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1 Introduction

Leptoquarks (LQ) are colour-triplet bosons that carry both lepton and baryon numbers

and have a fractional electric charge. They are predicted by many extensions of the Stan-

dard Model (SM) [1–7] and may provide unification between the quark and lepton sectors.

In accordance with experimental results on lepton-number violation, flavour-changing neu-

tral currents and proton decay, it is assumed that individual leptoquarks do not couple to

particles from different generations [8, 9], thus leading to three generations of leptoquarks.

The most recent limit on pair-produced third generation scalar leptoquarks (LQ3) decaying

to τbτb comes from the CMS experiment, in which scalar leptoquarks with masses below

525 GeV are excluded at the 95% confidence level (CL) [10]. Limits have also been set by

the D0 [11] and CDF [12] experiments at the Tevatron, which have excluded third gener-

ation scalar leptoquarks with masses up to 210 GeV and 153 GeV respectively. First and
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second generation scalar leptoquarks have been excluded up to 830 GeV and 840 GeV re-

spectively [13–15]. The results presented here are based on a total integrated luminosity of

4.7 fb−1 of proton-proton collision data at a centre-of-mass energy of
√
s = 7 TeV, collected

by the ATLAS detector at the LHC during 2011. The final states investigated arise from

the decay of both leptoquarks into a tau lepton and a b-quark, leading to a τbτb final state.

The branching fraction of LQ3 decays to τb is assumed to be equal to 100%.

Tau leptons can decay either leptonically (to an electron or muon plus two neutrinos),

or hadronically (typically to one or three charged hadrons, plus one neutrino, and zero to

four neutral hadrons). Since the final state includes two taus, this leads to three possi-

ble sub-categories of events: di-lepton, lepton-hadron and hadron-hadron. Of these, the

lepton-hadron category has the largest branching fraction (45.6%), and the presence of one

charged light lepton (` = e, µ) in the event is useful for event triggering and provides better

rejection of the multi-jets background. Only the lepton-hadron decay mode is considered

in this analysis, resulting in either an eτhad-visbb+ 3ν or µτhad-visbb+ 3ν final state, where

τhad-vis refers to the visible (non-neutrino) components of the hadronic tau decay.

Selected events are therefore required to have one electron or muon with large trans-

verse momentum (pT), one high-pT hadronically decaying tau, missing transverse energy

from the tau decays, and two high-pT jets. Searches are performed independently for the

electron and muon channels. The results are subsequently combined and interpreted as

lower bounds on the LQ3 mass.

2 The ATLAS detector

The ATLAS detector [16] is a multi-purpose detector with a forward-backward symmetric

cylindrical geometry and nearly 4π coverage in solid angle. ATLAS uses a right-handed

coordinate system with its origin at the nominal interaction point (IP) and the z-axis along

the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis

points upward. Cylindrical coordinates (r, φ) are used in the transverse (x, y) plane, with φ

being the azimuthal angle around the beam pipe. The pseudorapidity η is defined in terms

of the polar angle θ by η = −ln(tan(θ/2)). The three major sub-components of ATLAS

are the tracking detector, the calorimeter and the muon spectrometer.

Charged particle tracks and vertices are reconstructed using silicon pixel and microstrip

detectors covering the range |η| < 2.5, and by a straw tube tracker that covers |η| < 2.0.

Electron identification capability is added by employing Xenon gas to detect transition

radiation photons created in a radiator between the straws. The inner tracking system is

immersed in a homogeneous 2 T magnetic field provided by a solenoid.

Electron, jet and tau energies are measured in the calorimeter. The ATLAS calorimeter

system covers a pseudorapidity range of |η| < 4.9. Within the region |η| < 3.2, electro-

magnetic calorimetry is provided by barrel and end-cap high-granularity lead/liquid argon

(LAr) electromagnetic (EM) calorimeters, with an additional thin LAr presampler covering

|η| < 1.8, to correct for energy loss in material upstream of the calorimeters. Hadronic

calorimetry is provided by a steel/scintillator-tile calorimeter, segmented into three barrel

structures within |η| < 1.7, and two copper/LAr hadronic end-cap calorimeters. The for-
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ward region (3.1 < |η| < 4.9) is instrumented by a LAr calorimeter with copper (EM) and

tungsten (hadronic) absorbers.

Surrounding the calorimeters, a muon spectrometer with air-core toroids, a system of

precision tracking chambers providing coverage over |η| < 2.7, and detectors with trig-

gering capabilities over |η| < 2.4 to provide precise muon identification and momentum

measurements.

A three-level event-triggering system selects inclusive electron and muon candidates to

be recorded for offline analysis.

3 Monte Carlo simulations

Simulated signal events are produced using the PYTHIA 6.425 [17] event generator with

underlying-event Tune D6 [18] and CTEQ6L1 [19] parton distribution functions (PDFs).

The coupling λLQ→lq which determines the LQ lifetime and width [20] is set to 0.01×4πα,

where α is the fine-structure constant. This value is widely used in leptoquark searches

and gives the leptoquark a full width of less than 1 MeV and a decay length of less than 1

mm. The signal process is normalised using next-to-leading-order (NLO) cross-sections for

scalar leptoquark pair production [21]. The signal production cross-section for a leptoquark

mass of 500 GeV is 46.2 fb.

Background processes considered in this analysis are the production of W+jets,

Z/γ∗+jets, tt̄, single top quarks, boson pairs, and multi-jets. The W - and Z-boson pro-

cesses are simulated using the ALPGEN 2.13 generator [22] with the technique described in

ref. [23] to match the hard process (calculated with a leading-order (LO) matrix element for

up to five partons) to the parton shower of HERWIG 6.510 [24], and uses JIMMY 4.31 [25]

to model the underlying event. Wherever available, dedicated ALPGEN 2.13 samples with

massive charm and bottom partons were used for the W+jets and Z/γ∗+jets processes. All

samples listed above are generated using the CTEQ6L1 PDFs. Di-boson processes (WW ,

WZ, and ZZ) are modelled with HERWIG 6.510 using the MRST [26] LO PDFs. Samples

of top-quark pair production and associated production of single top quark (Wt) events

are produced using the MC@NLO 4.01 [27–30] generator interfaced with HERWIG 6.510

for parton showering, and JIMMY 4.31 to model the underlying event. The CT10 [31]

PDFs are used. Single-top s- and t-channel processes are modelled with AcerMC 3.8 [32]

using the MRST LO PDFs. The top-quark mass is taken as 172.5 GeV. In all simulated

samples TAUOLA [33] and PHOTOS [34] are used to model τ -lepton decays and additional

photon radiation from charged leptons, respectively. The W+jets and Z+jets samples are

normalised to the inclusive NNLO cross-sections in the proportions predicted by NLO cal-

culations for exclusive n-parton production. The most precise available calculation (nearly

NNLO) is used to normalise tt̄ production [35]. All other sources of background are nor-

malised using the cross-sections calculated at NLO.

Signal and background events are processed through a detailed detector simulation [36]

based on GEANT4 [37]. The data used in this paper are affected by multiple pp collisions

occurring in the same or neighbouring bunch crossings (pile-up) and have an average of

ten interactions per bunch crossing. The effects of pile-up are taken into account by
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overlaying simulated minimum-bias events onto the simulated hard-scattering events. The

Monte Carlo (MC) samples are then re-weighted such that the average number of pile-up

interactions matches that seen in the data.

4 Physics object identification

Collision events are required to have at least one reconstructed vertex with at least four

associated tracks with pT > 0.4 GeV. In events where more than one vertex is found, the

primary vertex is defined as the one with the highest
∑
p2T of the associated tracks. For

the final state of interest described below, this choice of primary vertex is correct in 98.9%

(98.4%) of the cases in the electron (muon) channel for the luminosity range considered here.

Electron candidates are reconstructed from clusters of cells in the electromagnetic

calorimeter and from tracks in the inner detector. They are required to pass a set of electron

identification cuts, based on information about the transverse shower shape, the longitu-

dinal leakage into the hadronic calorimeter, transition radiation, and the requirement that

a good-quality track with a hit in the innermost pixel layer points to the calorimeter clus-

ter [38]. A tight working point corresponding to a selection efficiency of approximately 80%

for true electrons in simulation is chosen. Electrons are required to have pT > 20 GeV and

|η| < 2.47, excluding the transition region between the barrel and the end-cap calorime-

ters, i.e. 1.37 < |η| < 1.52. Isolation requirements are placed on the electron candidates

by demanding that the calorimeter transverse energy in a cone of radius ∆R = 0.2 around

the electron (not including the electron cluster) must be less than 20% of the electron pT,

where ∆R =
√

(∆η)2 + (∆φ)2. In addition, track isolation is imposed by requiring that the

pT sum of additional tracks (not including the electron track) in a cone of radius ∆R = 0.2

is less than 20% of the electron track pT.

Muon tracks are reconstructed independently in the inner detector and in the muon

spectrometer. Tracks are required to have a minimum number of hits in each, and must be

compatible in terms of geometrical and momentum matching. The information from both

systems is then used in a combined fit to refine the measurement of the momentum of each

muon. Muon candidates are required to have pT > 20 GeV and |η| < 2.5. The average muon

reconstruction efficiency is approximately 90%, except for small regions in pseudorapidity

where it drops to 80% [39]. Isolation requirements are imposed by demanding that the

transverse energy (ET) deposited in the calorimeter in a cone of radius ∆R = 0.2 around

the muon (not including the cells crossed by the muon) is less than 20% of the muon

pT. Furthermore, track isolation is imposed by requiring that the pT sum of additional

tracks (not including the muon track) in a cone of radius ∆R = 0.2 be less than 20% of

the muon pT.

Jets are reconstructed using the anti-kt [40] algorithm with a radius parameter R = 0.4.

The jet algorithm is run on calibrated topological clusters of calorimeter cells [41]. Ad-

ditional pT- and η-dependent corrections are applied to jets to bring them to the final

calibrated energy scale [42]. Selected jets must have pT > 25 GeV and |η| < 2.8.

The identification of jets originating from b-quarks is performed using a neural-network-

based tagger [43] that uses the output weights of several likelihood-based algorithms as in-
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puts. The track transverse and longitudinal impact parameters with respect to the primary

vertex are examples of variables used by these algorithms. A working point corresponding

to an identification efficiency of approximately 70% for true b-jets in simulation is chosen.

For jets initiated by gluons or light quarks, the rejection factor (1/fraction that pass the

b-tagging ID) is of order 100.

The reconstruction of hadronically decaying tau leptons is seeded by jets which are

reconstructed within the acceptance of the inner detector. Only clusters in a cone with ra-

dius ∆R = 0.2 are used to define the visible tau energy and direction because the products

of hadronic tau decays are more collimated than those from multi-jet processes. Addi-

tional corrections depending on the pT, η and number of tracks are applied to bring the

reconstructed tau candidates to the correct energy scale [44]. The energy deposition in

the calorimeter is required to be matched to either one or three tracks in the inner detec-

tor. Hadronically decaying taus are required to have visible pT > 20 GeV, |η| < 2.5 and

unit charge, and are identified using a Boosted Decision Tree (BDT)1 [45] which uses both

calorimeter and tracking-based variables such as shower width and track multiplicity. A

working point with an identification efficiency for true hadronic tau decays in simulation

of ∼ 50% is chosen. The rejection factor for jets ranges from 50 to 100 depending on the

number of tracks matching the jet candidate.

The missing transverse momentum is a two-dimensional vector defined as the negative

vector sum of the transverse momenta of reconstructed electrons, muons, tau leptons and

jets, and also of calorimeter energy deposits not associated with reconstructed objects.2

The magnitude of the missing transverse momentum vector is referred to as the missing

transverse energy (Emiss
T ).

5 Event selection

Events are required to be identified by the trigger system as containing at least one electron

or one muon. In order to control the data-taking bandwidth, the trigger system imposed

a minimum transverse energy threshold on electrons of 20 GeV or 22 GeV (depending on

the data-taking period), and a minimum pT threshold on muons of 18 GeV. For the highest

luminosities towards the end of the data-taking period, the muon trigger is required to

be accompanied by a jet that passes the first-level trigger pT threshold of 10 GeV. All

data events are required to be recorded during stable LHC running conditions and with all

relevant sub-detectors functioning normally. Events are cleaned for instrumental effects,

such as sporadic noise bursts [46].

Events are required to have exactly one reconstructed electron (muon) with

pT > 25 (20) GeV. This suppresses background processes such as Z/γ∗ → `` and tt̄ which

have a higher average lepton multiplicity. Exactly one identified hadronic tau decay can-

didate with pT > 30 GeV and opposite-sign charge to the lepton is required. The Emiss
T is

1A BDT is a multivariate analysis technique where the selection is based on a majority vote on the result

of several decision trees, each of which is derived from the same training sample by supplying different event

weights during the training.
2Energy deposits in the calorimeters are expressed as four-vectors (E,p), where the direction is deter-

mined from the position of the calorimeter cluster and the position of the primary vertex.
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required to be larger than 20 GeV in order to further reject multi-jet and Z/γ∗ → `` pro-

cesses. In addition, at least two reconstructed jets are required, with the leading jet having

pT > 50 GeV and the sub-leading jet having pT > 25 GeV.

The signal-to-background ratio is improved by requiring that either the leading or sub-

leading jet passes the b-tagging requirements. After requiring that events must have one

of these two jets passing the b-tagging requirements, the dominant background process is

tt̄. Since both the signal and tt̄ processes contain two b-jets in the final state, no further

improvement in sensitivity is obtained by requiring that a second jet in the event also pass

the b-tagging requirements.

The visible mass (mτhad-vis−jet) of the tau candidate and the closest jet in η − φ space

(minimum ∆R) is required to be larger than 90 GeV. Only jets with pT > 40 GeV are

considered. This cut is chosen to reject semi-leptonic tt̄ events where the tau candidate is

faked by jets from W → qq̄ decays.

In events containing leptoquark decays, large Emiss
T arises from neutrinos accompanying

the tau decays. Taus originating from leptoquarks typically have high momentum, thus

the decay products are predominantly collinear and the Emiss
T direction is correlated with

the direction of the visible tau decay products. Two variables are defined in order to

improve the separation of signal and background: the absolute difference in φ between

the charged lepton and Emiss
T (|∆φ(Emiss

T , `)|), and the absolute difference in φ between

the tau candidate and Emiss
T ( |∆φ(Emiss

T , τhad-vis)|). The relationship between these two

variables for simulated signal (mLQ = 500 GeV) and the dominant top background, after

applying all the requirements described above is shown in figure 1. Events must satisfy the

following requirement:

|∆φ(Emiss
T , `)| ≤ −1.5

π
|∆φ(Emiss

T , τhad-vis)|+ 2 (radians), (5.1)

where ` = e, µ. This Emiss
T angular requirement selects events below the solid line in fig-

ure 1. A leptonically decaying tau is accompanied by two neutrinos, whereas a hadronically

decaying tau is accompanied by only one. In events with two true taus (as in the signal pro-

cess), the Emiss
T is therefore typically aligned with the leptonic tau decay and these events

are preferentially selected by the Emiss
T angular requirement. The signal efficiency is ap-

proximately 85%, independent of leptoquark mass. For tt̄ events containing a real hadronic

tau (produced from the W decay), the additional neutrinos from the tau decay cause the

Emiss
T to be preferentially aligned with the hadronic tau decay and these are rejected. In

the subset of tt̄ events where the tau is faked by a jet from W -decay, events are evenly

distributed across the |∆φ(Emiss
T , `)|-|∆φ(Emiss

T , τhad-vis)| plane and a large proportion of

these are also rejected. The overall efficiency for inclusive tt̄ events is 31%.

6 Background estimation

Backgrounds considered in this analysis are the production of W+jets and Z/γ∗+jets

(collectively referred to as V+jets), tt̄, single top quarks, di-boson and multi-jets. Nor-

malisation factors are applied to the MC predictions for V+jets and top backgrounds in
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(b) Top-quark background

Figure 1. The absolute value of the angle ∆φ between the reconstructed charged light lepton and

Emiss
T as a function of |∆φ| between τhad-vis and Emiss

T for simulated (a) signal (mLQ = 500 GeV)

and (b) top-quark background, after applying all selection cuts (see text) and normalising to the

integrated luminosity of the data. The function corresponding to the solid line is defined in eq. (5.1).

background-enriched control regions, to predict as accurately as possible the background in

the signal region, as described in more detail below. These control regions are constructed

to be mutually exclusive of the signal region and the assumption is made that normalisation

factors in the signal region are the same as in the background-enriched control regions. The

contribution from multi-jets is estimated using fully data-driven techniques. The contri-

bution from di-boson processes is taken directly from MC. The shapes of the distributions

are taken from simulation in the signal region.

Different approaches are used to estimate the backgrounds in the electron and muon

channels. Normalisation factors for the electron channel are calculated after applying

the electron, tau, Emiss
T , charge-product cuts, and jet multiplicity and pT requirements

described in section 5 above. This approach minimises bias with respect to the signal region,

but leads to limited statistics (for MC and data) in the control regions. Normalisation

factors for the muon channel are calculated after applying only the muon, tau and charge-

product requirements described in section 5.

6.1 Electron channel

The multi-jets background is estimated by defining a region in data with a tau candidate

that fails the tau BDT identification used in the nominal selection but passes a looser

identification working point, and has the same-sign charge as the electron. In addition, the

events are required not to contain any taus that pass the nominal selection criteria. Con-

tributions from W , Z/γ∗+jets, top-quark, and di-boson background processes estimated

from MC simulations are subtracted to get the shape of the multi-jets distribution. The
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normalisation is determined by performing a two-component maximum likelihood fit to

kinematic distributions of the sum of multi-jets and all other sources of background to

data, with the multi-jets fraction being the fit parameter. The variable used for fitting is

chosen to provide good discrimination between multi-jets and other sources of background.

The method is used to calculate the multi-jets contribution in the signal region, where the

transverse mass between the charged light lepton and the Emiss
T , defined to be:

mT =
√

2p`TE
miss
T (1− cos(∆φ)), (6.1)

is used as the fit variable. The multi-jets contribution is found to be 12+8
−16% of the total

data yield in the signal region. The same method is also used in background control

regions, fitting to the Emiss
T distribution in the W and Z/γ∗ → ττ control regions, and

the electron ET in the top control region. The validity of the method used to estimate

the multi-jets background contribution is cross-checked by using events with same-sign

charge electron-tau pairs as the control region and found to be compatible within statistical

errors. Dependence on the choice of variable used is evaluated by fitting to other kinematic

variables, and also found to be within statistical errors of the nominal value.

Separate control regions are defined for the Z/γ∗ → ee, Z/γ∗ → ττ , W , and tt̄ and

single top-quark processes. They are defined by applying the electron, tau, charge-product,

Emiss
T , and jet multiplicity and pT requirements (as described in section 5, collectively

referred to as the ‘baseline’ requirements), in addition to the cuts shown in table 1.

The control region for Z/γ∗ → ee events is constructed by requiring an additional

electron with pT > 20 GeV and opposite-sign charge to the first one. The second electron

is required to pass the same identification requirements as the first one.

The Z/γ∗ → ττ control region is defined by additionally requiring that the visible mass

of the electron-tau pair is in the range 40 < meτhad-vis < 80 GeV and that the transverse

mass between the electron and the Emiss
T is less than 60 GeV. A b-jet veto is also applied,

using a looser working point (with a selection efficiency of 75%) compared to the working

point used for signal selection. In this way contamination from top backgrounds is reduced.

The W+jets control region is constructed by applying in addition a b-jet veto (as

described above), demanding that 60 < mT < 120 GeV, and requiring that the event fail

the Emiss
T angular requirements cut (eq. (5.1)).

The control region for top backgrounds is defined by additionally requiring that events

pass the b-tagging requirements, have mτhad-visjet > 90 GeV, fail the Emiss
T angular require-

ments and have ST< 350 GeV, where ST is defined as the scalar sum of the pT of the

charged light lepton, the tau, the two highest-pT jets and the Emiss
T in the event,

ST = p
e/µ
T + pτhad-visT + pjet1T + pjet2T + Emiss

T . (6.2)

Normalisation factors for V+jets and top backgrounds in the electron channel are

calculated according to:

NFBG =
NData −NMC

OtherBG

NMC
BG

, (6.3)

– 8 –



J
H
E
P
0
6
(
2
0
1
3
)
0
3
3

Z/γ∗ → ee+jets Require one extra electron

Z/γ∗ → ττ+jets

b-jet veto

40 < meτhad-vis < 80 GeV

mT < 60 GeV

W+jets
b-jet veto

Fail Emiss
T angular cut

60 < mT < 120 GeV

Top-quark

b-jet requirement

mτhad-visjet > 90 GeV

Fail Emiss
T angular cut

ST < 350 GeV

Table 1. Control region definitions for the electron channel. The electron, tau, charge-product,

Emiss
T , and jet multiplicity and pT requirements are applied as described in section 5.

where NData is the number of data events in the control region, NMC
Other BG is the expected

number of events from other background processes, and NMC
BG is the contribution in the

control region from the background process of interest.

To account for contamination from other background processes in the control regions,

normalisation factors are found for each region in turn. At each stage the multi-jets con-

tribution is re-estimated and all previously found normalisation factors are applied when

estimating the contribution from other background processes.

The final background normalisation factors obtained are presented in table 3 and

discussed together with the muon channel in section 6.3.

6.2 Muon channel

The multi-jets contribution to the control and signal regions are estimated in the muon

channel from data using the ABCD method. Events are sorted into four regions using two

observables assumed to be independent — the muon isolation and the sign of the charge

product of the muon-tau pair. The regions are therefore defined as: isolated muon and

opposite-sign muon-tau pair (A), isolated muon and same-sign muon-tau pair (B), as well

as two regions with a non-isolated muon and opposite-sign or same-sign charge muon-tau

pair (C and D respectively). Non-isolated muons are defined as those which fail at least

one of the isolation requirements described in section 5. Contributions from other physics

processes in regions B, C, and D are subtracted using the MC simulation. The shape of

kinematic distributions for the multi-jets background is taken from region B, while the

expected number of events in the signal region (A) is determined by taking the product of

the number of events in region B with the ratio of the number of events in regions C and

D (i.e. NA = NB × NC
ND

). The multi-jets contribution is estimated to be 15±4% of the

total data yield in the signal region. The validity of the method is checked by varying both

isolation cuts up and down from the nominal value of 0.2 by 0.05. Deviations in the ratio
NC
NA

are included as an additional systematic uncertainty.
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Control regions for V+jets and top-quark background processes are defined by applying

the muon and tau requirements (including the charge-product requirement) as described

in section 5. Additional selection criteria used for each control region are listed in table 2.

Normalisation factors are calculated for each process by performing a maximum likelihood

fit. The variable used for fitting is chosen in each case to provide good discrimination

between the background process of interest, and other contributing physics processes in

that control region. The contribution from multi-jets in each control region is estimated

using the method described above, and this and contributions from other background

processes are taken into account when performing the fits.

The control region for Z/γ∗ → µµ events is defined by requiring two oppositely charged

muons and one hadronic tau decay. The second muon is required to pass the same require-

ments as the first. The normalisation factor for Z/γ∗ → µµ events in the signal region

is then determined by fitting to the di-muon invariant mass distribution in the range

60 < mµµ < 120 GeV.

The normalisation of Z/γ∗ → ττ events is obtained by selecting events with one muon,

one hadronic tau decay and Emiss
T > 20 GeV. Additionally, events are required to fail the

b-jet requirement. The fit is performed using the visible mass of the muon-tau pair in the

range 45 < mµτhad-vis < 80 GeV.

The control region for W+jets events is defined by selecting events with one muon,

one hadronic tau decay and Emiss
T > 20 GeV, and which fail the b-jet requirement. The

normalisation is determined by fitting to the transverse mass of the charged light lepton

and the Emiss
T in the range 70 < mT < 100 GeV.

The control region for tt̄ and single-top processes is defined by applying all selection

criteria, with the exception of the Emiss
T angular requirement which is reversed. In addition,

the ST of the event is required to be less than 350 GeV. The normalisation factor is obtained

by fitting to the ST distribution up to 350 GeV.

6.3 Background summary

The background normalisation factors in the signal region determined from data for both

channels are presented in table 3.

Uncertainties for normalisation factors are larger in the electron channel than the muon

channel due to the tighter requirements placed on the control region definitions, namely

the additional requirements on Emiss
T and jets which are not applied for the muon channel

(unless explicitly stated).

As a cross-check, the electron channel method (detailed in section 6.1) is applied to

the muon channel and the signal region normalisation factors determined in this way are

found to be NFZ/γ→µµ = 0.59 ± 0.09, NFZ/γ→ττ = 1.03 ± 0.08, NFW = 0.50 ± 0.08 and

NFtop = 0.93 ± 0.09. These figures agree within uncertainties with the factors determined

using the method described in section 6.2 and shown in table 3.

The largest background contribution comes from tt̄ events, with approximately 55% of

these coming from events containing a real hadronic tau decay (from the W decay) after

all selection cuts are applied. Approximately 40% come from events where the W boson

decays hadronically, and the tau candidate is faked by one of the jets. In the remaining
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Z/γ∗ → µµ+jets
Require one extra muon

60 < mµµ < 120 GeV

Z/γ∗ → ττ+jets

Emiss
T > 20 GeV

b-jet veto

45 < mµτhad-vis < 80 GeV

W+jets
Emiss

T > 20 GeV

b-jet veto

70 < mT < 100 GeV

Top-quark

Emiss
T > 20 GeV

pjet1T > 50 GeV

b-jet requirement

mτhad-vis−jet > 90 GeV

Fail Emiss
T angular cut

ST < 350 GeV

Table 2. Control region definitions for the muon channel. The muon, tau and charge-product

requirements are also applied as described in section 5.

Background Electron channel Muon channel

Z/γ∗ → ``+jets 0.54 ± 0.09 0.52 ± 0.02

Z/γ∗ → ττ+jets 0.99 ± 0.08 1.00 ± 0.02

W+jets 0.63 ± 0.07 0.50 ± 0.01

tt̄ and single-top 0.92 ± 0.08 0.93 ± 0.09

Table 3. Summary of background normalisation factors obtained using the control regions specified

in tables 1 and 2. The errors include both the statistical and systematic (discussed in section 7.3)

uncertainties.

∼ 5% of events, the reconstructed hadronic tau decay is faked in equal proportions by

electrons or b-jets. Normalisation factors for background processes in which the hadronic

tau decay is faked by a jet are observed to be significantly smaller than unity. This is a

known effect, caused by jets being narrower in simulation than in data and therefore being

more likely to fake a hadronic tau decay [47].

In both methods used for background estimation, the control regions for V+jets back-

ground processes either make no requirements on b-tagging, or veto events containing one

or more b-jets. Simulation tests have validated the assumption that the normalisation fac-

tors obtained in regions that require b-jets are the same as those in regions where b-jets

are not explicitly required, or are vetoed.

7 Systematic uncertainties

In simulated samples all sources of uncertainty are varied individually within their errors

and the impact on the results of the analysis is determined. Background normalisation fac-
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tors and multi-jets contributions are recalculated for each source of systematic uncertainty.

In this way the nominal simulation (comprising the current best estimates for physics ob-

ject reconstruction corrections) and systematic variations are treated coherently, and the

uncertainties are propagated through the analysis. The ST distribution is used to test for

the existence of leptoquarks, since this variable provides the best discrimination between

signal and background (discussed further in section 8). The shape of the ST distribution

remains unchanged within the total shape uncertainty (see further discussion in section 8)

when applying all the uncertainties detailed below and systematic variations are there-

fore treated as nuisance parameters affecting the overall scale. The relative changes in

acceptance for signal and background are quoted for each systematic variation.

7.1 Object-level uncertainties

There are several sources of systematic uncertainty associated with the reconstruction,

identification, and energy scale of physics objects, which can potentially affect the estimated

shapes of kinematic distributions and the normalisation of various processes.

Uncertainties associated with the efficiency of single-lepton triggers are typically less

than 1% [48, 49] and a ±0.5% (±3.3%) variation in the signal acceptance is observed when

varying the electron (muon) trigger efficiency by ±1σ. The effect on background processes

is negligible.

Varying the electron energy scale by ± 1σ results in a ±0.8% change in background

acceptance compared to the nominal selection and has a negligible impact on the signal

yields. The electron reconstruction and identification efficiency uncertainties are combined

in quadrature and yield an overall change of less than 1.5% for both signal and background.

Varying the muon momentum scale by 1σ results in a 0.2% change in signal yields com-

pared to the nominal selection. The impact of muon resolution uncertainties on signal and

background acceptance is found to be negligible. A ±1σ variation of muon reconstruction

efficiency results in a ±0.3% change in signal acceptance.

The uncertainty on the tau energy scale is typically around 3%, depending on the

pT and η of the hadronically decaying tau candidate [50]. Varying the energy scale by

±1σ changes the acceptance for background and low-mass signal (mLQ = 200 GeV) by

approximately 2%, decreasing to 1.2% for mLQ = 500 GeV. The uncertainty on the tau

identification efficiency is 4% for taus with pT < 100 GeV. This increases linearly with

pT up to a maximum of 8% for three-prong taus with pT > 350 GeV. Varying the tau

identification efficiency by this uncertainty results in an overall acceptance change for signal

of approximately 6% (for a leptoquark of mass 500 GeV). The variation of background

yields is found to be approximately 1% — significantly smaller than the change in the

signal yield, because the effect is largely absorbed in the normalisation factor defined in

the control region.

The jet energy resolution uncertainty is approximately 10% and affects the event yields

by approximately 2% [42]. The jet energy scale uncertainty depends on pT and η, and

varies between 2% and 5%. It is modelled by 14 separate nuisance parameters, each of

which is varied by ±1σ independently from the others. The use of control regions does
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not significantly reduce the variations of the different background yields, and changes in

acceptance of signal and background of up to ±2% are observed.

The uncertainty on the b-jet identification efficiency for the algorithm and operating

point used in this analysis ranges from 5% to 18% depending on jet kinematics. The b-

tagging efficiency and probability that a light jet is identified as a b-jet are anti-correlated

and thus varied accordingly. A ±1σ variation results in a ±9% (±15%) change in signal

acceptance for leptoquarks with a mass of 200 (500) GeV. The use of control regions reduces

the background yield variation to ±3% in both channels.

All energy scale and resolution corrections for electron, muon, tau and jet candidates

are propagated consistently to the Emiss
T calculation. Additional uncertainties related to

the energy scale and pile-up dependence of calorimeter clusters not associated with any

high-pT objects (electrons, taus, jets) are also considered in the Emiss
T calculation. These

sources are varied independently within their uncertainties and the impact on signal and

background yields is found to be negligible.

The uncertainty on the integrated luminosity for data taken during 2011 is ±3.7% as

determined in ref. [51].

7.2 Theoretical uncertainties

QCD renormalisation and factorisation scales are varied by a factor of two to estimate the

impact on the signal production cross-section. The variation is found to be ±12%. A re-

weighting technique is used to assess the sensitivity of the signal acceptance to the choice

of parton distribution functions and the resulting uncertainty is estimated to be ±12%.

Varying the multi-parton interactions within experimental bounds has a negligible effect

on the signal process.

The effect of the choice of event generator for the top-quark background is estimated

by using PowHeg 1.0 [52, 53] (instead of MC@NLO 4.01) to model the hard process. The

parton shower and hadronisation models, and the underlying event model (respectively

HERWIG 6.510 and JIMMY 4.31 in the nominal sample) are replaced with those from

PYTHIA 6.425. In addition, the CTEQ6L1 PDF set is used instead of CT10 which is

used in the nominal tt̄ sample. The total background yield is found to differ by 1.5% with

respect to the nominal samples.

The uncertainty on the signal and the top-quark background due to initial-state ra-

diation (ISR) and final-state radiation (FSR) is evaluated using the AcerMC generator

interfaced to the PYTHIA 6.425 shower model with the parameters controlling ISR and

FSR varied in a range consistent with experimental data [54]. The event yields are found

to agree with nominal values within statistical uncertainties.

MC@NLO events with top-quark masses of 170 GeV and 175 GeV are used to assess

the top-quark mass dependence, which is added in quadrature to the uncertainty related to

the choice of event generator and PDF set. The resulting uncertainty (2.8%) is treated as

a nuisance parameter affecting the background yield and is assumed to be fully correlated

between the electron and muon channels.

Other background processes taken from simulation (W , Z/γ∗, di-boson) account for

less than 20% of the total background. The W and Z/γ∗ samples are simulated with
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the matching parameter (described in ref. [23]) set to 20 GeV. Event yields are found

to agree with the nominal values within statistical uncertainties when this parameter is

changed to 30 GeV.

The W and Z control regions are defined with either the application of a b-jet veto,

or with no b-tagging requirements. The uncertainties on the production cross-sections of

W or Z bosons in association with one or two b-jets are estimated using MCFM [55, 56].

The QCD renormalisation and factorisation scales are varied independently by a factor

of two, and different PDF sets are considered. The total uncertainty is found to be 30%

and the uncertainties on the normalisation factors for W and Z background processes are

increased by this amount (i.e. to 2%).

7.3 Background uncertainties

For each channel, the systematic uncertainties on the normalisation factors in table 3 are

evaluated by calculating the normalisation factor for a given background when normal-

isation factors for all other sources of background are varied up or down by their sta-

tistical error. The systematic uncertainty on the multi-jets background is evaluated by

varying the normalisation factors of other backgrounds by ±1σ. The methods used to

estimate the contributions from multi-jets processes are validated by modifying the control

regions used, and in the case of the electron channel the variable used for fitting (see sec-

tions 6.1 and 6.2). Deviations from the nominal value are included as additional sources

of systemati uncertainty.

Conservatively, all background normalisation factors are assumed to be fully correlated

and the impact on the total background yield is +16
−19% for the electron channel and ±9% for

the muon channel. The background estimation method used in the muon channel allows a

more accurate determination of the normalisation factors compared to the event-counting

method employed in the electron channel, and the normalisation factor uncertainty for

the muon channel is correspondingly smaller than in the electron channel. For both chan-

nels, the limited number of data events in the top-quark control region is the main source

of uncertainty on the top-quark normalisation factor, which in turn has the largest im-

pact on the total yield uncertainty. Due to the tighter requirements on control regions

for the electron channel background estimation, this method also suffers from a limited

number of events in data and simulation when estimating normalisation factors for V+jets

background processes.

7.4 Summary of systematic uncertainties

The shape of the ST distribution remains unchanged within statistical uncertainties when

applying all the uncertainties mentioned above. The uncertainties for the electron and

muon channels are summarised in tables 4 and 5 respectively. Uncertainties related to the

background normalisation factors have the largest impact on the total background yield,

while for the signal yield the largest sources of systematic uncertainty are due to theoretical

uncertainties (comprising uncertainties related to PDFs, multi-parton interactions, and

initial- and final-state radiation) and from b-jet identification.
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Background LQ(m=500 GeV)

Luminosity − 3.7

Theory 2.8 17

Normalisation factors +16/− 19 −
Trigger efficiency < 0.2 0.5

Electron energy scale 0.8 0.4

Electron reconstruction and identification efficiency 1.5 1.5

Tau energy scale 2.6 1.2

Tau ID efficiency 1.2 5.7

Jet energy scale (nuisance parameter dependent) 0.1− 2.4 < 0.2

Jet energy resolution 2.5 0.3

b-tagging efficiency 2.7 15

Table 4. The sources of systematic uncertainty in the electron channel and the relative change (in

%) in the background and signal yields. The theory term includes uncertainties related to initial

and final state radiation, PDFs, and multi-parton interactions.

Background LQ(m=500 GeV)

Luminosity − 3.7

Theory 2.8 17

Normalisation factors 9 −
Trigger efficiency < 0.2 3.3

Muon momentum scale 0.1 0.2

Muon reconstruction efficiency < 0.1 0.3

Tau energy scale 0.6 1.2

Tau ID efficiency 0.8 5.7

Jet energy scale (nuisance parameter dependent) 0.1− 2.0 < 0.2

Jet energy resolution 1.5 0.5

b-tagging efficiency 2.7 15

Table 5. The sources of systematic uncertainty in the muon channel and the relative change (in

%) in the background and signal yields. The theory term includes uncertainties related to initial-

and final-state radiation, PDFs, and multi-parton interactions.

8 Results

The observed yields in data, as well as expected yields for the background processes and

the signal for several leptoquark masses, after all selection cuts are applied, are shown in

table 6. The ST distribution is used to test for the existence of leptoquarks. Distributions

for both channels are shown in figure 2.

At very high ST, the statistical uncertainties on the various background processes

become very poor due to the limited number of MC and (in the case of the multi-jets)
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Figure 2. Data and MC comparisons of the ST variable after applying all cuts in the (a) electron

and (b) muon channels. The ratio NData/NBackground is also shown, where the red line at unity and

hashed band represent the Standard Model expectation and associated statistical and systematic

uncertainties. No events with ST > 1.2 TeV were observed in data.

Electron channel Muon channel

Z/γ∗ → ``+jets 2.1 ± 0.9 1.1 ± 0.5

Z/γ∗ → ττ+jets 21.4 ± 2.2 26.6 ± 2.2

W+jets 5.2 ± 1.2 7.1 ± 1.5

tt̄ and single-top 119 ± 11 130 ± 11

Di-boson 1.1 ± 0.2 1.3 ± 0.2

Multi-jets 20 +13
−16 29 ± 8

Total background 169 +27
−32 195 ± 18

Data 187 198

mLQ = 200 GeV 711 ± 22 839 ± 25

mLQ = 300 GeV 131 ± 3 136 ± 3

mLQ = 400 GeV 28.7 ± 0.6 28.6 ± 0.6

mLQ = 500 GeV 7.53 ± 0.15 6.84 ± 0.15

mLQ = 600 GeV 2.1 ± 0.04 1.87 ± 0.04

Table 6. Yields for data, background and several leptoquark masses in both channels after all

cuts are applied. The errors include statistical uncertainties and systematic uncertainties on the

background normalisation.

data events in the signal region. The sum of the background processes is fitted in the

region 350 GeV < ST < 2000 GeV to an exponential function using a maximum likelihood

fit. In this way the distribution is smoothed and a background expectation is provided
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Figure 3. Comparison of the fitted ST background shape to data in the (a) electron and (b)

muon channels. The ±1σ band represents the uncertainty on the shape of the ST distribution,

obtained by varying the fit parameters within their uncertainties and comparing with the shape

of the ST distribution obtained for each systematic variation. No events with ST > 1.2 TeV were

observed in data.

throughout this ST region. The fit parameters are varied within their uncertainties to

obtain a shape uncertainty. The shape of the ST distribution is checked for all systematic

variations and the variation is found to be significantly smaller than the fit uncertainty

in almost all cases. The only exception is for the variation in choice of generator used to

model the tt̄ background process, where the central value lies outside the nominal range

(although covers the nominal value within its own statistical uncertainty). Conservatively,

the difference between the nominal shape and the alternative shape is taken as a systematic

uncertainty and added to the shape uncertainty determined from the nominal fit. The total

shape uncertainty is treated as an additional nuisance parameter. Comparisons of the fitted

distributions to data are shown in figure 3. Below ST = 350 GeV the background shape is

taken from the histogram.

Two alternative models are built to describe background-only and signal+background

hypotheses. The signal component is calculated separately for each leptoquark mass, thus

taking the mass dependence of the ST distribution into account. For each mass hypothesis,

a single ‘signal strength’ parameter (µ) multiplies the expected signal in each bin, where

µ = 0 corresponds to the absence of a signal and µ = 1 corresponds to the presence of a

signal with nominal strength. The model describes the expected number of signal (si) and

background (bi) events in each bin using a Poisson distribution. All systematic uncertainties

described in section 7 are assumed to be distributed according to a Gaussian function

and implemented as multiplicative constraint terms. The correlation of the systematic

uncertainties across channels is taken into account. Statistical uncertainties in signal and

background histogram bins are also treated as nuisance parameters and assumed to be

distributed according to a Poisson function. The statistical analysis of the data employs a

binned likelihood function L(µ, θ). The likelihood in each channel is a product over bins
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Figure 4. The expected (dashed) and observed (solid) 95% credibility upper limits on the cross-

section as a function of leptoquark mass, in the (a) electron and (b) muon channels. The 1(2) σ error

bands on the expected limit represent all sources of systematic and statistical uncertainty. The

expected NLO production cross-section for third generation scalar leptoquarks and its corresponding

theoretical uncertainty (hashed band) are also included.

in the ST distributions defined as

L(µ, θ) =
∏
i=bin

Poisson(Ni|µsi + bi), (8.1)

where si and bi are the expected number of signal and background events in bin i re-

spectively, and Ni is the observed number of events. Both si and bi depend on nuisance

parameters θ. Pseudo-experiments are generated according to background-only and sig-

nal+background models to obtain distributions of the test statistic, log(L(µ, θ)/L(0, θ)).

The CLs method [57] is used to calculate the p-values.3 The signal strength parameter is

varied iteratively to find the 95% confidence level.

The resulting cross-section limits as a function of leptoquark mass are calculated. It

is assumed that BR(LQ → τb) = 1.0. The 95% CL upper bounds on the NLO cross-

section for scalar leptoquark pair production as a function of mass are shown for individual

channels in figures 4(a) and 4(b). Error bands for the expected limits include all sources of

uncertainty. Third generation scalar leptoquarks are observed (expected) to be excluded at

95% confidence level for masses below 498 (523) GeV and 473 (514) GeV in the electron and

muon channels respectively by comparing the limits with theoretical predictions of cross-

section versus mLQ. The limit is taken using the nominal theoretical calculation for the

leptoquark production cross-section at NLO. The uncertainty on the cross-section is also

shown. The result when both channels are combined is shown in figure 5. The likelihood

for the combined model is defined as the product of likelihood terms for each channel. The

data are found to be consistent with the background-only hypothesis and third generation

scalar leptoquark production is excluded at 95% confidence level for leptoquark masses up

to 534 GeV (the expected limit is 569 GeV).

3The p-value is the probability of obtaining a test statistic at least as extreme as the one that was

actually observed, assuming that the null hypothesis is true.
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Figure 5. The expected (dashed) and observed (solid) 95% credibility upper limits on the cross-

section as a function of leptoquark mass, for the combined result. The 1(2) σ error bands on the

expected limit represent all sources of systematic and statistical uncertainty. The expected NLO

production cross-section for third generation scalar leptoquarks and its corresponding theoretical

uncertainty (hashed band) are also included.

9 Conclusions

A search for pair production of third generation scalar leptoquarks has been performed

with the ATLAS detector at the LHC, using a data sample corresponding to an integrated

luminosity of 4.7 fb−1. No significant excess over the SM background expectation is ob-

served in the data. The assumption is made that BR(LQ→ τb) = 1.0 and third generation

scalar leptoquarks with masses up to mLQ < 534 GeV are excluded at 95% CL. The cross-

section for leptoquark pair-production increases with centre-of-mass collision energy. At√
s = 8 TeV the production rate for leptoquarks with mLQ = 700 GeV is enhanced by a

factor of two, providing scope for setting stronger limits using data from the 2012 LHC

run. Meanwhile, this result is the most stringent limit arising from direct searches for third

generation scalar leptoquarks to-date.
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South Africa; MICINN, Spain; SRC and Wallenberg Foundation, Sweden; SER, SNSF and

Cantons of Bern and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey; STFC, the Royal

Society and Leverhulme Trust, United Kingdom; DOE and NSF, United States of America.

The crucial computing support from all WLCG partners is acknowledged gratefully,

in particular from CERN and the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF

(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF

(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA)

and in the Tier-2 facilities worldwide.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License which permits any use, distribution and reproduction in any medium,

provided the original author(s) and source are credited.

References

[1] S.K. Dimopoulos and L. Susskind, Mass without scalars, Nucl. Phys. B 155 (1979) 237

[INSPIRE].

[2] S. Dimopoulos, Technicolored signatures, Nucl. Phys. B 168 (1980) 69 [INSPIRE].

[3] E.J. Eichten and K.D. Lane, Dynamical breaking of weak interaction symmetries, Phys. Lett.

B 90 (1980) 125 [INSPIRE].

[4] V. Angelopoulos et al., Search for new quarks suggested by the superstring, Nucl. Phys. B

292 (1987) 59 [INSPIRE].

[5] W. Buchmüller and D. Wyler, Constraints on SU(5) Type Leptoquarks, Phys. Lett. B 177

(1986) 377 [INSPIRE].

[6] J.C. Pati and A. Salam, Lepton number as the fourth colour, Phys. Rev. D 10 (1974) 275

[Erratum ibid. D 11 (1975) 703] [INSPIRE].

[7] H. Georgi and S.L. Glashow, Unity of all elementary particle forces, Phys. Rev. Lett. 32

(1974) 438 [INSPIRE].

[8] S. Kovalenko and I. Schmidt, Proton stability in leptoquark models, Phys. Lett. B 562 (2003)

104 [hep-ph/0210187] [INSPIRE].

[9] W. Buchmüller, R. Ruckl and D. Wyler, Leptoquarks in lepton-quark collisions, Phys. Lett.

B 191 (1987) 442 [Erratum ibid. B 448 (1999) 320] [INSPIRE].

[10] CMS collaboration, Search for pair production of third-generation leptoquarks and top

squarks in pp collisions at
√
s = 7 TeV, Phys. Rev. Lett. 110 (2013) 081801

[arXiv:1210.5629] [INSPIRE].

[11] D0 collaboration, V. Abazov et al., Search for third generation scalar leptoquarks decaying

into τb, Phys. Rev. Lett. 101 (2008) 241802 [arXiv:0806.3527] [INSPIRE].

– 20 –

http://dx.doi.org/10.1016/0550-3213(79)90364-X
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B155,237
http://dx.doi.org/10.1016/0550-3213(80)90277-1
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B168,69
http://dx.doi.org/10.1016/0370-2693(80)90065-9
http://dx.doi.org/10.1016/0370-2693(80)90065-9
http://inspirehep.net/search?p=find+J+Phys.Lett.,B90,125
http://dx.doi.org/10.1016/0550-3213(87)90637-7
http://dx.doi.org/10.1016/0550-3213(87)90637-7
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B292,59
http://dx.doi.org/10.1016/0370-2693(86)90771-9
http://dx.doi.org/10.1016/0370-2693(86)90771-9
http://inspirehep.net/search?p=find+J+Phys.Lett.,B177,377
http://dx.doi.org/10.1103/PhysRevD.10.275
http://inspirehep.net/search?p=find+J+PHRVA,D10,275
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,32,438
http://dx.doi.org/10.1016/S0370-2693(03)00544-6
http://dx.doi.org/10.1016/S0370-2693(03)00544-6
http://arxiv.org/abs/hep-ph/0210187
http://inspirehep.net/search?p=find+J+Phys.Lett.,B562,104
http://dx.doi.org/10.1016/0370-2693(87)90637-X
http://dx.doi.org/10.1016/0370-2693(87)90637-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B191,442
http://dx.doi.org/10.1103/PhysRevLett.110.081801
http://arxiv.org/abs/1210.5629
http://inspirehep.net/search?p=find+EPRINT+arXiv:1210.5629
http://dx.doi.org/10.1103/PhysRevLett.101.241802
http://arxiv.org/abs/0806.3527
http://inspirehep.net/search?p=find+EPRINT+arXiv:0806.3527


J
H
E
P
0
6
(
2
0
1
3
)
0
3
3

[12] CDF collaboration, T. Aaltonen et al., Search for pair production of scalar top quarks

decaying to a τ lepton and a b quark in pp̄ collisions at
√
s = 1.96 TeV, Phys. Rev. Lett. 101

(2008) 071802 [arXiv:0802.3887] [INSPIRE].

[13] CMS collaboration, Search for pair production of first- and second-generation scalar

leptoquarks in pp collisions at
√
s = 7 TeV, Phys. Rev. D 86 (2012) 052013

[arXiv:1207.5406] [INSPIRE].

[14] ATLAS collaboration, Search for first generation scalar leptoquarks in pp collisions at√
s = 7 TeV with the ATLAS detector, Phys. Lett. B 709 (2012) 158 [Erratum ibid. 711

(2012) 442-455] [arXiv:1112.4828] [INSPIRE].

[15] ATLAS collaboration, Search for second generation scalar leptoquarks in pp collisions at√
s = 7 TeV with the ATLAS detector, Eur. Phys. J. C 72 (2012) 2151 [arXiv:1203.3172]

[INSPIRE].

[16] ATLAS collaboration, The ATLAS experiment at the CERN Large Hadron Collider, 2008

JINST 3 S08003 [INSPIRE].
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I.A. Budagov64, B. Budick108, V. Büscher81, L. Bugge117, O. Bulekov96, A.C. Bundock73,
M. Bunse43, T. Buran117, H. Burckhart30, S. Burdin73, T. Burgess14, S. Burke129, E. Busato34,
P. Bussey53, C.P. Buszello166, B. Butler143, J.M. Butler22, C.M. Buttar53, J.M. Butterworth77,
W. Buttinger28, M. Byszewski30, S. Cabrera Urbán167, D. Caforio20a,20b, O. Cakir4a,
P. Calafiura15, G. Calderini78, P. Calfayan98, R. Calkins106, L.P. Caloba24a, R. Caloi132a,132b,
D. Calvet34, S. Calvet34, R. Camacho Toro34, P. Camarri133a,133b, D. Cameron117,
L.M. Caminada15, R. Caminal Armadans12, S. Campana30, M. Campanelli77, V. Canale102a,102b,
F. Canelli31, A. Canepa159a, J. Cantero80, R. Cantrill76, L. Capasso102a,102b,
M.D.M. Capeans Garrido30, I. Caprini26a, M. Caprini26a, D. Capriotti99, M. Capua37a,37b,
R. Caputo81, R. Cardarelli133a, T. Carli30, G. Carlino102a, L. Carminati89a,89b, B. Caron85,
S. Caron104, E. Carquin32b, G.D. Carrillo-Montoya145b, A.A. Carter75, J.R. Carter28,
J. Carvalho124a,i, D. Casadei108, M.P. Casado12, M. Cascella122a,122b, C. Caso50a,50b,∗,
A.M. Castaneda Hernandez173,j , E. Castaneda-Miranda173, V. Castillo Gimenez167,
N.F. Castro124a, G. Cataldi72a, P. Catastini57, A. Catinaccio30, J.R. Catmore30, A. Cattai30,
G. Cattani133a,133b, S. Caughron88, V. Cavaliere165, P. Cavalleri78, D. Cavalli89a,
M. Cavalli-Sforza12, V. Cavasinni122a,122b, F. Ceradini134a,134b, A.S. Cerqueira24b, A. Cerri15,
L. Cerrito75, F. Cerutti15, S.A. Cetin19b, A. Chafaq135a, D. Chakraborty106, I. Chalupkova127,
K. Chan3, P. Chang165, B. Chapleau85, J.D. Chapman28, J.W. Chapman87, D.G. Charlton18,
V. Chavda82, C.A. Chavez Barajas30, S. Cheatham85, S. Chekanov6, S.V. Chekulaev159a,
G.A. Chelkov64, M.A. Chelstowska104, C. Chen63, H. Chen25, S. Chen33c, X. Chen173, Y. Chen35,
Y. Cheng31, A. Cheplakov64, R. Cherkaoui El Moursli135e, V. Chernyatin25, E. Cheu7,
S.L. Cheung158, L. Chevalier136, G. Chiefari102a,102b, L. Chikovani51a,∗, J.T. Childers30,
A. Chilingarov71, G. Chiodini72a, A.S. Chisholm18, R.T. Chislett77, A. Chitan26a,
M.V. Chizhov64, G. Choudalakis31, S. Chouridou137, I.A. Christidi77, A. Christov48,
D. Chromek-Burckhart30, M.L. Chu151, J. Chudoba125, G. Ciapetti132a,132b, A.K. Ciftci4a,
R. Ciftci4a, D. Cinca34, V. Cindro74, A. Ciocio15, M. Cirilli87, P. Cirkovic13b, Z.H. Citron172,
M. Citterio89a, M. Ciubancan26a, A. Clark49, P.J. Clark46, R.N. Clarke15, W. Cleland123,
J.C. Clemens83, B. Clement55, C. Clement146a,146b, Y. Coadou83, M. Cobal164a,164c,
A. Coccaro138, J. Cochran63, L. Coffey23, J.G. Cogan143, J. Coggeshall165, J. Colas5, S. Cole106,
A.P. Colijn105, N.J. Collins18, C. Collins-Tooth53, J. Collot55, T. Colombo119a,119b, G. Colon84,
G. Compostella99, P. Conde Muiño124a, E. Coniavitis166, M.C. Conidi12, S.M. Consonni89a,89b,
V. Consorti48, S. Constantinescu26a, C. Conta119a,119b, G. Conti57, F. Conventi102a,k, M. Cooke15,
B.D. Cooper77, A.M. Cooper-Sarkar118, K. Copic15, T. Cornelissen175, M. Corradi20a,
F. Corriveau85,l, A. Cortes-Gonzalez165, G. Cortiana99, G. Costa89a, M.J. Costa167,
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S. Schaetzel58b, A.C. Schaffer115, D. Schaile98, R.D. Schamberger148, A.G. Schamov107,
V. Scharf58a, V.A. Schegelsky121, D. Scheirich87, M. Schernau163, M.I. Scherzer35,
C. Schiavi50a,50b, J. Schieck98, M. Schioppa37a,37b, S. Schlenker30, E. Schmidt48, K. Schmieden21,
C. Schmitt81, S. Schmitt58b, B. Schneider17, U. Schnoor44, L. Schoeffel136, A. Schoening58b,
A.L.S. Schorlemmer54, M. Schott30, D. Schouten159a, J. Schovancova125, M. Schram85,
C. Schroeder81, N. Schroer58c, M.J. Schultens21, J. Schultes175, H.-C. Schultz-Coulon58a,
H. Schulz16, M. Schumacher48, B.A. Schumm137, Ph. Schune136, A. Schwartzman143,
Ph. Schwegler99, Ph. Schwemling78, R. Schwienhorst88, R. Schwierz44, J. Schwindling136,
T. Schwindt21, M. Schwoerer5, F.G. Sciacca17, G. Sciolla23, W.G. Scott129, J. Searcy114,
G. Sedov42, E. Sedykh121, S.C. Seidel103, A. Seiden137, F. Seifert44, J.M. Seixas24a,
G. Sekhniaidze102a, S.J. Sekula40, K.E. Selbach46, D.M. Seliverstov121, B. Sellden146a, G. Sellers73,
M. Seman144b, N. Semprini-Cesari20a,20b, C. Serfon98, L. Serin115, L. Serkin54, R. Seuster159a,
H. Severini111, A. Sfyrla30, E. Shabalina54, M. Shamim114, L.Y. Shan33a, J.T. Shank22,
Q.T. Shao86, M. Shapiro15, P.B. Shatalov95, K. Shaw164a,164c, D. Sherman176, P. Sherwood77,
S. Shimizu101, M. Shimojima100, T. Shin56, M. Shiyakova64, A. Shmeleva94, M.J. Shochet31,
D. Short118, S. Shrestha63, E. Shulga96, M.A. Shupe7, P. Sicho125, A. Sidoti132a, F. Siegert48,
Dj. Sijacki13a, O. Silbert172, J. Silva124a, Y. Silver153, D. Silverstein143, S.B. Silverstein146a,
V. Simak126, O. Simard136, Lj. Simic13a, S. Simion115, E. Simioni81, B. Simmons77,
R. Simoniello89a,89b, M. Simonyan36, P. Sinervo158, N.B. Sinev114, V. Sipica141, G. Siragusa174,
A. Sircar25, A.N. Sisakyan64,∗, S.Yu. Sivoklokov97, J. Sjölin146a,146b, T.B. Sjursen14,
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F. Touchard83, D.R. Tovey139, T. Trefzger174, L. Tremblet30, A. Tricoli30, I.M. Trigger159a,
S. Trincaz-Duvoid78, M.F. Tripiana70, N. Triplett25, W. Trischuk158, B. Trocmé55, C. Troncon89a,
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G. Zobernig173, A. Zoccoli20a,20b, M. zur Nedden16, V. Zutshi106, L. Zwalinski30

1 School of Chemistry and Physics, University of Adelaide, Adelaide, Australia
2 Physics Department, SUNY Albany, Albany NY, United States of America
3 Department of Physics, University of Alberta, Edmonton AB, Canada
4 (a) Department of Physics, Ankara University, Ankara; (b) Department of Physics, Dumlupinar

University, Kutahya; (c) Department of Physics, Gazi University, Ankara; (d) Division of Physics,

TOBB University of Economics and Technology, Ankara; (e) Turkish Atomic Energy Authority,

Ankara, Turkey
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103 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States

of America
104 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University

Nijmegen/Nikhef, Nijmegen, Netherlands
105 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam,

Netherlands
106 Department of Physics, Northern Illinois University, DeKalb IL, United States of America
107 Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
108 Department of Physics, New York University, New York NY, United States of America
109 Ohio State University, Columbus OH, United States of America
110 Faculty of Science, Okayama University, Okayama, Japan
111 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK,

United States of America
112 Department of Physics, Oklahoma State University, Stillwater OK, United States of America
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Nucleaires, Rabat; (c) Faculté des Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marrakech;
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