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We report a search for first generation scalar leptoquarks using 1.03 fb~! of proton-proton collisions
data produced by the Large Hadron Collider at /s =7 TeV and recorded by the ATLAS experiment.
Leptoquarks are sought via their decay into an electron or neutrino and a quark, producing events with
two oppositely charged electrons and at least two jets, or events with an electron, missing transverse
momentum and at least two jets. Control data samples are used to validate background predictions

from Monte Carlo simulation. In the signal region, the observed event yields are consistent with the
background expectations. We exclude at 95% confidence level the production of first generation scalar
leptoquark with masses myq < 660 (607) GeV when assuming the branching fraction of a leptoquark to
a charged lepton is equal to 1.0 (0.5).

© 2012 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

Similarities between leptons and quarks in the Standard Model
(SM) suggest that they might be a part of some symmetry at en-
ergy scales above the electroweak symmetry breaking scale. In this
type of symmetry, transitions between leptons and quarks, medi-
ated by a new type of gauge boson, a leptoquark (LQ), may occur.
LQs are putative color-triplet bosons with spin 0 or 1, and frac-
tional electric charge [1]. They are predicted in many extensions
of the SM, such as Grand Unification models, and possess both
quark and lepton quantum numbers. The Yukawa coupling A;q —1—q
of a leptoquark to a lepton and a quark, and the branching ra-
tio (B) to a charged lepton, are model dependent. In pp collisions,
if Arg—i—q is of the order of the electroweak coupling strength,
leptoquarks are predominantly produced in pairs via the strong
interaction. At the LHC, the pair production cross section is dom-
inated by gluon fusion for LQ masses miq < 1 TeV, whereas at
higher masses it is dominated by quark-antiquark annihilation. Un-
der these assumptions, the production rate for scalar LQs depends
only on the known QCD coupling constant and the unknown LQ
mass, and has been calculated at up to next-to-leading order. It
is usually assumed that leptoquarks only couple to one generation
of SM isospin multiplet to accommodate experimental constraints
on flavor-changing neutral currents, and lepton and baryon num-
ber violation [2]. Consequently, they are classified as first, second,
or third generation according to the fermion generation to which
they couple [3]. Lower mass limits on the first generation LQs al-
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ready exist from searches of LQ produced in pairs at the LHC [4,5],
Tevatron [6] and LEP [7]. Limits on single LQ production come from
HERA [8] and other experiments [9].

In this Letter we present updated results on a search for the
pair production of first generation scalar leptoquarks in pp colli-
sions at /s =7 TeV. The search is performed with a dataset corre-
sponding to an integrated luminosity of 1.030 £ 0.035 b1 [10] of
data collected by the ATLAS detector at the LHC from March 2011
to July 2011. We search for leptoquarks in two different final states.
In the first one both LQs decay into an electron and a quark, while
in the second final state one of the LQs decays into an electron and
a quark and the other LQ decays into an electron-neutrino and a
quark. These result in two different experimental signatures. One
such signature is the production of two electrons and two jets and
the other one comprises one electron, two jets, and missing trans-
verse momentum (the magnitude of which is denoted as E%‘iss).
The results from the two final states are combined and presented
in the myq versus g plane, where g is the branching ratio for a
single LQ to decay into a charged lepton and a quark.

2. The ATLAS detector

The ATLAS detector [11] is a general-purpose particle detector
with cylindrical geometry,! which consists of several subdetectors

1 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point in the center of the detector and z axis coinciding with the axis
of the beam pipe. The x axis points from the interaction point to the center of
the LHC ring, and the y axis points upward. Cylindrical coordinates (r, ¢) are used
in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2).
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surrounding the interaction point, and providing nearly 47 cov-
erage in solid angle. The location of the interaction point and
momenta of charged particles are determined by the multi-layer
silicon pixel and strip detectors covering |1| < 2.5 in pseudora-
pidity n, and a transition radiation tracker extending to |n| < 2.0,
which are inside a superconducting solenoid producing a field
of 2 T. The tracking system is surrounded by a high-granularity
liquid-argon (LAr) sampling electromagnetic calorimeter with cov-
erage up to |n| < 3.2. An iron-scintillator tile hadronic calorimeter
provides coverage in the range |n| < 1.7. In the end-cap and for-
ward regions LAr calorimeters provide both electromagnetic and
hadronic measurements and cover the region 1.5 < |n| < 4.9. The
muon spectrometer, consisting of precision tracking detectors and
superconducting toroids, is located outside the calorimeters.

We perform the search in the data sample selected by a three-
level trigger requiring at least one high transverse energy (Et)
electron. The trigger is fully efficient for electrons with Et >
30 GeV, as measured in an inclusive Z — ee control sample [12].

3. Simulated samples

Samples of Monte Carlo (MC) events are used to devise selec-
tion criteria and validate background predictions. Background and
signal samples are processed through the full ATLAS detector simu-
lation based on GEANT4 [13], followed by the same reconstruction
algorithms as used for collision data. The effects from in-time and
out-of-time proton-proton collisions are included in the MC simu-
lation. In the simulated samples, an event weight is applied to the
average number of additional proton-proton collisions occurring in
the same bunch crossing (event pile-up), to ensure that the num-
ber of interactions per bunch crossing, amounting to an average
of 6, is well modeled.

The dominant backgrounds to the leptoquark signal include W
and Z boson production in association with one or more jets, sin-
gle and pair production of top quarks, QCD multi-jet (M]) and
diboson processes. The ALPGEN [14] generator is used for the sim-
ulation of the W, Z boson production in association with n par-
tons. This program is interfaced to HERWIG [15] and JIMMY [16]
to model parton showers and multiple parton interactions, respec-
tively. The MLM [14] jet-parton matching scheme is used to form
inclusive W/Z + jets MC samples. MC@NLO [17] is used to es-
timate single and pair production of top quarks. Diboson events
are generated using HERWIG, and scaled to next-to-leading (NLO)
cross section predictions [17,18].

Signal LQ samples are produced with PYTHIA [19] and nor-
malized with NLO cross sections determined from Ref. [20] using
CTEQ6.6 [21] parton distribution functions.

4. Object identification

This search is based on selecting events with a high Et electron,
two high pr jets, and an additional electron or large E?iss. Electron
candidates are reconstructed as energy deposits in the electromag-
netic calorimeter. Electrons are required to have a shower profile
consistent with that expected for this particle, and to have a track
pointing to the energy deposit in the calorimeter. The pattern of
the energy deposits on the first layer of the EM calorimeter is used
to reject hadrons, while contamination from photon conversions is
reduced by requiring a hit in the first layer of the pixel detec-
tor [22]. In addition to these criteria, we require electrons to have
a transverse energy Et > 30 GeV and fall within a well instru-
mented region of the detector. Further rejection against hadrons
is achieved by requiring the electron candidates to be isolated
from additional energy deposits in the calorimeter by requiring
that E9?/Et < 0.1, where E9? is the transverse energy in a cone

of radius AR = /(An)?+ (A¢)2 = 0.2 centered on the electron
track, excluding the electron contribution, and corrected for the
energy from event pile-up and the electron energy leakage inside
the cone.

Jets are defined as localized energy deposits in the calorimeter
and are reconstructed using the anti-k; algorithm [23] with a dis-
tance parameter of 0.4 and by performing a four-vector sum over
calorimeter clusters. Reconstructed jets are corrected for the non-
compensating calorimeter response, upstream material and other
effects by using pr- and n-dependent correction factors derived
from MC and validated with test-beam and collision data [24]. We
further require that jets satisfy Et > 30 GeV, || < 2.8 and are sep-
arated from electrons passing the above selection within AR > 0.4.
Selected jets must also pass quality requirements to reject jets
arising from electronic noise bursts, cosmic rays and beam back-
ground, originating mainly from beam-gas events and beam-halo
events [25].

The presence of neutrinos is inferred from the missing trans-
verse momentum PSS (and its magnitude EISS) [26]. pIiss is
defined as the negative vector sum of the transverse momenta
of reconstructed electrons, muons and jets, as well as calorime-
ter clusters not associated to reconstructed objects.

Corrections are made to the simulated samples to ensure a
good description of the energy resolution and the trigger and
reconstruction efficiencies. These are determined in control data
samples and applied to both simulated background and signal
samples. These corrections change the total expected yields by less
than 2%.

5. Event selection

We define event selections to create samples with high signal
and background acceptance. Events are selected to be consistent
with the LQLQ — eeqg/evqq decays. In the eejj topology we re-
quire two electrons and at least two jets as defined in Section 4
and an invariant mass of the electron pair me, > 40 GeV. In the
evjj topology, one electron, at least two jets and E%“iss > 30 GeV
are required, together with a requirement on the transverse mass
of the electron and the PSS, mr = \/213%13%““5(1 —cos(A@)) >
40 GeV, where A¢ is the angle between the electron pr and
PSS, In addition, we require that A¢(jet, pFs) > 4.5 x (1 —
E¥‘i55/45 GeV) in the evjj channel for events with E;“iss < 45 GeV
to reduce residual contamination from MJ events. Events with ad-
ditional identified electrons as defined in Section 4 or muons with
pr > 30 GeV and |n| < 2.4 are rejected.

After all the selection criteria are applied the signal acceptance
is of 70% for a LQ signal of m;q =600 GeV for both channels, but
the sample is still dominated by background events.

6. Background determination

The M] background estimate is derived directly from data,
whereas MC samples are used to predict the other backgrounds.
We verify the shape of the V +jets (V = W*, Z) and top quark
background prediction using control regions, which are defined to
enhance either the V + jets or the top quark production contri-
bution, while keeping a negligible LQ signal contamination. These
control regions are also used to derive the final normalization of
the V + jets and top quark backgrounds.

The V + jets and top quark control regions are defined by ap-
plying additional selection criteria on me, and mrt to the selected
sample. The remaining signal contamination is reduced by apply-
ing an upper threshold to the summed transverse momentum in
the event, St, defined as the scalar sum of the prt of the two
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Fig. 1. Data and SM background comparisons of the input LLR variables for the eejj channel. (a) Invariant mass of the two electrons in the event; (b) Average LQ mass
resulting from the best (electron, jet) combinations in each event, and (c) St. The stacked distributions show the various background contributions, and data are indicated by
the points with error bars. The 600 GeV LQ signal is also shown for 8 =1.0. The solid line (band) in the lower plots shows the Gaussian statistical (statistical + systematic)

significance of the difference between data and the prediction.

leading jets and the transverse energy of the two electrons in the
eejj channel. In the St definition in the evjj channel, the second
electron Er is substituted by the EMss,

In the eejj topology we define two control regions (i) Z + jets:
formed by events with at least two jets and in which the two
electrons are required to have an invariant mass within a Z mass
window 81 < me, < 101 GeV, and (ii) tt: events with at least two
jets and exactly one electron and one muon [27], defined as in Sec-
tion 4. In the evjj topology we define three control regions (iii)
W + 2 jets: events with exactly two jets, an electron and E’T1r1iss
such that the transverse mass of the electron and the E;“iss is in
the region of the W Jacobian peak, 40 < mt < 120 GeV, and an
St < 225 GeV requirement to limit the presence of signal events,
(iv) W + 3 jets: as in (iii) but with three or more jets, and (v) tt:
events with at least 4 jets, where the thresholds on the first and
second jets are raised to 50 GeV and 40 GeV, respectively.

To estimate the M]J background, we perform fits to the me, dis-
tribution in the eejj channel, and to the E%“iss distribution in the
evjj channel. In these fits, the relative fraction of the M] back-
ground is a free parameter. Templates for the M] background distri-
butions are derived from M] enhanced samples, which are formed
using electron candidates passing relaxed selection requirements

but failing the nominal electron identification criteria described in
Section 4. The M] enhanced samples are corrected to remove the
residual contamination from real electrons. In the eejj channel, the
fits are applied to the sample selected following the criteria of Sec-
tion 5, as well as to control regions (i) and (ii), and the W + jets
background is estimated together with the M] background. In the
evjj channel, the fits are applied to the selected sample as well as
to control regions (iii)—(v).

We observe 5615 data events in the eejj channel and 76 855
data events in the evjj channel, with SM expectations of 5600 +
1000 and 74000+ 11000, respectively. For m;q =600 GeV, we ex-
pect 7.5+0.5 signal events in the eejj channel and 4.5+0.2 signal
events in the evjj channel. The aforementioned uncertainties fully
account for (the dominant) systematic and statistical uncertainties.

7. Likelihood analysis

We use a likelihood ratio method to separate signal and SM
background. The likelihoods are constructed separately for back-
ground (Lg) and signal (Ls) hypotheses from a set of discriminat-
ing variables as follows: Lg =[]bi(x;), Ls = []si(xj), where b;, s;
are the probabilities of the i-th input variable from the normalized
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Fig. 2. Data and SM background comparisons of the input LLR variables for the evjj channel. (a) Transverse mass of the electron and the E?’i“ in the event, (b) St, (c) LQ
mass, and (d) LQ transverse masses. The stacked distributions show the various background contributions, and data are indicated by the points with error bars. The 600 GeV
LQ signal is also shown for g = 0.5. The solid line (band) in the lower plots shows the Gaussian statistical (statistical 4 systematic) significance of the difference between

data and the prediction.

summed background and signal distributions respectively, and x; is
the value of that variable for the j-th event in a given sample. Sep-
arate Ls distributions are created for several signal mass points,
allowing mass-dependent optimization. Using the aforementioned
quantities, a likelihood ratio is defined as LLR =log(Ls/Lg) and is
used as the final variable to determine whether or not there is a
LQ signal present in our data.

The following discriminating variables, selected to give the best
separation between signal and background, are used. For the eejj
channel, we use mee, ST = E? + E%Z + pJTetl + pJTet2 and the av-
erage invariant LQ mass mpq. For the evjj topology, we use
mT(e,E;“iSS), St, the transverse LQ mass m%Q (jet, E;“iss) and the
invariant LQ mass mpq (e, jet). To obtain the LQ masses, we calcu-
late the invariant mass of the electron-jet system and the trans-
verse mass of the E%’iss—jet system. Since the LQs are produced in
pairs, there are two possible mass combinations for the electron-
jet and E;“iss—jet pairs, and the combination giving the smallest
mass difference is used. In the eejj channel, two possible electron-
jet combinations arise from this procedure, and we take their
average myq for the analysis. The discriminating variables are
shown in Figs. 1 and 2 for the eejj and the evjj channels, re-
spectively.

8. Systematic uncertainties

Systematic uncertainties affect both background normalizations
and shapes of the input distributions into the LLR. We consider
systematic uncertainties from a variety of sources. These are de-
scribed as follows.

The jet energy scale (JES) and resolution (JER) uncertainties are
considered independently, and applied by varying the JES (JER)
within its uncertainty of 4% to 6.5% (14%) depending on the jet pr
and n [28,29] for all simulated events. These variations are also
propagated to the E’T‘[liSS in the evjj channel. The resulting uncer-
tainties for the my o =600 GeV signal and background are 5% (8%)
and 11% for the eejj (evjj) final state.

Systematic uncertainties on the electron energy scale (1.6%)
and resolution (0.6%), and on the electron trigger, reconstruction
and identification efficiencies are derived by varying the selection
criteria defining the Drell-Yan control sample used for the various
measurements [12]. In addition, a 1% uncertainty is included to
account for the efficiency of the isolation requirement. They lead
to total signal and background yield uncertainties of 8% and 5%
(3.5%), respectively, for the eejj (evjj) channel and for a signal of
mass mpq = 600 GeV.
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(statistical + systematic) significance of the difference between data and the predic-
tion.

The systematic uncertainty for the production model of V + jets
is taken to be the largest difference between the nominal data-
driven prediction using ALPGEN and that obtained by using
SHERPA [30], giving an uncertainty of 1.5% and 3% for the eejj
and the evjj channels, respectively.

The systematic uncertainty for the ¢t production model is eval-
uated by comparing the yields between events generated with
MC@NLO and those generated with various alternate samples.
These include samples generated with POWHEG [31], a different
top mass (170 GeV and 175 GeV instead of the nominal value
equal to 172.5 GeV), and a different amount of initial and final
state-radiation (ISR/FSR). The result is an uncertainty in the tt yield
of 10% and 15% for the single electron and dielectron analyses, re-
spectively.

Systematic uncertainties are determined for the M] backgrounds
by comparing results from alternative normalizations to those from
the methods described earlier. The largest variation is taken, re-

Table 1

The predicted and observed yields in a signal enhanced region defined by requiring
LLR > 0O for both channels. Background predictions are scaled as described in Sec-
tion 6. The eejj (evjj) channel signal yields are computed assuming 8 =1.0 (0.5).
Statistical and systematic uncertainties added in quadrature are shown.

Source eejj Channel evjj Channel
400 GeV 600 GeV 400 GeV 600 GeV
W + jets . - 1500 + 670 670 +210
Z + jets 98 +53 26+14 45+ 41 18+£19
te 15+£9 46+2.2 430 £+ 180 150+ 38
Single ¢ 1.4+£09 0.7+0.4 53+19 23+4
Dibosons 1.5+0.8 0.7+0.3 25+11 11+£2
M] 9.2+45 23+15 170+ 35 75+15
Total 120+ 55 34+14 2200 £ 690 950 £ 220
Data 82 22 2207 900
LQ 120+8 7.5+0.5 69+4 45+0.2
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Fig. 4. 95% CL upper limit on the pair production cross section times branching ra-
tio of the first generation leptoquarks for the eejj channel at 8 =1.0 (a) and for
the evjj channel at 8 = 0.5 (b). The solid lines indicate the individual observed
limits, while the expected limits are indicated by the dashed lines. The theory pre-
diction is indicated by the dotted line, which includes the systematic uncertainties
due to the choice of the PDF and due to the renormalization and factorization
scales. The dark green (light yellow) solid band contains 68% (95%) of possible out-
comes from pseudo-experiments in which the yield is Poisson-fluctuated around
the background-only expectation. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this Letter.)

sulting in an uncertainty of 20% and 28% in the M] normalization
for the evjj and the eejj channels, respectively. An uncertainty
of 3.7% [10] on the integrated luminosity is applied to both dibo-
son and single top background yields, as well as to expected signal
yields.

Finally, further uncertainties on the simulated background con-
tributions originate from finite statistics in the MC samples used.
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These range from 2%-9%, depending on the LQ mass under consid-
eration. Additional signal uncertainties considered arise from the
choice of the PDF, which results in an uncertainty on the signal ac-
ceptance of 1%-8% for LQ masses between 300 GeV and 700 GeV,
and from ISR/FSR effects, resulting in an uncertainty of 2% for both
channels.

9. Results

The LLR distributions for data, backgrounds and a LQ signal as-
suming mpq = 600 GeV are shown in Fig. 3 for both channels. The
observed and predicted event yields requiring LLR > O for the ma-
jor background sources, as well as the expected signal, are shown
in Table 1. We do not observe any excess of events at high LLR
values where signal is expected, indicating no evidence of scalar
LQ pair production. Given the absence of signal we determine 95%
CL upper limits on the LQ pair production cross sections using a
modified frequentist CLs; method based on a Poisson log-likelihood
ratio statistical test [32,33]. Systematic and statistical uncertain-
ties are treated as nuisance parameters with a Gaussian probability
density function, and the full LLR distribution is considered. The
effect of the various systematic uncertainties on the shape of the
LLR distribution are included on the calculation by integrating over
a Gaussian distribution with standard deviation equal to the frac-
tional change in the yield between the systematically adjusted dis-
tribution and the nominal case for each individual uncertainty in
each bin. The 95% CL upper bounds on the cross section for LQ pair
production as a function of mass are shown in Fig. 4 for both the
eejj and the evjj channels for 8 = 1.0 and 8 = 0.5, respectively.
The obtained cross section limits are combined, and reinterpreted
as limits in the B vs. myq plane as shown in Fig. 5.

10. Conclusions

We report on a search for pair production of first generation
scalar leptoquarks at ATLAS using a data sample corresponding to
an integrated luminosity of 1.03 fb~'. No excess over SM back-
ground expectations is observed in the data in the signal enhanced
region, and 95% CL upper bounds on the production cross section
are thus determined. These are translated into lower observed (ex-
pected) limits on leptoquark masses of m > 660 (650) GeV and

m > 607 (587) GeV when assuming its branching fraction to a
charged lepton to be equal to 1.0 and 0.5, respectively. These are
the most stringent limits to date arising from direct searches for
leptoquarks.
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