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Abstract. Searches for heavy particles decaying to a pair of tau leptons, and searches for pair produced third-
generation scalar leptoquarks decaying to a b-jet and a tau lepton are reported. The studies use the full data
sample recorded in 2011 at

√
s = 7 TeV centre-of-mass energy by the ATLAS experiment at the LHC.

1 Introduction

New heavy gauge bosons are predicted by many beyond
the Standard Model theories [1–6]. Several models with
extended weak or hypercharge gauge groups that offer an
explanation for the high mass of the top quark predict
that such bosons couple preferentially to third-generation
fermions [7]. Decays to pairs of tau leptons are therefore
of particular importance. The Sequential Standard Model
(SSM) is used as the benchmark model. It contains a heavy
neutral gauge boson, Z�

SSM, with the same couplings to
fermions as the SM Z-boson. 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) – de-
noted τhad. Since the final state includes two taus, this
leads to three possible sub-categories of events: di–lepton
(branching fraction = 12.42%), lepton–hadron (branching
fraction = 45.64%) and hadron–hadron (branching frac-
tion = 41.94%). The eµ , eτhad, µτhad, and τhadτhad decay
modes are considered [8].

Leptoquarks (LQ) are colour-triplet bosons that carry
both lepton and baryon numbers and have a fractional elec-
tric charge. They are predicted by many extensions of
the Standard Model (SM) [9–15] and may provide uni-
fication between the quark and lepton sectors. In accor-
dance with experimental results on lepton-number viola-
tion, flavour-changing neutral currents and proton decay,
it is assumed that individual leptoquarks do not couple to
particles from different generations [16, 17], thus leading
to three generations of leptoquarks. ATLAS searches for
pair-produced, scalar, third generation leptoquarks (LQ3)
are summarised. Both leptoquarks are assumed to decay
into a tau lepton and a b-quark, leading to a τbτb final
state. The branching fraction of LQ3 decays to τb is as-
sumed to be equal to 100%. Only the lepton–hadron decay
mode is considered, resulting in either an eτhad-visbb+3ν
or µτhad-visbb+ 3ν final state, where τhad-vis is the visible
(non-neutrino) components of the hadronic tau decay.
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All results presented here are based on a total inte-
grated luminosity of 4.7 f b−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.

2 The ATLAS detector
The ATLAS detector [18] 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 coordi-
nates (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.

3 Z� → ττ analysis
3.1 Event selection

Events in the eµ channel are required to pass a single
muon trigger with a transverse momentum (pT) thresh-
old of 18 GeV. Selected events must contain exactly one
isolated muon with pT > 25 GeV and one isolated elec-
tron with pT > 35 GeV. The electron and muon must have
opposite-sign charge, and no additional electrons (muons)
with pT > 15 (10) GeV are allowed. In order to reject
contributions from top quark backgrounds, events may
not have more than one jet (pT > 25 GeV). The missing
transverse energy typically points away from the highest-
pT lepton in signal events, so the angle in the transverse
plane between the highest-pT lepton and the missing trans-
verse energy (Emiss

T ) is required to be < 2.6 radians. The
two leptons are required to be back-to-back by demanding
that:

pvis
ζ̂ (= �pT(e) · ζ̂ + �pT(µ) · ζ̂ )< 10 GeV,
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where ζ̂ is a unit vector along the bisector of the electron
and muon momenta.

Events in the eτhad and µτhad channels are selected
by requiring that they pass a single electron trigger
with a pT threshold in the range 20-22 GeV or a sin-
gle muon trigger with pT threshold 18 GeV respectively.
Selected events must contain exactly one isolated elec-
tron with pT > 30 GeV or exactly one isolated muon
with pT > 25 GeV, and one hadronic 1-prong tau with
pT > 35 GeV. Three-prong taus are not included because
of the large fake rate in the W+jets background. The lepton
and tau must have opposite-sign charge and the angle in
the transverse plane between them must be < 2.7 radians.
No additional electrons (muons) with pT > 15 (4) GeV are
allowed. In the eτhad channel, Emiss

T is required to be
> 30 GeV (to reduce contributions from Z/γ → ee and
multi-jet events) and the transverse mass between the
electron and the Emiss

T must be < 50 GeV (to supress the
W+jets background).

Events in the τhadτhad channel are required to pass ei-
ther a di-tau trigger with a transverse energy (ET) thresh-
old of (20) 29 GeV for the (sub-)leading tau or a single tau
trigger with ET > 125 GeV. Selected events must have ex-
actly two hadronic tau candidates with pT > 50 GeV, 1- or
3-prongs, and opposite-sign charge to each other. No ad-
ditional electrons (muons) with pT > 15 (10) GeV are al-
lowed. The two taus are required to be back-to-back, with
the angular separation in the transverse plane larger than
2.7 radians.

3.2 Background estimation

The dominant background processes in the eµ channel are
tt̄, Z/γ → ττ , and di-boson production. Contributions
from other W /Z+jets processes are very small in the sig-
nal region. All electroweak and top backgrounds are esti-
mated using Monte Carlo (MC) simulations and checked
in high purity control regions. Multi-jet events are sup-
pressed by making stringent requirements on the lepton
isolation and their contribution is shown to be negligible
using data-driven methods.

The main background processes in the eτhad and
µτhad channels are Z/γ → ττ , W+jets, tt̄, and di-boson.
Single top-quark, Z/γ → ee/µµ , and multi-jet processes
contribute to a lesser degree. The contributions from
W+jets and multi-jet processes are modelled by deriving
fake-factors to parameterise the rate at which jets may pass
the hadronic tau identification, and for lepton (eµ) can-
didates in jets to pass the lepton isolation requirements.
Other background processes are estimated from MC.

The dominant background processes to the
τhadτhad channel are Z/γ → ττ and multi-jet produc-
tion. The W→ τν+jets provides a minor contribution, and
the small contributions from other background processes
(Z/γ → ee/µµ , W→ e/µν+jets, tt̄, single top-quark, and
di-boson) are also considered. The shape of the multi-jet
contribution is extracted from a fit to events where the
hadronic-tau candidates have the same-sign charge. This
is normalised to the low total transverse mass (mtot

T )

sideband region, where:

mtot
T =

�
2(pτ1

T pτ2
T C+Emiss

T pτ1
T C1 +Emiss

T pτ2
T C2),

where C = 1 − cos∆φ(τ1,τ2), C1(2) = 1 −
cos∆φ(τ1(2),Emiss

T ), and τ1(2) is the first (second) tau
visible decay products. Other background processes are
estimated from MC.

3.3 Results

A Z�-boson would typically have a narrow width (∼3% of
the Z� mass (MZ� ), but the large Emiss

T from neutrinos in tau
decays causes significant degradation. Events in the sig-
nal region are therefore required to have a large mtot

T and a
simple counting experiment is performed across all anal-
ysis channels. The final mtot

T requirement is optimised in
each channel for each mass hypothesis. The final mtot

T dis-
tributions are shown in Fig. 1.

Event yields after applying a cut on the mtot
T are given

in Table 1. All sources of systematic uncertainty are con-
sidered. The dominant systematic uncertainty on the sig-
nal is the hadronic tau identification efficiency (typically
10-15%). The main sources of systematic uncertainty on
the backgrounds are the tau energy scale, and uncertainties
related to the data-driven background estimation methods.

The number of observed events is consistent with the
Standard Model expectation across all channels, and up-
per limits are therefore set on the production of a high-
mass resonance decaying to tau-pairs. When all channels
are combined, the SSM Z� → ττ process is excluded at
95% confidence level (CL) for Z� masses up to 1.4 TeV (the
expected limit is 1.42 TeV). Limits for the individual chan-
nels and the combination are shown in Fig. 2.

4 LQ3LQ3 → τbτb analysis

4.1 Event selection

Events are required to have exactly one reconstructed
electron (or muon) with pT > 25 (20) GeV, and exactly
one hadronic tau decay candidate with pT > 30 GeV with
opposite-sign charge to the lepton. The Emiss

T is required
to be larger than 20 GeV in order to reject multi-jet and
Z/γ → ee/µµ processes. At least two 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.

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 rejects semi-leptonic tt̄ events where
the tau candidate is faked by jets from W → qq̄ decays.

The Emiss
T in leptoquark events arises from neutrinos

accompanying the tau decays. Taus originating from lep-
toquarks typically have high momentum, thus the decay

15006-p.2
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Figure 1. Data and MC comparisons of the mtot
T variable after applying all cuts in the (a) eµ , (b) eτhad, (c) µτhad, and (d) τhadτhad chan-

nels [8].

Table 1. Expected and observed number of events in each channel after applying a cut on the mtot
T (yields given for mass hypothesis

closest to exclusion limit) [8].

eµ eτhad µτhad τhadτhad
Exp Background 3.6±0.4 1.6±0.5 1.4±0.4 1.0±0.3
Exp Signal 6.7±0.3 5.0±0.5 5.5±0.7 6.3±1.1
Observed 5 0 1 2

products are predominantly collinear and the Emiss
T direc-

tion is correlated with the direction of the visible tau de-
cay products. Two variables are defined in order to im-
prove the separation of signal and background: the ab-
solute difference in φ between the charged lepton and
Emiss

T (|∆φ(Emiss
T ,�)|), and the absolute difference in φ be-

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

T ,τhad-vis)|).
Events must satisfy the following requirement:

|∆φ(Emiss
T ,�)|≤−1.5

π
|∆φ(Emiss

T ,τhad-vis)|+2 (radians)

where �= e,µ .

4.2 Background estimation

The dominant background process to the analysis is tt̄ pro-
duction. The Z/γ → ττ and multi-jet processes also pro-
vide important contributions, with W+jets, Z/γ → ee/µµ ,

di-boson, and single top-quark production providing mi-
nor contributions.

The multi-jet background contribution to the muon
channel analysis is estimated using an ABCD method
with the lepton-tau charge product and the lepton isolation
as separating variables. Normalisation factors for elec-
troweak and top backgrounds are calculated by defining
background enriched control regions in data and perform-
ing a fit. The shapes of kinematic distributions are taken
from data.

In the electron channel, the multi-jet shape and nor-
malisation are determined from data by defining enriched
control regions and fitting to get the scale. The shape of
electroweak and top backgrounds is taken from MC and
normalised based on the number of events in simulation
and data.
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Figure 2. (a) The expected (dashed) and observed (solid) 95% credibility upper limits on the cross section times τ+τ− branching
fraction, in the eµ , eτhad, µτhad, and τhadτhad channels and for the combination. The expected SSM Z� production cross section and its
corresponding theoretical uncertainty (dotted) are also included. (b) The expected and observed limits for the combination including
1σ and 2σ uncertainty bands. Z� masses up to 1.40 TeV are excluded, in agreement with the expected limit of 1.42 TeV in the absence
of a signal [8].

4.3 Results

The ST variable is used to test for the existence of lepto-
quarks, 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. The ST distributions for both
channels are shown in Fig. 3.

At very high ST, there is poor statistical pre-
cision for MC background processes. The sum
of the background processes is fitted in the region
350 GeV< ST < 2000 GeV to an exponential function us-
ing a maximum likelihood fit. In this way the distribu-
tion is smoothed and a background expectation is provided
throughout this ST region. Comparisons of the fitted dis-
tributions to data are shown in Fig. 4.

All sources of systematic uncertainty are considered.
The dominant source of uncertainty on the backgrounds
comes from methods used to determine the normalisation
factors (10-20%), while the main sources of uncertainty
on the signal come from the identification of b-jets (15%)
and theory uncertainties on the production process (17%).

Two alternative models are built to describe
background-only and signal+background hypotheses.
For each leptoquark 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. The statistical analysis of
the data employs a binned likelihood function L (µ,θ).
The likelihood in each channel is a product over bins in
the ST distributions defined as:

L (µ,θ) = ∏
i=bin

Poisson(Ni|µsi +bi),

where si and bi are the expected number of signal
and background events in bin i respectively, and Ni is

the observed number of events. Both si and bi de-
pend 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 [19] is
used to calculate the p-values. The signal strength param-
eter is varied iteratively to find the 95% confidence level.

The resulting cross-section times branching fraction
limits as a function of leptoquark mass are calculated.
It is assumed that BR(LQ3 → τb)= 1.0. The data are
found to be consistent with the background-only hypoth-
esis and third generation scalar leptoquarks are observed
(expected) to be excluded at 95% confidence level for
masses below 501 (528) GeV and 478 (521) GeV in the
electron and muon channels respectively. When the chan-
nels are combined, third generation scalar leptoquark pro-
duction is excluded at 95% confidence level for leptoquark
masses up to 538 GeV (the expected limit is 577 GeV). The
95% CL upper bounds on the NLO cross-section for scalar
leptoquark pair production as a function of mass when
both channels are combined is shown in Fig. 5.

5 Summary

Searches for high mass resonances decaying to a pair of
tau leptons, and for third generation scalar leptoquarks
decaying to a tau lepton and a b-quark have been per-
formed at ATLAS. No excess over the predicted SM back-
ground is observed in the data in either channel. The SSM
Z� → ττ process is excluded for Z� masses up to 1.4 TeV.
The assumption is made that BR(LQ3 → τb)= 100% and
pair produced third generation scalar leptoquarks are ex-
cluded for leptoquark masses up to 525 GeV. Both results
provide the most stringent limits to date on their respective
models.
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Figure 3. Data and MC comparisons of the ST variable after applying all cuts in the (a) electron and (b) muon channels [20].
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Figure 4. Comparison of fitted ST background shape to data in the (a) electron and (b) muon channels [20].
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