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Abstract

Final states with high-pT leptons and jets are predicted by many Beyond the Standard
Model scenarios. Two prominent models are used here as guides to understanding the event
topologies: the scalar leptoquarks and the Left-Right Symmetry. In contrast to many SUSY
signatures, their topologies rarely contain missing energy. Their discovery potential with
early ATLAS data, corresponding to an integrated luminosity of a few hundred inverse pi-
cobarns, is discussed.

1)V. Bansal, C. Boulahouache, G. Krobath, E. Panagiotopoulou, T. Papadopoulou, V. Savinov, R. Ströehmer, G. Unel,
S. Wendler.
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Figure 1: Feynman diagrams for leptoquark production.

1 Introduction

Grand Unification has inspired many extensions of the Standard Model. Such models introduce new,
usually very heavy particles, and previous searches for Grand Unification Theory (GUT) signatures have
placed limits on masses and interaction strengths of the new particles. The LHC will probe new regions
of parameter space, allowing for a direct search for these particles. Decays characterized by final states
with two highly energetic leptons, two jets and no missing transverse energy are studied in this note.
The models for new physics considered for this note are described below. The simulation of signal and
background processes is described in section 2. In section 4 the baseline selection that is used for all
analyses is explained. After the trigger requirements are given (section 3), section 5 details the specifics
of each of the analyses. The systematics are described in section 6 and the final sensitivity estimates are
given in section 7.

1.1 Leptoquarks

The experimentally observed symmetry between leptons and quarks has motivated the search for lepto-
quarks (LQ), hypothetical bosons carrying both quark and lepton quantum numbers, as well as fractional
electric charge [1–5]. Leptoquarks could, in principle, decay into any combination of a lepton and a
quark. Experimental limits on lepton number violation, flavor-changing neutral currents, and proton de-
cay favour three generations of leptoquarks. In such a scenario, each leptoquark couples to a lepton and
a quark from the same Standard Model generation [6]. Leptoquarks can either be produced in pairs by
the strong interaction or in association with a lepton via the leptoquark-quark-lepton coupling. Figure 1
shows the Feynman diagrams for leptoquark production processes accessible at the LHC.

This note describes the search for leptoquarks decaying to either an electron and a quark or a muon
and a quark. The branching ratio of a leptoquark to a charged lepton and a quark is denoted asβ .
Decays to neutrinos are not considered, and events are not explicitly selected based on the flavor of the
quark. The experiments at the Tevatron have searched for first (decaying toeq), second (decaying toµq),
and third (decaying toτq) generation scalar leptoquarks. Forβ = B(LQ→ `±q) = 1, the DØ [7] and
CDF [8] collaborations have set 95%CL limits for first generation scalar leptoquarks ofmLQ1

> 256 GeV
andmLQ1

> 236 GeV, respectively. These limits are based on integratedpp̄ luminosities of approxi-
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mately 250 pb−1 and 200 pb−1. The results for second generation leptoquarks,mLQ2
> 251 GeV and

mLQ2
> 226 GeV, were obtained with 300 pb−1 and 200 pb−1 by the DØ [9] and CDF [10] experiments,

respectively.
The Tevatron exclusion limits are expected to reach 300-350 GeV in the near future.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the
nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity
at high energies by introducing three new heavy right-handed Majorana neutrinosNe, Nµ andNτ . The
smallest gauge group that implements an LRSM isSU(2)L×SU(2)R×U(1)B−L. At low energies, the
left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy neutrinos
explains the masses of the three left-handed neutrinos through the see-saw mechanism [12]. The lepton
numberL could be violated in processes that involve the Majorana neutrinos. This opens a window to the
very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon and lepton numbers
B andL are violated butB−L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate
vector bosonsWR andZ′, Higgs bosons, and a left-right mixing parameter. The most restrictive lower
limit on the mass of theWR boson comes from theKL −KS mass difference which requiresmWR >
1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy right-
handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with the data
from supernova SN1987A. Such heavy neutrinos would allow for aWR boson at the TeV mass scale.
This scenario would also be consistent with LEP data on the invisible width of theZ boson. Present
experimental data on neutral currents imply a lower limit on the mass of aZ′ boson of approximately
400 GeV. Recent direct searches [13] for theWR boson at DØ give a lower mass limit of 739 GeV and
768 GeV, assuming theWR boson could decay to both lepton pairs and quark pairs, or only to quark pairs,
respectively. However, heavy Majorana neutrinos decaying to a lepton and a pair of quarks (detected as
jets) were not searched for in those analyses.

The new intermediate vector bosonsWR andZ′ would be produced at the LHC via the Drell-Yan
(DY) process like Standard ModelW andZ bosons. Their decays would be a source of new Majorana
neutrinos. The Feynman diagram forWR boson production and its subsequent decay to a Majorana
neutrino is shown in Fig. 2. This note describes an analysis ofWR boson production and its decays
WR→ eNe andWR→ µNµ , followed by the decaysNe→ eq′q̄ andNµ → µq′q̄, which can be detected in
final states with (at least) two leptons and two jets.

q l
-

q
-

'

W
R N

l

W
R
*

l  or l
-

q

q
-

'

two jets

Figure 2: Feynman diagram forWR boson production and its decay to a Majorana neutrinoN`.
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mLQ in GeV σ(pp→ LQ ¯LQ) (NLO) in pb
300 10.1± 1.5
400 2.24± 0.38
600 0.225± 0.048
800 0.0378± 0.0105

Table 1: NLO cross-sections for scalar leptoquark pair production at the LHC [16].

2 Simulation of Physics Processes

2.1 Leptoquarks

The signals have been studied using samples of first generation (1st gen.) and second generation (2nd gen.)
scalar leptoquarks simulated with the Monte Carlo (MC) generator PYTHIA [14] and using the CTEQ6L1
parameterization [15] of the parton density functions (PDFs). A leptoquark-lepton-quark couplingλ =
0.8 was used in the event generation leading to a natural width of the leptoquarks of 0.63 GeV and
1.3 GeV for leptoquark masses of 400 GeV and 800 GeV respectively. The next to leading order
(NLO) cross-sections for leptoquark pair production at 14 TeVpp centre-of-mass energy were taken
from Ref. [16] and are shown in Table 1 for the four simulated leptoquark masses.

2.2 Left-Right Symmetry

Studies of the discovery potential forWR bosons and the Majorana neutrinos,Ne andNµ produced in their
decays, were performed using datasets simulated with the MC generator PYTHIA according to a particu-
lar implementation [17] of an LRSM described in [18]. The Standard Model axial and vector couplings,
the CKM matrix for the quark sector, no mixing between the new and Standard Model intermediate vector
bosons, and phase space isotropic decays of Majorana neutrinos are assumed for the right-handed sec-
tor in this model. The products of leading-order production cross-sectionsσ(pp→WRX) and branching
fractions to studied final statesWR→ `N`→ `` j j are 24.8 pb formWR = 1800 GeV,mNe = mNµ

= 300 GeV
and 47.0 pb formWR = 1500 GeV,mNe = mNµ

= 500 GeV. In the rest of this note, these samples are re-
ferred to as LRSM18 3 and LRSM15 5, respectively. The Majorana nature of the new heavy neutrinos
allows for same-sign and opposite-sign dileptons.

2.3 Background Processes

The main sources of background for the analyses presented here arett̄ and inclusiveZ/γ∗ production pro-
cesses. Multijet production, where two jets are misidentified as leptons, represents another background.
In addition, minor contributions arise from diboson production. Other potential background sources,
such as single-top production, were also studied. Their contribution was found to be insignificant.

• Z/γ∗ background was studied using a combination of two MC samples with generator-level dilep-
ton invariant mass preselections ofm`` > 60 GeV andm`` > 150 GeV, the latter sample corre-
sponding to a much larger integrated luminosity than the former. The samples were normalized to
the given luminosity using their partial cross-sections and the NLO estimateσ(pp→ Z)×B(Z→
`+`−) = 2032 pb, obtained with the MC generator FEWZ [19, 20]. A lepton filter was applied at
the event generation, requiring at least one electron or muon with transverse momentum greater
than 10 GeV and absolute pseudo-rapidity smaller than 2.7, resulting in an effective cross-section
of 1808 pb.
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For logistical reasons, the sample with the lower mass preselection was generated using the MC
generator PYTHIA [14], and the sample with higher mass preselection was generated using HER-
WIG [21]. In both cases, the CTEQ6L1 [15] parton distribution functions were used. The consis-
tency between the two samples was verified at high dilepton masses.

• tt̄ background was simulated using the MC generator MC@NLO [22] using the CTEQ6M [15]
parton distribution functions. It was normalized to the given integrated luminosity using a produc-
tion cross-section of 833 pb estimated to the next-to-leading order (NLO+NLL) [23]. In addition,
a lepton filter was applied, requiring at least one electron or muon with transverse momentum
greater than 1 GeV, which resulted in an effective cross-section of 450 pb.

• The diboson samples were generated using HERWIG with a generator-level preselection on the
invariant mass ofZ/γ∗ > 20 GeV. With this requirement, the NLO partial cross-sections forWW,
WZandZZ boson pair production processes were numerically estimated (using MC@NLO) to be
117.6 pb, 56.4 pb, 17.8 pb, respectively. The CTEQ6L1 parton distribution functions were used
for event generation. Again, a lepton filter was applied, with a transverse momentum threshold
of 10 GeV and a maximum absolute pseudo-rapidity of 2.8. This resulted in a total effective
cross-section of 60.9 pb.

• The multijet background was simulated using PYTHIA with the CTEQ6L1 structure functions.
The normalization was based on PYTHIA cross-section estimates. The statistics of these samples
are very limited, such that no reliable estimate of this background could be made at this time.

3 Trigger Requirements

The trigger system [24] of the ATLAS experiment has three levels, L1, L2 and the Event Filter (EF). To
ensure high overall trigger efficiencies, our analyses rely on single lepton trigger streams with relatively
low thresholds. The dielectron analyses rely on the single electron-based trigger callede55 which has a
threshold of around 60 GeV [24]. When selected events fail this trigger, the analyses rely on the lower-
threshold (about 25 GeV) single electron trigger callede22i [24] in which the electron is required to be
isolated. A single muon trigger with threshold about 20 GeV (mu20 [24]) is used in the dimuon analyses.

Final states studied in this note always contain two high-pT leptons. While the baseline selection
described in section 4 requires two leptons withpT > 20 GeV, most signal events contain at least one
lepton with significantly higherpT . As a result, the overall trigger efficiency for events that satisfy all
analysis selection criteria (section 5) exceeds 95%. The trigger efficiencies for signal MC events that
satisfy all selection criteria are shown in Table 2.

Process L1 L2 EF L1*L2*EF
1st gen. leptoquarksmLQ = 400 GeV 100.0% 99.4% 97.6% 97.0%
2nd gen. leptoquarksmLQ = 400 GeV 97.7% 99.1% 99.7% 96.5%

LRSM (ee)mWR = 1800 GeV,mNe = 300 GeV 100.0% 99.2% 97.2% 96.4%
LRSM (µµ) mWR = 1800 GeV,mNµ

= 300 GeV 96.8% 98.7% 98.9% 94.5%

Table 2: Overall trigger efficiencies for signal events that satisfy all selection criteria.
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4 Baseline Event Selection

The baseline event selection, common for all analyses presented in this note, requires two leptons and
two jets. All analyses use the same selection criteria for signal electron, muon, and jet candidates. The
baseline selection criteria for these reconstructed objects are summarized below. Performance studies
are described elsewhere [25–28].

Electron candidates are identified as energy clusters reconstructed in the liquid argon electromagnetic
calorimeter that match tracks reconstructed in the inner tracking detector and satisfy themediumelectron
identification requirements [25].

Muon candidates are identified as tracks reconstructed in the muon spectrometer [26] that, when
extrapolated to the beam axis, match a track reconstructed in the inner detector, and satisfy relative
isolation energy requirementsEiso

T /pµ

T ≤ 0.3. pµ

T is the muon candidate’s transverse momentum andEiso
T

is the energy detected in the calorimeters in a cone of∆R=
√

∆η2 +∆φ2=0.2 around the muon candidate’s
reconstructed trajectory, corrected for the expected energy deposition by a muon.

Jets are identified as energy clusters reconstructed in the calorimeters using a∆R=0.4 cone algo-
rithm [27]. ∆Rbetween a jet and any electron candidate (as defined above) must be larger than 0.1. This
veto is imposed to avoid electrons being misidentified as jets. It is applied in all analyses, regardless of
whether electrons are explicitly considered in the final states or not. The jet energy scale calibration is
performed using full MC simulation and requires that the average reconstructed jet energy agrees with the
average energy of the jets reconstructed with the Monte Carlo truth particles. The same jet reconstruction
algorithm, with cone size∆R= 0.4, is used for both reconstruction and calibration.

All objects are required to havepT ≥ 20 GeV, the leptons must have an absolute pseudo-rapidity|η |
smaller than 2.5 and jets must have|η | ≤ 4.5.

To suppress contributions from Drell-Yan backgrounds, the dilepton invariant mass is required to be
at least 70 GeV. Tighter analysis-specific requirements are later applied to this and other variables in
order to achieve the best sensitivities in individual studies, as described in the following section.

5 Individual Analyses

5.1 Search for Leptoquark Pair Production

Following the baseline object identification criteria described above, the leptoquark pair analyses require
events to have at least two oppositely charged leptons of the same flavour and at least two jets. Signal
sensitivity and discovery potential are estimated using a sliding mass window algorithm: only events in
the mass region around the assumed mass of the leptoquark are analyzed.

For large leptoquark masses, signal leptons and jets have, on average, larger transverse momenta
than background particles. The following kinematic quantities are used to separate the signal from back-
grounds: the transverse momentum of the leptons (pT ), the scalar sum of the transverse momenta of
the two most energetic jets and leptons (ST = ∑ |~pT | jet + ∑ |~pT |lep), the dilepton invariant mass (m``),
and lepton-jet invariant mass. The lepton-jet invariant mass represents the mass of the leptoquark if the
correct lepton-jet combination is chosen. Since there are two leptons and two jets there are two possible
combinations, and we choose the combination which gives the smallest difference between the masses
of the first and second leptoquark candidates.

In both channels, the values of these selection criteria are optimized2) to achieve discovery with 5σ
significance at the lowest luminosity possible. Tables 3 and 4 show the values of the selection criteria
and resulting signal and background cross-sections for 1st and 2nd generation channels, respectively.
One important difference between the two channels is the background due to jets being misidentified

2)At this stage, only statistical uncertainties are taken into account.
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Physics Before Baseline ST ≥ mee≥ m1
l j - m2

l j window (GeV)
sample selection selection 490 GeV 120 GeV [320-480] - [700-900] -

[320-480] [700-900]

LQ (m= 400 GeV) 2.24 1.12 1.07 1.00 0.534 -
LQ (m= 800 GeV) 0.0378 0.0177 0.0177 0.0174 - 0.0075
Z/γ∗ ≥ 60 GeV 1808. 49.77 0.722 0.0664 0.0036 0.00045
tt̄ 450. 3.23 0.298 0.215 0.0144 < 0.0012
Vector Boson pairs 60.9 0.610 0.0174 0.00384 < 0.002 < 0.0014
Multijet 108 20.51 0.229 0.184 0.0 0.0

Table 3: 1st generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.
The upper limits are given at 68% confidence level.

Physics Before Baseline pµ

T≥60 GeV ST ≥ mµµ ≥ ml j window (GeV)
sample selection selection p jet

T ≥25 GeV 600 GeV 110 GeV [300-500] [600-1000]

LQ (400 GeV) 2.24 1.70 1.53 1.27 1.23 0.974 -
LQ (800 GeV) 0.0378 0.0313 0.0306 0.0304 0.030 - 0.0217
Z/γ∗ ≥60 GeV 1808. 79.99 2.975 0.338 0.0611 0.021 0.014
tt̄ 450. 4.17 0.698 0.0791 0.0758 0.0271 0.0065
VB pairs 60.9 0.876 0.0654 0.00864 0.00316 0.00185 0.00076
Multijet 108 0.0 0.0 0.0 0.0 0.0 0.0

Table 4: 2nd generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.

as electrons. This background can be significantly reduced by requiring both reconstructed jet-electron
masses, (m1

l j , m2
l j ), to be close to the tested leptoquark mass. However, such a selection in the 2nd gen-

eration analysis would significantly reduce the signal efficiency, especially for larger leptoquark masses.
Therefore, a less strigent selection is applied, and only the average of the two muon-jet masses (mav

l j ) is
required to be near the tested leptoquark mass.
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Figure 3:ST in leptoquark MC events (mLQ = 400 GeV) after baseline selection. Left: 1st generation, right: 2nd
generation with the additional requirementspµ

T > 60 GeV andp jet
T > 25 GeV.
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Figure 3 shows theST variable distribution withmLQ = 400 GeV, along with the main backgrounds,
Drell-Yan andtt̄ production, after baseline selection plus, for the 2nd generation case, the requirements
pµ

T > 60 GeV andp jet
T > 25 GeV.
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Figure 4:m`` of the selected lepton pair afterST selection in leptoquark 1st generation (left) and 2nd generation
(right) events (mLQ = 400 GeV).

The dilepton mass distribution after theST selection is shown in Figure 4.
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Figure 5: Reconstructed electron-jet invariant mass in the 1st generation leptoquark (mLQ=400 GeV) analysis
for signal and background MC events after baseline selection (left) and after all selection criteria (right). All
distributions are given for 100 pb−1 of integrated luminosity.

Figures 5 and 6 show the reconstructed invariant mass of leptoquark candidates (mLQ=400 GeV) in
signal events and the main backgrounds, Drell-Yan andtt̄ production, after the subsequent selections
on dimuon mass andST . Due to gluon radiation, quarks produced in the decays of heavy particles are
not equivalent to standard jets. This shifts the peak of the jet energy resolution function towards smaller
energies and results in a low-mass shoulder in the distribution of reconstructed masses of heavy particles.
Figure 5 shows two entries per event corresponding to the two reconstructed electron-jet objects obtained
by adding x and y mass projections of (m1

l j , m2
l j ) on a common axis,ml j .

All figures show predicted distributions for an integrated luminosity of 100 pb−1.
The trigger efficiency is not included in the plots and tables shown in this section. However events

satisfying all selection criteria would trigger with an efficiency exceeding 95%, as discussed in Section 3.
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Figure 6: Reconstructed muon-jet invariant mass for 2nd generation leptoquarks (mLQ = 400 GeV) in signal and
background MC events after baseline selection (left) and after all selection criteria (right). All distributions are
given for 100 pb−1 of integrated luminosity.

5.2 Search for New Particles from Left-Right Symmetric Models

Signal event candidates are required to contain (at least) two electron or muon candidates and two or
more jets that pass the baseline selection criteria. As previously described, the minimum separation
between a jet and an electron candidate∆R≥ 0.1 is required. The two leadingpT lepton candidates and
the two leadingpT jets are assumed to be the decay products of theWR boson. The signal jet candidates
are combined with each signal lepton, and the combination that gives the smallest invariant mass is
considered as the heavy neutrino (N` in Fig. 2). This assignment is correct in more than 99% of signal
MC events. The other lepton is assumed to come directly from the decay of theWR boson.

When theWR boson is at least twice as heavy as the Majorana neutrino, the daughter lepton from the
neutrino’s decay often begins to partially merge with one of the daughter jets. In the dielectron analysis,
when the separation between this lepton and a signal jet candidate is in the range 0.1≤ ∆R≤ 0.4, using
all three reconstructed objects to estimate the invariant mass of the neutrino would often result in double-
counting. To solve this problem, signal event candidates in the dielectron analysis are divided into two
groups. When the separation is outside the discussed range,i.e. ∆R > 0.4, all three objects are used.
However, when the separation is in the critical range,i.e. 0.1≤ ∆R≤ 0.4, only jets are used to estimate
the mass of theNe neutrino. It must be noted that this procedure has little effect on theNe neutrino mass
resolution, because it is dominated by the resolution on the jets energy. The fraction of events falling in
the critical range depends on the ratio ofWR boson and Majorana neutrino masses, and increases with
this ratio, being 8% for the 1500 GeV to 500 GeV ratio and 26% for the 1800 GeV to 300 GeV ratio
considered here. No such problem exists in the dimuon analysis because muon reconstruction is possible
even when the reconstructed trajectory’s projection into the calorimeters randomly coincides with jet
activity. The mass of the Majorana neutrino can be reconstructed with a relative resolution of about
6%, and the mass of theWR boson can be reconstructed with a relative resolution of 5% to 8%; better
resolution on the latter is achieved in the dielectron analyses because the muon spectrometer resolution
is degraded at high transverse momenta.

While the main background sources in LRSM analyses arett̄, Z/γ∗, and vector boson pair production
processes, multijets were also identified as a source of potentially dangerous background in the dielectron
analysis. The distributions of the scalar sum of signal object candidates’ transverse momentaST , and the
reconstructed dilepton invariant massm`` for signal and background events, normalized to an integrated
luminosity of 100 pb−1, are shown in Figs. 7 and 8.

The choice of the selection criteriaST ≥ 700 GeV andm`` ≥ 300 GeV is made in order to maintain
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Figure 7: LRSM analysis.ST distributions for signals and backgrounds normalized to 100 pb−1 of integrated
luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines indicate the region
used in the analysis.
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Figure 8: LRSM analysis. The distributions ofm`` for signals and backgrounds normalized to 100 pb−1 of
integrated luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines indicate
the region used in the analysis.

good efficiency not only for mass values used in this study, but also for signals withmWR ≥ 1000 GeV.
Partial cross-sections for signal and background processes passing the selection criteria are shown

in Tables 5 and 6. Some remarks are in order concerning the selection criteria’s efficiencies. First, the
dimuon channel is more efficient than the dielectron channel. This is due to the jet-electron merging
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Physics Before Baseline me j j mee j j mee ST

sample selection selection ≥ 100 GeV ≥ 1000 GeV ≥ 300 GeV ≥ 700 GeV
LRSM 18 3 0.248 0.0882 0.0882 0.0861 0.0828 0.0786
LRSM 15 5 0.470 0.220 0.220 0.215 0.196 0.184
Z/γ∗,m≥ 60 GeV 1808. 49.77 43.36 0.801 0.0132 0.0064
tt̄ 450. 3.23 3.13 0.215 0.0422 0.0165
VB pairs 60.9 0.610 0.522 0.0160 0.0016 0.0002
Multijet 108 20.51 19.67 0.0490 0.0444 0.0444

Table 5: LRSM dielectron analysis. Partial cross-sections (pb) that survive the selection criteria.

Physics Before Baseline mµ j j mµµ j j mµµ ST

sample selection selection ≥ 100 GeV ≥ 1000 GeV ≥ 300 GeV ≥ 700 GeV
LRSM 18 3 0.248 0.145 0.145 0.141 0.136 0.128
LRSM 15 5 0.470 0.328 0.328 0.319 0.295 0.274
Z/γ∗,m≥ 60 GeV 1808. 79.99 69.13 1.46 0.0231 0.0127
tt̄ 450. 4.17 4.11 0.275 0.0527 0.0161
VB pairs 60.9 0.876 0.824 0.0257 0.0047 0.0015
Multijet 108 0.0 0.0 0.0 0.0 0.0

Table 6: LRSM dimuon analysis. Partial cross-sections (pb) that survive selection criteria.

discussed previously. This issue becomes especially important for a larger ratio of massesmWR/mNe.
However, for a very heavyWR boson, the dielectron channel could become more significant because the
WR boson mass resolution does not become as wide in the dielectron channel as it does in the dimuon
channel. Also, because of its heavy mass, the potential to discover theWR boson and the heavy neutrino
together is much better than in the inclusive search for the new heavy neutrino (assuming the same
production mechanism) because of backgrounds.

Figures 9 and 10 show the distributions of the reconstructed invariant masses of the heavy neutrino
andWR boson candidates for signal and background MC samples before and after the selection criteria
are applied. All distributions are normalized to 100 pb−1 of integrated luminosity. It should be remarked
that the trigger efficiency is not included in the plots and tables shown in this section. However, events
satisfying all selection criteria would trigger with an efficiency exceeding 95%, as discussed in Section 3.

Background contributions to signal invariant mass spectra could also arise from jets that are misiden-
tified as signal electrons. In principle, such misidentified jets are efficiently suppressed because at least
two signal electron candidates are required, but at present this background remains poorly understood be-
cause larger statistics of multijet MC, or better, real data, would be necessary to evaluate its contribution
reliably. If needed, a better suppression of events with multijets that are misidentified as electrons is pos-
sible by applying a more sophisticated isolation energy requirement. The multijet background does not
pose a problem in the dimuon analysis, where estimates of the misidentification rate predict a vanishing
contribution from multijet to dimuon events.

Finally, the analyses described in this note do not discriminate between same-sign and opposite-sign
dileptons. Same-sign dileptons, however, are a very important signature of Majorana neutrinos, which,
being their own anti-particles, could decay to a lepton of either charge. The background contribution to
same-sign dileptons is much smaller than to opposite-sign dileptons. Of course, both channels would
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Figure 9: LRSM analysis. The distributions of the reconstructed invariant masses forNe (top) andNµ (bottom)
candidates in background and signal (LRSM18 3 and LRSM15 5) events before (left) and after (right) back-
ground suppression is performed in dielectron and dimuon analyses. All distributions are normalized to 100 pb−1

of integrated luminosity. LRSM15 5 and LRSM18 3 refer to two sets of LRSM mass hypotheses. See the text
for more information.

have to be studied if the discovery is made. The studies of charge misidentification performed in the
framework of the presented analyses, predict a rate as high as 5% for high-pT leptons which is strongly
η-dependent.

6 Systematic Uncertainties

The following sources of systematic uncertainties have been considered in the described analyses:
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Figure 10: LRSM analysis. The distributions of the reconstructed invariant masses forWR → eNe (top) and
WR → µNµ (bottom) candidates in background and signal (LRSM18 3 and LRSM15 5) events before (left)
and after (right) background suppression is performed in dielectron and dimuon analyses. All distributions are
normalized to 100 pb−1 of integrated luminosity. Notice that the invariant mass of theWR boson is shownbeforethe
requirementm`` j j ≥ 1000 GeV is imposed. This variable is strongly correlated with the background-suppressing
variablesST andm``. LRSM 15 5 and LRSM18 3 refer to two sets of LRSM mass hypotheses. See the text for
more information.

• 20% uncertainty was assumed on the integrated luminosity.

• In the dielectron analyses, 1% was used for the uncertainty in overall trigger efficiency.

• For electron identification and reconstruction efficiency, an uncertainty of 1% was assumed.

• For muon identification, including trigger and reconstruction efficiencies, an uncertainty of 5%

13



was assumed.

• The uncertainty on the electron energy scale was assumed to be±1%.

• The uncertainty on the muon momentum scale was assumed to be±1%.

• The uncertainty on the jet energy scale was estimated by changing the energies of all jets simulta-
neously by±10% and±20%, for|η jet| ≤ 3.2 and|η jet|> 3.2, respectively.

• The 20% uncertainty in electronpT resolution was estimated using a Gaussian smearing ofpT

with a relative width of 0.66∗ (0.10/
√

pT
⊕

0.007), wherepT is in GeV.

• The uncertainty due to muon 1/pT resolution was estimated using a Gaussian smearing of 1/pT

with a width of 0.011/pT
⊕

0.00017, wherepT is in GeV.

• The uncertainty due to jet energy resolution was estimated using a Gaussian smearing of jet
energies in such a way that the relative jet energy resolution widens from 0.60/

√
E

⊕
0.05 to

0.75/
√

E
⊕

0.07 for |η jet| ≤ 3.2, and from 0.90/
√

E
⊕

0.07 to 1.10/
√

E
⊕

0.10 for |η jet| > 3.2,
whereE is in GeV.

• Statistical uncertainties on the number of background MC events were considered as systematic
uncertainties on the number of background events.

• The systematic uncertainty on the leptoquark cross-section (NLO) [16] was calculated by taking
the 40 PDF CTEQ6M tables (two per eigenvector of PDF variations, provided by the CTEQ group
for calculating uncertainties [15]), recalculating the leptoquark cross-section with each of these
tables, and taking the largest difference of the two variations for each of the 20 eigenvectors to
the cross-section calculated with the standard CTEQ6M table. The estimate shown is the sum in
quadrature of these 20 differences and the relative difference in cross-section obtained by varying
renormalization and factorization scales by a factor of 2. The systematic uncertainty is between
15% and 28% for the tested leptoquark masses.

• The uncertainty of the jet modeling inZ/γ∗ events was estimated by comparing the background
predictions obtained using MC samples produced with PYTHIA to MC samples produced with
ALPGEN. For the leptoquark pair analysis, this results in an uncertainty of about 30% on the
background fromZ/γ∗ events.

• Background cross-sections fortt̄ andZ/γ∗ processes were assumed to have uncertainties of 12%
and 10%, respectively.

Systematic uncertainties affect both signal and background efficiencies, however the significance compu-
tation (next section) is mainly affected by the uncertainty on the background. The dominant systematic
effects on the background are due to the uncertainties in integrated luminosity (20%), the jet energy
scale (16%-35%), jet energy resolution (6%-28%), and the limited statistics of background MC samples
(15%-30%). Possible other sources of systematic uncertainties such as initial and final state radiation
modeling, or pile-up, were not evaluated. The total systematic uncertainties for signals and backgrounds
are summarized in Table 7.

7 Results

The programScp [29] is used to calculate the significances of possible observations of the signals studied
in this note. The significance is defined in units of Gaussian standard deviations, corresponding to the
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analysis effect on signal events effect on background events
1st gen. 2nd gen. 1st gen. 2nd gen.

leptoquark ±27% ±29% ±53% ±51%
LRSM ±23% ±25% ±45% ±40%

Table 7:Summary of total systematic uncertainties (%) for 100 pb−1 luminosity.

Leptoquark mass Expected luminosity needed for a 5σ discovery
1st gen. 2nd gen.

300 GeV 2.8 pb−1 1.6 pb−1

400 GeV 11.8 pb−1 7.7 pb−1

600 GeV 123 pb−1 103 pb−1

800 GeV 1094 pb−1 664 pb−1

Table 8:The integrated luminosities needed for a 5σ discovery of 1st and 2nd gen. scalar leptoquarks for different
mass hypotheses.

(one-sided) probability of observing a certain number of events exceeding the MC-predicted background
Nb at a given integrated luminosity. This probability is usually referred to asCLb(N), whereN is the
number of observed events. We report the 5σ discovery potential evaluated in terms ofCLb(Ns+ Nb),
whereNs is the expected number of signal events. Systematic uncertainties in the number of background
events were also included in the significance calculations. For second generation leptoquarks, the signal
selection was optimized at each mass point to minimize the cross-section times branching ratio needed
to reach a 5σ discovery, while for all other analyses the selection cuts presented in earlier sections were
used.

The overall reconstruction and trigger efficiencies discussed earlier are used to estimate ATLAS’
sensitivity and discovery potential for the studied final states below. These estimates include the trigger
efficiency for signal and background events, as discussed in Section 5, Table 2.

7.1 Leptoquarks

The integrated luminosities needed for a 5σ discovery of the 1st and 2nd generation scalar leptoquark
signals are shown in Table 8 as function of leptoquark mass, assumingβ = 1. Also, Fig. 11 predicts the
integrated luminosities needed for a 400 GeV leptoquark mass discovery, with various values ofβ 2, at a
5σ level.

Finally, Fig. 12 shows the minimumβ 2 that can be probed with ATLAS with 100 pb−1 of integrated
luminosity as a function of leptoquark mass. Lighter leptoquark masses can be probed with a smallerβ

because of their larger cross-section. It is evident from this figure that ATLAS is sensitive to leptoquark
masses of about 565 GeV and 575 GeV for 1st gen. and 2nd gen., respectively, at the given integrated
luminosity, provided leptoquarks always decay into charged leptons and quarks.

7.2 Left-Right Symmetry

The significances of studied signals versus integrated luminosity are shown in Fig. 13. Figure 14 shows
the product of signal cross-section and dilepton branching fraction versus the integrated luminosity nec-
essary for a 5σ discovery.
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Figure 13: LRSM analysis. Expected signal significances versus integrated luminosity forNe, Nµ neutrino and
WR boson mass hypotheses, according to signal MC samples LRSM18 3 and LRSM15 5. Open symbols show
sensitivities without systematic uncertainties. Sensitivities shown with closed symbols include an overall relative
uncertainty of 45% (40%) estimated for background contributions in the dielectron (dimuon) analysis. LRSM15 5
and LRSM18 3 refer to two sets of LRSM mass hypotheses. See the text for more information.

The overall relative systematic uncertainties on Drell-Yan andtt̄ backgrounds are approximately
45% and 40% in the dielectron and dimuon analyses, respectively. These estimates are dominated by
contributions from jet reconstruction, uncertainty in integrated luminosity and insufficient MC statis-
tics. Currently, multijet background is poorly understood and is not included in the presented sensitivity
estimates for the dielectron channel.
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Figure 14: LRSM analysis. The product of signal cross-section and branching fraction to dielectron and dimuon
final states versus integrated luminosity necessary for a 5σ discovery.Ne, Nµ neutrino andWR boson mass hypothe-
ses are for signal MC samples LRSM18 3 and LRSM15 5. Horizontal lines indicate nominal cross-sections for
two signal MC samples, according to the LRSM implementation in the MC simulation. Open symbols show dis-
covery potentials without systematic uncertainties. Discovery potentials shown with closed symbols include an
overall relative uncertainty of 45% (40%) assumed for the background contribution in the dielectron (dimuon)
analysis. LRSM15 5 and LRSM18 3 refer to two sets of LRSM mass hypotheses. See the text for more infor-
mation.

8 Summary and Conclusions

Studies of final states with two leptons and multiple jets have been discussed, considering both electrons
and muons. The early-data discovery potential for Beyond the Standard Model physics predicted by two
prominent GUT-inspired models has been investigated.

Both 1st and 2nd generation scalar leptoquark pair production could be discovered with less than
100 pb−1 of integrated luminosity, provided that the mass of the leptoquarks is smaller than 500 GeV
and the branching ratio into a charged lepton and a quark is 100%.

Two LRSM mass points (mWR = 1.8 TeV,mN`
= 300 GeV andmWR = 1.5 TeV,mN`

= 500 GeV) for
the right-handedWR boson and Majorana neutrinosN` have been studied in the dielectron and dimuon
channels. It was found that discovery of these new particles at these mass points would require integrated
luminosities of 150 pb−1 and 40 pb−1, respectively.
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