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Abstract

A search for pair-production of first generation scalar leptoquarks is performed in the
final states containing two electrons and at least two jets or an electron, a neutrino,
and at least two jets using proton-proton collision data at y/s = 8 TeV. The data were
collected by the CMS detector at the LHC, corresponding to an integrated luminosity
of 19.6 fb~!. First generation scalar leptoquarks with masses less than 1005 (845)
GeV are excluded for f = 1(0.5), where f is the branching fraction of a leptoquark
to a charged lepton and a quark. These limits are the most stringent limits on first
generation leptoquarks to date.
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1 Introduction

The structure of the standard model (SM) of particle physics suggests a fundamental rela-
tionship between quarks and leptons. In some theories beyond the SM, such as SU(5) grand-
unification [1], Pati-Salam SU(4) [2], composite models [3], technicolor [4-6], and superstring-
inspired Es models [7], the existence of a new symmetry relates the quarks and leptons in a
fundamental way:.

These models predict the existence of new bosons, called leptoquarks. The leptoquark (LQ) is
colored, has fractional electric charge, can be either a scalar or vector particle, and couples to a
lepton and a quark with coupling strength A. The leptoquark decays to a charged lepton and a
quark, with unknown branching fraction, B, or a neutrino and a quark, with branching fraction
(1-8).

A review of LQ phenomenology and searches can be found in Refs. [8, 9]. Constraints from ex-
periments sensitive to flavor-changing neutral currents, lepton-family-number violation, and
other rare processes favor LQs that couple to quarks and leptons within the same SM gener-
ation, for LQ masses accessible to current colliders [10]. The dominant mechanisms for the
production of LQ pairs at the Large Hadron Collider (LHC) are gluon-gluon (gg) fusion and
quark-antiquark (g4) annihilation, shown in Figure 1. The production cross section depends on
the strong coupling constant a; but is nearly independent on A. The results of this study are
based on the assumption that A is sufficiently small that single-LQ production can be neglected.
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Figure 1: Dominant leading order diagrams for the pair production of scalar leptoquarks.

Several experiments have set limits on leptoquarks [11, 12] prior to this analysis. The most
stringent limits on first generation leptoquarks prior to this search come from CMS, which
excluded first generation leptoquarks with mass less than 830 (640) GeV for f = 1(0.5) at 95%
confidence level [13] using 5 fb~! of data at Vs =7TeV.

This paper presents the results of a search for pair-production of first generation scalar LQs. In
this search, f§ is left as a free parameter, and two different channels are considered. The first
channel (eejj) uses events containing two electrons and at least two jets and is most sensitive to
scenario where B = 1. The second channel (evjj) uses events containing one electron, missing
transverse energy (EXs), and at least two jets. This search was conducted using proton-proton
collision data at /s = 8 TeV. The data were collected in 2012 by the Compact Muon Solenoid
(CMS) detector at the CERN Large Hadron Collider (LHC) and correspond to an integrated

luminosity of 19.6 fb .
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2 The CMS detector

CMS uses a coordinate system with its origin at the nominal collision point. The x-axis points
towards the center of the LHC. The y-axis points up towards the surface, perpendicular to the
plane of the LHC. The z-axis points along the LHC beamline in the counter-clockwise direction.
An azimuthal angle, ¢, is defined with respect to the x-axis in the xy-plane, and a polar angle,
6, is defined with respect to the z-axis. Pseudorapidity, 7, is defined as 7 = —In(tan(6/2)).

A characteristic feature of the CMS detector is a superconducting solenoid. The solenoid is 6 m
in diameter and produces a field of 3.8 T. A silicon inner tracker, an homogeneous electromag-
netic calorimeter (ECAL) made of lead tungstate crystals, and a sampling hadronic calorime-
ter (HCAL) made of plastic scintillator and brass absorber are contained within the solenoid.
A sampling hadronic calorimeter made of iron absorber and quart-fiber scintillators covers
the forward region. Muons are detected using gas-ionization chambers located outside of the
solenoid and embedded within a steel return yoke.

The inner tracker consists of a pixel detector and a silicon strip tracker, and it covers the pseu-
dorapidity range || < 2.5. The resolutions on the transverse momentum (pr) and impact
parameter (dp) of a charged particle with pr < 40 GeV are typically 1% and 15 mm, respec-
tively. The ECAL covers the pseudorapidity range |7| < 3.0, and provides an electron energy
resolution of better than 0.5% for electrons with energies greater than 100 GeV. The HCAL cov-
ers the pseudorapidity range || < 5.0 and provides a jet energy resolution of about 100%//E.
The CMS detector is nearly hermetic, which allows for a momentum-balance measurement in
the transverse plane (EXs). A full description of the CMS detector is provided elsewhere [14].

3 Data and Simulation Samples

For the LQ searches in both the eejj channel and the evjj channel, events are selected using the
unprescaled electron + dijet high level trigger (HLT) path, which requires at least one electron
with pr > 30 GeV, at least one jet with pr > 100 GeV, and at least one other jet with pr > 25
GeV. For the determination of the QCD multijet background in both the eejj channel and the
evjj channel, events are selected using prescaled single photon triggers. These triggers require
at least one ECAL deposit with varying pr thresholds and identification requirements. For
the determination of the tt background in the eejj channel only, which is determined using an
eujj sample, events are selected using an unprescaled single muon trigger. This trigger requires
a muon with pp > 40 GeV and || < 2.1; there are no isolation requirements.

Signal samples for leptoquark masses from 300 to 1200 GeV in both eejj (LQLQ — eqeq) and
evjj (LQLQ — equq ) final states were generated with the PYTHIA event generator (version
6.422) and CTEQ6L1 parton distribution functions. All signal samples were generated with
A = Aem = 0.3. Table 1 shows the leptoquark pair production NLO cross section and the
relative theoretical uncertainties as a function of the leptoquark mass [15].

The dominant sources of eejj and evjj events from production of standard model particles are
pair-production of top quarks and associated production of a Z° or W boson with jets. Smaller
background contributions come from QCD multijet events, single top, diboson, and +jets
production. Simulation samples are used to estimate or cross-check the contribution from all
of these backgrounds. These samples are described below:

e WHjets, Z'+jets, and tt events were generated using MADGRAPH [16].
e y-Hets and diboson (WW, WZ, ZZ) events were generated using PYTHIA [17].



Table 1: Details of the simulation signal datasets used in the analysis. Table includes NLO cross
sections [pb], PDF uncertainty, and NLO cross-sections with the renormalization/factorization

scale varied between half and twice the leptoquark mass [15].

| Mig [GeV] | o(u = Mig) [pb] | 6(PDEF) [pb] | o(p = Miq/2) [pb] | o(u = Mig x 2) [pb] |

300 1.89 0.214 1.63 2.13
350 0.77 0.102 0.663 0.866
400 0.342 0.052 0.295 0.385
450 0.163 0.0278 0.14 0.183
500 0.082 0.0155 0.0704 0.0922
550 0.0431 0.00893 0.037 0.0485
600 0.0235 0.0053 0.0201 0.0265
650 0.0132 0.00322 0.0113 0.0149
700 0.00761 0.002 0.00648 0.00858
750 0.00448 0.00126 0.00381 0.00506
800 0.00269 0.00081 0.00228 0.00304
850 0.00164 0.000527 0.00139 0.00186
900 0.00101 0.000347 0.000856 0.00115
950 0.000634 0.000231 0.000534 0.000722
1000 0.000401 0.000155 0.000337 0.000458
1050 0.000256 0.000105 0.000214 0.000293
1100 0.000165 7.18e-05 0.000138 0.000189
1150 0.000107 4.92e-05 8.88e-05 0.000123
1200 6.96e-05 3.4e-05 5.77e-05 8.04e-05
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e Single-top events were generated using POWHEG [18].

For the MADGRAPH and POWHEG samples, parton showering and hadronization were per-
formed with PYTHIA. CTEQS6L [19] parton distribution functions (PDFs) were used for all of
these samples. The presence of pileup events is included in the simulation, and a re-weighting
of simulation events for pileup is applied to match with the number of pileup events observed
in data.

4 Reconstruction of Electrons, Muons, Jets, and E?‘Ss

Energy clusters in the ECAL are matched to hits in the silicon pixel detector. Those hits in the
pixel detector are then used to seed tracks in the rest of the tracker. The resulting pairs of ECAL
energy clusters and tracker tracks form electron candidates. These candidates are required to
have transverse energy (Et) > 35 GeV and pseudorapidity |1| < 2.5, excluding the transition
region between the barrel and endcap detectors, 1.442 < |y| < 1.56. The selection criteria for
electron ID and isolation [20], which are optimized for electrons with energies of hundreds of
GeV have been applied. Electrons passing this selection are referred to as tight electrons.

Muon candidates are reconstructed as tracks in the muon system that are matched to a track
that has been reconstructed by the inner tracking system [21]. For this analysis, muons must
have pr > 10 GeV and satisfy a set of tight muon identification requirements. These include
the requirements that muons must be reconstructed as global muons with at least one muon
chamber hit included in the global-muon track fit, and segments in at least two muon sta-
tions. In addition, the muons must be isolated: the isolation energy within a cone of AR =
V (A¢)? + (An)? > 0.4 from the muon divided by the muon’s transverse energy must be less
than 0.12. This isolation energy is calculated using particle-flow algorithms [22, 23] and is cor-
rected for pileup contamination. Jets are reconstructed by the anti-kt algorithm [24] from a
list of particles obtained using particle-flow methods and a radius parameter R = 0.5. The
particle-flow algorithm [22, 23] reconstructs a complete, unique list of particles in each event
using an optimized combination of information from all CMS subdetector systems. In addition
to calorimeter noise cleaning at reconstruction level, loose jet identification criteria are applied
to further remove fake jets due to electronic noise or other detector artifacts. The jet energy
scale is derived using simulation and in situ measurements using dijet and photon+jet events.
Jets are required to have pr > 45 GeV and |y| < 2.4. Each jet is also required to be separated
by AR = /(A¢)? + (An)? > 0.3 from each selected electron or muon candidate.

The missing transverse energy, T, of the event is computed as the negative vector sum of all
particle flow objects” transverse momenta. Corrections are applied to the EJ"** to account for
pileup, jet energy corrections, and a systematic shift of the Ef"** observed in the x — y plane.
More information about EF"** performance during this running period can be found in Ref [25].

5 Event Selection

5.1 Event Selection in the eejj Channel

The two leading (in pr) electrons and the two leading (in pr) jets are used in the eejj analysis.
The electrons and jets must pass the identification requirements described in Section 4. In
addition, all events in the eejj analysis must pass the following kinematic cuts:

o the event must have triggered the electron + dijet HLT path described in Section 3;

e there must be exactly two electrons with pr > 45 GeV and || < 2.5;
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o there must be at least 1 jet with pr > 125 GeV and |y| < 2.4;
e there must be at least 2 jets with pr > 45 GeV and |77| < 2.4;
® 1M, the invariant mass of the two electrons, must be greater than 50 GeV;

e St, the scalar sum of the pr of the two electrons and the two leading jets, must be
greater than 300 GeV;

e there must be no muons passing the tight identification requirements and having
pr > 10 GeV in the event.

The above selection is referred to as the eejj preselection.

After applying the eejj preselection, signal-to-background separation is optimized for each lep-
toquark mass listed in Table 1 by selecting values for cuts on the following variables that max-
imize S/+/S + B, where S (B) represents the number of signal (background) events passing a
given selection:

® TMee,;
e St;

:]V erage (mre?in), the average (minimum) electron-jet invariant mass of the two lepto-
quark candidates, obtained from the two electrons and two jets. There are two possi-
ble ways to combine two electrons and two jets to form two leptoquark candidates.
The combination with the smaller difference between the two electron-jet masses is
considered in this analysis. For the chosen combination, the value of m%; - ¢ is the

¢
average between the two masses.

® M

The optimized minimum cut values for each leptoquark mass are given in Table 2. Due to
predicted backgrounds of less than one event, the cut values for leptoquarks with mass greater
than or equal to 1000 GeV are all the same.

Table 2: Optimized final selection minimum criteria for the eejj analysis for different LQ mass
hypotheses.

LQ mass (eejj)

300 [ 350 [ 400 ] 450 [ 500 ] 550 [ 600 [ 650 [ 700 | 750 [ 800 [ 850 [ 900 [ 950 [ > 1000
St [GeV] 435 | 485 | 535 | 595 | 650 | 715 | 780 | 850 | 920 | 1000 | 1075 | 1160 | 1245 | 1330 1425
Mee [GeV] | 110 | 110 | 115 | 125 | 130 | 140 | 145 | 155 | 160 | 170 175 180 190 195 205

mg" [GeV] | 50 | 105 | 160 | 205 | 250 | 290 | 325 | 360 | 390 | 415 | 435 | 450 | 465 470 475

5.2 Event Selection in the evjj Channel

The leading (in pr) electron, the two leading (in pr) jets, and the EX® are used in the evjj anal-
ysis. The electrons and jets must pass the identification requirements described in Section 4. In
addition, all events in the evjj analysis must pass the following kinematic cuts:

e the event must have triggered the electron + dijet HLT path described in Section 3;

there must be exactly one electron with pr > 45 GeV and || < 2.1;
there must be at least 1 jet with pr > 125 GeV and |y| < 2.4;
there must be at least 2 jets with pr > 45 GeV and |17| < 2.4;

EMiss, the missing transverse energy in the event, must be greater than 55 GeV;

Ap(EMsS ), the azimuthal separation between the EFSS and the electron must be
greater than 0.8;
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o A@(EXMss j1), the azimuthal separation between the ET'® and the leading jet must be
greater than 0.5;

e minAR(e, jets), the total angular separation between the electron and either of the
jets must be greater than 0.7;

e St, the scalar sum of the pr of the electron, the E%ﬁss, and the two leading jets, must
be greater than 300 GeV;

e there must be no muons passing the tight identification requirements and having
pr > 10 GeV in the event.

The above selection is referred to as the evjj preselection.

After applying the evjj preselection, signal-to-background separation is optimized for each
leptoquark mass listed in Table 1 by selecting values for cuts on the following variables that

maximize S/+/S + B:
° E¥115s,.

e S;

® MT ey= \/ 2 pre - EMiS(1 — cos(Ap(ERss, ¢))), the electron-neutrino transverse mass;

e 1 and mr,;, the electron-jet invariant mass and the neutrino-jet transverse mass of
the two leptoquark candidates, obtained from the electron, the E%ﬁss, and the two
leading jets. There are two possible ways to combine one electron, one neutrino
(i.e. EMsS) and two jets to form two leptoquark candidates. The combination with
the smaller difference between the electron-jet transverse mass and the neutrino-jet
transverse mass is considered in this analysis.

The optimized cut values for each leptoquark mass are given in Table 3. Due to predicted
backgrounds of less than one event, the cut values for leptoquarks with mass greater than or
equal to 950 GeV are all the same.

Table 3: Optimized final selection criteria for the evjj analysis for different LQ mass hypotheses
LQ Mass (evjj)
300 | 350 | 400 | 450 | 500 | 550 | 600 | 650 | 700 | 750 | 800 | 850 | 900 | > 950
Sr[GeV] | 495 | 570 | 645 | 720 | 800 | 880 | 960 | 1040 | 1120 | 1205 | 1290 | 1375 | 1460 | 1545
EMs [GeV] | 90 | 95 | 100 | 110 | 115 | 125 | 135 | 145 | 155 | 170 | 180 | 195 | 210 | 220
me [GeV] | 195 | 250 | 300 | 355 | 405 | 455 | 505 | 555 | 600 | 645 | 695 | 740 | 780 | 825
mrev [GeV] | 125 | 150 | 175 | 200 | 220 | 240 | 255 | 270 | 280 | 290 | 295 | 300 | 300 | 300

6 Background estimates
6.1 Background estimate in the eejj analysis

The Standard Model backgrounds contributing to the eejj analysis are Z’+jets (which domi-
nates), tt, QCD multijets, diboson (WW, WZ, ZZ) production, single top production, W+ +ets,
and 7y+jets. The methods used to estimate the contributions from the first three backgrounds
are described below. The contribution from the remaining backgrounds is small at final selec-
tion, and it is estimated with simulation.

The contribution from the leading background (Z’+jets) is determined using simulation that
has been normalized to data within a control region. The ZO+jets simulation is rescaled at
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eejj preselection within a Z%+jets-enriched region with 70 < . < 110, using Equation 1:

Ndata - (NOthers + NQCD)
N0

Ry = = 0.97 £ 0.01 (stat) (1)
where Nyata, Nz, Notherss Nocp are, respectively, the number of events observed data in the
Z"+jets-enriched region, the number of events predicted from Z’+jets simulation in the region,
the number of events predicted from the simulation of other Standard Model backgrounds
in the region, and QCD multijet events in the region. After this rescaling, good agreement
is observed between the Standard Model background prediction and the observed events in
data, both in terms of event yield and in terms of the shapes of the final selection variable
distributions.

The contribution from the second leading background (tt) is determined from data, using a tt-
enriched sample with exactly one tight electron, exactly one muon passing a set of tight muon
identification requirements, and at least two jets. This sample is referred to as the eyjj sample.
Events in the ey jj sample are selected online using an unprescaled trigger that requires a single
muon with no isolation requirement. Each event in the eyjj sample is weighted to account for
the different reconstruction efficiencies between electrons and muons and to account for the
different number of ee and ey events coming from tt production. The reweighted ey jj sample
predicts 1579.6 £ 29.3 tt events will pass the eejj final selection, while the tt simulation predicts
1582.2 + 13.8 tt events (uncertainties are statistical only). In addition, good agreement is ob-
served between the reweighted eyjj sample and the eejj tt simulation in modeling the shape
St and me;j distributions at eejj preselection. These distributions are shown in Figure 2.
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Figure 2: Comparison between events from data in the reweighted ey jj control sample and
events from tt simulation at eejj preselection. The reweighted ey jj control sample accurately
models the shape of the mg‘in distribution (left) and the St distribution (right) of events coming
from tt at the eejj preselection. The grey bands represent the statistical uncertainty on the
background prediction only.

The QCD multijet background is determined from data using a ‘fake rate’” method. In this
method, the probability of a jet being reconstructed as an electron that passes the electron se-
lection is measured. The measurement is performed using a dataset collected with a prescaled
single photon trigger, as described in Section 3. To suppress events with real Z — ee events,
events are selected with only one reconstructed electron passing a loose ID and having pt > 10
GeV and two or more jets with pr > 45 GeV. This dataset is dominated by multijet events con-
taining jets that have been misreconstructed as electrons. Other processes are subtracted using
simulation. The fake rate (FR) is defined as the number of events in the dataset for which the
electron passes the tight electron requirements over the total number of events in the sample.
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This fake rate is measured as a function of electron pt, and the result is binned in three electron
1 regions (|n7| < 1.442,1.56 < || < 2.00, and 2.00 < |y| < 2.50).

The QCD multijet background is estimated from a sample of events containing exactly two
electrons passing a loose ID and at least two jets. Events in which either of the loose electrons
pass the tight electron ID are removed from this sample, in order to protect against signal con-
tamination. The QCD multijet background is estimated by weighting each of the events in
this sample by FR/(1 — FR) for each electron. A consistency check performed on data sug-
gests a systematic uncertainty of 60% in the eejj analysis. This estimate for the QCD multijet
contribution is used in all plots, tables, and limits for the eejj analysis.

6.2 Background estimate in the evjj analysis

The Standard Model backgrounds contributing to the evjj analysis are tt (which dominates),
W+ +ets, QCD multijets, diboson (WW, WZ, ZZ) production, single top production, Zo+jets,
and y+jets. The methods used to estimate the contributions from the first three backgrounds are
described below. The contribution from the remaining backgrounds is small at final selection,
and it is estimated with simulation.

The contributions from the leading backgrounds (W*+jets and tt) are determined using simu-
lation that has been normalized to data within control regions. Two separate control regions are
used: one that enriches the samples with the tt events and one that enriches the samples with
the W+jets events. The tt-enriched sample (Sample 1) includes events that pass the evjj prese-
lection, have 70 < m ¢, < 110 GeV, and have four or more jets. The W™ +jets-enriched sample
(Sample 2) includes events that pass the evjj preselection, have 70 < mrt ¢, < 110 GeV, and
have fewer than four jets. These samples are used to define a system of equations:
Ncllata = RﬁNtlf + 7?’Wl\lé\/ + NéCD + Néthers (2)
Ngata = ,R’thtzf + RWNI%\/ + N(22CD + Néthers
where N, Cilata’ N Ii/\/’ N(i)thers’ N tif’
simulation (before rescaling), other simulated backgrounds (single-top, diboson, etc.), tt simu-
lation (before rescaling), and QCD multijet events passing selection i. Solving the system yields
the following rescaling factors for the MADGRAPH tt and W+jets samples:

and NéCD are, respectively, the number of events in data, W+jets

Rg = 0.97 £ 0.02 (stat) = 0.01 (syst)

3
Rw = 0.85£0.01 (stat) = 0.01 (syst) ®)

The value of Rw = 0.85 & 0.01 (stat) 4= 0.01 (syst) is determined primarily by the efficiency
with which the trigger selects W= +jets events. After this rescaling, good agreement is observed
between the Standard Model background prediction and the observed events in data, both in
terms of event yield and in terms of the shapes of the final selection variable distributions.

The QCD multijet background is determined from data using a "fake rate’ method. The same
electron fake rate measurement described in Section 6.1 for the eejj analysis is used in the
evjj analysis. The QCD multijet background is estimated from a sample of events contain-
ing exactly one electron passing a loose ID, at least two jets, and large EXS. Events in which
the loose electron passes the tight electron ID are removed from this sample, in order to protect
against signal contamination. The QCD multijet background is estimated by weighting each
of the events in this sample by FR/(1 — FR). A consistency check performed on data sug-
gests a systematic uncertainty of 30% in the evjj analysis. This estimate for the QCD multijet
contribution is used in all plots, tables, and limits for the evjj analysis.



7 Comparison with data
7.1 Comparison with data in the eejj channel

Good agreement is observed when comparing data to background estimates at preselection
level in the eejj analysis, as shown in Figure 3. Data and background estimates at the final
selections optimized for a leptoquark with a mass of 450 GeV and a mass of 650 GeV are shown
in Figures 4 and 5, respectively. Numerical comparisons between the number of background

events and signal events predicted and number of events observed in data are shown in Table
4.
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Figure 3: The St (top-left), mee (top-right), and m i (bottom) distributions for events pass-
ing the eejj preselection. The grey bands represent the statistical uncertainty on the background
prediction only.

In the final selection plots in Figures 4 and 5 and in Table 4, a broad excess is clearly visi-
ble for all selections optimized for a leptoquark of mass greater than 300 GeV. This excess is
most significant in the selection optimized for a leptoquark of mass 650 GeV, where 20.49 +
2.14 (stat) +2.45 (syst) events are expected and 36 events are observed. The significance of the
observed data with respect to the background estimate at this selection is 2.4. Unlike predicted
leptoquark signal, the excess does not peak sharply in the mgj‘in distribution.

7.2 Comparison with data in the evjj channel

Good agreement is observed when comparing data to background estimates at preselection
level in the evjj analysis, as shown in Figure 6. Data and background estimates at the final
selections optimized for a leptoquark with a mass of 450 GeV and a mass of 650 GeV are shown
in Figures 7 and 8, respectively. Numerical comparisons between the number of background

events and signal events predicted and number of events observed in data are shown in Table
5.
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Figure 5: The St (left) and mre?m (right) distributions for events passing the full eejj selection
optimized for Myqg = 650 GeV. The grey bands represent the statistical and systematic uncer-

tainty on the background prediction.



7.2 Comparison with data in the evjj channel 11

Table 4: Number of events after final eejj selection. Only statistical errors are reported, except
in the “Total Background” column, where systematic uncertainties are also reported. The “Sig-
nificance” column provides the significance of the excess observed in data with respect to the
background prediction after accounting for the correlations of the systematic uncertainties; no

signal hypothesis is included in the calculation.

[Mo [ LQSignal | Z+]ets | tf (from data) [ QCD (from data) | Other | Data | Total Background | Significance |
Presel - 10538.4 £ 35.8 | 1566.6 & 29.2 10.87 £0.10 3038+74 [ 12442 12419.6 £ 46.8 NA
300 135602 £80.1 | 4622+74 | 7243+198 | 5282+0.052 621+46 1244 | 1253.94 +21.67 + 30.08 (syst) 0.0
350 647394333 | 3321462 | 3520+138 | 3.215+0.036 37.7+3.6 736 | 72510+ 15.57 + 24.99 (syst) 0.0
400 3089.3+£150 | 203.2+48 153.7£9.1 1.696 = 0.023 23.8+29 389 | 382.40 £ 10.72 £ 15.00 (syst) 0.0
450 1508.1+£7.2 1129 £35 86.9+69 0.890 4 0.016 11.84+2.0 233 | 212.44+7.99 £ 13.33 (syst) 0.0
500 767.4+3.6 66.5+2.7 472+51 0.485 £ 0.011 74+16 148 | 121.61 £596 % 6.03 (syst) 1.8
550 4105+ 1.9 374+21 258+37 | 0.275840.0084 37+1.1 81 67.24 1 4.40 + 3.39 (syst) 0.7
600 2257 1.0 222+16 142428 | 0.1527 +0.0065 3.12+1.00 57 39.66 £ 3.35 £ 2.42 (syst) 2.1
650 125.85 +0.58 14.0+1.2 54+17 0.0760 = 0.0040 1.05 +0.47 36 2049 +2.14 + 2.45 (syst) 24
700 72.88 +0.33 8.16 +0.93 43+15 0.0448 = 0.0029 021+0.12 17 12.74 £ 1.80 £ 2.15 (syst) 0.9
750 43.10£0.20 488+0.69 | 1.55+090 | 0.0258+0.0023 | 0.078+0038 | 12 6.53 & 1.13 = 1.09 (syst) 16
800 26.17 +0.12 2934052 | 1.04+£073 | 0.0193+0.0022 | 0.078+0.038 7 4.06 £ 0.90 -+ 0.89 (syst) 1.1
850 15978 £0.072 | 234+£048 | 052+£052 | 0.0111£0.0015 | 0.042+0.028 5 2.91+0.71 £ 0.71 (syst) 0.0
900 981340044 | 1234036 | 052+052 | 0.0069+0.0012 | 0.0220.020 3 1.77 +0.63 + 0.37 (syst) 0.0
950 6.086£0.028 | 0.8940.29 0.007538 | 0.00451 £ 0.00085 | 0.022 £ 0.020 1 0.91215378 £ 0.27 (syst) 0.0
1000 | 3.860+£0.018 | 0.56+0.22 0.00*5d5 | 0.00374 £ 0.00082 | 0.0025 +0.0025 | 1 0.56711382 £+ 0.17 (syst) 0.0
1050 | 2.576+£0.011 | 0564022 0.007509 | 0.00374 4 0.00082 | 0.0025 4 0.0025 | 1 0.56713:35% & 0.17 (syst) 0.0
1100 | 1.6936 £0.0072 | 0.56 +0.22 0.007009 | 0.00374 £ 0.00082 | 0.0025 4 0.0025 | 1 0.567725% & 0.17 (syst) 0.0
1150 | 1.1272£0.0047 | 056 +£0.22 0.00%)0s | 0.00374 £ 0.00082 | 0.0025 +0.0025 | 1 0.5671362 £ 0.17 (syst) 0.0
1200 | 0.7498 £0.0030 | 0.56 +0.22 0.00*545 | 0.00374 £ 0.00082 | 0.0025 +0.0025 | 1 0.567+1362 + 0.17 (syst) 0.0
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Figure 6: The St (top-left), mt e, (top-right), and me distributions for events passing the
evjj preselection. The grey bands represent the statistical uncertainty on the background pre-
diction only.



12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 & 1.20 (stat) & 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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Figure 7: The St (left) and m, (right) distributions for events passing the full evjj selection opti-
mized for Mg = 450 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.
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Figure 8: The St (left) and m, (right) distributions for events passing the full evjj selection opti-
mized for Mg = 650 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.

8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

e A 2.6% uncertainty on the integrated luminosity [26];
o A jet energy scale uncertainty depending on jet pr and 7 [27];
e A jet energy resolution uncertainty depending on jet 7 [27];

e An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel
(endcap) [20];

e An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL
barrel (endcap) [28];
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Table 5: Number of events after final evjj selection. Only statistical errors are reported, except
in the “Total Background” column, where systematic uncertainties are also reported. The “Sig-
nificance” column provides the significance of the excess observed in data with respect to the
background prediction after accounting for the correlations of the systematic uncertainties; no
signal hypothesis is included in the calculation.

[Mo | LQSignal | W+ets [ tF [ QCD [ Other | Data | Total Background | Significance |
Presel - 58284.8 £ 197.0 | 32196.7 £ 69.8 | 5950.5 £ 20.1 | 6590.8 £ 231.6 | 105164 103022.8 £ 312.6 NA
300 47655+51.1 | 8221+£224 | 1191.3£120 | 1179+15 | 2105+77 | 2455 | 2341.90 & 26.58 £ 329.79 (syst) 03
350 21684+£21.6 | 27594145 4414£72 | 5911097 | 1021454 908 | 878.55+17.08 £ 122.13 (syst) 02
400 971.1£9.6 1104 £7.8 184247 | 3288+069 | 51.5+38 413 378.98 £9.91 + 51.38 (syst) 0.5
450 469.7 4.6 531458 747+£30 | 1413+£042 | 257427 192 167.64 +7.06 & 21.33 (syst) 08
500 2327423 205+33 344£20 7.76 £0.30 153 +2.1 83 77.99 +4.41 £ 9.77 (syst) 0.0
550 1214412 8.6+18 149+ 14 3.89+£0.21 78+16 44 35.24 £ 2.76 & 4.31 (syst) 1.0
600 66.37 + 0.66 23+1.0 7.08+£093 | 229+0.17 46+12 28 16.27 4 1.84 + 2.03 (syst) 2.1
650 37.22£0.37 041029 3.82+070 | 118£0.12 | 213+092 18 7.54 £1.20 £ 1.07 (syst) 26
700 21.74 £0.21 0.4140.29 261060 | 085+010 | 0584024 6 4454 0.71 & 0.74 (syst) 0.0
750 12.90+£0.13 0.0015%8 175+047 | 0514+0.091 | 0.27+0.15 4 2.5351 522 + 0.49 (syst) 0.0
800 7.610 +0.075 0.001050 1104037 | 0317+£0.067 | 0.27+0.15 3 1.696 050 + 0.31 (syst) 0.0
850 4.713 £ 0.046 0.00+000 090034 | 0.117£0.029 | 0.140 £ 0.087 2 1.15310323 + 0.24 (syst) 0.0
900 2,929 +0.028 0.001000 037021 | 0.076+0.024 | 0.084 % 0.069 1 0.53010552 =+ 0.10 (syst) 0.0
950 1.839 +0.018 0.001006 037021 | 0.069+0.023 | 0.084 & 0.069 1 0.524705%2 + 0.10 (syst) 0.0
1000 | 1.306+0.012 0.00+000 037021 | 0.069+0.023 | 0.084 £ 0.069 1 0.524+052 £ 0.10 (syst) 0.0
1050 | 0.9022 % 0.0076 0.00"000 0374021 | 0.0690.023 | 0.084 % 0.069 1 05240962 £ 0.10 (syst) 0.0
1100 | 0.6225 = 0.0050 0.00+055 037021 | 0.069+0.023 | 0.084 % 0.069 1 0.524+0752 + 0.10 (syst) 0.0
1150 | 0.4308 == 0.0032 0.00+000 037021 | 0.069+0.023 | 0.084 £ 0.069 1 0.524+052 + 0.10 (syst) 0.0
1200 | 0.2971 4 0.0022 0.00105s 037021 | 0.06940.023 | 0.084 = 0.069 1 0.5241055 + 0.10 (syst) 0.0

e An uncertainty on the pileup modeling of 6%;
o A 60% (30%) uncertainty on QCD multijet background in the eejj (evjj) channel ;

e A 2% uncertainty on the scale factor for eyjj sample for tt background estimate in
the eejj channel;

e A 1% uncertainty on the scale factor for Z+jets simulation sample in the eejj channel;

o A 2% uncertainty on the scale factor for W+jets simulation sample in the evjj chan-
nel;

e A 3% uncertainty on the scale factor for the tt simulation sample in the evjj channel;

e Uncertainties on the Zo+jets, Wi+jets, and tt shapes, as determined using MAD-
GRAPH simulation; samples for which the renormalization and factorization scales
and matching thresholds have been varied by a factor of two;

e Anuncertainty on the signal acceptance and background acceptance and cross-section
due to PDF uncertainty: 3% (2%) for background (signal) in the eejj channel and 3-
25% (3%) for background (signal) in the evjj channel.

The effects of these uncertainties on the analysis is determined by varying the relevant param-
eters by the above uncertainties. The analysis is then repeated in full to determine the change
in event yields for both signal and background predictions.

9 Results

Once the final selections have been applied across all leptoquark mass hypotheses in both anal-
yses, limits on leptoquark mass may be set by comparing the number of events observed to
pass those final selections with the number of events predicted by the various background es-
timates. A log-normal probability function is used to integrate over the statistical uncertainties
described in Section 8. Statistical uncertainties are described with I" distributions using a width
determined by the number of simulated events or the number of events observed in control re-
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gions in data that pass final selection criteria. Limits are set using the asymptotic CLs modified
frequentist approach [29, 30].

Figure 9 shows the 95% CL upper limits on ¢ x p% (¢ x 28(1 — B)) as a function of leptoquark
mass for scalar leptoquarks in the eejj (evjj) channel. The solid black line denotes the observed
limit, the dashed black line denotes the central value of the predicted limit, and the green and
yellow bands denote the systematic uncertainty within one and two standard deviations of the
central value of the predicted limit, respectively. The theoretical cross sections are shown as a
blue line. A lighter blue band around that line denotes the combined theoretical uncertainty
coming from both the factorization and PDF uncertainties, as shown in Figure 1. Using Figure
9, 95% CL exclusion limits are placed on first generation scalar leptoquarks with masses less
than 1005 (845) GeV, assuming f = 1.0 (0.5). This is to be compared with expected 95% CL
exclusions of 1030 (890) GeV, assuming = 1.0 (0.5).
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Figure 9: The expected and observed upper limit at 95% C.L. on the LQ pair production cross
section times B2 in the top plot (2B(1 — B) in the bottom plot) as a function of the LQ mass
obtained with the eejj (evjj) analysis. /The systematic uncertainties described in the text are
included in the calculation. The dark blue curve and the light blue band represent, respectively,
the theoretical LQ pair production cross section and the uncertainties due to the choice of PDF
and renormalization/factorization scales.

The two independent limits from the eejj and evjj channels are combined in Figure 10. This
combination results in a region of space in the f-mass plane which is excluded. The combina-
tion does not change the observed limits for the case where B = 0.5 or where g = 1.0 (Figure
9). These limits for B = 0.5 and = 1.0 represent the most stringent limits on first generation
leptoquarks to date.

Good agreement between observed events and the Standard Model background prediction is
seen at preselection level for the St, e, and mg]‘m distributions in the eejj analysis (Figure
3) and for the S, m7, ¢y, and mej distributions in the evjj analysis (Figure 6). In spite of this,
Tables 4 and 5 and Figures 9 and 10 clearly show a broad excess of observed events in data
in both channels with respect to the predicted contribution from Standard Model background
in nearly all of the levels of final selection. The excess in both analyses is most significant for
the final selection optimized for a leptoquark with a mass of 650 GeV. Figure 10 shows that a
leptoquark of mass 650 GeV with p < 0.15 cannot be excluded by this analysis. This region of
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Figure 10: The expected and observed exclusion limits at 95% CL on the first generation lep-
toquark hypothesis in the B versus mass plane using the central value of signal cross section
for the individual eejj and evjj channels and their combination. The green and yellow expected
limit uncertainty bands represent the 68% and 95% confidence intervals. Solid lines represent
the observed limits in each channel, and dashed lines represent the expected limits.
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the parameter space is dominated by the evjj analysis. The approximately 10 event excess in
the evjj final selection optimized for a leptoquark of mass 650 GeV corresponds to a leptoquark
of mass 650 GeV and 8 = 0.075.

An investigation of the St and mgj‘i“ distributions in the eejj analysis shows that the excess in
that analysis is background-like. The excess events do not appear in tail of the St distribution,
and the mT" distribution does not peak sharply. A similar investigation in the evjj analysis
shows that the core of the St distribution is described well by the Standard Model background
prediction, while the excess events appear in the distribution tail. Similarly, the m,; distribu-
tion in the evjj analysis is described well for low values of mj, where the Standard Model
background dominates. The mg'™" distribution in the eejj analysis and the m, distribution in
the evjj analysis as compared the predicted contribution of Standard Model background and a
leptoquark of mass 650 GeV and § = 0.075 are shown in Figure 11. In both analyses, the excess
is not characterized by the presence of jets from bottom quarks, as identified by the combined
secondary vertex b-tagging algorithm [31].
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Figure 11: The mgj‘m distribution in the eejj analysis (left) and the m,; distribution in the
evjj analysis (right) after all other cuts defined for the final selection optimized for a lepto-
quark mass of 650 GeV have been applied. The red line corresponds to the value of the cut on

mm (mej) in the eejj (evjj) analysis. The signal in both distributions corresponds to a leptoquark
w1th a mass of 650 GeV and B = 0.075. In the case of the eejj analysis, less than one signal event
with these parameters is expected to pass this selection. The grey bands correspond to the sta-
tistical and systematic errors on the Standard Model background and the statistical errors on
the signal.

The excess in the evjj channel is broader in the m,; distribution than signal Monte Carlo pre-
diction, but the limited number of observed events in data bar a more conclusive statement.
The intrinsic width, I, of scalar leptoquarks is defined by the signal Monte Carlo to be I' =
l/gzn X Myq, where A corresponds to the coupling constant between leptoquark, lepton, and
quark. The signal Monte Carlo used in this analysis corresponds to A = 0.3, which corresponds
to a width of roughly 13 GeV. Significantly higher values of A (and consequently broader lepto-
quarks) are strongly limited in this mass range by results from the HERA experiments [32, 33].
This implies that the intrinsic width of leptoquarks of mass close to 650 GeV would be negligi-
ble compared to the experimental resolution.

Because the discrepancies in both channels are significantly less than what would be expected
in the case of a leptoquark with a mass of 650 GeV and g > 0.5, 95% CL exclusion limits are
placed on first generation scalar leptoquarks with masses less than 1005 (845) GeV, assuming
B =1.0(0.5).
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10 Conclusions

In summary, a search has been carried out for the pair production of first generation scalar
leptoquarks decaying to two electrons and two jets or to one electron, one neutrino, and two
jets. The data used in this search were collected in 2012 by the CMS detector and correspond
to an integrated luminosity of 19.6 fb~'. The selection criteria were optimized for each signal
leptoquark mass hypothesis under consideration. In both channels, a significant excess is ob-
served in the final selection optimized for leptoquarks with a mass of 650 GeV. The excess in the
evjj channel in particular makes it impossible to exclude leptoquarks with a mass of 650 GeV
and B < 0.15. However, limits may still be placed with 95% CL on first generation scalar lep-
toquarks with masses less than 950 (845) GeV, assuming 8 = 1.0(0.5). This is to be compared
with expected 95% CL exclusions of 975 (890) GeV, assuming f = 1.0(0.5). These limits for
B = 0.5 and B = 1.0 represent the most stringent limits on first generation scalar leptoquarks
to date.
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