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Abstract

A search for the Higgs boson with a mass of about 125 GeV decaying into a pair
of τ leptons is performed with a data sample of proton-proton collisions, corresponding
to an integrated luminosity ofL = 20.3 fb−1, collected with the ATLAS detector at the
LHC at a centre-of-mass energy of

√
s = 8 TeV. Final states in allτ decay combina-

tions (both hadronic and leptonic) are examined. The observed (expected) deviation from
the background-only hypothesis corresponds to a significance of 4.1 (3.2) standard devia-
tions, and the measured signal strength isµ = 1.4+0.5

−0.4. This is evidence for the existence of
H → τ+τ− decays, consistent with the Standard Model expectation fora Higgs boson with
mH = 125 GeV.
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1 Introduction

The observation of a new particle with a mass near 125 GeV by the ATLAS and CMS experiments [1, 2]
in the search for the Standard Model (SM) Higgs boson [3–8] isa great success of the Large Hadron
Collider (LHC) physics programme at the CERN laboratory. Todate, however, evidence for Higgs-
boson decays into fermionic final states is not conclusive.

With a branching ratio of 6.3% [9],H → τ+τ− is among the leading decay modes for a SM Higgs
boson with a mass of 125 GeV. This decay mode can provide a direct measurement of the coupling of
the Higgs boson to fermions, thereby testing an important prediction of the theory. The observation of
theH → τ+τ− decay mode would be strong evidence that fermions acquire their mass through the Higgs
mechanism.

This note presents a search for the SM Higgs boson in theH → τ+lepτ
−
lep , H → τ+lepτ

−
had, and

H → τ+hadτ
−
had final states1 with the ATLAS detector [10], using the full dataset collected in proton-proton

(pp) collisions at
√

s= 8 TeV in 2012 and corresponding to an integrated luminosity of L = 20.3 fb−1.
The search is designed to be sensitive to the SM Higgs boson produced through gluon fusion

(ggF) [11], vector boson fusion (VBF) [12], and associated production (VH) with V = W or Z de-
caying hadronically. All these mechanisms can give rise to jet signatures, particularly in the VBF case,
where two high-energy jets with a large pseudorapidity separation are produced.

The results presented in this note supersede those of Ref. [13] which correspond to an analysis of
part of the 2012 dataset with a luminosity ofL = 13.0 fb−1, and the full 2011 dataset. The most recent
results from the CMS collaboration on the search for the SM Higgs boson in theτ+τ− channel can be
found in Ref. [14].

2 Analysis Strategy

The ATLAS detector is described in Section 3, with details onthe data and simulated samples given
in Section 4. Object identification cuts are applied as described in Section 5 and Section 6 details pre-
selection cuts for all three channels:τlepτlep, τlepτhad and τhadτhad. The events are further classified
into categoriesoptimized for the different SM Higgs production mechanisms, as described in Section 7.
The category definitions depend to a certain extent on the channel because of the different background
compositions.

Following preselection and categorization, theH → τ+τ− signal is still overwhelmed by a variety
of background sources. A boosted decision tree (BDT) multivariate analysis technique is used to discri-
minate signal from background [15–17]. Separate BDTs are trained for each channel in each category
as described in Section 8, based on input variables that havediffering distributions for signal and back-
ground. The background estimates are described in Section 9. The BDT output distribution (BDT score)
is then used as the final discriminant.

Since a BDT is sensitive to the correlations among variables, it is necessary to demonstrate that these
correlations are well modelled. For that reason, the BDT output is computed in several signal-depleted
control regions, and the agreement between the data and the background model is confirmed, as described
in Section 10.

To ensure that analysis choices are not biased, discriminating variables which might on their own
reveal the presence of a signal were blinded throughout the analysis optimization. This blinding was
applied to variables such asmττ and the final BDT score in signal sensitive bins, but not to basic kinematic
distributions such as the transverse momentum ofτ leptons.

1τlep andτhad denote leptonically and hadronically decayingτ leptons, respectively. Charge-conjugate decay modes are
implied. Throughout the remainder of this note, a simplifiednotation without the particle charges is used.
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Systematic uncertainties relevant to the analysis are mentioned in Section 11, and the signal extrac-
tion procedure is detailed in Section 12. The results of thissearch are given in Section 13.

3 The ATLAS Detector

The ATLAS detector [10] is a cylindrical2 multi-purpose detector at the LHC. The detector subsystem
closest to the interaction point, the Inner Detector (ID), provides precise position and momentum mea-
surements of charged particles. It covers the pseudorapidity range|η| < 2.5 and provides full azimuthal
coverage. It consists of three subdetectors arranged in a coaxial geometry around the beam axis: the
silicon pixel detector, the silicon microstrip detector and the straw-tube transition-radiation tracker. A
solenoid magnet generates a 2 T magnetic field in which the ID is immersed.

Electromagnetic calorimetry in the region|η| < 3.2 is based on a high-granularity, lead/liquid-argon
(LAr) sampling technology. Hadronic calorimetry uses a scintillating-tile/steel detector covering the re-
gion |η| < 1.7 and a copper/LAr detector in the region 1.5 < |η| < 3.2. The most forward region of the de-
tector 3.1 < |η| < 4.9 is equipped with a dedicated forward calorimeter, measuring both electromagnetic
and hadronic energies using copper/LAr and tungsten/LAr modules.

A large stand-alone Muon Spectrometer (MS) is the outermostpart of the detector. It consists of three
large air-core superconducting toroidal magnet systems. The deflection of the muon trajectories in the
magnetic field is measured in three layers of precision drifttube chambers for|η| < 2. In higherη regions
(2.0 < |η| < 2.7), two layers of drift tube chambers are used in combinationwith one layer of cathode
strip chambers in the innermost endcap wheels of the MS. Three layers of resistive plate chambers in
the barrel (|η| < 1.05) and three layers of thin gap chambers in the endcaps (1.05 < |η| < 2.4) provide
the muon trigger and also measure the muon trajectory in the non-bending plane of the spectrometer
magnets.

A three-level trigger system [18] is used to select events inreal time. A hardware-based Level-1
trigger uses a subset of detector information to reduce the event rate to a value of at most 75 kHz. The
rate of accepted events is then reduced to about 300 Hz by two software-based trigger levels, Level-2 and
the Event Filter.

4 Data and Simulated Samples

This search usespp collision data at
√

s = 8 TeV collected in 2012. After requiring that all detector
systems are operational, the dataset used corresponds to anintegrated luminosity ofL = 20.3 fb−1. The
triggers used by each channel are given in Table 1.

The simulated event samples, based on Monte Carlo (MC) techniques and a full description of the
the ATLAS detector [19] with GEANT4 [20], are listed below. These samples include the simulation of
pile-up activity in the same or nearby bunch crossings. The MC samples are re-weighted to reproduce
the observed distribution of the mean number of interactions per bunch crossing in the data.

The simulation of signal events produced via the gluon-fusion and VBF-production mechanisms is
performed using the POWHEG [21–23] event generator based onnext-to-leading order (NLO) QCD
calculations. Soft-gluon resummation up to next-to-next-to-leading logarithm order [24] is adopted. The
finite quark-mass effects are taken into account in POWHEG [25]. The parton shower, hadronization
and underlying event simulations are provided by PYTHIA [26, 27]. The CT10 [28] parton distribution

2ATLAS uses a right-handed coordinate system with its originat the nominal interaction point (IP) in the centre of the
detector and thez-axis along the beam direction. Thex-axis points from the IP to the centre of the LHC ring, and they-axis
points upward. Cylindrical coordinates (r, φ) are used in the transverse (x, y) plane,φ being the azimuthal angle around the
beam direction. The pseudorapidity is defined in terms of thepolar angleθ asη = − ln tan(θ/2). The distance∆R in theη − φ
space is defined as∆R=

√

(∆η)2 + (∆φ)2.
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Trigger pT threshold(s) [GeV] τlepτlep τlepτhad τhadτhad

Electron 24 • •
Muon 24 •
Di-electron 12 ; 12 •
Di-muon 18 ; 8 •
Electron+Muon 12 ; 8 •
Electron+ τhad 18 ; 20 •
Muon+ τhad 15 ; 20 •
Di-τhad 29 ; 20 •

Table 1: Triggers used for each channel. When more than one trigger is used, a logical OR of the triggers
is taken and the trigger efficiency is calculated accordingly. The electron+τhad and muon+τhad triggers
are used for theτlepτhad channel at preselection, but not in the VBF and boosted categories as defined in
Section 7.

function (PDF) is used. The associated production (VH) samples are generated at leading order (LO)
in QCD using PYTHIA with the CTEQ6L1 [29] PDF set. The signal samples are normalized to cross
sections computed at next-to-next-to-leading order (NNLO) QCD and taken from Ref. [9].

Background simulation samples use several generators, as described below, each interfaced with
HERWIG [30] (with one exception noted below) to provide the parton shower and hadronization.
JIMMY [31] provides the modeling of the underlying event. The samples forW/Z+jets events are
generated with ALPGEN [32]. This generator employs the MLM matching scheme [33] between the
hard process (calculated with LO matrix elements for up to five jets) and the parton shower. Theτlepτhad

channel uses these samples interfaced with PYTHIA rather than HERWIG. Thett̄ samples are pro-
duced with MC@NLO [34] with NLO accuracy. Single-top eventsare generated with AcerMC [35].
The diboson (WW, WZ, ZZ) MC samples are generated using HERWIG for theτlepτlep channel. In the
τhadτhad andτlepτhad channels, HERWIG is used for theWZ andZZ samples, while theWWsample is
obtained using ALPGEN interfaced to HERWIG. The loop-inducedgg → WWprocesses are generated
using gg2WW [36]. The PDF set used with the AcerMC, ALPGEN andHERWIG event generators is
CTEQ6L1, while CT10 is used for the generation of events withMC@NLO and gg2WW.

TAUOLA [37] performs the tau decay and PHOTOS [38] provides additional photon radiation from
charged leptons for all samples described. The normalization for these backgrounds is either estimated
from data control regions, as described in Section 9, or NLO cross sections are used.

The main and largely irreducibleZ/γ∗ → τ+τ− background is modelled with selectedZ/γ∗ → µ+µ−
data events, where the muon tracks and associated calorimeter cells are replaced by the corresponding
signatures of the decay ofτ leptons. The twoτ leptons are simulated by TAUOLA, matched to the
kinematics of the data muons they replace. Here, theτ polarization and spin correlations are modelled
with the TAUOLA program and theµ − τ mass difference is taken into account. Thus, only theτ decays
(both hadronic and leptonic) and the corresponding detector response are taken from the simulation,
whereas the underlying event kinematics and all other properties, including pile-up effects, are obtained
from the data. This hybrid sample will be referred to as embedded [13] data in the following. The
embedding procedure is extensively validated, e.g. by replacing the muons in selectedZ/γ∗ → τ+τ− data
events by simulated muons instead ofτ leptons. This test is sensitive to systematic effects intrinsic to the
method, for instance due to the subtraction of calorimeter cell energy associated to the data muons. The
validation does not reveal any bias in the embedding procedure [13] beyond the associated systematic
uncertainties.
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5 Object and Event Reconstruction

The reconstruction and identification of leptons, jets, andmissing transverse momentum are performed
using standard ATLAS algorithms briefly described below.

5.1 Electrons

Electron candidates are reconstructed from a cluster in theEM calorimeter and a matching ID track.
They are selected if they pass theMedium[39] identification criteria3, have transverse energy greater than
15 GeV and are in the region|η| < 2.47. Candidates found in the calorimeter transition region (1.37 <
|η| < 1.52) are not considered. Typical electron efficiencies, after these selections cuts, range between
80% and 90% depending onη and pT. Additional isolation criteria, based on tracking and calorimeter
information, are used to suppress the background from misidentified jets or from semileptonic decays of
charm and bottom hadrons.

5.2 Muons

Muon candidates are reconstructed from the association of an ID-track and an MS-track [40]. The
momentum is evaluated from their combination. Muon candidates are selected if they have a transverse
momentum greater than 10 GeV and are in the region|η| < 2.5. Typical muon efficiencies, after these
selection cuts, are approximately 90%. Further isolation criteria are required to suppress the background
from misidentified jets or from semileptonic decays of charmand bottom hadrons.

5.3 Jets

Jets are reconstructed by the anti-kt algorithm [41, 42] with a distance parameterR = 0.4, taking topo-
logical clusters [43] in the calorimeters as inputs. The local hadronic calibration scheme [44] and the jet
energy scale [44] (JES) are used to calibrate energy deposits from hadrons based on calorimeter signals
only. Jets are required to be reconstructed in the range|η| < 4.5 and to have a minimum transverse mo-
mentum of 30 GeV except in theτhadτhadchannel where they are required to have a minimum transverse
momentum of 35 GeV for|η| > 2.4 and in countingb−tagged jets in theτlepτlep channel where the
transverse momentum threshold is lowered to 25 GeV.

A jet-vertex fraction (JVF) requirement is used to reduce the number of selected jets in the event due
to pile-up activity. The JVF is defined as the ratio between the scalar sum of the transverse momenta
of the tracks in the jet associated to the primary vertex and the scalar sum of the transverse momentum
of the tracks in the jet associated to any vertex in the event.Jets with|η| < 2.4 andpT < 50 GeV are
required to have a JVF exceeding 0.5.

In the pseudorapidity range|η| < 2.5, b-jets are selected using a tagging algorithm [45]. The
b-tagging algorithm used has an efficiency of 60–70% forb-tagged jets in simulatedtt̄ events [46].
The corresponding light-quark jet misidentification probability is 0.1–0.5%, depending on the jetpT and
η [47].

5.4 Hadronically Decayingτ Leptons

Hadronically decayingτ leptons are reconstructed starting from clusters in the electromagnetic and
hadronic calorimeters [48]. Tracks in a cone of radius∆R < 0.2 from the cluster barycentre are as-
sociated to theτhad candidate, and theτhad charge is determined from the sum of track charges. This
search usesτhad candidates withpT > 20 GeV and|η| < 2.47. Theτhad candidates are required to

3The electron identification criteria have been reoptimizedfor 2012 data-taking conditions.
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have charge±1, and must be 1- or 3-track (prong) candidates. The two-track sample (where the charge
requirement is dropped) is retained for background studiesas described in Section 9.1. A BDTτ identi-
fication method is used, requiring that theτhad candidate passes theMedium[49] identification criteria,
corresponding to approximately 55–60% efficiency. Dedicated criteria [49] to suppressτhad candidates
from misidentified electrons and muons are also applied. Themisidentification probabilities forτhad

candidates withpT > 20 GeV have a typical value of 1–2% .

5.5 Object Overlap Removal

When different objects selected according to the criteria mentionedabove overlap with each other geo-
metrically (within∆R< 0.2), only one of them is considered. The overlap is resolved byselecting muon,
electron,τhad and jet candidates in this order of priority.

5.6 Missing Transverse Momentum

The signal events are characterized by true missing transverse momentum (Emiss
T ) due to the presence

of the neutrinos fromτ decays. In this analysis, theEmiss
T reconstruction [50] uses calorimeter cells

calibrated according to the reconstructed physics objectsto which they are associated. Calorimeter cells
are associated with a reconstructed and identified high-pT parent object in the following order: electrons,
photons, hadronically decayingτ-leptons, jets and muons. Calorimeter cells not associatedwith any
other objects are scaled by the soft term vertex fraction andare used in theEmiss

T calculation. This
fraction is the ratio of the scalar sum of thepT of tracks from the primary vertex unmatched to objects
to the scalar sumpT of all tracks in the event also unmatched to objects. This method allows a better
reconstruction of theEmiss

T in high pile-up conditions [51]. ThepT of muons identified in the events are
also taken into account in theEmiss

T calculation.
In the τlepτlep channel, a second variable named HighpT ObjectsEmiss

T (HPTO Emiss
T ) is also used

to reject Drell-Yan background. It is built from the highpT objects: the two leptons and the jets with
pT > 25 GeV. The twoEmiss

T variables are strongly correlated for the signal due to neutrinos in the final
state, but only loosely correlated for background fromZ→ e+e− andZ→ µ+µ−.

5.7 Higgs Candidate Kinematic Reconstruction

The invariantττ mass (mMMC
ττ ) is reconstructed using the missing mass calculator (MMC) [52]. This

requires solving an underconstrained system of equations for 6 to 8 unknowns, depending on the number
of neutrinos in theτ+τ− final state. These unknowns include thex-, y-, andz-components of the momen-
tum carried by the undetected neutrinos for each of the twoτ leptons in the event, and the invariant mass
of the two neutrinos from any leptonicτ decays. This is done by using the constraints from the measured
x andy components ofEmiss

T , and the visible masses of bothτ candidates. A scan is then performed over
the yet undetermined variables, and each scan point is then weighted by its probability according to the
τ decay topologies. The estimator for theττ mass (mMMC

ττ ) is then defined as the most probable value of
the weighted scan points.

Another important variable is the transverse momentumpH
T of the Higgs-boson candidate. This

quantity is reconstructed using the vector sum of the eventEmiss
T and the transverse momentum of the

visible τ decay products.

6 Preselection

In addition to criteria to ensure the detector was functioning properly, requirements are applied in order
to increase the purity and quality of the data sample by rejecting non-collision events such as cosmic rays
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and beam halo events. To ensure that the event is the result ofhard-scattering, at least one vertex with at
least four associated tracks and a position consistent withthe beam spot position is required. After these
basic criteria are applied, the event preselection varies by channel.

For all channels, the leptons that are considered for overlap removal withτhad candidates need only
satisfyLoosecriteria, to reduce misidentifiedτhad candidates from leptons. ThepT threshold of muons
considered for overlap removal is also lowered to 4 GeV.

The channels involving real electrons and muons,τlepτlep and τlepτhad, use tighter selections of
electron and muon candidates, including isolation criteria. For theτhad candidates considered in the
τlepτlep andτlepτhad channels, the criteria used to reject electrons misidentified asτhad candidates are
tightened [49].

Higher pT thresholds are applied to electrons, muons, andτhad candidates according to the trigger
condition satisfied by the event, as described in Table 1. Forevents passing the single-electron or single-
muon trigger, an offline requirement ofpT > 26 GeV is applied for the lepton that triggered the event.
ThepT thresholds are unchanged from the general object selectionfor events passing the di-electron and
electron+muon combined triggers. For events passing the di-muon trigger, the leading muon is required
to havepT > 20 GeV. For the combined electron+τhad and muon+τhad triggers, theτhadcandidates must
satisfypT > 25 GeV, while the electron and muon candidates must have transverse momenta exceeding
20 and 17 GeV, respectively. In theτhadτhad channel, where the events are required to pass the di−τhad

trigger, the leading (sub-leading)τhad candidate must satisfypT > 35(25) GeV.

6.1 Theτlepτlep Channel

In theτlepτlep channel, exactly two isolated leptons of opposite-sign (OS) charges are required. Events
containing aτhad candidate are vetoed. The two leptons must satisfy 30< mvis

ττ < 100 GeV in thee+µ−

channel, and 30< mvis
ττ < 75 GeV for thee+e− andµ+µ− channels4, thus avoidingZ, charmonium and

bottomonium resonances. It is also required that the scalarsum of the transverse momentapT(ℓ1)+pT(ℓ2)
exceeds 35 GeV and that∆φℓℓ < 2.5.

For e+e− andµ+µ− final states, theEmiss
T and HPTOEmiss

T must both be greater than 40 GeV, while
for e+µ− only a requirement ofEmiss

T > 20 GeV is made.
Finally, the fraction of the momentum of each tau lepton carried by its visible decay products5 (cal-

culated using the collinear approximation to determine theneutrino momenta [53]), as defined by the
equation,

xτ1(2) =
pvis1(2)

pvis1(2)+ pmis1(2)
(1)

are required to satisfy 0.1 < xτ1, xτ2 < 1.

6.2 Theτlepτhad Channel

In theτlepτhad channel, exactly one lepton and oneτhad candidate with OS charges, passing the givenpT

thresholds, are required. To substantially reduce theW+jets background at this stage, events are rejected
if the transverse mass6 constructed from the lepton and theEmiss

T satisfiesmT > 70 GeV.

4mvis
ττ is defined as the invariant mass of the visible decay productsof theτ leptons.

5pvis is defined as the total momentum of the visible decay productsof theτ lepton. pmis is defined as the momentum of
the neutrino reconstructed using the collinear approximation.

6mT =

√

2pT(ℓ) × Emiss
T × (1− cos∆φ), and∆φ is the azimuthal separation between the directions of the lepton and the

missing transverse momentum vector.
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6.3 Theτhadτhad Channel

In theτhadτhad channel, exactly twoτhad candidates with OS charges are required. Events with electron
or muon candidates are rejected. Trigger requirements in this channel motivate minimumpT thresholds
of pT(τhad1) > 35 GeV andpT(τhad2) > 25 GeV, as mentioned at the beginning of Section 6.

In order to reduce the background from multijet production and to exclude badly modelled events,
several additional requirements are applied: theτhad identification criteria are tightened such that at least
one of the candidates satisfies theTight criteria, and the separation between the twoτhad candidates
must satisfy 0.8 < ∆R(τhad, τhad) < 2.8 and∆η(τhad, τhad) < 1.5. The missing transverse momentum
requirement is set toEmiss

T > 20 GeV and theEmiss
T direction must either be between the two visibleτhad

candidates inφ or the condition min[∆φ(τ,Emiss
T )] < π/2 must be fulfilled.

6.4 Kinematic Distributions after Preselection

In Figures 1-3, the distributions forEmiss
T , mvis

ττ , pH
T , and∆η( j1, j2) (for events with at least two jets)

are shown for each channel after the preselection criteria have been applied. Good agreement is shown
between the observed data and the predictions from the background modelling, which is discussed in
Section 9. The variablesEmiss

T andmvis
ττ are important kinematic variables that are correlated withmMMC

ττ ,
while pH

T and∆η( j1, j2) are variables that help define the categorization of eventsas described in Sec-
tion 7.

7 Analysis Categories

In order to exploit signal-sensitive event topologies, twoanalysis categories are defined in an exclusive
way:

• VBF: targeted at the vector boson fusion Higgs production mechanism. This category is characte-
rized by the presence of two jets with a large pseudorapidityseparation. Some signal events from
the gluon-fusion andVH production mechanisms are also selected in this category.

• Boosted: targeted at events with a boosted Higgs boson from the gluon-fusion production mecha-
nism. It includes only events which fail the VBF category definition. Hence, this category selects
Higgs boson candidates which have largerpT (pH

T > 100 GeV) and well-measured mass. Some
signal events from the VBF andVH production mechanisms are also selected in this category.

While these categories are conceptually identical across the three channels, differences in dominant
backgrounds and in dataset size require that the selection criteria differ in each. Table 2 specifies the
selection criteria used for each channel. For both categories, the requirement on jets is an inclusive
requirement: additional jets aside from those passing the category requirements are not discriminated
against. The∆η( j1, j2) requirement is applied using the highest twopT jets in the event. Ab-jet veto
is used in theτlepτlep andτlepτhad channels to suppress top-quark backgrounds. Theτlepτhad channel
imposes an additional cut on events in the VBF category, requiring that mvis

ττ > 40 GeV. The events
failing this cut are not used in the boosted category. Furthermore, while other triggers were included at
preselection, the finalτlepτhad categories only consider events accepted by the single electron or single
muon trigger.

8 Boosted Decision Trees

BDTs are used in each category to extract the Higgs-boson signal from the large number of background
events. Decision trees [15] recursively partition the parameter space into multiple regions where signal

7
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Figure 1: Kinematic distributions for theτlepτlep channel after preselection: (a)Emiss
T , (b) mvis

ττ , (c) pH
T ,

and (d)∆η( j1, j2). The background estimate for these distributions is described in Section 9. Themvis
ττ

distribution shows a step at 75 GeV due to the difference in cuts between same flavour and different
flavour event selection. The∆η( j1, j2) distribution is shown for events with at least two jets. Signal
shapes are shown multiplied by a factor of 50. These figures use background predictions made without
the global fit defined in Section 12.
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Figure 2: Kinematic distributions for theτlepτhad channel after preselection: (a)Emiss
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∆η( j1, j2) distribution is shown for events with at least two jets. Signal shapes are shown multiplied by a
factor of 50. These figures use background predictions made without the global fit defined in Section 12.
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Figure 3: Kinematic distributions for theτhadτhad channel after preselection: (a)Emiss
T , (b) mvis

ττ , (c)
pH

T , and (d)∆η( j1, j2). The background estimate for these distributions is described in Section 9. The
∆η( j1, j2) distribution is shown for events with at least two jets. Signal shapes are shown multiplied by a
factor of 50. These figures use background predictions made without the global fit defined in Section 12.
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Category Selection τlepτlep τlepτhad τhadτhad

VBF

pT( j1) (GeV) 40 50 50
pT( j2) (GeV) 30 30 30/35
∆η( j1, j2) 2.2 3.0 2.0
b−jet veto for jetpT (GeV) 25 30 -
pH

T (GeV) - - 40

Boosted
pT( j1) (GeV) 40 - -
pH

T (GeV) 100 100 100
b−jet veto for jetpT (GeV) 25 30 -

Table 2: Selection criteria applied in each analysis category for each channel. The numbers shown are
lower thresholds. Only events that fail VBF category selection are considered for the boosted category.
The∆η( j1, j2) cut is applied on the two highestpT jets in the event. Events in theτlepτhad VBF category
must also satisfymvis

ττ > 40 GeV, and those that fail this requirement are not considered for theτlepτhad

boosted category. ThepT( j2) threshold in theτhadτhad channel is 30 (35) GeV for jets within (outside
of) |η| = 2.4.

or background purities have been enhanced. Boosting is a method which improves the performance and
stability of decision trees and involves the combination ofmany trees into a single final discriminant [16,
17]. After boosting, the final score undergoes a monotonic transformation to spread the scores between
-1 and 1. The most signal-like events have scores near 1 whilethe most background-like have scores
near -1.

BDTs trained on a sample of signal and background must be evaluated on an independent sample of
events. In this analysis each sample (signal and background) is partitioned into two separate samples A
and B, each with separate associated BDTs. The training is then performed with sample A and evaluated
on sample B and vice-versa. For events in data, they are evaluated in the same way, such that half use the
BDT trained on sample A and half use the BDT trained on sample B. For background model or signal
MC events, the final distributions use all sample A events (evaluated using the BDT trained on sample
B) and all sample B events (evaluated using BDT trained on sample A). In this way, 100% of each of the
original samples appears in the final distributions, but no BDT is ever applied on an event from its own
training sample.

Separate BDTs are trained for each analysis category and channel. Separately training by category
naturally exploits differences in event kinematics between different Higgs boson production modes. The
VBF category is trained with only a VBF signal sample, while the Boosted category is trained with
gluon-gluon fusion, VBF, andVH signal samples. The signal samples used for all production processes
in the training havemH = 125 GeV. Separately training in each channel allows different discriminating
variables to be used to address the differing background compositions in each channel. The details
of background models and compositions for each channel are described in Section 9. The BDT input
variables for each category are shown in Table 3. Most of these variables have straightforward definitions;
those requiring definition are listed below:

• pTotal
T : Magnitude of vector sum of the visible components of theτ decay products, the two leading

jets and theEmiss
T .

• sumpT: Scalar sum ofpT of the visible components of theτ decay products and of the jets.

• Emiss
T φ centrality: A variable that quantifies the relative angularposition of theEmiss

T with respect
to theτ decay products in the transverse plane. The transverse plane is transformed such that the

11



direction of theτ decay products are orthogonal, and that the smallerφ angle between theτ decay
products defines the positive quadrant of the transformed plane.Emiss

T φ centrality is defined as the
sum of thex andy components of theEmiss

T unit vector in this transformed plane.

• sphericity: A variable that describes the isotropy of energy flow. It is based on the quadratic
momentum tensor:

Sαβ =

∑

i pαi pβi
∑

i |~pi
2|
. (2)

Both leptons and the selected jets are considered in the computation. In this equation,α andβ are
the indices of the tensor, and the summation is performed over the momenta of the leptons and the
jets in the event. The sphericity of the event is then defined in terms of the two largest eigenvalues
of this tensor,λ2 andλ3:

S =
3
2

(λ2 + λ3). (3)

• objectη centrality: A variable that quantifies theη position of an object (aτhad candidate or an
isolated lepton) with respect to the two leading jets in the event. It is defined as

Cη1,η2(η) = exp

[

−4

(η1 − η2)2

(

η − η1 + η2
2

)2
]

(4)

whereη1 andη2 are the pseudorapidities of the two leading jets. This variable has value 1 when
the object is halfway between the two jets, 1/e when the object is aligned with one of the jets, and
< 1/ewhen the object is outside the jets. This variable is used forthe following BDT inputs:ℓ1 ×
ℓ2 η centrality (product of the twoη centralities),ℓ η centrality, j3 η centrality andτ1,2 η centrality
(η centrality of eachτhad). When j3 η centrality is used, events with only two jets are assigned a
dummy value of−0.5.

9 Background Estimation

The background models are derived from a mixture of simulated samples and data. The normalization of
background contributions generally relies on comparing the simulated samples of individual backgrounds
to data in regions which have little signal contamination. The differences in background composition of
the three channels necessitates different strategies for the background estimation. Common to all three
is the dominantZ → τ+τ− background which is taken fromτ-embeddedZ → µ+µ− data, described in
Section 4.

In the τlepτlep channel, a non-isolated lepton region is used to model multijet, W+jets, and semi-
leptonictt̄ backgrounds, while other contributions are estimated using simulated samples.

Theτlepτhad channel measures misidentification factors (called “fake-factors”, described below) for
evaluating contributions from multijet andW+jets backgrounds where a jet can be misidentified as aτhad

candidate. Other remaining backgrounds are accounted for using MC simulation normalized in control
regions.

Theτhadτhad channel strategy is to model the multijet background with so-called not-opposite-sign
(notOS) data, withτhad candidates being required not to have opposite charges, andthen to normalize
the multijet andZ → τ+τ− samples simultaneously as described in Section 9.1. All other backgrounds
and their normalizations are taken from MC simulation.

The treatment of each background contribution is now described, highlighting differences among the
three channels.
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Variable
VBF Boosted

τlepτlep τlepτhad τhadτhad τlepτlep τlepτhad τhadτhad

mMMC
ττ • • • • • •

∆R(τ, τ) • • • • •
∆η( j1, j2) • • •

mj1, j2 • • •
η j1 × η j2 • •

pTotal
T • •

sumpT • •
pT(τ1)/pT(τ2) • •

Emiss
T φ centrality • • • • •
xτ1 andxτ2 •

mττ, j1 •
mℓ1,ℓ2 •
∆φℓ1,ℓ2 •

sphericity •
pℓ1T •
p j1

T •
Emiss

T /pℓ2T •
mT • •

min(∆ηℓ1ℓ2,jets) •
j3 η centrality •

ℓ1 × ℓ2 η centrality •
ℓ η centrality •
τ1,2 η centrality •

Table 3: Discriminating variables used for each channel andcategory. The filled circles identify which
variables are used in each decay mode. Note that variables such as∆R(τ, τ) are defined either between
the two leptons, between the lepton andτhad, or between the twoτhadcandidates, depending on the decay
mode.
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9.1 Data-Driven Backgrounds

Theτlepτlep channel treats all backgrounds from a misidentified lepton together, which accounts for mul-
tijet, W+jets and semileptonictt̄ processes. A control sample is created for this purpose by inverting
isolation selections on one of the two leptons and subtracting contributions from other electroweak back-
grounds (dileptonictt̄ , Z → e+e−, Z → µ+µ−, Z → τlepτlep, diboson) obtained from MC simulations.
A template is created from this sample and normalized by fitting thepT distribution of the sub-leading
lepton at an early stage in the preselection requirements defined in Section 6.1.

Theτlepτhad channel uses the “fake-factor” [13] method to derive estimates for multijet andW+jets
backgrounds that pass theτlepτhadselection due to a misidentifiedτhadcandidate. The fake-factor method
requires a sample enriched in fakeτhad candidates defined by applying an event selection equivalent
to the VBF and boosted category definitions except that the candidate must fail theMedium[49] τhad

identification requirement. The fake-factor is defined by the ratio of identifiedτhad candidates to non-
identified τhad candidates. This is determined separately for samples dominated by quark and gluon
jets using a separateW+jets control region which is dominated by quark jets defined by high mT and a
loose lepton region dominated by gluon jets. The derived fake-factors, weighted by the expected relative
W+jets/multijets composition, also determined in the same controlregions, are then applied to the fake
τhad events to calculate the expected multijet andW+jets background. ThepT(τhad) dependence of these
fake-factors is shown in Figure 4.
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Figure 4: Fake-factors used to derive estimates for multijet and W+jets backgrounds in theτlepτhad

channel. Factors are plotted as a function of thepT of the τhad candidate for the VBF and boosted
categories: (a) for 1-prongτhad candidates (b) for 3-prongτhad candidates.

In theτhadτhad channel, the notOS data is used as a multijet template. For validation plots and as a
starting point for the global fit, the normalization of the sample is determined by performing a simul-
taneous fit of multijet (modeled by notOS data) andZ → τ+τ− (modelled by embedding) templates to
preselection data. The variable used in the fit is∆η(τhad, τhad), shown in Figure 5. The final normaliza-
tions for multijet andZ→ τ+τ− are floated in the global fit in this channel, as described in Section 12.
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Figure 5: The∆η(τhad, τhad) distribution for theτhadτhad channel after preselection. A fit to this distri-
bution determines the starting values of theZ → τ+τ− and multijet normalizations used in the global fit
defined in Section 12. The signal shape is shown multiplied bya factor of 50.

9.2 Z → τ+τ− Background

Z → τ+τ− decays constitute the dominant irreducible background. The contribution of this background
is estimated using theτ-embeddedZ → µ+µ− data sample described in Section 4. The normalization
for this process is taken from the final fit described in Section 12 where it is a free parameter. These
normalizations are independent for theτlepτlep, τlepτhad, andτhadτhad channels.

9.3 Z → e+e− and Z → µ+µ− Background

The Drell-YanZ/γ∗ → e+e−, µ+µ− background is important for the final states with two same-flavour
leptons. It also makes contributions to the other channels.As described below, ALPGEN MC simulation
samples are used and correction factors to account for any discrepancies with data are applied.

In theτlepτlep channel, the ALPGEN MC simulation is normalized to the data in theZ-mass control
region, 80 GeV< mvis

ττ < 100 GeV, for each category and forZ → e+e− and Z → µ+µ− events
separately.

The Z → e+e− and Z → µ+µ− backgrounds are accounted for in theτlepτhad channel using MC
simulation, with separate treatments forτhadcandidates originating from a lepton from theZ boson decay
or from a jet. In the first case, corrections from data, derived from dedicated tag-and-probe studies, are
applied to account for the difference in the rate of fakeτhad candidates resulting from electrons [54,
55]. This is particularly important forZ → e+e− events with a misidentifiedτhad candidate originating
from a true electron. In the second case, a dilepton control region is used, where the MC simulation
is normalized to data. Different normalizations are used for the VBF and Boosted categories, due to
differing kinematic cuts.

In the τhadτhad channel the contribution of this background is very small, and is taken from MC
simulation.
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9.4 W+jets Background

Events withW bosons and jets are a background to all channels since theW boson can decay toe, µ
or τ and feed into all signatures when accompanied by a jet which provides a falsely identifiedτhad or
lepton candidate. This process can also contribute when there is a semi-leptonic heavy quark decay that
provides an identified lepton.

As stated in Section 9.1, in theτlepτlep channel andτlepτhad channel, theW+jets contributions are
determined from data-driven methods. Theτhadτhad channel uses MC simulation samples to evaluate,
bothW → τhadν+jets andW(→ ℓν)+jets backgrounds. The dominant contribution is fromW → τhadν

decays.

9.5 Top-quark Background

Backgrounds that arise fromtt̄ and single-top quark production are estimated from MC simulation in
the τlepτlep andτlepτhad channels. The normalization is obtained from data control regions defined by
inverting theb-tag veto (and requiring largemT for theτlepτhad channel) to enhance the top backgrounds
and suppress the signal contribution. This background is negligible for τhadτhadbut is included using MC
simulation.

For theτlepτlep channel, a correction to the∆φℓℓ distribution is determined in the top-quark control
region, defined by inverting theb−tag requirement, by comparing simulation with data, and applied to
the MC events in the signal region. Better agreement is seen in all kinematic variables in the top-quark
background control region after this correction. Theb−tag jet multiplicity distribution in theτlepτlep

top-quark background control region, after this correction is applied, is shown in Figure 6 for the VBF
and boosted categories.
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Figure 6: Theb−tag jet multiplicity distributions, for jets withpT > 25 GeV, for the top-quark back-
ground control regions in theτlepτlep channel for the (a) VBF and (b) boosted categories. These figures
use background predictions made without the global fit defined in Section 12. The signal shapes are
shown multiplied by a factor of 50.
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9.6 Diboson Background

The production ofW+W−, ZZ andW±Z pairs with subsequent decays to leptons or jets contributesto the
background, especially in theτlepτlep channel. In each channel, the contribution is estimated from MC
simulation.

9.7 Overlap with Other Higgs Boson Decays

In the τlepτlep channel, there is a non-negligible contribution fromH → W+W− with both W bosons
decaying leptonically. Therefore, the processH →W+W−, with a Higgs boson mass atmH = 125 GeV,
is considered as a background in theτlepτlep channel, and is estimated using MC simulation. The cross
section for this process, as for the signal, is taken from thecalculation in Ref. [9].

10 Background Model Validation

The background model described in Section 9 was decided uponbefore looking into bins sensitive to the
presence of signal, in order to ensure that the presence (or absence) ofH → τ+τ− events plays no role
in the final background estimates.

Since each channel has a different background composition, separate control regions are defined for
each channel in order to validate the background model.

The following control regions are defined for theτlepτlep channel, modifying the signal regions with
the following cuts:

• Z → ℓℓ-enriched: for same-flavour events, themvis
ττ selection is changed to

80 GeV< mvis
ττ < 100 GeV.

• Z → ττ-enriched: mHPTO
ττ < 100 GeV, wheremHPTO

ττ is the invariant mass, obtained using the
collinear approximation, calculated only with highpT objects.

• t t̄ -enriched: invert b−jet veto.

• Fake-enriched: same sign lepton events.

• Low BDT score.

The following control regions have been defined for theτlepτhadchannel, modifying the signal regions
with the following cuts:

• Z → ττ-enriched: mT < 40 GeV andmMMC
ττ < 110 GeV.

• W-enriched: mT > 70 GeV.

• t t̄ -enriched: invert b-jet veto andmT > 50 GeV.

• Low BDT score.

In theτhadτhad channel, the following regions are used, modifying the signal regions with the follo-
wing cuts:

• Mass sideband: mMMC
ττ < 100 GeV ormMMC

ττ > 140 GeV.

• Multijet-enriched : inverted signal region∆η selection:∆η(τhad, τhad) > 1.5.
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• Rest category: events that pass preselection but fail the VBF and boosted category selections. This
region is used in the global likelihood fit to determine theZ → τ+τ− and the multijet background
normalizations.

• Low BDT score.

The Z → ττ-enriched and mass sideband control regions are not orthogonal to the signal region.
Nevertheless, the signal is suppressed strongly through the additional criteria imposed for these control
regions. The low BDT score region is defined as the background-dominated region of the BDT distribu-
tion where 30% or less of the signal yield would be located.

The BDT score,mMMC
ττ and other distributions in these background-dominated control regions were

scrutinized closely. Other kinematic variables for the selected objects and the BDT input variables were
also examined in the entire signal region. Figure 7 shows theBDT score distributions for theZ → ℓℓ-
enriched control region in theτlepτlep channel, theZ→ ττ-enriched control region in theτlepτhadchannel,
and the mass sideband control regions for theτhadτhad channel.

11 Systematic Uncertainties

Systematic uncertainties are evaluated for the following effects in signal and background samples. Their
inclusion in the profile likelihood global fit is described inSection 12.

11.1 Experimental Systematic Uncertainties

The following experimental systematic uncertainties on the event yields and BDT distributions are con-
sidered, and are treated either as fully correlated or uncorrelated across channels and categories as ap-
propriate.

• Luminosity: The uncertainty on the integrated luminosity is ±2.8%. It is derived following the
same methodology as that detailed in Ref. [56], from a preliminary calibration of the luminosity
scale derived from beam-separation scans performed in November 2012.

• Tau identification efficiency: The MC simulation is corrected, as described in Ref.[49], so that the
τhad identification efficiency matches that measured in the data. The corrections and their corre-
sponding uncertainties are obtained using tag and probe studies. To assign a systematic uncertainty
to this evaluation, theτhad identification efficiency is varied within these uncertainties.

• Tau energy scale (TES): The TES calculation and its uncertainty are described in Ref. [57]. To
obtain the systematic uncertainty due to the TES, upwards and downwards variations are applied
to theτhadenergy scale. These systematic variations are also propagated to theEmiss

T measurement.

• Jet energy: The jet energy scale (JES) uncertainties arise from several independent sources [58].
Since several backgrounds are evaluated from data, the JES uncertainty enters mainly through
the lesser backgrounds which are determined from MC simulation. The systematic uncertainty
due to the jet energy resolution (JER) is obtained by smearing every jet by the uncertainty in the
resolution as determined by the in-situ measurement described in Ref. [59].

• b-tagging efficiency: Theb-tagging efficiencies are corrected to match those measured in data,
using a sample of jets containing muons [46]. Systematic uncertainties on these corrections are
considered.
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Figure 7: BDT score distributions for theZ → ℓℓ-enriched control region in theτlepτlep channel (top),
Z → ττ-enriched control region in theτlepτhad channel (middle), and mass sideband control region in
theτhadτhad channel (bottom), for the VBF (left) and Boosted (right) categories. The signal shapes are
shown multiplied by a factor of 50. These figures use background predictions made without the global
fit defined in Section 12. 19



• Lepton energy/momentum resolution: The electron energy and the muon momentum are smeared
according to the resolutions measured in data. This systematic uncertainty plays a very minor role
on the final result.

• Lepton reconstruction/identification/isolation/trigger efficiency: Corrections are obtained for each
of these types of efficiencies using tag-and-probe measurements. These are thenapplied to MC
samples to ensure agreement with data. The uncertainties are propagated to the final result by
varying the corrections by one standard deviation.

• Emiss
T : Systematic uncertainties on the energy scales of all objects affect theEmiss

T and so it is re-
calculated after each of these variations is applied. In addition, the scale of the softEmiss

T term
for energy outside reconstructed objects and the resolution uncertainties are considered indepen-
dently [51].

• Embedding method: The selection of theZ→ µ+µ− events for the embedding method contributes
to a systematic uncertainty related to the isolation requirement which is applied to the muons. The
uncertainty is calculated by varying the isolation requirement. In addition, the uncertainty from
the subtraction of the calorimeter cell energy associated with the muons is considered [13].

11.2 Background Modelling Uncertainties

This section details the most significant systematic uncertainties on the background estimation techniques
described in Section 9.

In theτlepτlep channel, systematic uncertainties on the shape and normalization of fake lepton back-
grounds are estimated from comparisons of the differences in same-sign lepton events that pass and fail
the lepton isolation criteria. The overallZ → τ+τ− background normalization is left free in the likeli-
hood fit described in Section 12, but an additional systematic is applied to the predicted difference in
normalization between different lepton flavour and same lepton flavour events. The uncertainty on the
Z → ℓℓ normalization is obtained by varying the cuts on themvis

ττ window that define the control region
for this background. The uncertainty on the normalization of top-quark backgrounds is derived from
the difference of event yields in observed events and predictions from MC simulation in the top-quark
control regions.

In the τlepτhad channel, an important systematic uncertainty on the background estimation comes
from the estimated fake-factors, based upon the difference in the determination of these factors in two
different regions dominated by gluon- and quark-initiated jets, respectively. In addition, the uncertain-
ties on the normalization ofZ → ℓℓ and top-quark backgrounds, obtained from the global fit described
in Section 12 are important. Dominant uncertainties associated with the normalization of these back-
grounds come from systematic uncertainties onb-tagging efficiencies and the jet energy scale, along
with statistical uncertainties on the observed data in the respective control regions.

In the τhadτhad channel, the multijet template, derived from the notOS sample, is compared with a
same-sign sample and the difference in both the shape and normalization obtained from the∆η(τhad, τhad)
fit is taken as a systematic uncertainty.

11.3 Theoretical Uncertainties

Theoretical systematic uncertainties are estimated for signal samples and for any backgrounds modelled
using MC simulations.

Uncertainties on the signal cross sections are assigned from four sources: QCD scale uncertainty,
modelling of differential cross section inpH

T , modelling of the underlying event, and uncertainties due to
the choice of PDFs.
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Uncertainties resulting from the choice of QCD scale are calculated following the prescription exten-
sively discussed in Refs. [60] and [61]. This prescription has been shown to provide a realistic estimate of
higher order contributions to analyses which classify events by the number of jets. In order to apply the
procedure, the scale uncertainties for the inclusive multijet cross sections need to be computed together
with the event fractions in each analysis category. While the inclusive cross section uncertainty for the
ggF process is only 8%, the uncertainty in the exclusive binsused in this analysis ranges from 22–26%
and can be as high as 74% for boosted events with at least two jets.

A theoretical systematic uncertainty is also assigned due to modelling of the ggF differential cross
sectiondσ/dpH

T . The defaultgg→ H simulation in ATLAS is performed using the POWHEG generator.
The MC@NLO generator implements the same matrix element butquark mass effects ondσ/dpH

T of
the two generators are known to be quite different. The difference between the output of these two
generators is assigned as an additional systematic uncertainty. Care has been taken to compare these two
calculations at the same QCD scale, to avoid double-counting the uncertainty from that source. Variations
of 17%–29% are observed depending on channel and category.

Underlying event effects have been computed comparing the Perugia 2011C underlying event tuning
with the AUET2B tune [62]. Discrepancies of≈6% and≈30% for the signal yields in VBF and ggF
production in the VBF category have been found, and are assigned as underlying event uncertainties.

A systematic uncertainty due to the choice of PDF set is also applied. MCFM [63] was used to verify
that the variation of the differential cross sections associated with each analysis category due to different
PDF sets (comparing MSTW [64], NNPDF [65] and CT10) are smaller than or equal to the inclusive
variation. A PDF uncertainty of 7.5% is assigned in all categories for gluon fusion production, and 2.8%
is assigned for VBF andVH production.

While most major backgrounds are normalized in data controlregions, some smaller background
sources are normalized by their theoretical cross sections. QCD scale and PDF uncertainties are assigned
on these minor backgrounds and typically range from 3–4%.

12 Signal Extraction Procedure

The parameter of interest in this analysis is the signal strength parameterµwhich is defined as the ratio of
the measured cross section times branching ratio normalized to the Standard Model cross section times
the branching ratio forH → τ+τ− [9]. The valueµ = 0 (µ = 1) corresponds to the absence (presence) of
a Higgs boson signal with the SM production cross section. The statistical analysis of the data employs a
binned likelihood functionL(µ,~θ) constructed as the product of Poisson probability terms asan estimator
for µ.

The inputs to the determination of the maximum likelihood (global fit) are as follows: BDT score
distributions in the six signal regions (VBF and boosted categories for each channel), event yields in the
top andZ→ ℓℓ control regions for theτlepτlep andτlepτhadchannels in both VBF and boosted categories,
and the Rest category control region for theτhadτhad channel, binned in∆η(τhad, τhad).

The impact of systematic uncertainties on the signal and background expectations is described by
nuisance parameters,~θ, which are parametrized by a Gaussian or log-normal constraint. The expected
numbers of signal and background events in each bin are functions of ~θ. The test statisticqµ is then

constructed according to the profile likelihood ratio:qµ = −2 ln(L(µ,
ˆ̂
~θ)/L(µ̂, ~̂θ)), whereµ̂ and ~̂θ are

the parameters that maximize the likelihood, and
ˆ̂
~θ are the nuisance parameter values that maximize the

likelihood for a givenµ. This test statistic is used to measure the compatibility ofthe background-only
hypothesis with the observed data.

TheZ→ τ+τ− background rate is allowed to float freely in the global fit, and is constrained primarily
in the signal regions, due to the difference between the BDT distribution forZ → τ+τ− compared to the
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signal. The top andZ → ℓℓ background rates for theτlepτlep andτlepτhad channels are also allowed to
float freely, but are primarily constrained by the inclusionof the respective control regions included in
the fit. For theτhadτhad channel, theZ → τ+τ− and multijet background rates are constrained from the
simultaneous fit of the two signal regions and the Rest category control region. The normalizations of
other backgrounds are constrained within their uncertainties as described in Section 11.

Figure 8 shows the BDT score distributions for all signal regions in each channel, with background
normalizations, signal normalization, and nuisance parameters adjusted by the profile likelihood global
fit. Agreement between data and the model predictions for background together with a Standard Model
Higgs boson ofmH = 125 GeV is observed within the uncertainties. The fitted numbers of signal and
background events in the three rightmost bins in each category and channel are shown in Tables 4–6,
together with the observed number of events in the data.

13 Results

The fitted value of the signal strength parameter for each individual channel and for the combined result,
all obtained from the global fit, are shown in Figure 9. The fitted value of the signal strength parameter
from the likelihood fit isµ = 1.43+0.31

−0.29(stat.)+0.41
−0.30(syst.) for mH = 125 GeV. Theory systematic uncer-

tainties onµ, which are included in the quoted systematic uncertainty, amount to+0.26
−0.15. The dependence

of −2 lnL(µ,
ˆ̂
~θ) on the signal strength parameter is shown in Figure 10. The likelihood as a function of

the signal strength for the individual channels is also shown.
The probabilityp0 of obtaining a result at least as signal-like as observed in the data if no signal

is present is calculated using the test statisticqµ=0 = −2 ln(L(0,
ˆ̂
~θ)/L(µ̂, ~̂θ)) in the asymptotic approxi-

mation [66]. FormH=125 GeV, the observedp0 value is 2.0 × 10−5, which corresponds to a deviation
from the background-only hypothesis of 4.1 standard deviations. This can be compared to an expected
p0 value of 6.6× 10−4 (3.2 standard deviations). This is direct evidence forH → τ+τ− decays.

Figure 11 shows the expected and observed data, in bins of log(S/B)7, for all signal region bins.
Here,S/B is the signal-to-background ratio calculated assumingµ = 1 for each BDT bin in the signal
regions. The expectation is shown for signal yields for bothµ = 1 and the best-fit valueµ = 1.4 for
mH = 125 GeV, are shown on top of the background prediction taken also from the best-fit values. The
background expectation where the signal strength parameter has been fixed toµ = 0 is also shown for
comparison.

In order to visualize the compatibility of this excess of events above background predictions, with the
SM Higgs boson atmH = 125 GeV, a weighted distribution of events as a function ofmMMC

ττ is shown
in Figure 12. The events are weighted by a factor of ln(1+ S/B). The excess of events in these mass
distributions is consistent with the expectation for a Standard Model Higgs boson withmH = 125 GeV.
The distributions for the predicted excess in data over the background are also shown for alternative SM
Higgs boson mass hypotheses withmH = 110 GeV andmH = 150 GeV. This illustrates that the signal is
compatible with a Higgs boson of 125GeVmass.

The dominant uncertainties on the measurement of the signalstrength parameters include: statistical
uncertainties in the data from the signal regions, the theoretical systematic uncertainty on the differential
cross sectiondσ/dpH

T for ggF production, the uncertainty on the normalization oftheZ → ℓℓ and top
backgrounds in theτlepτhad VBF and boosted categories, and the uncertainty on the JES calibration in
different detectorη regions. Table 7 shows the contribution of each of the significant sources to the
uncertainty of the measured signal strength, by assessing their impact∆µ on the measured value ofµ,
when varying the effect by one standard deviation.

7In this document, log always refers to log base 10.
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Figure 8: BDT distributions for the VBF (left) and boosted (right) category signal regions for theτlepτlep

(top), τlepτhad (middle), andτhadτhad (bottom) channels. The Higgs boson signal (mH = 125 GeV) is
shown stacked with a signal strength ofµ = 1 (dashed line) andµ = 1.4 (solid line). The background
predictions come from the global fit (that givesµ = 1.4). The size of the statistical and normalization
systematics is indicated by the hashed band. The binning in (e) and (f) is coarser than that used in the
global fit and shown in Table 6.
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Table 4: Predicted event yields in theτlepτlep channel formH = 125 GeV in the three highest bins of the BDT distributions. The background
normalizations, signal normalization, and uncertaintiesreflect the preferred values from the global fit. The uncertainties on the total background and
total signal reflect the full statistical+systematic uncertainty, while the uncertainties on the individual background components reflect the full systematic
uncertainty only.

Process/Category VBF Boosted
BDT score bin edges 0.684-0.789 0.789-0.895 0.895-1.0 0.667-0.778 0.778-0.889 0.889-1.0

ggF 0.53± 0.26 0.8± 0.4 0.7± 0.4 5.3± 2.1 5.2± 2.0 1.7± 0.7
VBF 1.15± 0.35 2.0± 0.6 5.0± 1.5 1.01± 0.33 1.5± 0.5 0.67± 0.22
WH < 0.05 < 0.05 < 0.05 0.71± 0.22 0.64± 0.20 0.16± 0.05
ZH < 0.05 < 0.05 < 0.05 0.36± 0.11 0.32± 0.10 0.06± 0.02

Z→ τ+τ− 7.6± 0.8 9.0± 0.9 4.6± 0.6 97± 7 61.5± 3.2 13.6± 1.3
Fake 2.8± 0.7 5.8± 2.0 4.5± 1.7 10.1± 3.1 15± 5 0.79± 0.29
Top 4.0± 0.9 2.9± 0.7 1.8± 0.4 28± 7 15± 4 3.5± 0.9

Others 1.97± 0.26 3.3± 0.4 2.7± 0.4 24.7± 1.9 8.8± 0.6 2.34± 0.24
Total Background 16.3± 1.5 20.9± 2.4 13.5± 2.4 160± 7 101± 4 20.2± 1.8

Total Signal 1.7± 0.5 2.9± 0.9 5.7± 1.7 7.4± 2.4 7.7± 2.5 2.6± 0.8
S/B 0.10 0.14 0.42 0.05 0.08 0.13
Data 23 28 19 156 128 20
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Table 5: Predicted event yields in theτlepτhad channel formH = 125 GeV in the three highest bins of the BDT distributions. The background
normalizations, signal normalization, and uncertaintiesreflect the preferred values from the global fit. The uncertainties on the total background and
total signal reflect the full statistical+systematic uncertainty, while the uncertainties on the individual background components reflect the full systematic
uncertainty only.

Process/Category VBF Boosted
BDT score bin edges 0.5-0.667 0.667-0.833 0.833-1.0 0.6-0.733 0.733-0.867 0.867-1.0

ggF 2.2± 0.9 3.5± 1.5 1.2± 0.6 7.7± 2.9 6.3± 2.3 5.5± 2.1
VBF 4.1± 1.2 9.2± 2.7 7.5± 2.2 1.7± 0.5 1.5± 0.5 1.3± 0.4
WH < 0.05 < 0.05 < 0.05 0.95± 0.29 0.85± 0.26 0.81± 0.25
ZH < 0.05 < 0.05 < 0.05 0.42± 0.13 0.47± 0.14 0.41± 0.12

Z→ τ+τ− 28.6± 1.4 25.0± 1.6 2.41± 0.35 48.3± 3.4 26.1± 2.7 18.4± 2.0
Fake 37.7± 1.8 27.9± 2.1 3.5± 0.5 27± 4 10.8± 1.8 5.8± 1.4
Top 6.5± 0.7 4.1± 0.8 1.5± 0.4 7.0± 0.9 5.7± 0.8 2.23± 0.33

Diboson 2.9± 0.4 3.0± 0.5 0.23± 0.04 4.8± 0.5 4.0± 0.5 1.69± 0.23
Z→ ℓℓ( j → τhad) 8.7± 1.7 3.3± 0.5 0.40± 0.10 3.8± 0.5 0.71± 0.07 < 0.05
Z→ ℓℓ(ℓ → τhad) 2.8± 1.2 1.9± 1.2 0.7± 0.6 9.4± 1.9 4.9± 1.1 3.8± 1.2
Total Background 87.2± 2.7 65± 5 8.7± 2.5 101± 6 52± 4 32± 4

Total Signal 6.3± 1.8 12.7± 3.5 8.7± 2.4 10.7± 3.3 9.2± 2.8 8.0± 2.5
S/B 0.07 0.20 1.0 0.11 0.18 0.25
Data 90 80 18 103 64 34
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Table 6: Predicted event yields in theτhadτhad channel formH = 125 GeV in the three highest bins of the BDT distributions. The background
normalizations, signal normalization, and uncertaintiesreflect the preferred values from the global fit. The uncertainties on the total background and
total signal reflect the full statistical+systematic uncertainty, while the uncertainties on the individual background components reflect the full systematic
uncertainty only.

Process/Category VBF Boosted
BDT score bin edges 0.85-0.9 0.9-0.95 0.95-1.0 0.85-0.9 0.9-0.95 0.95-1.0

ggF 0.39± 0.17 0.35± 0.16 2.0± 0.9 2.2± 0.8 2.5± 1.0 2.3± 0.9
VBF 0.57± 0.18 0.72± 0.22 5.9± 1.8 0.55± 0.17 0.61± 0.19 0.57± 0.17
WH < 0.05 < 0.05 < 0.05 0.34± 0.11 0.40± 0.12 0.44± 0.14
ZH < 0.05 < 0.05 < 0.05 0.22± 0.07 0.22± 0.07 0.22± 0.07

Z→ τ+τ− 3.2± 0.6 3.4± 0.7 5.3± 1.0 15.7± 1.7 12.3± 1.8 9.7± 1.6
Multijet 3.3± 0.6 2.9± 0.6 5.9± 0.9 5.2± 0.6 3.7± 0.5 1.40± 0.22
Others 0.38± 0.09 0.49± 0.12 0.64± 0.13 1.49± 0.27 2.8± 0.5 0.07± 0.02

Total Background 6.9± 1.3 6.8± 1.3 11.8± 2.6 22.4± 2.5 18.8± 2.8 11.2± 1.9
Total Signal 0.97± 0.29 1.09± 0.31 8.0± 2.2 3.3± 1.0 3.8± 1.2 3.6± 1.1

S/B 0.14 0.16 0.67 0.15 0.2 0.32
Data 6 6 19 20 16 15
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Figure 9: The best-fit value for the signal strengthµ in the individual channels and the combination.
The total±1σ uncertainty is indicated by the shaded green band, with the individual contributions from
the statistical uncertainty (top, black), the total (experimental and theoretical) systematic uncertainty
(middle, blue), and the theory uncertainty (bottom, red) onthe signal cross section (from QCD scale,
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The normalization uncertainties forZ → ℓℓ and top-quark backgrounds in theτlepτlep andτlepτhad

channels are decorrelated across categories, while theZ → τ+τ− normalization uncertainties are corre-
lated for the categories in each respective channel. The global fit also constrains the normalization for
Z → τ+τ− more strongly than for theZ → ℓℓ and top-quark backgrounds, as the low BDT score region
is dominated byZ→ τ+τ− events.

Two-dimensional contours in the plane ofµggF × B/BSM andµVBF+VH × B/BSM [67] are shown in
Figure 13 formH = 125 GeV, whereB andBSM are the hypothesised and the SM branching ratios for
H → τ+τ−. The best-fit values areµggF× B/BSM = 1.1+1.3

−1.0 andµVBF+VH × B/BSM = 1.6+0.8
−0.7.

14 Conclusions

A search for a Higgs boson of mass 125 GeV decaying into theτ+τ− final state has been performed
using the full ATLAS 2012 dataset, corresponding to an integrated luminosity ofL = 20.3 fb−1 of pp
collisions at a centre-of-mass energy of 8 TeV. A signal has been measured with a significance of 4.1
standard deviations, compared with an expected significance of 3.2 standard deviations. This constitutes
direct evidence of the decay of the Higgs boson to fermions. The observed signal strengthµ = 1.4+0.5

−0.4 is
compatible with the Standard Model expectation.
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Figure 11: Event yields as a function of log(S/B), where S (signal yield) and B (background yield) are
taken from each event’s bin in the BDT. All events in the BDTs are included. The predicted background
is obtained from the global fit (withµ = 1.4), and signal yields are shown formH = 125 GeV, atµ = 1
andµ = 1.4 (the best-fit value). The background only distribution (dashed line), is obtained from the
global fit, but fixingµ = 0.

Source of Uncertainty Uncertainty onµ

Signal region statistics (data) 0.30
Z→ ℓℓ normalization (τlepτhad boosted) 0.13
ggFdσ/dpH

T 0.12
JESη calibration 0.12
Top normalization (τlepτhad VBF) 0.12
Top normalization (τlepτhad boosted) 0.12
Z→ ℓℓ normalization (τlepτhad VBF) 0.12
QCD scale 0.07
di-τhad trigger efficiency 0.07
Fake backgrounds (τlepτlep) 0.07
τhad identification efficiency 0.06
Z→ τ+τ− normalization (τlepτhad) 0.06
τhad energy scale 0.06

Table 7: The important sources of uncertainty on the measured signal strength parameterµ, given as
absolute uncertainties onµ.
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Figure 12: Distributions formMMC
ττ where events are weighted by ln(1+ S/B) for all channels. These

weights are determined by the signal and background predictions for each BDT bin. The bottom panel
in each plot shows the difference between weighted data events and weighted background events (black
points), compared to the weighted signal yields. The background predictions are obtained from the
global fit with themH = 125 GeV signal hypothesis (µ = 1.4). ThemH = 125 GeV signal is plotted
with a solid red line, and, for comparison, themH = 110 GeV (blue) andmH = 150 GeV (green) signals
are also shown. (a) Shows all signal strengths set to the Standard Model expectation while (b) shows the
signal strengths set to their best fit values.
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A Additional Figures

A.1 BDT Input Variables
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Figure 14: BDT input variables for theτlepτhadVBF category obtained in the signal region. The following
distributions are shown: (a)mT, (b) pTotal

T , (c) ∆η( j1, j2) and (d)∆R(τ, τ). The signal shapes are shown
multiplied by a factor of 20. These figures use background predictions made without the global fit defined
in Section 12. The lowest bin in thepTotal

T distribution acts as an underflow bin, and includes events with
pTotal

T < 30 GeV.
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Figure 15: BDT input variables for theτlepτhadVBF category obtained in the signal region. The following
distributions are shown: (a)η j1 × η j2, (b) ℓ η centrality, (c)Emiss

T φ centrality and (d)mj1, j2. The signal
shapes are shown multiplied by a factor of 20. These figures use background predictions made without
the global fit defined in Section 12.
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Figure 16: BDT input variables for theτhadτhad VBF category obtained in the signal region. The follo-
wing distributions are shown: (a)τ1 η centrality, (b)τ2 η centrality, (c)∆η( j1, j2) and (d)∆R(τ, τ). The
signal shapes are shown multiplied by a factor of 20. These figures use background predictions made
without the global fit defined in Section 12.
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Figure 17: BDT input variables for theτhadτhad VBF category obtained in the signal region. The fol-
lowing distributions are shown: (a)η j1 × η j2, (b) pTotal

T , (c) Emiss
T φ centrality and (d)mj1, j2. The signal

shapes are shown multiplied by a factor of 20. These figures use background predictions made without
the global fit defined in Section 12.
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Figure 18: BDT input variables for theτlepτlep VBF category obtained in the signal region. The follo-
wing distributions are shown: (a)∆η( j1, j2), (b) ∆R(τ, τ), (c) min(∆ηℓ1ℓ2,jets), (d) ℓ η centrality, (e) j3 η
centrality and (f)mj1, j2. The signal shapes are shown multiplied by a factor of 20. These figures use
background predictions made without the global fit defined inSection 12.
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A.2 Additional Mass Figures
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Figure 19: Distributions formMMC
ττ normalized to unit area forZ → τ+τ−, from τ-embeddedZ → µ+µ−

data, andH → τ+τ− events in the (a)τlepτlep, (b) τlepτhad and (c)τhadτhad channels for events that pass
preselection requirements and have at least 1 jet. Full width at half maximum (FWHM) values for the
τlepτlep distributions are: 42 GeV forH → τ+τ− and 39 GeV forZ → τ+τ−. FWHM values for the
τlepτhad distributions are: 47 GeV forH → τ+τ− and 33 GeV forZ → τ+τ−. FWHM values for the
τhadτhad distributions are: 38 GeV forH → τ+τ− and 26 GeV forZ→ τ+τ−.
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Figure 20: Distributions ofmMMC
ττ for the following categories: (a)τlepτlep VBF, (b) τlepτlep boosted, (c)

τlepτhad VBF, (d) τlepτhad boosted, (e)τhadτhad VBF and (f)τhadτhad boosted. The background and signal
predictions are shown from the global fit.
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Figure 21: Distributions formMMC
ττ where events are weighted by ln(1+S/B) for theτlepτlep (a),τlepτhad

(b), andτhadτhad (c) channels. These weights are determined by the signal andbackground predictions
for each BDT bin. Signal is shown stacked on background, withboth predictions coming from the global
fit yielding a signal strength ofµ = 1.4. The bottom panel shows the difference between weighted data
events and weighted background events (black points), compared to the weighted signal yields. The
mH = 125 GeV signal is plotted with a solid red line, and, for comparison, themH = 110 GeV (blue)
andmH = 150 GeV (green) signals are plotted with a signal strength set to the observed values from the
global fit, for those respective signal hypotheses.
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A.3 Additional Sensitivity Figures
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Figure 22: Distribution of theqµ=0 for the background only (blue) and signal+background hypothesis
(red), in the asymptotic approximation [66]. The observed value (dotted line) obtained on data is also
shown. The probability of the background only hypothesis (pb) and the probability of the signal plus
background hypothesis (ps+b), are computed as the integral off (qµ=0 | hyp) overqµ=0 > qobs

µ=0.
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A.4 Additional Control Region Figures
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Figure 23: BDT score distributions for theZ → ττ-enriched (a, c) and top-quark enriched (b, d) control
regions for the VBF (a, b) and Boosted (c, d) categories in theτlepτlep channel. The signal shapes are
shown multiplied by a factor of 50. These figures use background predictions made without the global
fit defined in Section 12.
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Figure 24: BDT score distributions for the top-quark enriched (a, c) andW-enriched control regions
(b, d) for the VBF (a, b) and Boosted (c, d) categories in theτlepτhad channel. The signal shapes are
shown multiplied by a factor of 50. These figures use background predictions made without the global
fit defined in Section 12.
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A.5 S/B ordered Event Yields
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Figure 25: Event yields as a function of log(S/B) in all signal regions bins in theτlepτlep (a), τlepτhad

(b), τhadτhad (c) channels. The predicted background, obtained from the global fit (µ = 1.4), and signal
yields, formH = 125 GeV, atµ = 1 andµ = 1.4 are shown. The background only distribution (dashed
line), is obtained from the global fit, but fixingµ = 0.
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A.6 Comparison with other channels
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Figure 26: The measured production strengths normalized tothe SM expectations, for theH → γγ,
H → ZZ(∗) → 4ℓ, H → WW(∗) → ℓνℓν final states and their combination [68] together with the
preliminary signal strength measurements for theH → bb̄ [69] andH → ττ final states. The measured
production strengths are atmH = 125.5 GeV, except forH → ττ which is atmH = 125 GeV. The
best-fit values are shown by the solid vertical lines. The total ±1σ uncertainty is indicated by the shaded
band, with the individual contributions from the statistical uncertainty (top), the total (experimental and
theoretical) systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal cross
section (from QCD scale, PDF, and branching ratios) shown assuperimposed error bars.
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A.7 Event Displays

Figure 27: Display of an event selected by theH → τlepτlep channel in the VBF category, where oneτ
decays to a muon and the other to an electron. The electron is indicated by a blue track and the muon
indicated by a red track. The approximately horizontal dashed line in theR − φ view represents the
direction of theEmiss

T vector, and there are two VBF jets marked with turquoise cones. The muonpT

is 53 GeV, the electronpT is 34 GeV,Emiss
T = 102 GeV,mj1, j2 = 1.04 TeV andmMMC

ττ = 127 GeV and
BDT= 0.97. The S/B ratio in the BDT score bin of this event is 0.42.
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Figure 28: Display of an event selected by theH → τlepτhad channel in the VBF category, where one
τ decays to an electron. The hadronically decayingτ lepton (1 prong decay) is indicated by a green
track and the yellow cluster. The electron is indicated by the blue track match to the green cluster. The
approximately horizontal dashed line in theR− φ view represents the direction of theEmiss

T vector, and
there are two VBF jets marked with turquoise cones. The electron pT is 56 GeV, theτhad pT is 27 GeV,
Emiss

T = 113 GeV,mj1, j2 = 1.53 TeV,mMMC
ττ = 129 GeV, and the BDT score is 0.99. The S/B ratio in the

BDT score bin of this event is 1.0.

Figure 29: Display of an event selected by theH → τhadτhadchannel in the VBF category, where the two
τ decays into hadrons. The hadronically decayingτ leptons are indicated by green tracks. The dashed
line in the lower left quadrant of theR− φ view represents the direction of theEmiss

T vector, and there are
two VBF jets marked with turquoise cones. The leadingτhad pT is 122 GeV, the sub-leadingτhad pT is
67 GeV,Emiss

T = 72 GeV,mj1, j2 = 1.02 TeV andmMMC
ττ = 126 GeV and BDT= 1.0. The S/B ratio in the

BDT score bin of this event is 0.67.
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