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This Letter presents a search for high-mass resonances decaying into τ+τ− final states using proton–
proton collisions at

√
s = 7 TeV produced by the Large Hadron Collider. The data were recorded with

the ATLAS detector and correspond to an integrated luminosity of 4.6 fb−1. No statistically significant
excess above the Standard Model expectation is observed; 95% credibility upper limits are set on the
cross section times branching fraction of Z ′ resonances decaying into τ+τ− pairs as a function of the
resonance mass. As a result, Z ′ bosons of the Sequential Standard Model with masses less than 1.40 TeV
are excluded at 95% credibility.

© 2013 CERN. Published by Elsevier B.V. All rights reserved.
1. Introduction

Many extensions of the Standard Model (SM), motivated by
grand unification, predict additional heavy gauge bosons [1–6]. As
lepton universality is not necessarily a requirement for these new
gauge bosons, it is essential to search in all decay modes. In par-
ticular, some models with extended weak or hypercharge gauge
groups that offer an explanation for the high mass of the top quark
predict that such bosons preferentially couple to third-generation
fermions [7].

This Letter presents the first search for high-mass resonances
decaying into τ+τ− pairs using the ATLAS detector [8]. The Se-
quential Standard Model (SSM) is a benchmark model that con-
tains a heavy neutral gauge boson, Z ′

SSM, with the same couplings
to fermions as the Z boson of the SM. This model is used to opti-
mise the event selection of the search; limits on the cross section
times τ+τ− branching fraction of a generic neutral resonance are
reported.

Direct searches for high-mass ditau resonances have been per-
formed previously by the CDF [9] and CMS [10] collaborations. The
latter search sets the most stringent 95% confidence level limits
and excludes Z ′

SSM masses below 1.4 TeV, with an expected limit
of 1.1 TeV, using 4.9 fb−1 of integrated luminosity at

√
s = 7 TeV.

Indirect limits on Z ′ bosons with non-universal flavour couplings
have been set using measurements from LEP and LEP II [11] and

✩ © CERN for the benefit of the ATLAS Collaboration.
� E-mail address: atlas.publications@cern.ch.

translate to a lower bound on the Z ′ mass of 1.09 TeV. For com-
parison, the most stringent limits on Z ′

SSM in the dielectron and
dimuon decay channels combined are 2.2 TeV from ATLAS [12] and
2.3 TeV from CMS [13].

Tau leptons can decay into a charged lepton and two neutrinos
(τlep = τe or τμ), or hadronically (τhad), predominantly into one or
three charged pions, a neutrino and often additional neutral pions.
The τhadτhad (branching ratio, BR = 42%), τμτhad (BR = 23%), τeτhad
(BR = 23%) and τeτμ (BR = 6%) channels are analysed. Due to the
different dominant background contributions and signal sensitivi-
ties, each channel is analysed separately and a statistical combina-
tion is used to maximise the sensitivity.

While the expected natural width of the Z ′
SSM is small, approx-

imately 3% of the Z ′ mass, the mass resolution is 30–50% in τ+τ−
decay modes due to the undetected neutrinos from the tau de-
cays. Therefore, a counting experiment is performed in all analysis
channels from events that pass a high-mass requirement.

2. Event samples

The data used in this search were recorded with the ATLAS de-
tector in proton–proton (pp) collisions at a centre-of-mass energy
of

√
s = 7 TeV during the 2011 run of the Large Hadron Collider

(LHC) [14]. The ATLAS detector consists of an inner tracking de-
tector surrounded by a thin superconducting solenoid, electromag-
netic (EM) and hadronic calorimeters, and a muon spectrometer
incorporating large superconducting toroid magnets. Each subde-
tector is divided into barrel and end-cap components.

0370-2693/ © 2013 CERN. Published by Elsevier B.V. All rights reserved.
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Only data taken with pp collisions in stable beam conditions
and with all ATLAS subsystems operational are used, resulting in
an integrated luminosity of 4.6 fb−1. The data were collected using
a combination of single-tau and ditau triggers, designed to se-
lect hadronic tau decays, and single-lepton triggers. The τhadτhad
channel uses events passing either a ditau trigger with transverse
energy (ET) thresholds of 20 and 29 GeV, or a single-tau trigger
with an ET threshold of 125 GeV. The τμτhad and τeτμ chan-
nels use events passing a single-muon trigger with a transverse
momentum (pT) threshold of 18 GeV, which is supplemented by
accepting events that pass a single-muon trigger with a pT thresh-
old of 40 GeV that operates only in the barrel region but does not
require a matching inner detector track. The τeτhad channel uses
events passing a single-electron trigger with pT thresholds in the
range 20–22 GeV, depending on the data-taking period. Events that
pass the trigger are selected if the vertex with the largest sum of
the squared track momenta has at least four associated tracks, each
with pT > 0.5 GeV.

Monte Carlo (MC) simulation is used to estimate signal effi-
ciencies and some background contributions. MC samples of back-
ground processes from W + jets and Z/γ ∗ + jets (enriched in
high-mass Z/γ ∗ → ττ ) events are generated with ALPGEN 2.13
[15], including up to five additional partons. Samples of tt̄ , W t
and diboson (W W , W Z , and Z Z ) events are generated with
MC@NLO 4.01 [16,17]. For these MC samples, the parton show-
ering and hadronisation is performed by HERWIG 6.520 [18]
interfaced to JIMMY 4.31 [19] for multiple parton interactions.
Samples of s-channel and t-channel single top-quark production
are generated with AcerMC 3.8 [20], with the parton shower-
ing and hadronisation performed by PYTHIA 6.425 [21]. Sam-
ples of Z ′

SSM signal events are generated with PYTHIA 6.425, for
eleven mass hypotheses ranging from 500 to 1750 GeV in steps of
125 GeV. In all samples photon radiation is performed by PHOTOS
[22], and tau lepton decays are generated with TAUOLA [23]. The
choice of parton distribution functions (PDFs) depends on the gen-
erator: CTEQ6L1 [24] is used with ALPGEN, CT10 [25] with
MC@NLO and MRST2007 LO∗ [26] with PYTHIA and AcerMC.

The Z/γ ∗ cross section calculated at next-to-next-to-leading or-
der (NNLO) using PHOZPR [27] with MSTW2008 PDFs [28] is used
to derive mass-dependent K -factors that are applied to the lead-
ing order Z/γ ∗ + jets and Z ′ → ττ cross sections. The W + jets
cross section is calculated at NNLO using FEWZ 2.0 [29,30]. The
tt̄ cross section is calculated at approximate NNLO [31–33]. The
cross sections for single-top production are calculated at next-to-
next-to-leading logarithm for the s-channel [34] and approximate
NNLO for t-channel and W t production modes [35].

The detector response for each MC sample is simulated us-
ing a detailed GEANT4 [36] model of the ATLAS detector and
subdetector-specific digitisation algorithms [37]. As the data are
affected by the detector response to multiple pp interactions
occurring in the same or in neighbouring bunch crossings (re-
ferred to as pile-up), minimum-bias interactions generated with
PYTHIA 6.425 (with a specific LHC tune [38]) are overlaid
on the generated signal and background events. The resulting
events are re-weighted so that the distribution of the number of
minimum-bias interactions per bunch crossing agrees with data.
All samples are simulated with more than twice the effective lu-
minosity of the data, except W + jets, where an equivalent of
approximately 1.5 fb−1 is simulated.

3. Physics object reconstruction

Muon candidates are reconstructed by combining an inner de-
tector track with a track from the muon spectrometer. They are

required to have pT > 10 GeV and |η| < 2.5.1 Muon quality cri-
teria are applied in order to achieve a precise measurement of
the muon momentum and reduce the misidentification rate [39].
These quality requirements correspond to a muon reconstruction
and identification efficiency of approximately 95%.

Electrons are reconstructed by matching clustered energy de-
posits in the EM calorimeter to tracks reconstructed in the in-
ner detector [40]. The electron candidates are required to have
pT > 15 GeV and to be within the fiducial volume of the inner
detector, |η| < 2.47. The transition region between the barrel and
end-cap EM calorimeters, with 1.37 < |η| < 1.52, is excluded. The
candidates are required to pass quality criteria based on the ex-
pected calorimeter shower shape and amount of radiation in the
transition radiation tracker. These quality requirements correspond
to an electron identification (ID) efficiency of approximately 90%.
Electrons and muons are considered isolated if they are away from
large deposits of energy in the calorimeter, or tracks with large pT
consistent with originating from the same vertex.2 In the τeτhad
channel, isolated electrons are also required to pass a tighter iden-
tification requirement corresponding to an efficiency of approxi-
mately 80%.

Jets are reconstructed using the anti-kt algorithm [41,42] with
a radius parameter value of 0.4. The algorithm uses reconstructed,
noise-suppressed clusters of calorimeter cells [43]. Jets are cal-
ibrated to the hadronic energy scale with correction factors
based on simulation and validated using test-beam and collision
data [44]. All jets are required to have pT > 25 GeV and |η| < 4.5.
For jets within the inner detector acceptance (|η| < 2.4), the jet
vertex fraction is required to be at least 0.75; the jet vertex fraction
is defined as the sum of the pT of tracks associated with the jet
and consistent with originating from the selected primary vertex,
divided by the sum of the pT of all tracks associated with the jet.
This requirement reduces the number of jets that originate from
pile-up or are heavily contaminated by it. Events are discarded if a
jet is associated with out-of-time activity or calorimeter noise [45].

Candidates for hadronic tau decays are defined as jets with
either one or three associated tracks reconstructed in the inner
detector. The kinematic properties of the tau candidate are recon-
structed from the visible tau lepton decay products (all products
excluding neutrinos). The tau charge is reconstructed from the sum
of the charges of the associated tracks and is required to be ±1.
The charge misidentification probability is found to be negligible.
Hadronic tau decays are identified with a multivariate algorithm
that employs boosted decision trees (BDTs) to discriminate against
quark- and gluon-initiated jets using shower shape and tracking in-
formation [46]. Working points with a tau identification efficiency
of about 50% (medium) for the τμτhad and τeτhad channels and
60% (loose) for the τhadτhad channel are chosen, leading to a rate
of false identification for quark- and gluon-initiated jets of a few
percent [47]. Tau candidates are also required to have pT > 35 GeV
and to be in the fiducial volume of the inner detector, |η| < 2.47

1 ATLAS uses a right-handed coordinate system with its origin at the nominal
interaction point (IP) in the centre of the detector 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 plane, φ

being the azimuthal angle around the beam pipe. The pseudorapidity is defined in
terms of the polar angle θ as η = − ln tan(θ/2). Separation in the η–φ plane is
defined as �R = √

(�η)2 + (�φ)2.
2 Lepton isolation is defined using the sum of the ET deposited in calorimeter

cells within �R < 0.2 of the lepton, E0.2
T , and the scalar sum of the pT of tracks

with pT > 0.5 GeV consistent with the same vertex as the lepton and within �R <

0.4, p0.4
T . Muons are considered isolated if they have E0.2

T /pT < 4% (and p0.4
T /pT <

6% in the τeτμ channel). Isolated electrons must have p0.4
T /pT < 5% and E0.2

T /pT <

5% if pT < 100 GeV or E0.2
T < 5 GeV otherwise (E0.2

T /pT < 6% and p0.4
T /pT < 8% in

the τeτμ channel).
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(the EM calorimeter transition region is excluded). In the τlepτhad
channels, tau candidates are required to have only one track, which
must not be in the range |η| < 0.05, and to pass a muon veto. The
removed pseudorapidity region corresponds to a gap in the tran-
sition radiation tracker that reduces the power of electron/pion
discrimination. In the τeτhad channel, tau candidates are also re-
quired to pass an electron veto using BDTs.

Geometric overlap of objects with �R < 0.2 is resolved by se-
lecting only one of the overlapping objects in the following order
of priority: muons, electrons, tau candidates and jets. The missing
transverse momentum (with magnitude Emiss

T ) is calculated from
the vector sum of the transverse momenta of all high-pT objects
reconstructed in the event, as well as a term for the remaining
activity in the calorimeter [48]. Clusters associated with electrons,
hadronic tau decays and jets are calibrated separately, with the re-
maining clusters calibrated at the EM energy scale.

4. Event selection

Selected events in the τhadτhad channel must contain at least
two oppositely-charged tau candidates with pT > 50 GeV and no
electrons with pT > 15 GeV or muons with pT > 10 GeV. If the
event was selected by the ditau trigger, both tau candidates are
required to be geometrically matched to the objects that passed
the trigger. For events that pass only the single-tau trigger there is
no ambiguity, so trigger matching is not required. If multiple tau
candidates are selected, the two highest-pT candidates are chosen.
The angle between the tau candidates in the transverse plane must
be greater than 2.7 radians.

Selected events in the τlepτhad channels must contain exactly
one isolated muon with pT > 25 GeV or an isolated electron with
pT > 30 GeV; no additional electrons with pT > 15 GeV or muons
with pT > 4 GeV; and exactly one tau candidate with pT > 35 GeV.
The angle between the lepton and tau candidate in the transverse
plane must be greater than 2.7 radians, and the pair must have
opposite electric charge.

For the τeτhad channel, the Z → ee and multijet contributions
are reduced to a negligible level by requiring Emiss

T > 30 GeV. The
W + jets background is suppressed by requiring the transverse
mass, mT, of the electron–Emiss

T system, defined as

mT =
√

2pTe Emiss
T (1 − cos�φ), (1)

where �φ is the angle between the lepton and Emiss
T in the trans-

verse plane, to be less than 50 GeV.
Selected events in the τeτμ channel must contain exactly one

isolated muon with pT > 25 GeV and one isolated electron with
pT > 35 GeV and opposite electric charge, no additional electrons
with pT > 15 GeV or muons with pT > 10 GeV and not more than
one jet. The jet requirement suppresses tt̄ events, which typically
have higher jet multiplicity than the signal. The two leptons are
required to be back-to-back in the transverse plane using the cri-
terion pvis

ζ < 10 GeV, with

pvis
ζ = �pTe · ζ̂ + �pTμ · ζ̂ , (2)

where ζ̂ is a unit vector along the bisector of the e and μ mo-
menta. This selection provides good suppression of the diboson
and tt̄ backgrounds. For Z ′ events, the Emiss

T tends to point away
from the highest-pT lepton, so the angle between the highest-pT
lepton and Emiss

T in the transverse plane is required to be greater
than 2.6 radians.

The search in all channels is performed by counting events
in signal regions with total transverse mass above thresholds op-
timised separately for each signal mass hypothesis in each channel

Table 1
Thresholds on mtot

T used for each signal mass point in each channel. All values are
given in GeV.

mZ ′ 500 625 750 875 1000 1125 � 1250

τhadτhad 350 400 500 500 650 650 700
τμτhad 400 400 500 500 600 600 600
τeτhad 400 400 400 500 500 500 500
τeτμ 300 350 350 350 500 500 500

to give the best expected exclusion limits (see Table 1). The total
transverse mass, mtot

T , is defined as the mass of the visible decay
products of both tau leptons and Emiss

T , neglecting longitudinal mo-
mentum components and the tau lepton mass,

mtot
T =

√
2pT1 pT2C + 2Emiss

T pT1C1 + 2Emiss
T pT2C2, (3)

where pT1 and pT2 are the transverse momenta of the visible prod-
ucts of the two tau decays; C is defined as 1 − cos�φ, where �φ

is the angle in the transverse plane between the visible products of
the two tau decays; and C1 and C2 are defined analogously for the
angles in the transverse plane between Emiss

T and the visible prod-
ucts of the first and second tau decay, respectively. Figs. 1(a)–1(d)
show the mtot

T distribution after event selection in each channel.

5. Background estimation

The dominant background processes in the τhadτhad channel are
multijet production and Z/γ ∗ → ττ . Minor contributions come
from W (→ τν)+ jets, Z(→ ��)+ jets (� = e or μ), W (→ �ν)+ jets,
tt̄ , single top-quark and diboson production. The shape of the mul-
tijet mass distribution is estimated from data that pass the full
event selection but have two tau candidates of the same electric
charge. The contribution is normalised to events that pass the full
event selection but have low mtot

T . All other background contribu-
tions are estimated from simulation.

The main background contributions in the τlepτhad channels
come from Z/γ ∗ → ττ , W + jets, tt̄ and diboson production, with
minor contributions from Z(→ ��) + jets, multijet and single top-
quark events. The contributions involving fake hadronic tau decays
from multijet and W + jets events are modelled with data-driven
techniques involving fake factors, which parameterise the rate for
lepton candidates in jets to pass lepton isolation or jets to pass tau
identification, respectively. The remaining background is estimated
using simulation.

The dominant background processes in the τeτμ channel are tt̄ ,
Z/γ ∗ → ττ and diboson production. Contributions from processes
such as Z(→ μμ) + jets, W + jets and W γ + jets, where a jet or
photon is misidentified as an electron, are very small in the sig-
nal region. Multijet events are suppressed by tight lepton isolation
criteria. Since background processes involving fake leptons make
only minor contributions, all background contributions in the τeτμ

channel are estimated using simulation. The MC estimates of the
dominant background contributions are checked using high-purity
control regions in data.

The following subsections describe the data-driven background
estimates in more detail.

5.1. Multijet background in the τhadτhad channel

The shape of the mtot
T distribution for the multijet background

is estimated using events that pass the standard event selection,
but have two selected τhad candidates with the same electric
charge and with mtot

T > 200 GeV to avoid the low mtot
T region

which is affected by the tau pT threshold. For a low-mass sig-
nal with mZ ′ � 625 GeV, a lower bound of 160 GeV is used, as
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Fig. 1. The mtot
T distribution after event selection without the mtot

T requirement for each channel: (a) τhadτhad, (b) τμτhad, (c) τeτhad and (d) τeτμ . The estimated contributions
from SM processes are stacked and appear in the same order as in the legend. The contribution from Z → ee events in which an electron is misidentified as a tau candidate
is shown separately in the τeτhad channel. A Z ′

SSM signal and the events observed in data are overlaid. The signal mass point closest to the Z ′
SSM exclusion limit in each

channel is chosen and is indicated in parentheses in the legend in units of GeV. The uncertainty on the total estimated background (hatched) includes only the statistical
uncertainty from the simulated samples. The visible decay products of hadronically decaying taus are denoted by τhad-vis .
discussed below. This control region has only 2% contamination
from other background processes and negligible signal contamina-
tion. The mtot

T distribution is modelled by performing an unbinned
maximum likelihood fit to the data in the control region using the
following function:

f
(
mtot

T

∣∣p0, p1, p2
) = p0 · (mtot

T

)p1+p2 log(mtot
T )

, (4)

where p0, p1 and p2 are free parameters. The integral of the fit-
ted function in the high-mass tail matches the number of observed
events well for any choice of the mtot

T threshold, and the function
models the high-mass tail well in a simulated dijet sample en-
riched in high-mass events. The statistical uncertainty is estimated
using pseudo-experiments and increases monotonically from 12%
to 83% with increasing mtot

T threshold. The systematic uncertainty
due to the choice of the fitting function is evaluated using alter-
native fitting functions and ranges from 1% to 7%. The multijet
model is normalised to data that pass all analysis requirements
but have mtot

T in the range 200–250 GeV. For the low-mass points
with mZ ′ � 625 GeV, the low-mtot

T side-band is lowered to 160–
200 GeV to keep signal contamination negligible. Both side-bands
have a maximum contamination of 5% from other background pro-
cesses, which is subtracted, and negligible contamination from sig-
nal. The statistical uncertainty from the normalisation ranges from
2% to 5%. Systematic uncertainties affecting the normalisation of
the background processes are propagated when performing the
subtraction but have a negligible effect.

5.2. Multijet background in the τlepτhad channels

The background from multijet events is negligible at high mtot
T ,

but it is important to estimate its contribution to model the in-
clusive mass distribution. Multijet events are exceptional among
the background processes because the muons and electrons pro-
duced in heavy-flavour decays or the light-flavour hadrons falsely
identified as electrons, are typically not isolated in the calorimeter
but produced in jets. To estimate the multijet background, events
in the data that fail lepton isolation are weighted event-by-event,
with fake factors for lepton isolation measured from data in a
multijet-rich control region (multijet-CR). The multijet-CR is de-
fined by requiring exactly one selected lepton, as in Section 4,
but without the isolation requirement; at least one tau candi-
date that fails the BDT ID; no tau candidates that pass the BDT
ID; Emiss

T < 15 GeV for the τμτhad channel, Emiss
T < 30 GeV for the

τeτhad channel; and the transverse mass formed by the lepton and
Emiss

T , mT(�, Emiss
T ), to be less than 30 GeV. For the τμτhad channel,

where the multijet contribution is dominated by b-quark-initiated
jets, the muon is additionally required to have a transverse impact
parameter of |d0(μ)| > 0.08 mm with respect to the primary ver-
tex, which increases the purity of the multijet control region. The
leptons in the multijet control region are divided into those that
pass (isolated) and a subset that fail (anti-isolated) the isolation
requirements. In the τμτhad channel the anti-isolated sample in-
cludes all muons that fail isolation, while in the τeτhad channel,
the anti-isolation requirement is tightened to reduce contamina-
tion from real isolated electrons. Isolation fake factors, f iso, are
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defined as the number of isolated leptons in the data, N iso, di-
vided by the number of anti-isolated leptons, Nanti-iso, binned in
pT and η:

f iso(pT, η) ≡ N iso(pT, η)

Nanti-iso(pT, η)

∣∣∣∣
multijet-CR

. (5)

Contamination from real isolated leptons is estimated using sim-
ulation and subtracted from N iso (∼3% for τμτhad and ∼25% for
τeτhad). The number of multijet events passing lepton isolation,
Nmultijet, is predicted by weighting the events with anti-isolated
leptons by their fake factor:

Nmultijet(pT, η, x)

= f iso(pT, η)
(
Nanti-iso

data (pT, η, x) − Nanti-iso
MC (pT, η, x)

)
. (6)

The shape of the multijet background in a given kinematic variable,
x, is modelled from the events in the data with anti-isolated lep-
tons, Nanti-iso

data , corrected by subtracting the expected contamination
from other background processes predicted with MC simulation,
Nanti-iso

MC .
This method assumes that the ratio of the number of isolated

leptons to the number of anti-isolated leptons in multijet events
is not strongly correlated with the requirements used to enrich
the multijet control sample. This assumption has been verified by
varying the Emiss

T and d0 selection criteria used to define the mul-
tijet control region. A conservative 100% systematic uncertainty on
the isolation fake factor is assumed, but this has negligible effect
on the sensitivity because the expected multijet background is less
than a percent of the total background in both the τμτhad and
τeτhad channels.

5.3. W + jets background in the τlepτhad channels

The W + jets background is estimated using a technique simi-
lar to the multijet estimate, where tau candidates that fail the BDT
ID are weighted event-by-event with fake factors for jets to pass
the BDT ID in W + jets events. A high purity W + jets control re-
gion (W-CR) is defined by selecting events that have exactly one
isolated lepton, as in Section 4; at least one tau candidate that
is not required to pass the BDT ID; and mT(�, Emiss

T ) between 70
and 200 GeV. For the τeτhad channel, the tau candidate is addi-
tionally required to pass the electron veto. Tau ID fake factors, fτ ,
are defined as the number of tau candidates that pass the BDT ID,
Npass τ -ID, divided by the number that fail, N fail τ -ID, binned in pT
and η:

fτ (pT, η) ≡ Npass τ -ID(pT, η)

N fail τ -ID(pT, η)

∣∣∣∣
W-CR

. (7)

The number of W + jets events passing the BDT ID, NW +jets, is
predicted by weighting the events that fail the BDT ID by their
fake factor:

NW +jets(pT, η, x) = fτ (pT, η)
(
N fail τ -ID

data (pT, η, x)

− N fail τ -ID
multijet (pT, η, x) − N fail τ -ID

MC (pT, η, x)
)
. (8)

The shape of the W + jets background is modelled using events in
the data that failed the BDT ID, N fail τ -ID

data , with the multijet contam-

ination, N fail τ -ID
multijet (estimated from data), and other contamination,

N fail τ -ID
MC (estimated from simulation), subtracted.

A 30% systematic uncertainty on the fake factors is assigned by
comparing the fake factors to those measured in a data sample en-
riched in Z + jets instead of W + jets, which provides a sample of
jets with a similar quark/gluon fraction [49]. This background esti-
mation method relies on the assumption that the tau identification

fake factors for W + jets events are not strongly correlated with the
selection used to define the W + jets control region. This assump-
tion has been verified by varying the mT selection criterion used
to define the W + jets control region, resulting in a few percent
variation, which is well within the systematic uncertainty.

6. Systematic uncertainties

Systematic effects on the contributions of signal and back-
ground processes estimated from simulation are discussed in this
section. These include theoretical uncertainties on the cross sec-
tions of simulated processes and experimental uncertainties on the
trigger, reconstruction and identification efficiencies; on the energy
and momentum scales and resolutions; and on the measurement
of the integrated luminosity. For each source of uncertainty, the
correlations across analysis channels, as well as the correlations
between signal and background, are taken into account. Uncer-
tainties on the background contributions estimated from data have
been discussed in their respective sections.

The overall uncertainty on the Z ′ signal and the Z/γ ∗ → ττ
background due to PDFs, αS and scale variations is estimated to be
12% at 1.5 TeV, dominated by the PDF uncertainty [12]. The uncer-
tainty is evaluated using PDF error sets, and the spread of the vari-
ations covers the difference between the central values obtained
with the CTEQ and MSTW PDF sets. Additionally, for Z/γ ∗ → ττ ,
a systematic uncertainty of 10% is attributed to electroweak cor-
rections [50]. This uncertainty is not considered for the signal as
it is strongly model-dependent. An uncertainty of 4–5% is assumed
for the inclusive cross section of the single gauge boson and di-
boson production mechanisms and a relative uncertainty of 24%
is added in quadrature per additional jet, due to the irreducible
Berends-scaling uncertainty [51,52]. For tt̄ and single top-quark
production, the QCD scale uncertainties are in the range of 3–6%
[35,53,54]. The uncertainties related to the proton PDFs, including
those arising from the choice of PDF set, amount to 8% for the
predominantly gluon-initiated processes such as tt̄ and 4% for the
predominantly quark-initiated processes at low mass, such as on-
shell single gauge boson and diboson production [25,28,55–57].

The uncertainty on the integrated luminosity is 3.9% [58,59].
The efficiencies of the electron, muon and hadronic tau triggers are
measured in data and are used to correct the simulation. The as-
sociated systematic uncertainties are typically 1–2% for electrons
and muons, 2.5% for the ditau trigger and 5% for the high-pT
single-tau trigger. Differences between data and simulation in the
reconstruction and identification efficiencies of electrons, muons,
and hadronic tau decays are taken into account, as well as the
differences in the energy and momentum scales and resolutions.
The associated uncertainties for muons and electrons are typi-
cally < 1%.

The systematic uncertainties on the identification efficiency of
hadronic tau decays are estimated at low pT from data samples
enriched in W → τν and Z → ττ events. At high pT, there are no
abundant sources of real hadronic tau decays to make an efficiency
measurement. Rather, the fraction of jets that pass the tau identifi-
cation is studied in high-pT dijet events as a function of the jet pT,
which indicates that there is no degradation in the modelling of
the detector response as a function of the pT of tau candidates.
From these studies, an efficiency uncertainty of up to 8% is as-
signed to high-pT tau candidates. The uncertainty on the jet-to-tau
misidentification rate is 50%, determined from data-MC compar-
isons in W + jet events. The uncertainty on the electron-to-tau
misidentification rate is 50–100%, depending on the pseudorapidity
of the tau candidate, based on measurements made using a Z → ee
sample selected from data [47]. The energy scale uncertainty on
taus and jets is evaluated based on the single-hadron response in
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Table 2
Uncertainties on the estimated signal and total background contributions in per-
cent for each channel. The following signal masses, chosen to be close to the region
where the limits are set, are used: 1250 GeV for τhadτhad (hh); 1000 GeV for τμτhad
(μh) and τeτhad (eh); and 750 GeV for τeτμ (eμ). A dash denotes that the uncer-
tainty is not applicable. The statistical uncertainty corresponds to the uncertainty
due to limited sample size in the MC and control regions.

Uncertainty [%] Signal Background

hh μh eh eμ hh μh eh eμ

Stat. uncertainty 1 2 2 3 5 20 23 7
Eff. and fake rate 16 10 8 1 12 16 4 3
Energy scale and res. 5 7 6 2 +22

−11 3 8 5
Theory cross section 8 6 6 5 9 4 4 5
Luminosity 4 4 4 4 2 2 2 4
Data-driven methods – – – – +21

−11 6 16 –

the calorimeters [44,60]. In addition, the tau energy scale is vali-
dated in data samples enriched in Z → ττ events. The systematic
uncertainties related to the jet and tau energy scale and resolution
are functions of η and pT, and are generally near 3%. These uncer-
tainties are treated as fully correlated. Energy scale and resolution
uncertainties on all objects are propagated to the Emiss

T calculation.
The uncertainty on the Emiss

T due to clusters that do not belong to
any reconstructed object is measured to be negligible in all chan-
nels.

Table 2 summarises the uncertainties on the estimated sig-
nal and total background contributions in each channel. For the
background, the contribution from each uncertainty depends on
the fraction of the background estimated with simulation. The
dominant uncertainties on the background come from the mul-
tijet shape estimation and the tau energy scale uncertainty for
Z/γ ∗ → ττ events in the τhadτhad channel, from the limited sam-
ple size and the fake factor estimate of the W + jets background
in the τlepτhad channels and from the statistical uncertainty of the
MC samples in the τeτμ channel. The dominant uncertainty on the
signal for the τhadτhad and τlepτhad channels comes from the tau
identification efficiency and for the τeτμ channel, from the statis-
tical uncertainty on the MC samples.

7. Results and discussion

The numbers of observed and expected events including their
total uncertainties, after the full selection in all channels, are sum-
marised in Table 3. In all cases, the number of observed events is
consistent with the expected Standard Model background. There-

fore, upper limits are set on the production of a high-mass reso-
nance decaying to τ+τ− pairs.

The statistical combination of the channels employs a likelihood
function constructed as the product of Poisson probability terms
describing the total number of events observed in each channel.
The Poisson probability in each channel is evaluated for the ob-
served number of data events given the signal plus background
expectation. Systematic uncertainties on the expected number of
events are incorporated into the likelihood via Gaussian-distributed
nuisance parameters. Correlations across channels are taken into
account. A signal strength parameter multiplies the expected signal
in each channel, for which a positive uniform prior probability dis-
tribution is assumed. Theoretical uncertainties on the signal cross
section are not included in the calculation of the experimental
limit as they are model-dependent.

Bayesian 95% credibility upper limits are set on the cross sec-
tion times branching fraction for a high-mass resonance decay-
ing into a τ+τ− pair as a function of the resonance mass, using
the Bayesian Analysis Toolkit [61]. Figs. 2(a) and 2(b) show the
limits for the individual channels and for the combination, re-
spectively. The resulting 95% credibility lower limit on the mass
of a Z ′

SSM decaying to τ+τ− pairs is 1.40 TeV, with an expected
limit of 1.42 TeV. The observed and expected limits in the individ-
ual channels are, respectively: 1.26 and 1.35 TeV (τhadτhad); 1.07
and 1.06 TeV (τμτhad); 1.10 and 1.03 TeV (τeτhad); and 0.72 and
0.82 TeV (τeτμ).

The impact of the choice of the prior on the signal strength
parameter has been evaluated by also considering the reference
prior [62]. Use of the reference prior improves the mass limits
by approximately 50 GeV. The impact of the vector and axial cou-
pling strengths of the Z ′ has been investigated, as these can alter
the fraction of the tau momentum carried by the visible decay
products. For purely V − A couplings, the limit on the cross sec-
tion times τ+τ− branching fraction is improved by ∼10% over the
mass range. For purely V + A couplings, there is a mass-dependent
degradation, from ∼15% at high mass to ∼40% at low mass. All
variations lie within the 1σ band of the expected exclusion limit.

8. Conclusion

A search for high-mass ditau resonances has been performed
using 4.6 fb−1 of data collected with the ATLAS detector in pp
collisions at

√
s = 7 TeV at the LHC. The τhadτhad, τμτhad, τeτhad

and τeτμ channels are analysed. The observed number of events in
the high-transverse-mass region is consistent with the SM expec-
Table 3
Number of expected and observed events after event selection for each analysis channel. The expected contribution from the signal and background in each channel is
calculated for the signal mass point closest to the Z ′

SSM exclusion limit. The total uncertainties on each estimated contribution are shown. The signal efficiency denotes
the expected number of signal events divided by the product of the production cross section, the ditau branching fraction and the integrated luminosity, σ(pp → Z ′

SSM) ×
BR(Z ′

SSM → ττ ) × ∫
L dt .

τhadτhad τμτhad τeτhad τeτμ

mZ ′ [GeV] 1250 1000 1000 750
mtot

T threshold [GeV] 700 600 500 350

Z/γ ∗ → ττ 0.73 ± 0.23 0.36 ± 0.06 0.57 ± 0.11 0.55 ± 0.07
W + jets < 0.03 0.28 ± 0.22 0.8 ± 0.4 0.33 ± 0.10
Z(→ ��) + jets < 0.01 < 0.1 < 0.01 0.06 ± 0.02
tt̄ < 0.02 0.33 ± 0.15 0.13 ± 0.09 0.97 ± 0.22
Diboson < 0.01 0.23 ± 0.07 0.06 ± 0.03 1.69 ± 0.24
Single top < 0.01 0.19 ± 0.18 < 0.1 < 0.1
Multijet 0.24 ± 0.15 < 0.01 < 0.1 < 0.01

Total expected background 0.97 ± 0.27 1.4 ± 0.4 1.6 ± 0.5 3.6 ± 0.4
Events observed 2 1 0 5

Expected signal events 6.3 ± 1.1 5.5 ± 0.7 5.0 ± 0.5 6.72 ± 0.26
Signal efficiency (%) 4.3 1.1 1.0 0.4
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Fig. 2. (a) The expected (dashed) and observed (solid) 95% credibility upper limits on the cross section times τ+τ− branching fraction, in the τhadτhad, τμτhad, τeτhad and
τeτμ channels and for the combination. The expected Z ′

SSM 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 ′

SSM masses up to 1.40 TeV are excluded, in agreement with the expected limit of 1.42 TeV
in the absence of a signal.
tation. Limits are set on the cross section times branching fraction
for such resonances. The resulting lower limit on the mass of a Z ′
decaying to τ+τ− in the Sequential Standard Model is 1.40 TeV at
95% credibility, in agreement with the expected limit of 1.42 TeV
in the absence of a signal.
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G. Mikenberg 172, M. Mikestikova 125, M. Mikuž 74, D.W. Miller 31, R.J. Miller 88, W.J. Mills 168, C. Mills 57,
A. Milov 172, D.A. Milstead 146a,146b, D. Milstein 172, A.A. Minaenko 128, M. Miñano Moya 167,
I.A. Minashvili 64, A.I. Mincer 108, B. Mindur 38, M. Mineev 64, Y. Ming 173, L.M. Mir 12, G. Mirabelli 132a,
J. Mitrevski 137, V.A. Mitsou 167, S. Mitsui 65, P.S. Miyagawa 139, J.U. Mjörnmark 79, T. Moa 146a,146b,
V. Moeller 28, K. Mönig 42, N. Möser 21, S. Mohapatra 148, W. Mohr 48, R. Moles-Valls 167, A. Molfetas 30,
J. Monk 77, E. Monnier 83, J. Montejo Berlingen 12, F. Monticelli 70, S. Monzani 20a,20b, R.W. Moore 3,
G.F. Moorhead 86, C. Mora Herrera 49, A. Moraes 53, N. Morange 136, J. Morel 54, G. Morello 37a,37b,
D. Moreno 81, M. Moreno Llácer 167, P. Morettini 50a, M. Morgenstern 44, M. Morii 57, A.K. Morley 30,
G. Mornacchi 30, J.D. Morris 75, L. Morvaj 101, H.G. Moser 99, M. Mosidze 51b, J. Moss 109, R. Mount 143,
E. Mountricha 10,y, S.V. Mouraviev 94,∗, E.J.W. Moyse 84, F. Mueller 58a, J. Mueller 123, K. Mueller 21,
T.A. Müller 98, T. Mueller 81, D. Muenstermann 30, Y. Munwes 153, W.J. Murray 129, I. Mussche 105,
E. Musto 152, A.G. Myagkov 128, M. Myska 125, O. Nackenhorst 54, J. Nadal 12, K. Nagai 160, R. Nagai 157,
K. Nagano 65, A. Nagarkar 109, Y. Nagasaka 59, M. Nagel 99, A.M. Nairz 30, Y. Nakahama 30, K. Nakamura 155,
T. Nakamura 155, I. Nakano 110, G. Nanava 21, A. Napier 161, R. Narayan 58b, M. Nash 77,c, T. Nattermann 21,
T. Naumann 42, G. Navarro 162, H.A. Neal 87, P.Yu. Nechaeva 94, T.J. Neep 82, A. Negri 119a,119b, G. Negri 30,
M. Negrini 20a, S. Nektarijevic 49, A. Nelson 163, T.K. Nelson 143, S. Nemecek 125, P. Nemethy 108,
A.A. Nepomuceno 24a, M. Nessi 30,z, M.S. Neubauer 165, M. Neumann 175, A. Neusiedl 81, R.M. Neves 108,
P. Nevski 25, F.M. Newcomer 120, P.R. Newman 18, V. Nguyen Thi Hong 136, R.B. Nickerson 118,
R. Nicolaidou 136, B. Nicquevert 30, F. Niedercorn 115, J. Nielsen 137, N. Nikiforou 35, A. Nikiforov 16,
V. Nikolaenko 128, I. Nikolic-Audit 78, K. Nikolics 49, K. Nikolopoulos 18, H. Nilsen 48, P. Nilsson 8,
Y. Ninomiya 155, A. Nisati 132a, R. Nisius 99, T. Nobe 157, L. Nodulman 6, M. Nomachi 116, I. Nomidis 154,
S. Norberg 111, M. Nordberg 30, P.R. Norton 129, J. Novakova 126, M. Nozaki 65, L. Nozka 113,
I.M. Nugent 159a, A.-E. Nuncio-Quiroz 21, G. Nunes Hanninger 86, T. Nunnemann 98, E. Nurse 77,
B.J. O’Brien 46, D.C. O’Neil 142, V. O’Shea 53, L.B. Oakes 98, F.G. Oakham 29,e, H. Oberlack 99, J. Ocariz 78,
A. Ochi 66, S. Oda 69, S. Odaka 65, J. Odier 83, H. Ogren 60, A. Oh 82, S.H. Oh 45, C.C. Ohm 30, T. Ohshima 101,
W. Okamura 116, H. Okawa 25, Y. Okumura 31, T. Okuyama 155, A. Olariu 26a, A.G. Olchevski 64,



ATLAS Collaboration / Physics Letters B 719 (2013) 242–260 255

S.A. Olivares Pino 32a, M. Oliveira 124a,h, D. Oliveira Damazio 25, E. Oliver Garcia 167, D. Olivito 120,
A. Olszewski 39, J. Olszowska 39, A. Onofre 124a,aa, P.U.E. Onyisi 31, C.J. Oram 159a, M.J. Oreglia 31,
Y. Oren 153, D. Orestano 134a,134b, N. Orlando 72a,72b, I. Orlov 107, C. Oropeza Barrera 53, R.S. Orr 158,
B. Osculati 50a,50b, R. Ospanov 120, C. Osuna 12, G. Otero y Garzon 27, J.P. Ottersbach 105, M. Ouchrif 135d,
E.A. Ouellette 169, F. Ould-Saada 117, A. Ouraou 136, Q. Ouyang 33a, A. Ovcharova 15, M. Owen 82,
S. Owen 139, V.E. Ozcan 19a, N. Ozturk 8, A. Pacheco Pages 12, C. Padilla Aranda 12, S. Pagan Griso 15,
E. Paganis 139, C. Pahl 99, F. Paige 25, P. Pais 84, K. Pajchel 117, G. Palacino 159b, C.P. Paleari 7, S. Palestini 30,
D. Pallin 34, A. Palma 124a, J.D. Palmer 18, Y.B. Pan 173, E. Panagiotopoulou 10, J.G. Panduro Vazquez 76,
P. Pani 105, N. Panikashvili 87, S. Panitkin 25, D. Pantea 26a, A. Papadelis 146a, Th.D. Papadopoulou 10,
A. Paramonov 6, D. Paredes Hernandez 34, W. Park 25,ab, M.A. Parker 28, F. Parodi 50a,50b, J.A. Parsons 35,
U. Parzefall 48, S. Pashapour 54, E. Pasqualucci 132a, S. Passaggio 50a, A. Passeri 134a, F. Pastore 134a,134b,∗,
Fr. Pastore 76, G. Pásztor 49,ac, S. Pataraia 175, N. Patel 150, J.R. Pater 82, S. Patricelli 102a,102b, T. Pauly 30,
M. Pecsy 144a, S. Pedraza Lopez 167, M.I. Pedraza Morales 173, S.V. Peleganchuk 107, D. Pelikan 166,
H. Peng 33b, B. Penning 31, A. Penson 35, J. Penwell 60, M. Perantoni 24a, K. Perez 35,ad,
T. Perez Cavalcanti 42, E. Perez Codina 159a, M.T. Pérez García-Estañ 167, V. Perez Reale 35, L. Perini 89a,89b,
H. Pernegger 30, R. Perrino 72a, P. Perrodo 5, V.D. Peshekhonov 64, K. Peters 30, B.A. Petersen 30,
J. Petersen 30, T.C. Petersen 36, E. Petit 5, A. Petridis 154, C. Petridou 154, E. Petrolo 132a, F. Petrucci 134a,134b,
D. Petschull 42, M. Petteni 142, R. Pezoa 32b, A. Phan 86, P.W. Phillips 129, G. Piacquadio 30, A. Picazio 49,
E. Piccaro 75, M. Piccinini 20a,20b, S.M. Piec 42, R. Piegaia 27, D.T. Pignotti 109, J.E. Pilcher 31,
A.D. Pilkington 82, J. Pina 124a,b, M. Pinamonti 164a,164c, A. Pinder 118, J.L. Pinfold 3, B. Pinto 124a,
C. Pizio 89a,89b, M. Plamondon 169, M.-A. Pleier 25, E. Plotnikova 64, A. Poblaguev 25, S. Poddar 58a,
F. Podlyski 34, L. Poggioli 115, D. Pohl 21, M. Pohl 49, G. Polesello 119a, A. Policicchio 37a,37b, A. Polini 20a,
J. Poll 75, V. Polychronakos 25, D. Pomeroy 23, K. Pommès 30, L. Pontecorvo 132a, B.G. Pope 88,
G.A. Popeneciu 26a, D.S. Popovic 13a, A. Poppleton 30, X. Portell Bueso 30, G.E. Pospelov 99, S. Pospisil 127,
I.N. Potrap 99, C.J. Potter 149, C.T. Potter 114, G. Poulard 30, J. Poveda 60, V. Pozdnyakov 64, R. Prabhu 77,
P. Pralavorio 83, A. Pranko 15, S. Prasad 30, R. Pravahan 25, S. Prell 63, K. Pretzl 17, D. Price 60, J. Price 73,
L.E. Price 6, D. Prieur 123, M. Primavera 72a, K. Prokofiev 108, F. Prokoshin 32b, S. Protopopescu 25,
J. Proudfoot 6, X. Prudent 44, M. Przybycien 38, H. Przysiezniak 5, S. Psoroulas 21, E. Ptacek 114,
E. Pueschel 84, J. Purdham 87, M. Purohit 25,ab, P. Puzo 115, Y. Pylypchenko 62, J. Qian 87, A. Quadt 54,
D.R. Quarrie 15, W.B. Quayle 173, F. Quinonez 32a, M. Raas 104, V. Radeka 25, V. Radescu 42, P. Radloff 114,
F. Ragusa 89a,89b, G. Rahal 178, A.M. Rahimi 109, D. Rahm 25, S. Rajagopalan 25, M. Rammensee 48,
M. Rammes 141, A.S. Randle-Conde 40, K. Randrianarivony 29, F. Rauscher 98, T.C. Rave 48, M. Raymond 30,
A.L. Read 117, D.M. Rebuzzi 119a,119b, A. Redelbach 174, G. Redlinger 25, R. Reece 120, K. Reeves 41,
A. Reinsch 114, I. Reisinger 43, C. Rembser 30, Z.L. Ren 151, A. Renaud 115, M. Rescigno 132a, S. Resconi 89a,
B. Resende 136, P. Reznicek 98, R. Rezvani 158, R. Richter 99, E. Richter-Was 5,ae, M. Ridel 78, M. Rijpstra 105,
M. Rijssenbeek 148, A. Rimoldi 119a,119b, L. Rinaldi 20a, R.R. Rios 40, I. Riu 12, G. Rivoltella 89a,89b,
F. Rizatdinova 112, E. Rizvi 75, S.H. Robertson 85,k, A. Robichaud-Veronneau 118, D. Robinson 28,
J.E.M. Robinson 82, A. Robson 53, J.G. Rocha de Lima 106, C. Roda 122a,122b, D. Roda Dos Santos 30, A. Roe 54,
S. Roe 30, O. Røhne 117, S. Rolli 161, A. Romaniouk 96, M. Romano 20a,20b, G. Romeo 27, E. Romero Adam 167,
N. Rompotis 138, L. Roos 78, E. Ros 167, S. Rosati 132a, K. Rosbach 49, A. Rose 149, M. Rose 76,
G.A. Rosenbaum 158, E.I. Rosenberg 63, P.L. Rosendahl 14, O. Rosenthal 141, L. Rosselet 49, V. Rossetti 12,
E. Rossi 132a,132b, L.P. Rossi 50a, M. Rotaru 26a, I. Roth 172, J. Rothberg 138, D. Rousseau 115, C.R. Royon 136,
A. Rozanov 83, Y. Rozen 152, X. Ruan 33a,af , F. Rubbo 12, I. Rubinskiy 42, N. Ruckstuhl 105, V.I. Rud 97,
C. Rudolph 44, G. Rudolph 61, F. Rühr 7, A. Ruiz-Martinez 63, L. Rumyantsev 64, Z. Rurikova 48,
N.A. Rusakovich 64, A. Ruschke 98, J.P. Rutherfoord 7, P. Ruzicka 125, Y.F. Ryabov 121, M. Rybar 126,
G. Rybkin 115, N.C. Ryder 118, A.F. Saavedra 150, I. Sadeh 153, H.F-W. Sadrozinski 137, R. Sadykov 64,
F. Safai Tehrani 132a, H. Sakamoto 155, G. Salamanna 75, A. Salamon 133a, M. Saleem 111, D. Salek 30,
D. Salihagic 99, A. Salnikov 143, J. Salt 167, B.M. Salvachua Ferrando 6, D. Salvatore 37a,37b, F. Salvatore 149,
A. Salvucci 104, A. Salzburger 30, D. Sampsonidis 154, B.H. Samset 117, A. Sanchez 102a,102b,
V. Sanchez Martinez 167, H. Sandaker 14, H.G. Sander 81, M.P. Sanders 98, M. Sandhoff 175, T. Sandoval 28,
C. Sandoval 162, R. Sandstroem 99, D.P.C. Sankey 129, A. Sansoni 47, C. Santamarina Rios 85, C. Santoni 34,
R. Santonico 133a,133b, H. Santos 124a, I. Santoyo Castillo 149, J.G. Saraiva 124a, T. Sarangi 173,



256 ATLAS Collaboration / Physics Letters B 719 (2013) 242–260

E. Sarkisyan-Grinbaum 8, B. Sarrazin 21, F. Sarri 122a,122b, G. Sartisohn 175, O. Sasaki 65, Y. Sasaki 155,
N. Sasao 67, I. Satsounkevitch 90, G. Sauvage 5,∗, E. Sauvan 5, J.B. Sauvan 115, P. Savard 158,e, V. Savinov 123,
D.O. Savu 30, L. Sawyer 25,m, D.H. Saxon 53, J. Saxon 120, C. Sbarra 20a, A. Sbrizzi 20a,20b,
D.A. Scannicchio 163, M. Scarcella 150, J. Schaarschmidt 115, P. Schacht 99, D. Schaefer 120, U. Schäfer 81,
A. Schaelicke 46, S. Schaepe 21, S. Schaetzel 58b, A.C. Schaffer 115, D. Schaile 98, R.D. Schamberger 148,
A.G. Schamov 107, V. Scharf 58a, V.A. Schegelsky 121, D. Scheirich 87, M. Schernau 163, M.I. Scherzer 35,
C. Schiavi 50a,50b, J. Schieck 98, M. Schioppa 37a,37b, S. Schlenker 30, E. Schmidt 48, K. Schmieden 21,
C. Schmitt 81, S. Schmitt 58b, B. Schneider 17, U. Schnoor 44, L. Schoeffel 136, A. Schoening 58b,
A.L.S. Schorlemmer 54, M. Schott 30, D. Schouten 159a, J. Schovancova 125, M. Schram 85, C. Schroeder 81,
N. Schroer 58c, M.J. Schultens 21, J. Schultes 175, H.-C. Schultz-Coulon 58a, H. Schulz 16, M. Schumacher 48,
B.A. Schumm 137, Ph. Schune 136, C. Schwanenberger 82, A. Schwartzman 143, Ph. Schwegler 99,
Ph. Schwemling 78, R. Schwienhorst 88, R. Schwierz 44, J. Schwindling 136, T. Schwindt 21, M. Schwoerer 5,
F.G. Sciacca 17, G. Sciolla 23, W.G. Scott 129, J. Searcy 114, G. Sedov 42, E. Sedykh 121, S.C. Seidel 103,
A. Seiden 137, F. Seifert 44, J.M. Seixas 24a, G. Sekhniaidze 102a, S.J. Sekula 40, K.E. Selbach 46,
D.M. Seliverstov 121, B. Sellden 146a, G. Sellers 73, M. Seman 144b, N. Semprini-Cesari 20a,20b, C. Serfon 98,
L. Serin 115, L. Serkin 54, R. Seuster 159a, H. Severini 111, A. Sfyrla 30, E. Shabalina 54, M. Shamim 114,
L.Y. Shan 33a, J.T. Shank 22, Q.T. Shao 86, M. Shapiro 15, P.B. Shatalov 95, K. Shaw 164a,164c, D. Sherman 176,
P. Sherwood 77, S. Shimizu 101, M. Shimojima 100, T. Shin 56, M. Shiyakova 64, A. Shmeleva 94,
M.J. Shochet 31, D. Short 118, S. Shrestha 63, E. Shulga 96, M.A. Shupe 7, P. Sicho 125, A. Sidoti 132a,
F. Siegert 48, Dj. Sijacki 13a, O. Silbert 172, J. Silva 124a, Y. Silver 153, D. Silverstein 143, S.B. Silverstein 146a,
V. Simak 127, O. Simard 136, Lj. Simic 13a, S. Simion 115, E. Simioni 81, B. Simmons 77, R. Simoniello 89a,89b,
M. Simonyan 36, P. Sinervo 158, N.B. Sinev 114, V. Sipica 141, G. Siragusa 174, A. Sircar 25, A.N. Sisakyan 64,∗,
S.Yu. Sivoklokov 97, J. Sjölin 146a,146b, T.B. Sjursen 14, L.A. Skinnari 15, H.P. Skottowe 57, K. Skovpen 107,
P. Skubic 111, M. Slater 18, T. Slavicek 127, K. Sliwa 161, V. Smakhtin 172, B.H. Smart 46, L. Smestad 117,
S.Yu. Smirnov 96, Y. Smirnov 96, L.N. Smirnova 97, O. Smirnova 79, B.C. Smith 57, D. Smith 143,
K.M. Smith 53, M. Smizanska 71, K. Smolek 127, A.A. Snesarev 94, S.W. Snow 82, J. Snow 111, S. Snyder 25,
R. Sobie 169,k, J. Sodomka 127, A. Soffer 153, C.A. Solans 167, M. Solar 127, J. Solc 127, E.Yu. Soldatov 96,
U. Soldevila 167, E. Solfaroli Camillocci 132a,132b, A.A. Solodkov 128, O.V. Solovyanov 128, V. Solovyev 121,
N. Soni 1, A. Sood 15, V. Sopko 127, B. Sopko 127, M. Sosebee 8, R. Soualah 164a,164c, A. Soukharev 107,
S. Spagnolo 72a,72b, F. Spanò 76, R. Spighi 20a, G. Spigo 30, R. Spiwoks 30, M. Spousta 126,ag , T. Spreitzer 158,
B. Spurlock 8, R.D. St. Denis 53, J. Stahlman 120, R. Stamen 58a, E. Stanecka 39, R.W. Stanek 6,
C. Stanescu 134a, M. Stanescu-Bellu 42, M.M. Stanitzki 42, S. Stapnes 117, E.A. Starchenko 128, J. Stark 55,
P. Staroba 125, P. Starovoitov 42, R. Staszewski 39, A. Staude 98, P. Stavina 144a,∗, G. Steele 53, P. Steinbach 44,
P. Steinberg 25, I. Stekl 127, B. Stelzer 142, H.J. Stelzer 88, O. Stelzer-Chilton 159a, H. Stenzel 52, S. Stern 99,
G.A. Stewart 30, J.A. Stillings 21, M.C. Stockton 85, K. Stoerig 48, G. Stoicea 26a, S. Stonjek 99, P. Strachota 126,
A.R. Stradling 8, A. Straessner 44, J. Strandberg 147, S. Strandberg 146a,146b, A. Strandlie 117, M. Strang 109,
E. Strauss 143, M. Strauss 111, P. Strizenec 144b, R. Ströhmer 174, D.M. Strom 114, J.A. Strong 76,∗,
R. Stroynowski 40, B. Stugu 14, I. Stumer 25,∗, J. Stupak 148, P. Sturm 175, N.A. Styles 42, D.A. Soh 151,u,
D. Su 143, H.S. Subramania 3, R. Subramaniam 25, A. Succurro 12, Y. Sugaya 116, C. Suhr 106, M. Suk 126,
V.V. Sulin 94, S. Sultansoy 4d, T. Sumida 67, X. Sun 55, J.E. Sundermann 48, K. Suruliz 139, G. Susinno 37a,37b,
M.R. Sutton 149, Y. Suzuki 65, Y. Suzuki 66, M. Svatos 125, S. Swedish 168, I. Sykora 144a, T. Sykora 126,
J. Sánchez 167, D. Ta 105, K. Tackmann 42, A. Taffard 163, R. Tafirout 159a, N. Taiblum 153, Y. Takahashi 101,
H. Takai 25, R. Takashima 68, H. Takeda 66, T. Takeshita 140, Y. Takubo 65, M. Talby 83, A. Talyshev 107,g ,
M.C. Tamsett 25, K.G. Tan 86, J. Tanaka 155, R. Tanaka 115, S. Tanaka 131, S. Tanaka 65, A.J. Tanasijczuk 142,
K. Tani 66, N. Tannoury 83, S. Tapprogge 81, D. Tardif 158, S. Tarem 152, F. Tarrade 29, G.F. Tartarelli 89a,
P. Tas 126, M. Tasevsky 125, E. Tassi 37a,37b, Y. Tayalati 135d, C. Taylor 77, F.E. Taylor 92, G.N. Taylor 86,
W. Taylor 159b, M. Teinturier 115, F.A. Teischinger 30, M. Teixeira Dias Castanheira 75, P. Teixeira-Dias 76,
K.K. Temming 48, H. Ten Kate 30, P.K. Teng 151, S. Terada 65, K. Terashi 155, J. Terron 80, M. Testa 47,
R.J. Teuscher 158,k, J. Therhaag 21, T. Theveneaux-Pelzer 78, S. Thoma 48, J.P. Thomas 18, E.N. Thompson 35,
P.D. Thompson 18, P.D. Thompson 158, A.S. Thompson 53, L.A. Thomsen 36, E. Thomson 120, M. Thomson 28,
W.M. Thong 86, R.P. Thun 87, F. Tian 35, M.J. Tibbetts 15, T. Tic 125, V.O. Tikhomirov 94, Y.A. Tikhonov 107,g ,
S. Timoshenko 96, E. Tiouchichine 83, P. Tipton 176, S. Tisserant 83, T. Todorov 5, S. Todorova-Nova 161,



ATLAS Collaboration / Physics Letters B 719 (2013) 242–260 257

B. Toggerson 163, J. Tojo 69, S. Tokár 144a, K. Tokushuku 65, K. Tollefson 88, M. Tomoto 101, L. Tompkins 31,
K. Toms 103, A. Tonoyan 14, C. Topfel 17, N.D. Topilin 64, E. Torrence 114, H. Torres 78, E. Torró Pastor 167,
J. Toth 83,ac, F. Touchard 83, D.R. Tovey 139, T. Trefzger 174, L. Tremblet 30, A. Tricoli 30, I.M. Trigger 159a,
S. Trincaz-Duvoid 78, M.F. Tripiana 70, N. Triplett 25, W. Trischuk 158, B. Trocmé 55, C. Troncon 89a,
M. Trottier-McDonald 142, P. True 88, M. Trzebinski 39, A. Trzupek 39, C. Tsarouchas 30, J.C-L. Tseng 118,
M. Tsiakiris 105, P.V. Tsiareshka 90, D. Tsionou 5,ah, G. Tsipolitis 10, S. Tsiskaridze 12, V. Tsiskaridze 48,
E.G. Tskhadadze 51a, I.I. Tsukerman 95, V. Tsulaia 15, J.-W. Tsung 21, S. Tsuno 65, D. Tsybychev 148,
A. Tua 139, A. Tudorache 26a, V. Tudorache 26a, J.M. Tuggle 31, A.N. Tuna 120, M. Turala 39, D. Turecek 127,
I. Turk Cakir 4e, E. Turlay 105, R. Turra 89a,89b, P.M. Tuts 35, A. Tykhonov 74, M. Tylmad 146a,146b,
M. Tyndel 129, G. Tzanakos 9, K. Uchida 21, I. Ueda 155, R. Ueno 29, M. Ugland 14, M. Uhlenbrock 21,
M. Uhrmacher 54, F. Ukegawa 160, G. Unal 30, A. Undrus 25, G. Unel 163, Y. Unno 65, D. Urbaniec 35,
P. Urquijo 21, G. Usai 8, M. Uslenghi 119a,119b, L. Vacavant 83, V. Vacek 127, B. Vachon 85, S. Vahsen 15,
J. Valenta 125, S. Valentinetti 20a,20b, A. Valero 167, S. Valkar 126, E. Valladolid Gallego 167, S. Vallecorsa 152,
J.A. Valls Ferrer 167, R. Van Berg 120, P.C. Van Der Deijl 105, R. van der Geer 105, H. van der Graaf 105,
R. Van Der Leeuw 105, E. van der Poel 105, D. van der Ster 30, N. van Eldik 30, P. van Gemmeren 6,
I. van Vulpen 105, M. Vanadia 99, W. Vandelli 30, A. Vaniachine 6, P. Vankov 42, F. Vannucci 78, R. Vari 132a,
E.W. Varnes 7, T. Varol 84, D. Varouchas 15, A. Vartapetian 8, K.E. Varvell 150, V.I. Vassilakopoulos 56,
F. Vazeille 34, T. Vazquez Schroeder 54, G. Vegni 89a,89b, J.J. Veillet 115, F. Veloso 124a, R. Veness 30,
S. Veneziano 132a, A. Ventura 72a,72b, D. Ventura 84, M. Venturi 48, N. Venturi 158, V. Vercesi 119a,
M. Verducci 138, W. Verkerke 105, J.C. Vermeulen 105, A. Vest 44, M.C. Vetterli 142,e, I. Vichou 165,
T. Vickey 145b,ai, O.E. Vickey Boeriu 145b, G.H.A. Viehhauser 118, S. Viel 168, M. Villa 20a,20b,
M. Villaplana Perez 167, E. Vilucchi 47, M.G. Vincter 29, E. Vinek 30, V.B. Vinogradov 64, M. Virchaux 136,∗,
J. Virzi 15, O. Vitells 172, M. Viti 42, I. Vivarelli 48, F. Vives Vaque 3, S. Vlachos 10, D. Vladoiu 98,
M. Vlasak 127, A. Vogel 21, P. Vokac 127, G. Volpi 47, M. Volpi 86, G. Volpini 89a, H. von der Schmitt 99,
H. von Radziewski 48, E. von Toerne 21, V. Vorobel 126, V. Vorwerk 12, M. Vos 167, R. Voss 30, T.T. Voss 175,
J.H. Vossebeld 73, N. Vranjes 136, M. Vranjes Milosavljevic 105, V. Vrba 125, M. Vreeswijk 105, T. Vu Anh 48,
R. Vuillermet 30, I. Vukotic 31, W. Wagner 175, P. Wagner 120, H. Wahlen 175, S. Wahrmund 44,
J. Wakabayashi 101, S. Walch 87, J. Walder 71, R. Walker 98, W. Walkowiak 141, R. Wall 176, P. Waller 73,
B. Walsh 176, C. Wang 45, H. Wang 173, H. Wang 40, J. Wang 151, J. Wang 55, R. Wang 103, S.M. Wang 151,
T. Wang 21, A. Warburton 85, C.P. Ward 28, D.R. Wardrope 77, M. Warsinsky 48, A. Washbrook 46,
C. Wasicki 42, I. Watanabe 66, P.M. Watkins 18, A.T. Watson 18, I.J. Watson 150, M.F. Watson 18, G. Watts 138,
S. Watts 82, A.T. Waugh 150, B.M. Waugh 77, M.S. Weber 17, J.S. Webster 31, A.R. Weidberg 118, P. Weigell 99,
J. Weingarten 54, C. Weiser 48, P.S. Wells 30, T. Wenaus 25, D. Wendland 16, Z. Weng 151,u, T. Wengler 30,
S. Wenig 30, N. Wermes 21, M. Werner 48, P. Werner 30, M. Werth 163, M. Wessels 58a, J. Wetter 161,
C. Weydert 55, K. Whalen 29, A. White 8, M.J. White 86, S. White 122a,122b, S.R. Whitehead 118,
D. Whiteson 163, D. Whittington 60, F. Wicek 115, D. Wicke 175, F.J. Wickens 129, W. Wiedenmann 173,
M. Wielers 129, P. Wienemann 21, C. Wiglesworth 75, L.A.M. Wiik-Fuchs 21, P.A. Wijeratne 77,
A. Wildauer 99, M.A. Wildt 42,r , I. Wilhelm 126, H.G. Wilkens 30, J.Z. Will 98, E. Williams 35,
H.H. Williams 120, W. Willis 35, S. Willocq 84, J.A. Wilson 18, M.G. Wilson 143, A. Wilson 87,
I. Wingerter-Seez 5, S. Winkelmann 48, F. Winklmeier 30, M. Wittgen 143, S.J. Wollstadt 81, M.W. Wolter 39,
H. Wolters 124a,h, W.C. Wong 41, G. Wooden 87, B.K. Wosiek 39, J. Wotschack 30, M.J. Woudstra 82,
K.W. Wozniak 39, K. Wraight 53, M. Wright 53, B. Wrona 73, S.L. Wu 173, X. Wu 49, Y. Wu 33b,aj, E. Wulf 35,
B.M. Wynne 46, S. Xella 36, M. Xiao 136, S. Xie 48, C. Xu 33b,y, D. Xu 139, L. Xu 33b, B. Yabsley 150,
S. Yacoob 145a,ak, M. Yamada 65, H. Yamaguchi 155, A. Yamamoto 65, K. Yamamoto 63, S. Yamamoto 155,
T. Yamamura 155, T. Yamanaka 155, T. Yamazaki 155, Y. Yamazaki 66, Z. Yan 22, H. Yang 87, U.K. Yang 82,
Y. Yang 109, Z. Yang 146a,146b, S. Yanush 91, L. Yao 33a, Y. Yao 15, Y. Yasu 65, G.V. Ybeles Smit 130, J. Ye 40,
S. Ye 25, M. Yilmaz 4c, R. Yoosoofmiya 123, K. Yorita 171, R. Yoshida 6, K. Yoshihara 155, C. Young 143,
C.J. Young 118, S. Youssef 22, D. Yu 25, D.R. Yu 15, J. Yu 8, J. Yu 112, L. Yuan 66, A. Yurkewicz 106,
B. Zabinski 39, R. Zaidan 62, A.M. Zaitsev 128, Z. Zajacova 30, L. Zanello 132a,132b, D. Zanzi 99, A. Zaytsev 25,
C. Zeitnitz 175, M. Zeman 125, A. Zemla 39, C. Zendler 21, O. Zenin 128, T. Ženiš 144a, Z. Zinonos 122a,122b,
D. Zerwas 115, G. Zevi della Porta 57, D. Zhang 33b,al, H. Zhang 88, J. Zhang 6, X. Zhang 33d, Z. Zhang 115,
L. Zhao 108, Z. Zhao 33b, A. Zhemchugov 64, J. Zhong 118, B. Zhou 87, N. Zhou 163, Y. Zhou 151, C.G. Zhu 33d,



258 ATLAS Collaboration / Physics Letters B 719 (2013) 242–260

H. Zhu 42, J. Zhu 87, Y. Zhu 33b, X. Zhuang 98, V. Zhuravlov 99, A. Zibell 98, D. Zieminska 60, N.I. Zimin 64,
R. Zimmermann 21, S. Zimmermann 21, S. Zimmermann 48, M. Ziolkowski 141, R. Zitoun 5, L. Živković 35,
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