-charged
1 Introduction Higgs bosons[[113,14] is used in the present analysis. Ac-
cording to this model, the heavy neutrinos would be pro-
The discovery of neutrino oscillatiorls [1, 2] unambigugusl duced in the decays of Wk boson viagq — Wk — ¢N,
establishes that neutrinos have non-zero mass and providegh N decaying subsequently vid — A — £jj. Thus,
clear evidence for physics beyond the Standard Model (SMYhe final state signature for both models consists of two lep-
One possible explanation for the mass of light neutrinos igons and two jets with high transverse momegg) (Only
provided by theoretical models based on a Grand Unifie@lectrons and muons are considered in this analysis.
Theory (GUT). Such models often introduce one or more The N invariant mass can be fully reconstructed from
additional neutrino fields, which manifest themselves as ne the decay products in both approaches. Given the s-channel
heavy particles that could be directly observable at thgé&ar production in the LRSM, th&\k mass,my;,, can also be
Hadron Collider (LHC). In the framework of GUT mod- reconstructed in this model. The reconstructés boson
els, the mass of the light neutrinos could be explained viand N masses are used to perform the search in the con-
the see-saw mechanisfri [3-6]. This prediais~ m3 /my,  text of the HNEO and LRSM models, respectively. Like the
where, for each generatiom, is the mass of a known light SM neutrinos, heavy neutrinos can mix if their masses are
neutrino,mp is the Dirac mass for charged fermions of thedifferent. Both the scenarios of no-mixing [15] and maxi-
same generation, andy is the mass of a new heavy neu- mal mixing [16] between two generations of lepton flavours
trino, N. If the see-saw mechanism were to explain the mas{electron and muon) are investigated assuming that the mass



difference between the heavy neutrinos is much smaller tha® Trigger and Data

the experimental resolution of their reconstructed irasatri

mass. In the case of maximal mixing, a mass difference ofhe data used in this analysis were recorded between March
2 GeV is assumed. If the heavy neutrinos are of Majoranand August 2011 at a centre-of-mass energy of 7 TeV. The
type, they would contribute to both the same-sign (SS) andpplication of beam, detector, and data quality requirdmen
opposite-sign (OS) channels, while heavy Dirac neutrinosesults in a total integrated luminosity of 2.1 flwith an es-
would contribute solely to the OS channel. timated uncertainty ot-3.7% [25/26]. The data were recor-

Heavy neutrinos were previously searched for at LEFIed with single leptone(or ) triggers [27]. Atthe last stage
and excluded for masses up 49100 GeV [17=20]. The O©f the trigger decision, the electron trigger selects candi
most stringent direct limits oWk bosons/[211,22] come from date electrons with transverse enefgy> 20 GeV, satis-
the Tevatron, wherdk — tb decays were searched for. As- f¥ing shower-shape requirements and matching an ID track.
suming a branching ratio of 100%& boson masses be- FOr the last part of the dataset, corresponding to an inte-
low 825 GeV are excluded at 95% confidence level (C.L.)drated luminosity of 0.5 fb, the threshold was raised to
Recently, the ATLAS collaboration published an inclusive22 GeV. The muon trigger selects candidate muons with
search for new physics in the same-sign dilepton signatur@r > 18 GeV and|n| < 2.4. These triggers reach full ef-
for an integrated luminosity of 34 pB [23]. The 95% C.L.  ficiency for electrons witlpr > 25 GeV and muons with
limits presented excludék masses up to about 1 TeV for Pr>20 GeV.Thetypicaltrigger efficiencies measured from

the LRSM model and Majorana neutrino masses around data for leptons selected for offline analysis aret9P%
460 GeV for the HNEO model. for electrons, and 74% and 91% for muons in the barrel

(In] < 1.05) and end-cap (05< |n| < 2.4) regions, respec-
tively, with an uncertainty of about1%.

2 The ATLAS detector 4 Monte Carlo Simulation

The ATLAS detectori[24] is a multipurpose particle physicsFy|ly simulated Monte Carlo (MC) event samples are used

apparatus with a forward-backward symmetric cylindricaltg develop and validate the analysis procedure, estimate th

geometry and nearlyrcoverage in solid andle The in-  getector acceptance and reconstruction efficiency, and aid

ner tracking detector (ID) covers the pseudorapidity rangen the background determination. The simulation of back-

In| < 2.5 and consists of: a silicon pixel detector, provid- ground processes is described in detail in Refi [28]. For the

ing typically three measurements per track; a silicon Mimajor backgroundg,/y*+jets production and top quark pair

crostrip detector (SCT), which provides typically four to production, APGEN [29] and Mc@NLo [30] are used, re-

five measurements; and, fm| < 20, a transition radiation Spective|y_ The |eading_order parametrisatia‘m;@ﬁl_l [31]

tracker (TRT), giving typically 30 straw-tube measurensent of the parton density functions (PDF) is used for theeAEN

per track. The ID is surrounded by a thin superconductingimulation, while the next-to-leading order parametitsat

solenoid providing a 2 T magnetic field. A high-granularity creo6.6 [31] is used for the M@NLO simulation. Frag-

liquid-argon (LAr) sampling electromagnetic calorimetev- mentation and hadronization are performed in both cases

ers the regionn| < 3.2. An iron-scintillator tile calorime-  with HeErwiG [32], using dvmy [33] for the underlying

ter provides hadronic coverage in the central rapidity eangevent modelling. DibosorWW, WZ, andZZ) event sam-

of [n| < 1.7. The end-cap and forward regions, spanningles are generated usingeRWIG, while MADGRAPH [34]

1.5 < [n| < 4.9, are instrumented with LAr calorimeters interfaced to RTHIA [35]is used foWy andZy production.

for both electromagnetic and hadronic measurements. Tf@ingle top-quark production is generated wittc@NLO.

muon spectrometer (MS) surrounds the calorimeters and cofhe production oV "W+ arising from a t-channel gluon ex-

sists of a system of air-core superconducting toroid coilsghange, resulting in two jets in the final state and two same-

precision tracking chambers up [ip| < 2.7, and detectors = signw bosons, are generated withAMGRAPH interfaced

for triggering in the region of| < 2.4. to PyTHIA. The associated production of a vector boson
with att pair ttW, ttZ, tty) is simulated with M\D GRAPH

IATLAS uses a right-handed coordinate system with its oragithe interfaced with RTHIA.

nominal interaction point in the centre of the detector dmelztaxis The HNEO signal MC samples are generated using

coinciding with the axis of the beam pipe. Tkewxis points from the  CaLcHEP [36] and the leading-order PDFTEQ6L [31],

interaction point to the centre of the LHC ring, and thaxis points 5,4 haqronization simulated withyPHIA . All lepton com-
upward. Cylindrical coordinates, () are used in the transverse plane,

@ being the azimuthal angle around the beam pipe. The pseuidiya ~ Pinations ofe, i or 7 leading to lepton number violating
is defined in terms of the polar angleasn = —Intan(6/2). (LNV) signatures, which produce SS or OS dilepton events,



are included. The model is implemented via a Lagrangian ob Object reconstruction and event selection
effective operators defined as

The criteria for electron and muon identification closelly fo
@ c 1 Z o (0 ) low those described in Ref._[42]. Electrons are required to

n;/\”*"' S pass the “medium” selection criteria, wigy > 25 GeV and

[n| < 2.47, excluding the electromagnetic calorimeter tran-
wheren is the operator dimension is the scale of LNV sition region, 137 < In| < 1.52 [43]. To improve the back-
interactionsg; are the coupling constants between the neuground rejection fofn| > 2.0, more stringent requirements
trinoN and the leptons, and; are the effective operatofs [8]. are placed on the track-cluster matchingriirand shower
The signal samples are produced for four effective operatashape. Electron tracks that pass through an active region of
hypotheses: the four-fermion vector operatdy, and four-  the innermost pixel detector are required to have a measure-
fermion scalar operatorgs;, O, andds. The tree-level-  mentin that layer in order to suppress electrons from photon
generated dimension-6 operat6y corresponds taluNe,  conversions. Additionally, an electron whose track masche
while 0 and O correspond t@QUNL andLNQd respec-  the ID track of a muon candidate is rejected.
tively, and s corresponds t@NLd (e, u, d andL, Q de- Muons are required to be identified in both the ID and
note the right-handed SU(2) singlets and left-handed SU(Zhe MS systems. The ID track is required to have at least one
doublets, respectively). The production via the effectipe  pixel hit, more than five SCT hits, and a number of TRT hits
eratorsds; and Oy have the same cross section and leaghat varies with. Muon tracks that pass through an active
to identical event kinematiCS, which makes them indiStinTegion of the innermost pixel detector are required to have
guishable. The production cross sections for the Majorang measurement in that layer. The curvatures, as measured
and Dirac neutrinos in the framework of the effective La—by the ID and MS systems, must have the same Sign_ On|y
grangian are related to the energy scale of new physics anfluons withpr > 25 GeV andn| < 2.4 are considered. Se-
the coupling constantr ~ a?/A*, such that the coupling |ection criteria on the displacement of the muon relative to
can be varied to scan for new physics at differérgcales.  the primary vertex, selected as the one with the higjie®t

) ) of associated tracks, are required. The longitudinglgnd
The LRSM signal MC samples are generated using A ansversedp) impact parameters must satigy| < 5 mm,

implementation of this model[14] inHIA , with modified |do| < 0.2 mm, and|do/0y,| < 5, whereay, is the uncer-
leading-order parton distribution functionsR4T12008L0O* tainty ondo. These cuts reduce the cosmic ray muon back-
[37]. The coupling constants for thek and left-handedV  4.6,nd 10 a negligible level and also reduce the background
boson are assumed to be the same, including the CKM mazom non-prompt muofis

trix for Wk boson couplings to right-handed chiral quark 14 yequce the background due to leptons from decays
components. It is assumed that there is no mixing betweegs hadrons (including heavy-flavour hadrons) produced in
theWk boson and the SV boson. The LRSM signal MC  je(s. requirements on the isolation of leptons are imposed.
samples are generated constraining the decagsiqt and 14 gy aiuate the isolation energy for electrons, the tramseve
with my < my,. The branching fractions used are the oneégynergies deposited in the calorimeter towers in a comg in
predicted by PTI-.HA. When the mass dlﬁerehce betvyeen(pSpace of radiuAR — /—(A<p)2+ (4n)2 = 0.2 around the
theWg and theN is large, the leptonic branching fractions gjectron direction are summed and corrected for energy de-
are~ 8%, and they decrease with decreasing mass diffet;qqjtion from pile-up events. In addition, the transvense e
ence. ergy of the electronEr, corrected for energy leakage into

Both Mai 4 Di h i the neighboring towers, is subtracted. The isolation trans
=0 ajorana and birac type heavy Neutrinos are congq ¢q energy is required to be less than 15% of the electron
sidered, assuming that the total production cross section

. : . An equivalent quantityE#R=%3, is calculated for the
the same for both cases. The leading-order theoreticas Crog on using a cone size @ik = 0.3. If there is no jet with
sections are used.

pr > 20 GeV withinAR < 0.4 of the muonE2R=03 js re-
Squired to be less than 15% of the mupq. Additionally,
muons withpr < 80 GeV should have no other track with
> 1 GeV originating from the primary vertex within a

cone ofAR = 0.3 around the muon. Otherwise, if the muon
has a jet nearby, it must satigy >80 GeV andEAR=03/pr
—3)/pr > —0.02 GeVL. These isolation requirements are
gowerful in rejecting background muons and highly effi-

All signal and background samples are generated u
ing the ATLAS underlying event tunes [38,/39] and pro-
cessed through the ATLAS detector simulationl [40] base
on GEANT4 [41]. The MC samples are produced includ-
ing the simulation of multiple interactions per LHC bunch
crossing (pile-up). Varying pile-up conditions and theé-d
pendence on the instantaneous luminosity of the LHC ar
taken into account by reweighting MC events to match the eptons fromw, Z and r decays are classified as prompt leptons,
pile-up conditions measured in data. while leptons any hadron decays are classified as non-priapigns.



cient for selecting signal muons produced in the decays dfvo highestpr jets in events with at least two jets, or a sin-
heavy neutrinos and reconstructed near the signal jets igle jet in events with only one jet. Anki- jets are massive,
cases where the heavy neutrino is boosted. and therefore, the jet four-momenta are used in calculating
Jets are reconstructed using the aqfet clustering al- the invariant mass. For the LRSM, thig; boson invariant
gorithm [44[45] with a radius paramef@e= 0.4. The inputs  MassMy;j), is required to be greater than 400 GeV for both
to this algorithm are clusters of calorimeter cells seeded bSS and OS final states.
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 clu6 Background estimation
ter as an E, p) four-vector with zero mass. Jets are cor-
rected for calorimeter non-compensation, upstream matéseveral processes have the potential to contaminate the sig
rial and other effects usingr andn-dependent calibration nal regions. The main background to the SS dilepton fi-
factors [46] obtained from MC simulation [47], and vali- nal state, which is referred to as “fake lepton” background,
dated with test-beam and collision-data studies. Only jetdrises from SMW+jets, tt, and multi-jet production where
with pr > 20 GeV and|n| < 2.8 are considered. To avoid One or more jets are misidentified as promptisolated leptons
double counting, the closest jet withitR < 0.5 of an elec-  This background is measured using a data-driven technique
tron candidate is discarded. The selected jets must paks quéather than using less accurate estimates from MC simula-
ity requirements based on their shower shape, and theii-caldion. The other significant background arises from charge
meter signal timing must be consistent with the timing ofmisidentification of a reconstructed electron as a result of
the beam crossings [48]. Events with any jet that fails the jehard bremsstrahlung followed by asymmetric conversion
quality criteria are rejected. To suppress jets unrelatdiot (eﬁard - esioftyhard - eétoﬁesioﬁeﬁard)- This background is es-
hard scattering of interest, at least 75% of the sumpenf ~ timated with a combination of MC and data-driven tech-
all reconstructed tracks associated with a jet iith< 2.8 niques. Small contributions from diboson and single top-
must come from tracks originating from the selected pri-quark events are also accounted for using MC.
mary vertex. During a part of the data-taking period, cor- ~ For thee“e™ andu*u™ final states, the dominant back-
responding to an integrated luminosity of 0.9 than elec-  grounds areZ/y*+jets andt events, with about equal con-
tronic failure in a smalh — @ region of the LAr EM calorime-  tributions after all selection criteria are applied. Tégu™
ter created a dead region. For this integrated luminosignes  final state is dominated by production. The backgrounds
in data and MC containing either an identified electron ofrom tt, single top-quark, and diboson production are es-
a jet, with pr > 40 GeV, satisfying-0.1 < n < 1.5 and timated from MC simulation, while the estimation of the
—0.9 < @ < —0.5 are rejected, leading to a loss of signalZ/y*+jets background is extracted from a normalization to
efficiency of about 10% for this portion of the data. the data. The fake lepton background is estimated from data,
sing the same method as for the SS final states.

Events are preselected by requiring exactly two identi¥ i o ) ]
A data-driven approach, similar to the one described in

fied leptons withpt > 25 GeV originating from the primary o - :
vertex and at least one jet withy > 20 GeV. At least one Refs.[23,28], is used to estimate the fake lepton backgtoun

of the lepton candidates must match a triggered lepton at thE€ Method uses *loose” leptons in addition to the candidate

last stage of the trigger selection. To reduce the number ¢fPLONS. Loose muons are defined using the same identifica-

background events from Drell-Yan production and misidendion criteria as the candidate muons, except for the isola-

tified leptons, the dilepton invariant mass, is required tion requirements, which are not applied. For the electrons
to be greater than 110 GeV. The signal region is then suf20Ser requirements on the shower shape variables, track-
divided into SS and OS dilepton events. In the OS dileptorf/USter matching, and track quality are used, and the isola-
channels, further background reduction is achieved by ri®n requirement is not applied. The method uses the frac-
quiring that the scalar sum of the transverse energies of tHiPns of these loose fake leptoree, and loose prompt
two leptons and the leading two jets with > 20 GeV, de-  1€PtONS,Rorompy, Which also pass the candidate lepton re-
noted bySr, is greater than 400 GeV. This event selection isquwer”nents.“A 4 4 mat,r’lx is then employed on the “loose-
referred to hereafter as the baseline selection. As mesdion '00S€” and “loose-tight” dilepton sample to predict the to-
previously, the mass of thé can be reconstructed from its 1@l fake lepton background contributing to the SS and OS
decay products of one lepton and two jets. In the case whefdlePton final states. ThBe fractions are measured us-
the N is boosted, the hadronic decay products can be recof'9 fake lepton en.rllched CQ””P' regions containing a sing|
structed as one jet due to their proximity to each other. FolP0S€ lepton. Additional criteria are imposed to reduce the
scenarios with a large mass splitting betweenthendN true lepton contamination from electroweak processes to a
up to half of the signal events have only one jet. iebo- negligible level. For events in the control regions, thasra
son invariant mass is reconstructed from the leptons and theerse massmnr = \/2- pf- EPSS. (1— cosAg(¢,EMs9)), is
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required to be less than 40 Ge&4"sSis defined as the miss- tain their contributions to the SS dilepton final state, thus
ing transverse momentum based on the calorimeter infobenefiting from the large number of simulated OS events.
mation and the transverse momenta of muons withink ~ Since the MC overestimates the charge misidentification as
2.7 [42], while Ag(¢, E%“‘SS) is the azimuthal angle separa- observed in th&/y* — ee data samplen-dependent scale
tion between the lepton and tEé“ssvectors. Additionally, factors between data and MC simulation are obtained using
the following requirements are imposetip(jet ore, E?“SS) Z/y* — ete* events with 80 Ge\k my, < 100 GeV. Both

< 0.1 for the electron control region amip(u,Eﬁss) < 0.5 electrons are required to be within the sameange and

for the muon control region. For the muon control region, arwith the same charge. These factors are applied to the MC
additional requirement of at least one jet is imposed. Afteestimates. The rate of charge misidentification due to track
these criteria are applied, the remaining background fronmg resolution was found to be negligible within the lepton
electroweak processes is estimated to be less than 5%. Ttransverse momentum range of interest and in good agree-
Rorompt fractions are measured usi@gboson events satis- ment with the MC predictions.

fying 86 GeV< my, < 96 GeV via a method referred to as  All other backgrounds are estimated from MC simula-
the “tag-and-probe” method. The “tag” lepton is required totion and found to be small, as shown in Table 2. In the SS
satisfy all lepton selection criteria, while the unbiaspd®  ee andeu channels, the dominant background arises from
site charge “probe” lepton should satisfy the loose cateri fake leptons. The next most significant background is di-
The Ryrompt fractions are parametrised as a function of theboson production for thep channel andZ/y* production
lepton pr and range from 89% to 98% for muons and 96%for the ee channel. The S$§u channel is dominated by the

to 99% for electrons. To improve the accuracy of the prediboson background with a smaller contribution from fake
diction, the fractions are parametrised as a function aékin leptons.

matic variables separately for leptons that pass the asalys

trigger requirement and those that do not. The mBggRe

is measured separately for muons that originate from heav.

7 Systematic uncertainties
flavour jets and those that do not, where the jet flavour is >

iden'Fified using a combination of the ;econdar_y vertex [49}I'he dominant contribution to the systematic uncertairities
and impact parameter-based|[38lagging algorithms. For the SSee andeu channels arises from the fake lepton back-
MUONS Riake ranges from 5% to 10% (5% 1o 40%) for heavy . nq estimate. As a first step in validating the paranetris
flavor (light flavour) jets. For electron&ake ranges from . Riake aNdRoromps a closure test is performed in data.
45% to 60%. Measurements GRake andRyromptare obtained by randomly

A partially data-driven approach is adopted to estimateampling half of the control regions. The predicted values
Z/y* —eeandZ/y* — pp contributions to the OS dilepton  are then compared with the values measured in the other half
channels. A control region is defined requiring 80 GeV of the data. The closure test y|e|ds an agreemean%
My, < 100 GeV and> 1 jets, where norZ boson contribu-  andRyompt Of respectively+40% and+5% for muons and,
tions are found to be negligible. Normalization factors be<or electrons,+5% (+20% for 1< In| < 1.9) and+2%,
tween the observed number of events in data and the Mhich are propagated to the fake lepton background esti-
prediction are obtained as a function of jet multiplicitpin  mate. To evaluate the uncertainty on the overall fake lep-
this region and applied to the MC estimates in the signajon background estimate, the robustness of the procedure is
region. All other backgrounds, includiy y* — 77, are es-  tested against variations across samples. The estim&ed fa
timated from MC simulation. The contribution &/y* —  |epton background is compared to the observed background
1T is found to be negllglble after all selection criteria arejn SS events passing the same selection as events in the Sig-
applied. Tablél summarises the background estimates f@g| region but where the sub-leading lepton has a transverse
the OS channels. In the G andpu channelsZ/y*+jets  momentum between 15 GeV and 25 GeV. The fake lepton
andtt backgrounds dominate, while theproduction con-  packground contributes between 65%ehe™ to 87% in
tributes more than 90% in theu channel. Smaller contri- g% * of the total background. This study tests the reliability
butions arise from diboson production and events with fakeyf hoth the parametrisation and the useRafe andRorompt
leptons. to extract the background prediction. In this sample, thked to

The fraction of reconstructed electrons with charge misbackground prediction agrees with the observed data within
identification due to hard bremsstrahlung is measured from:10%. A +30% overall systematic uncertainty is assigned
simulatedZ/y*+jets events, by comparing the MC gener-to cover for the differences between the predicted and the
ated charge of the electron originating from fhéo that of ~ observedn,, spectra.
the reconstructed electron candidate. The fraction ispara The uncertainties on the background due to the electron
trised as a function of the electrdfr and and applied charge misidentification arise from the limited number of
toZ/y* — ete” andtt — e*/Tbb MC backgrounds to ob- MC events used to parametrise the rate and the scale factors



Table 1 Summary of the expected background yields and observed ensnalb events for the OS dilepton channels. The top part ofahke
shows the numbers obtained for events with two leptong, jet, m,, > 110 GeV, andSr > 400 GeV. The bottom part of the table shows the
numbers for the final LRSM selection, where an additionalirementmy,;;, > 400 GeV is imposed. The quoted uncertainties include ttatis
and systematic components, excluding the luminosity uaitey of +£3.7%. The latter is relevant for all backgrounds except forféike lepton(s)
background, which is measured using data.

Physics Processep etef | pEpt | et uF | Total
Z/y*+jets 136.1 + 125 173.2 + 15.1 0.8 + 0.8 310 + 20
Diboson 4.3 + 1.8 7.3 + 1.9 5.9 + 1.6 18 + 3
Top 103.1 + 12.3 100.9 + 12.0 199.4 + 233 403 + 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
| mmm > 400 GeV

Total Background 254.8 + 25.8 279.7 + 27.6 210.9 + 334 745 + 77
Observed events 246 241 244 731

Table 2 Summary of the expected background yields and observed ergnah events for the SS dilepton channels. The top part ofabie
shows the numbers obtained for events with two lepteng, jet andm,, > 110 GeV. The bottom part of the table shows the numbers for the
final LRSM selection, where an additional requiremey;j, > 400 GeV is imposed. The quoted uncertainties include tta#isind systematic
components, excluding the luminosity uncertainty+#.7%. The latter is relevant for all backgrounds except forféhe lepton(s) background,
which is measured using data.

Physics Processef etet | utu* | etut | Total
Z/y*+jets 26.1 + 5.6 0.0 i 36 1.2 + 0.7 27 + 6
Diboson 12.7 + 2.3 7.2 + 1.7 18.8 + 3.0 39 + 6
Top 5.8 + 1.3 0.7 + 0.3 6.8 + 1.6 13 + 3
Fake lepton(s) 93.6 + 35.7 3.1 + 1.6 53.8 + 20.3 151 + 50
Total Background 1383 &+ 36.5 11.0 + 22 807 & 20.8 230 &+ 52
Observed events 155 14 99 268

Total Background 484  + 161 44 i3 246  + 7.6 77+ 21
Observed events 59 8 39 106

used to correct the simulation for differences between data Due to the limited knowledge of PDFs aog the uncer-
and MC and contribute-13% and+12%, respectively. tainties are evaluated using a range of current PDF sets with
the procedure described in Ref. [53]. The final uncertamty i

taken from the outer bounds of the overall error bands. The

The background and signal estimates derived from MqDDF uncertainties are estimated to-h8% for the LRSM
are affected by the jet energy scale (JES) calibration amd th

. ; ) . signal andt-12% for the HNEO signals.
jet energy resolution (JER), theoretical and MC modelling
uncertainties, anghy andn dependent uncertainties on the
lepton identification and reconstruction efficiencies ifiile 8 Results and Interpretation

fication +-(0.2 — 3.3)%, pr scale+(0.2— 2)% and resolu-

tion +(0.4 — 10)%) [43,/51[52]. The JESK(2—6)%) and  The expected and observed numbers of events in each dilep-
JER & (5— 12)%) uncertainties applied depend on @t  ton final state for the baseline selection and the LRSM se-
andn and are measured from the 2010 datdset [48]. An adections are compared in Tablgs 1 énid 2 for the OS and SS
ditional contribution oft (2 — 7)% to the JES uncertainty is events, respectively. Additionally, the reconstructedses
added in quadrature to account for the effect of high lumi-of the N andWs candidatesy;;, andmy; ;) respectively,
nosity pile-up in the 2011 dataset. MC modelling uncertain-are examined in each dilepton channel. Fightes 1/and 2 show
ties for tt production [28] are derived using different MC those distributions for the OS and SS channedsu, and
generators and varying, within their uncertainties, the paeu combined).

rameters that control initial and final state radiation. Tée Given the good agreement between the data and the ex-
sulting uncertainties are-15% and+(5— 7)% for tt and  pectations from SM processes, the results are used to set
diboson contributions respectively. limits at 95% C.L. on the visible cross sectiang’ &, where
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Fig. 1 Distributions of the reconstructed invariant massin; ), for Fig. 2 Distributions of the reconstructédiz invariant massmy;(jy.
OS (top) and SS (bottom) dilepton events withl jets andmy, > for OS (top) and SS (bottom) dilepton events withl jets, my, >
110 GeV. A selection criterior > 400 GeV is used for the OS se- 110 GeV, andny;(j) > 400 GeV. A selection criteriofr > 400 GeV
lection. The hypothetical signal distributions fox, = 0.3 TeV for &y is used for the OS selection. The hypothetical signal dhistions for

andA/\/a=2 TeV are superimposed. My, = 1.2 TeV andmy = 0.1 TeV (mp, = 1.5 TeV andmy = 0.8 TeV)
for the case of maximal mixing, are superimposed to the O$ &S
tribution.

o is the cross section for new phenomenajs the accep-

tance {.e the fraction of events passing geometric and kine- . .
: ( . . b 99 . used for the HNEO model, while the additional cutef;;,
matic selection requirements at the particle level), ansl U

the efficiency (.e. the detector reconstruction and identifi- is applied for the LRSM model. Systematic uncertainties

cation efficiency). For the HNEO modei/ is about 10% from JES and JER are included as variations in the signal

formy = 0.1 TeV and reaches a plateau value of about 28%’§md background templates. Th? uncertainties pn_the T“ea'
at aroundmy = 0.8 TeV, for all six dilepton channels. For surement 0Rake aNd Ryrompt are included as variations in

the LRSM, &7 ¢ varies between 40% and 65% across the

(mNR’mN) plane. The Iowe.ssze Occ_urs for smalimy. It Table 3 Observed (obs) and expected (exp) 95% C.L. upper limits on
should be noted that the differencedne between the two  the visible cross sectiorig 7€)%, for each OS and SS dilepton chan-
models is dominated by the fact the decays teptons are nel after the baseline selection.

included in generating the HNEO samples, while only de-

cays toe and s are included in the LRSM samples. Table 3 Channels (0.7 )35 [fb] (0.7 €)e [fb]
quotes the limits obtained for each channel, after the base-€" 28.6 31.0
line selection HERT 25.1 36.7
L : . . efuF 50.9 36.4
The resulting limits for the interpretation of the data in 376 296
terms of the HNEO and LRSM models are derived using ag+ i+ 6.1 46
templates the reconstructed masses ofNhandWr can-  etp* 25.4 16.2

didates in each dilepton channel. The baseline selection is
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Fig. 3 Expected and observed 95% C.L. upper limits’ofn/a as a  Fig. 4 Expected and observed 95% C.L. upper limits on the heavy
function of the mass of a heavy neutrino, for the operafrsts1/ 0, neutrino and\Mz masses for the Majorana (top) and Dirac (bottom)
and 0, using the formalism of Lagrangian of effective operatéos,  cases, in the no-mixing and maximal-mixing scenarios.

the Majorana (top) and Dirac (bottom) scenarios.

9 Conclusions

the fake lepton background templates. All other uncertain-
ties have no significant kinematic dependence. CorrelationA dedicated search for hypothetical heavy Majorana and
of uncertainties between signal and background, as well dgirac neutrinos, andi bosons in final states with two high-

across channels, are taken into account. pr same-sign or opposite-sign leptons and hadronic jets has

C been presented. In a data sample corresponding to an inte-
The 95% C.L. exclusion limits on the mass of the heavy, P P P g

T . gratedpp luminosity of 2.1 fb'! at /s = 7 TeV, no signifi-
neutrinoin the HNEO model and_ their depend_encAgm/E ._cant deviations from the SM expectations are observed, and
are shown in FiglJ3 for the Majorana and Dirac scenario

: . ffecti tor hvooth Fi 4sh 5% C.L. limits are set on the contributions of new physics.
using various etiective operator Nypotheses. @Jrg SN0y cluded mass regions for Majorana and Dirac neutrinos are
the exclusion limits for the masses of heavy neutrinos an

th b in the LRSM int tation. for th - resented for various operators of an effective Lagrangian
© osonin the interpretation, for the No-miXiNG 5 ework and for the LRSM. The latter interpretation was
and maximal-mixing scenarios betwellg and N, neutri-

. . ) used to extract a lower limit on the mass of the gauge boson
nos, for both the Majorana and Dirac heavy neutrinos hyWR_ For both no-mixing and maximal-mixing scenaridg
potheses. bosons with masses below1.8 TeV (= 2.3 TeV) are ex-

The above results are obtained with a Bayesian [54] apeluded for mass differences between Yhg andN masses
proach, where systematic uncertainties are treated as nuargerthan 0.3 TeV (0.9 TeV). In the effective Lagrangian in
sance parameters with a truncated Gaussian as a prior shafgrpretation, considering the vector operator and Majaran
The prior shape on the parameters of intere@st,BR, is as-  type heavy neutrinos, the lower limit @h//a ranges from
sumed to be flat. ~ 2.5 TeV to= 0.7 TeV for heavy neutrino masses ranging



from 0.1 TeV to 2.7 TeV. Comparable limits are obtained for11.
Dirac-type neutrinos in both models. The results described?: _
13. A. Ferrariet al., Phys. RevD62, 013001 (2000).
; > = . K. Huituet al., Nucl. PhysB487, 27 (1997).

heavy neutrinos andk boson obtained in direct searches. 15,

represent the most stringent limits to date on the masses ¢

16.
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