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Characteristics of tau decays
• mτ = 1.777 GeV

• cτ = 87 µm

• Leptonic decays hard to distinguish from primary 
electrons and muons

‣ Only hadronic decays considered for dedicated 
reconstruction algorithms

• Mainly one/three charged tracks

• Collimated decay

•Reconstruction divided into two steps

•Tau reconstruction

• Building of tau candidates

• Starting point: anti-kt jets (R = 0.4) with pT > 10 GeV 
and within |η| < 2.5

•Tau identification

• Aim: selection of real tau decays and rejection of fake 
sources (jets, e, µ) 

• Dedicated methods for separation against jets, 
electrons, muons 3
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pTtrack > 1 GeV
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Identification of taus
• Using multivariate techniques

• Boosted Decision Trees, Log-Likelihood method

• Tracking and calorimeter information used

• Separately trained for single-/multi-prong tau decays

• Optimized for different working points corresponding to signal 
efficiencies of about 60%, 45%, 30%
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Z→ττ

6

Data-driven tau-ID efficiency 
measurement

• Follows Z→ττ→lh cross-section analysis

• Apply tag-and-probe method

• Dominant backgrounds: W+jets (taken from MC),  multi-
jets (estimated from data)

• Efficiency measured at three pre-defined working points

• Uncertainty: 8 - 12 % (improved to 4-5% for 2012 analysis)

τ (probe)

μ (tag)
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• Tag-and-probe method using ETmiss

• Fit track distribution using three templates

• Real taus (W→τυ from MC)

• Multi-jets (data in control region)

• Electron fakes (from MC)

• Single fit to simultaneously measure efficiency of three pre-
defined working points

• Uncertainty: 3 - 17 % (improved to 4-5%)

 

W→τυ

Number of tracks
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PHYSICS INVOLVING 
TAU LEPTONS
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W→τυ polarisation 
measurement
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• Performed on 2010 data corresponding to L = 24 pb-1

• First time measured at a hadron collider

9
arXiv:1204.6720

• 1 single track high pT tau

• ETmiss > 30 GeV

• |Δϕ(jet, ETmiss)| > 0.5 rad 

• ST =            ≥ 6SEmiss

T

=
Emiss

T

σ(Emiss

T
)

(3)

where the Emiss

T
resolution has been approximated as σ(Emiss

T
) = 0.5

√
GeV

√�
ET.

6 Event Selection and Background Estimation

Upon passing the trigger requirement, signal events are selected with criteria identical to those imple-

mented in the measurement of the W → τν cross-section [21] with an additional requirement that the

identified tau candidate has a single track reconstructed in the inner detector. The main selection re-

quirements, which are described in detail in the reference above, comprise an identified single-track

tau candidate and a minimum Emiss

T
of 30 GeV corresponding to the vector sum of the transverse en-

ergy of the final state neutrinos, (
�

pν)T. To further suppress the backgrounds, a minimum separation

|∆φ( jet, Emiss

T
)| > 0.5 radians is required, since reconstructed Emiss

T
collinear with a jet is most likely due

to the misreconstruction of the jet energy. Multijet events are effectively suppressed with the requirement

that SEmiss

T

≥ 6. Finally, events with an identified electron or muon with pT > 15 GeV are vetoed to

suppress the background contributions from the leptonic decays of W and Z bosons. The true phase

space for this measurement is therefore restricted by the conditions specified in Table 1.

Table 1: Definition of the true phase space for the measurement of tau polarization in terms of the true

tau visible decay product and neutrino parameters.

Acceptance Region

20 GeV < pτ,vis

T
< 60 GeV

|ητ,vis| < 2.5, excluding 1.3 < |ητ,vis| < 1.7

(
�

pν)T > 30 GeV

|∆φ(pτ,vis,
�

pν)| > 0.5

Table 2: Number of events passing the full event selection for data, the Monte Carlo electroweak back-

ground estimate (which is independent of the assumed tau polarization), the Monte Carlo W → τν signal

for left-handed and right-handed polarization, and the multijet background estimated from data. Note that

the multijet background estimates are corrected for signal contamination and therefore depend on the tau

polarization. The data entry should be compared to the sum of the appropriate W → τν signal entry plus

the electroweak and multijet background estimates. The errors denote the statistical uncertainty.

Sample Number of Events

Data 1136

Electroweak Background 138 ± 4

Left-Handed Signal

W → τLν 1002 ± 16

Multijet Background 68.9 ± 5.7

Right-Handed Signal

W → τRν 1523 ± 22

Multijet Background 79.1 ± 3.8

4

Discriminating variable

6

Table 3 Sensitivity of the charged asymmetry observable at various stages in the simulation process. Pτ denotes the assumed
polarization.

Stage of Simulation Pτ = -1 Pτ = 0 Pτ = +1

Generator Level, No Selection 0.32 0.25 0.26
Generator Level, pτ,vis

T
> 20 GeV, |ητ,vis| < 2.5, (

P

pν)T > 30 GeV 0.57 0.45 0.53
Reconstruction and Full Event Selection 0.46 0.37 0.40

tion. Table 3 summarizes the resulting sensitivities for337

assumed tau polarization values of -1, 0, and +1, with338

calculations at the generator level included for refer-339

ence. These values indicate that the event selection im-340

proves the sensitivity of Υ by suppressing events from341

τ → πν decays, which exhibit softer spectra of both342

Emiss
T and tau pT, particularly in the left-handed tau343

decays, when compared to those in the τ → ρν chan-344

nel. The detector effects lead to a loss in sensitivity of345

approximately 20%.346
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(b) Right-handed

Fig. 3 Charged asymmetry distributions. The combined sta-
tistical and energy scale systematic uncertainties are overlaid
on the stacked signal and background distributions.

8 Method for Extracting Tau Polarization347

Tau polarization is measured by fitting the observed348

charged asymmetry distribution of single-track hadron-349

ically decaying tau candidates satisfying the full350

W → τν event selection to templates prepared with351

the left-handed and right-handed Monte Carlo sam-352

ples. The right-handed (left-handed) template consists353

of the charged asymmetry distribution in the right-354

handed (left-handed) signal in addition to the estimated355

contributions from the electroweak and multijet back-356

grounds. The signal and electroweak background Monte357

Carlo distributions are normalized to the integrated358

luminosity of the data sample. The electroweak back-359

ground distributions are effectively independent of the360

tau polarization in the W → τν decays and are there-361

fore common to both templates. Since the estimated362

multijet background depends on the tau polarization,363

rather than fixing the multijet normalization in the364

templates, the normalization is included as a nuisance365

parameter.366

The tau polarization is extracted from the fit by367

maximizing the binned log-likelihood function,368

constructed as the product of a Poisson term for the lin-369

ear combination of the template contributions and ad-370

ditional Poisson terms for the number of selected events371

in each sample, accounting for the finite sample sizes.372

The assignment of the linear combination of the contri-373

butions per template for each bin i is defined in Equa-374

tion (5). The left-handed and right-handed W → τν375

signal components are weighted with the parameter Pτ ,376

which is used to extract the value of the tau polariza-377

tion. The contributions from the Monte Carlo samples378

and the multijet background estimation are normalized379

separately. Furthermore, the multijet contribution is ex-380

plicitly corrected for the contamination of signal and381

electroweak background events, given by Equation (6).382

Ti(NMC , Pτ , NMJ) =

NMC ·
[(1 − Pτ

2

)

sL
i µsL +

(1 + Pτ

2

)

sR
i µsR

]

+

NMC ·
[

∑

j

bj
iµbj

]

+ NMJ · q′i

(5)
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Fig. 3 Charged asymmetry distributions. The combined sta-
tistical and energy scale systematic uncertainties are overlaid
on the stacked signal and background distributions.
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(a) Track pT
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(b) Tau pT
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(c) EM Radius

Fig. 1 Tau kinematic distributions. The combined statistical
and energy scale systematic uncertainties are overlaid on the
stacked signal and background distributions.

the tau candidate. The charged asymmetry Υ is calcu-312

lated as follows:313

Eπ−

T − Eπ0

T

pT

≈ 2
ptrk
T

pT

− 1 = Υ. (4)

Although the observable in Equation (2) is defined for314

tau decays via an intermediate vector meson, in this315
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(a) Missing transverse energy
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(b) Missing transverse energy significance

Fig. 2 Event kinematic distributions. The combined statis-
tical and energy scale systematic uncertainties are overlaid
on the stacked signal and background distributions.

analysis the charged asymmetry is measured in all of316

the decay modes to a single charged meson inclusively,317

which comprise roughly 50% of all tau decays. Fig-318

ure 3 shows the distribution of the charged asymmetry319

observable in the left-handed and right-handed Monte320

Carlo signal samples with the estimated electroweak321

and multijet backgrounds along with the observed dis-322

tribution in data. These distributions reveal the ten-323

dency of the left-handed taus to decay to charged and324

neutral pions with similar energies whereas the corre-325

sponding energy sharing is asymmetric in the right-326

handed tau decays. Moreover, these distributions dis-327

play qualitatively the power of the charged asymmetry328

observable in distinguishing between left-handed and329

right-handed taus.330

A measure of the analyzing power of the observable331

is provided by the sensitivity S, defined as S = 1√
Nσ

332

where σ is the relative statistical error expected for a333

sample of N events [29]. The sensitivity of the charged334

asymmetry Υ to a measurement of tau polarization is335

evaluated after reconstruction and the full event selec-336

Event selection

Result

1 Introduction

Tau leptons play an integral role in the physics program at the Large Hadron Collider (LHC) as they
are powerful probes in searches for new phenomena. Taus, as the most massive lepton and a third
generation particle, are particularly relevant to theorized explanations of electroweak symmetry breaking.
The branching fraction of the Standard Model (SM) Higgs boson to tau pairs is large in the favored low-
mass region that has not yet been excluded by experiment [1, 2]. In some regions of parameter space,
decay chains with taus provide discovery channels, for example at high values of tan β for the Minimal
Supersymmetric Standard Model (MSSM) charged Higgs boson. Due to the short-enough lifetime of
taus and their parity-violating decays, taus are the only leptons whose spin information can be preserved
in the decay product kinematics recorded in the ATLAS detector.

Tau polarization, Pτ, is a measure of the relative cross section of left-handed and right-handed tau
production, defined by

Pτ =
σR − σL

σR + σL
(1)

for the production of τ−. Due to CP invariance in tau decays, the distributions for left-handed (right-
handed) τ+ follow those of right-handed (left-handed) τ−. The value of Pτ provides insight into the nature
of the Lorentz structure in the tau production mechanism. In particular, it is a measure of the degree of
parity violation in the interaction. In W → τν decays, the W− is expected to couple exclusively to a left-
handed τ− and the W+ to a right-handed τ+ for a corresponding predicted value of the tau polarization
Pτ = − 1. A value of Pτ = 0 indicates that neither the production of left-handed nor right-handed
τ− leptons is preferred and, therefore, a coupling that does not violate parity. This is the case for the
decay of a SM scalar Higgs boson to tau lepton pairs. On the other hand, an MSSM charged Higgs boson
couples to tau leptons via the Yukawa interaction with the corresponding predicted value of Pτ = + 1.

The method outlined here for extracting the tau polarization is independent of the mode of tau pro-
duction and can be applied to the characterization of new phenomena at the LHC. In particular, Pτ may
be used as a discriminating variable in searches for new particles that decay to taus and, in the event of
such a discovery, could provide insight into the nature of the new particle’s couplings.

2 Tau Polarization Observables

Parity is maximally violated in the charged-current weak decays of taus whereby the τ− always couples
to a left-handed tau neutrino, ν. Due to angular momentum conservation, the angular distribution of the
tau decay products depends strongly on the spin orientation of the tau. The hadronic decay modes are
particularly well suited to determine the tau spin orientation due to the fact that there is only one neutrino
in the final state.

The angle θ between the tau direction of flight and visible decay products in the tau rest frame is
the primary observable sensitive to tau polarization. The dependence of the angular distributions of the
tau decay products on the tau polarization is discussed in detail in Ref. [3, 4]. In the relativistic limit,
E � mτ, the angle θ is related to the ratio of the energy of the hadronic decay products to the tau energy
in the laboratory frame. The reconstruction of the tau energy in W → τν decays, however, is limited
experimentally due to poor resolution arising from the multiple unobserved neutrinos in the final state.
The branching ratio of tau lepton to a single charged pion along with a neutral pion via an intermediate ρ
meson is about 25%. For these decays an additional observable cosψ, where ψ is the angle between the
ρ meson and the charged pion directions in the ρ rest frame, may be defined. This observable is related
to the kinematics of the final state charged and neutral pions, which are experimentally accessible, as
follows:

1

9

Table 4 Summary of the systematic uncertainty on Pτ .

Source +∆Pτ -∆Pτ

Energy scale central 0.042 0.063
Energy scale forward 0.007 0.002
Emiss

T
resolution 0.014 -

No FCal 0.003 -

Tau identification 0.005 0.006
Trigger 0.007 0.006

MC model 0.020 0.020
W cross section 0.005 0.005
Z cross section 0.006 0.006

Combined 0.051 0.067

10 Results558

The result of the tau polarization measurement in the
selected sample of W → τν decays is:

Pτ = −1.06 ± 0.04 (stat) +0.05
−0.07 (syst).

The central value of Pτ falls outside the physically al-559

lowed range of [-1,1]. A Bayesian approach is used to560

determine a 95% credibility interval from the posterior561

probability distribution. A uniform prior was assumed562

on the interval [-1, 1] and the likelihood was approxi-563

mated by a normal distribution with a mean of -1.06564

and a width given by the upper limit of the combined565

statistical and systematic uncertainties. Pτ is found to566

lie within the 95% credibility interval [-1, -0.91].567

11 Summary and Conclusions568

Tau polarization has been measured in the single-track569

hadronic decays of taus in W → τν events with data570

collected in 2010 with the ATLAS detector correspond-571

ing to an integrated luminosity of 24 pb−1. The mea-572

surement was carried out in the phase space specified573

in Table 1 and the measured value is consistent with574

the Standard Model prediction within the statistical575

and systematic uncertainties. This result marks the first576

measurement of tau polarization in a hadron collider577

and the first such measurement with taus in W boson578

decays. The efficacy of the method for extracting tau579

polarization and the relatively small systematic uncer-580

tainties associated with this measurement confirm the581

potential of successful future applications of this tech-582

nique.583
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• Based on full 2011 dataset corresponding to L = 4.7 fb-1

• All tau decay modes (ll+4υ, lτh+3υ, τhτh+2ν) considered

• Defined in exclusive way

• Sub-channels divided into several categories (0-, 1-, 2-jet VH, 2-
jet VBF)

11

Event selection

• Example H→τhτh+2ν + 1-jet category

• Exactly 2 isolated high-pT (35, 25 GeV) tau leptons

• Collinear approximation

• Taus separated by ΔR(τ,τ) < 2.2

• Invariant mass of taus and jet, mττj > 225 GeV
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• Dominant backgrounds (multi-jet, Z→ττ) from data
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ATLAS-CONF-2012-014
Sunday, May 6, 2012



95% CLs exclusion limit
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• No significant excess 
observed in mass range 
of 100 - 150 GeV

• Use profile likelihood ratio

• Systematics treated as 
nuisance parameters
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CHARGED HIGGS
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lepton + jets

tau + jets
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• Predicted by many non-minimal Higgs models (e.g. 2HDM)

• Observation would be a direct observation of new physics BSM

• Uses full 2011 data set corresponding to  L = 4.6 fb-1

• Light H± analysis, i.e. analysed mass range from 90 GeV to 160 GeV 

• Search performed in tt environment 

14

Event selection

•Example: tt→bbWH+→bb(qq’)(τν)
•Tau + ETmiss trigger (29, 35 GeV)
•≥ 4 jets with pT > 20 GeV

•2 of them b-tagged
•ETmiss > 65 GeV
•MET significance, ΣT=                        > 13
•Top quark decay topology
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Figure 3. Emiss
T distribution after all selection cuts in the τ+lepton channel, for (a) τ+electron

and (b) τ+muon final states. The dashed line corresponds to the SM-only hypothesis and the
hatched area around it shows the total uncertainty for the SM backgrounds. The solid line shows
the predicted contribution of signal+background in the presence of a 130 GeV charged Higgs boson
with B(t → bH+) = 5% and B(H+ → τν) = 100%. The contributions of tt̄ → bb̄W+W− events in
the backgrounds with true or misidentified τ jets are scaled down accordingly.

• at least four jets (excluding τ jets) having pT > 20 GeV, of which at least one is

b-tagged;

• exactly one τ jet with pτT > 40 GeV, found within |η| < 2.3 and matched to a τ

trigger object;

• neither a second τ jet with pτT > 20 GeV, nor any electrons with ET > 20 GeV, nor

any muons with pT > 15 GeV;

• Emiss
T > 65 GeV;

• to reject events in which a large reconstructed Emiss
T is due to the limited resolution of

the energy measurement, the following ratio based on the
∑

pT definition of Section 5

must satisfy:
Emiss

T

0.5 GeV1/2 ·
√

∑

pT
> 13;

• a topology consistent with a top quark decay: the combination of one b-tagged jet (b)

and two untagged jets (j) with the highest pjjbT must satisfy mjjb ∈ [120, 240] GeV.

For the selected events, the transverse mass mT is defined as:

mT =
√

2pτTE
miss
T (1− cos∆φτ,miss), (6.1)

– 14 –
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Events are then selected with an upper cut on the transverse mass, defined as

mT =
√

2 pT(!) · EmissT ·
(

1 − cos∆φ(!, EmissT )
)

, (2)

and required to be mT < 50 GeV. This further suppresses theW + jets background. Figures 2(c) and 2(d)
show the distribution of mT for the τµτh and τeτh final states, respectively.

The chosen τ candidate is required to have exactly 1 or 3 associated tracks and a reconstructed
charge of unit magnitude, where the charge is calculated as the sum of the charges of the associated
tracks. Additionally, the chosen τ candidate and the chosen lepton are required to have opposite charges
as expected from Z → ττ decays. Figure 3 shows the number of tracks of the τ candidate before these
two requirements, but with all other selections applied. A small amount of signal ends up in the 2-track
bin; approximately half of these are 3-prong τ leptons with one of the tracks not reconstructed, while
the rest are 1-prong τ leptons with an additional close-by track. Finally, in order to suppress γ∗/Z → µµ
events with muons misidentified as τ candidates, in the τµτh channel only, the fraction of transverse
energy of the τ candidate deposited in the electromagnetic calorimeter is required to be larger than 0.1.
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(b) τeτh channel

Figure 3: The number of tracks associated to the τ candidate, after all cuts of the event selection except
on the number of tracks and the charge of the τ candidate. Backgrounds are estimated as described in
Section 5.

A requirement on the visible mass mvis of the τ candidate and the lepton to be in a window of
35 < mvis < 75 GeV is applied, to increase the Z → ττ signal purity and maximize the separation from
the Z → !! background. The visible mass is defined as the invariant mass of the lepton and the hadronic
τ candidate. While Z → !! events are expected to accumulate at around 90 GeV, the Z → ττ signal
events peak at around 60 GeV due to the missing energy of the neutrinos. The visible mass distributions
are shown in Figure 4(a) and 4(b). The distributions of the τ and lepton candidate ET, for events passing
all signal selections, are shown in Figure 5 and Figure 6 respectively.

The sample obtained following all these selections has a relatively high purity in hadronic τ decays,
allowing a study of the variables used by the τh identification, for signal-like τ candidates. Figures 7, 8,
and 9 show a number of variables used by the τh identification, following the full selection in the τµτh
channel. The definition of these variables is given in [22]. In general, a good agreement between data and
Monte Carlo can be observed for these signal-like τ candidates. Finally, Figure 10 shows the distribution
of the BDT score before any identification requirements on the τ candidate have been applied, but after
all other object and event selection requirements described in this section. In the τeτh channel the use of a
hadronic τ trigger biases these distributions differently in data than in the MC, where the trigger efficiency
is applied as a pT-dependent weight, making those distributions less useful for τh identification studies.
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95% CLs exclusion Limit on 
BR(t→bH+)

15

• Use profile likelihood 
ratio

• Systematics treated as 
nuisance parameters

• tt normalisation 
corrected for BR
(t→bH+)
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95% CLs exclusion Limit
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SUSY SEARCHES 
INVOLVING TAU LEPTONS
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• Use sub-set of 2011 dataset corresponding to  L = 2.0 fb-1

• Investigate GMSB scenario

• Search for events with large ETmiss, jets and ≥2τ leptons

18

Event selection

 [GeV]effm
400 600 800 1000 1200 1400 1600

Ev
en

ts
 / 

10
0 

G
eV

0

5

10

15

20

25

30
ATLAS

=7 TeVs     -1 L dt = 2.05 fb

Data 2011

Standard Model
Top

W+jets

Z+jets

 = 40TeVGMSB - 
 = 30             tan 

 [GeV]2
T + m1

Tm

0 100 200 300 400 500 600 700

Ev
en

ts
 / 

40
 G

eV

0

1

2

3

4

5

6

7

8
ATLAS

=7 TeVs     -1 L dt = 2.05 fb

Data 2011

Standard Model
Top

W+jets

Z+jets

 = 40TeVGMSB - 
 = 30             tan 

•Jet + ETmiss trigger pT > 75 GeV, ET > 45 GeV
•Reconstructed jet with pT > 130 GeV
•ETmiss > 130 GeV
•≥2 identified τ
•2ndjet with pT > 30 GeV (→against multi-jets)
•Δϕ(pTmiss,jet1,2) > 0.4 rad (→against multi-jets)
•meff > 700 GeV
•mTτ1 + mTτ2  > 80 GeV

•W+jets, tt simultaneously estimated 
in data

•Z+jets taken from MC

Backgrounds

arXiv:1203.6580
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95% CLs exclusion Limit
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Conclusion
• Well performing tau identification @ ATLAS

• W→τυ polarisation measurement first time performed at a 
hadron collider shows very good agreement with theory pred.

• Standard Model H→ττ reach combined sensitivity to ~3*σSM

• Charged Higgs exclude (95% CL) tanβ of 12-26 and between 
1 and 2-6 in mhmax scenario

• SUSY searches with taus excludes (95% CL) for Λ<32 GeV 
independent on tanβ

20
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EMBEDDING TECHNIQUE
• select pure Z→μμ events in data

• replace muons by simulated tau decays using TAUOLA
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Since this analysis is sensitive to multiple interaction effects (pile up), these effects were included233

in all simulated data samples used in this study. Before event reconstruction, the samples have been234

overlaid with simulation samples reproducing the different bunch train structure and spacing of the LHC235

beams for each period of data taking in 2011. Residual differences in the pile up between data and Monte236

Carlo have been corrected by re-weighting the Monte Carlo events to reproduce the pile up distributions237

in data [22].238

4.3 τ-embedded Z → µµ and W → µν ATLAS data239

The mass shape of Z → τ+τ− events is crucial for this analysis and in order to ensure a reliable distribu-240

tion, the Z shape is taken directly from data in the τ-embedded Z → µµ and W → µν data. This avoids241

the systematic uncertainties that typically affect MonteCarlo simulations such as uncertainties in the en-242

ergy scale and on the energy resolution of additional jets, identification efficiency, and also uncertainties243

in the pileup and underlying event simulation. It is not possible to have a Z → τ+τ− or W → τν sample244

completely free of jets and signal events, but by creating a hybrid sample from Z → µµ or W → µν this245

contamination will exactly match data, and we need rely on simulation only for the taus and the particles246

coming from their decays. This sample is made by selecting Z → µ+µ− or W → µν events, replacing247

the muons with taus, and simulating the hadronic decays of the taus. Global variables like the missing248

energy are then recomputed. In this way the kinematics of the Z decay is preserved, and the Monte Carlo249

simulation is used only to simulate the hadronic decay of taus, which is a well-understood process. The250

Z → µ+µ− sample is used as the starting point because the clean signature of two isolated muons with251

opposite charge and an invariant mass close to the Z mass makes it a sample contaminated by very little252

background. This selection is also virtually signal-free.253

The procedure of embedding simulated τ decays into Z → µµ data events is briefly described below254

and illustrated in Fig. 1. Corresponding example event displays are shown in Fig. 2.255

Figure 1: Flowchart of the embedding procedure.
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TAU ENERGY SCALE

• in-situ E/p measurement for  
p < 20GeV

• test beam measurements for  
p > 20 GeV

26
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PHYSICS INVOLVING 
TAU LEPTONS
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• performed on 2011 data corresponding to L = 1.34 fb-1 - 1.55 fb-1

• combination of 3 final states: eμ, eτhad, μτhad
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Missing Transverse Momentum The missing transverse momentum (EmissT ) reconstruction used in all
final states relies on energy deposits in the calorimeter and on reconstructed muon tracks. It is defined as
the vector sum EmissT = EmissT (calo) + EmissT (muon) − EmissT (energy loss), where EmissT (calo) is calculated
from the energy deposits in calorimeter cells inside three-dimensional topological clusters, EmissT (muon)
is the sum of the muon momentum vectors, and EmissT (energy loss) is a correction term accounting for
the energy lost by muons in the calorimeters.

4.2 Lepton isolation

Leptons from γ∗/Z → ττ decays are typically isolated from other particles. Therefore isolation require-
ments are applied to both the electron and muon candidates used in the three final states considered. The
first isolation variable is based on the total transverse momentum of charged particles in the inner detector
in a cone of size ∆R = 0.4 centered around the lepton direction, divided by the transverse momentum or
energy of the muon or electron candidate, respectively. A selection requiring

∑

pT(∆R < 0.4)/pT < 0.03
for the muon candidate and

∑

pT(∆R < 0.4)/ET < 0.06 for the electron candidate is used for all final
states. Figure 1 shows the distribution of the

∑

pT(∆R < 0.4)/pT variable and
∑

pT(∆R < 0.4)/ET
variable for muon and electron candidates respectively.

A second isolation variable is based on the total transverse energy measured in the calorimeters in
a cone in ∆R around the lepton direction, divided by the transverse momentum or energy of the muon
or electron candidate, respectively. For muon candidates, a cone of size ∆R = 0.3 is used, and the
requirement

∑

ET(∆R < 0.3)/pT < 0.04 is applied to all final states. For electron candidates, a cone of
size ∆R = 0.4 is used and a selection requiring

∑

ET(∆R < 0.4)/ET < 0.1 is applied. In the calculation
of all the isolation variables, the lepton pT or ET is excluded from the isolation sum.

4.3 Event selection

4.3.1 The τ"τh channels

In the τ#τh channels, the multijet background is suppressed to a large extent by the τ identification
and lepton isolation requirements previously discussed. Events due to W → #ν, W → τν→ #ννν, and
γ∗/Z → ## decays can be rejected with additional event-level cuts.

Any event with more than one muon or electron candidate is vetoed, thereby strongly suppressing
the γ∗/Z → ## + jets background. The same loosened selection criteria and pT thresholds for the second
lepton are used, as for the overlap removal procedure described in Section 4.1.

Events are then selected by requiring
∑

cos∆φ > −0.15, where the discriminating variable
∑

cos∆φ
is defined as

∑

cos∆φ = cos
(

φ(#) − φ(EmissT )
)

+ cos
(

φ(τh) − φ(EmissT )
)

. (1)

The variable
∑

cos∆φ is positive when the EmissT vector points towards the direction bisecting the visible
decay products and negative when it points away. For signal events the EmissT vector is expected to fall
in the azimuthal range spanned by the decay products. This cut is effective at removing W → #ν + jets
events, where the EmissT vector will tend to point outside of the angle between the jet misidentified as a τ
candidate and the lepton. The distributions of

∑

cos∆φ are shown in Figure 2(a) and 2(b) for the τµτh and
τeτh final states, respectively. The peak at zero corresponds to γ∗/Z → ττ events where the decay prod-
ucts are back-to-back in the transverse plane. TheW + jets backgrounds accumulate at negative

∑

cos∆φ
while the γ∗/Z → ττ distribution has an asymmetric tail extending into positive

∑

cos∆φ values, corre-
sponding to events where the Z boson has higher pT. Although the resolution of the φ(EmissT ) direction
is degraded for low values of EmissT , this has no adverse effect on this cut, as such events correspond to
∑

cos∆φ ∼ 0 and hence pass the selection in any case.

4

• single lepton trigger (e, μ)

• μ (e) pT > 15 (10) GeV

• opposite high pT lepton-tau pair

• transverse mass,                                                  < 50 GeV 

• Σ cos(Δφ) > -0.15 (against W+jets)

• visible mass: 35 GeV < mvis < 75 GeV

Events are then selected with an upper cut on the transverse mass, defined as

mT =
√

2 pT(!) · EmissT ·
(

1 − cos∆φ(!, EmissT )
)

, (2)

and required to be mT < 50 GeV. This further suppresses theW + jets background. Figures 2(c) and 2(d)
show the distribution of mT for the τµτh and τeτh final states, respectively.

The chosen τ candidate is required to have exactly 1 or 3 associated tracks and a reconstructed
charge of unit magnitude, where the charge is calculated as the sum of the charges of the associated
tracks. Additionally, the chosen τ candidate and the chosen lepton are required to have opposite charges
as expected from Z → ττ decays. Figure 3 shows the number of tracks of the τ candidate before these
two requirements, but with all other selections applied. A small amount of signal ends up in the 2-track
bin; approximately half of these are 3-prong τ leptons with one of the tracks not reconstructed, while
the rest are 1-prong τ leptons with an additional close-by track. Finally, in order to suppress γ∗/Z → µµ
events with muons misidentified as τ candidates, in the τµτh channel only, the fraction of transverse
energy of the τ candidate deposited in the electromagnetic calorimeter is required to be larger than 0.1.
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(a) τµτh channel
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(b) τeτh channel

Figure 3: The number of tracks associated to the τ candidate, after all cuts of the event selection except
on the number of tracks and the charge of the τ candidate. Backgrounds are estimated as described in
Section 5.

A requirement on the visible mass mvis of the τ candidate and the lepton to be in a window of
35 < mvis < 75 GeV is applied, to increase the Z → ττ signal purity and maximize the separation from
the Z → !! background. The visible mass is defined as the invariant mass of the lepton and the hadronic
τ candidate. While Z → !! events are expected to accumulate at around 90 GeV, the Z → ττ signal
events peak at around 60 GeV due to the missing energy of the neutrinos. The visible mass distributions
are shown in Figure 4(a) and 4(b). The distributions of the τ and lepton candidate ET, for events passing
all signal selections, are shown in Figure 5 and Figure 6 respectively.

The sample obtained following all these selections has a relatively high purity in hadronic τ decays,
allowing a study of the variables used by the τh identification, for signal-like τ candidates. Figures 7, 8,
and 9 show a number of variables used by the τh identification, following the full selection in the τµτh
channel. The definition of these variables is given in [22]. In general, a good agreement between data and
Monte Carlo can be observed for these signal-like τ candidates. Finally, Figure 10 shows the distribution
of the BDT score before any identification requirements on the τ candidate have been applied, but after
all other object and event selection requirements described in this section. In the τeτh channel the use of a
hadronic τ trigger biases these distributions differently in data than in the MC, where the trigger efficiency
is applied as a pT-dependent weight, making those distributions less useful for τh identification studies.
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Background estimation
QCD multijets
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MSSM Higgs to LepLep with 0 jets | Background estimation | QCD estimation

QCD estimation from data using the ABCD method
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some QCD
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• assume A
B = C

D for QCD events

• correct for EW contributions in
region B

⇒ QCD estimate in signal region

• QCD shape: only needed for
illustration → taken from region C
because of the higher statistics

after |∆φ(e, µ)| cut

events B C D
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signal ≤ 1 ≤ 1 ≤ 1
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further backgrounds
• normalisation from W enriched control region, shape 

from MC

• tt, di-boson estimated using MC

Electroweak backgrounds

• low Monte-Carlo (MC) statistics

• estimated by data-driven matrix method

• correction for electro-weak (EW) backgrounds using MC

• lepton fakes:

• Z→ee, Z→μμ tag-and-probe method

• jet fakes:

• Z enriched control region
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• measured separately in each channel

• combined result obtained by BLUE    
(Best Linear Unbiased Estimate) 
method

• shows very good agreement with 
NNLO prediction

• σNNLO = 0.96 ± 0.05 nb*
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Results

6 Methodology for cross section calculation

The measurement of the cross section is done in each channel separately, and the obtained values are
then combined. The calculation is performed as in [1], using the formula

σ(Z → ττ) × B =
Nobs − Nbkg
AZ · CZ · L

(5)

where Nobs is the number of observed events in data, Nbkg is the number of estimated background events,
B is the branching fraction for the channel considered and L denotes the integrated luminosity for the
final state of interest. CZ is the experimental correction factor that accounts for the efficiency of trigger-
ing, reconstructing and identifying the Z → ττ events within the fiducial regions, defined as:

τµτh channel:

• Muon: pT> 17 GeV, |η| < 2.4

• Tau: ET> 20 GeV, |η| < 2.47, excluding 1.37 < |η| < 1.52

• Event: Σ cos∆φ > −0.15, mT< 50 GeV, mvis within [35, 75] GeV

τeτh channel:

• Electron: ET> 17 GeV, |η| < 2.47, excluding 1.37 < |η| < 1.52

• Tau: ET> 25 GeV, |η| < 2.47, excluding 1.37 < |η| < 1.52

• Event: Σ cos∆φ > −0.15, mT< 50 GeV, mvis within [35, 75] GeV

τeτµ channel:

• Electron: ET> 17 GeV, |η| < 2.47, excluding 1.37 < |η| < 1.52

• Muon: pT> 17 GeV, |η| < 2.4

• Event: Σ cos∆φ > −0.15, mvis within [35, 75] GeV

where the variables which at reconstruction level make use of EmissT (mT, Σ cos∆φ) are constructed using
the transverse component of the sum of the neutrino momenta. The CZ factor is calculated using Alpgen
with the CTEQ6L1 [10] parton distribution function (PDF). It is determined as the ratio between the
number of events passing the entire analysis selection after full detector simulation and the number of
events in the fiducial region at generator level. The four-momenta of electrons and muons are calculated
including photons radiated within a cone of size ∆R = 0.1. The four-momenta of the τ candidates are
defined by including photons radiated by both the τ leptons and their decay products within a cone of size
∆R = 0.4. By construction CZ accounts for migrations from outside of the acceptance. The correction
by the CZ factor provides the cross section within the fiducial region of each measurement:

σfid(Z → ττ) × B =
Nobs − Nbkg
CZ · L

, (6)

which is independent of the extrapolation procedure to the full phase space.
The acceptance factor AZ allows the extrapolation of σfid to the total cross section, defined by Eq. 5.

The AZ factor is determined from Monte Carlo as the ratio of events at generator level whose ττ invariant
mass, before final state radiation (FSR), lies within the mass window [66, 116] GeV, and the number of
events at generator level that falls within the fiducial regions defined above. The AZ factor accounts for
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[17] S. Jadach, Z. Was, R. Decker, and J. H. Kühn, The τ decay library TAUOLA, version 2.4, Comput.
Phys. Commun. 76 (1993) 361–380.

[18] P. Golonka and Z. Was, PHOTOS Monte Carlo: A Precision tool for QED corrections in Z and W
decays, Eur. Phys. J. C45 (2006) 97–107.

[19] The ATLAS Collaboration, Measurement of the inclusive W+- and Z/gamma cross sections in the
electron and muon decay channels in pp collisions at sqrt(s) = 7 TeV with the ATLAS detector,
arXiv:1109.5141 [hep-ex].

[20] The ATLAS Collaboration, Electron performance measurements with the ATLAS detector using
the 2010 LHC proton-proton collision data, arXiv:1110.3174 [hep-ex].

[21] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the kt jet-finder, Physics Letters B 641
(2006) no. 1, 57 – 61. M. Cacciari, G. P. Salam and G. Soyez, http://fastjet.fr/.

[22] The ATLAS Collaboration, Performance of the Reconstruction and Identification of Hadronic Tau
Decays with ATLAS, ATLAS-CONF-2011-152, 2011.

21

[5] The GEANT4 Collaboration, S. Agostinelli et al., GEANT4: A simulation toolkit, Nucl. Instrum.
Meth. A506 (2003) 250.

[6] The ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C70 (2010)
823–874.

[7] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau, and A. D. Polosa, ALPGEN, a generator for
hard multiparton processes in hadronic collisions, JHEP 0307 (2003) 001.

[8] G. Corcella et al., HERWIG 6.5, JHEP 0101 (2001) 010.

[9] J.M.Butterworth, J.R.Forshaw, and M.H.Seymour, Multiparton Interactions in Photoproduction at
HERA, Z.Phys. C (1996) no. 72, 637–646.

[10] J. Pumplin et al., New generation of parton distributions with uncertainties from global QCD
analysis, JHEP 0207 (2002) 012.

[11] The ATLAS Collaboration, First tuning of HERWIG/JIMMY to ATLAS data,
ATL-PHYS-PUB-2010-014.

[12] K. Melnikov and F. Petriello, Electroweak gauge boson production at hadron colliders through
O(α(s)2), Phys. Rev. D74 (2006) 114017.

[13] R. Gavin, Y. Li, F. Petriello et al., FEWZ 2.0: A code for hadronic Z production at next-to-next-to-
leading order, arXiv:1011.3540 [hep-ph].

[14] S. Catani, L. Cieri, G. Ferrera, D. de Florian, and M. Grazzini, Vector boson production at hadron
colliders: a fully exclusive QCD calculation at NNLO, Phys. Rev. Lett. 103 (2009) 082001.

[15] S. Frixione and B. Webber, Matching NLO QCD computations and parton shower simulations,
JHEP 0206 (2002) 029.

[16] P. M. Nadolsky et al., Implications of CTEQ global analysis for collider observables, Phys. Rev.
D78 (2008) 013004.
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Z→ττ→eμ cross-section measurement
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Missing Transverse Momentum The missing transverse momentum (EmissT ) reconstruction used in all
final states relies on energy deposits in the calorimeter and on reconstructed muon tracks. It is defined as
the vector sum EmissT = EmissT (calo) + EmissT (muon) − EmissT (energy loss), where EmissT (calo) is calculated
from the energy deposits in calorimeter cells inside three-dimensional topological clusters, EmissT (muon)
is the sum of the muon momentum vectors, and EmissT (energy loss) is a correction term accounting for
the energy lost by muons in the calorimeters.

4.2 Lepton isolation

Leptons from γ∗/Z → ττ decays are typically isolated from other particles. Therefore isolation require-
ments are applied to both the electron and muon candidates used in the three final states considered. The
first isolation variable is based on the total transverse momentum of charged particles in the inner detector
in a cone of size ∆R = 0.4 centered around the lepton direction, divided by the transverse momentum or
energy of the muon or electron candidate, respectively. A selection requiring

∑

pT(∆R < 0.4)/pT < 0.03
for the muon candidate and

∑

pT(∆R < 0.4)/ET < 0.06 for the electron candidate is used for all final
states. Figure 1 shows the distribution of the

∑

pT(∆R < 0.4)/pT variable and
∑

pT(∆R < 0.4)/ET
variable for muon and electron candidates respectively.

A second isolation variable is based on the total transverse energy measured in the calorimeters in
a cone in ∆R around the lepton direction, divided by the transverse momentum or energy of the muon
or electron candidate, respectively. For muon candidates, a cone of size ∆R = 0.3 is used, and the
requirement

∑

ET(∆R < 0.3)/pT < 0.04 is applied to all final states. For electron candidates, a cone of
size ∆R = 0.4 is used and a selection requiring

∑

ET(∆R < 0.4)/ET < 0.1 is applied. In the calculation
of all the isolation variables, the lepton pT or ET is excluded from the isolation sum.

4.3 Event selection

4.3.1 The τ"τh channels

In the τ#τh channels, the multijet background is suppressed to a large extent by the τ identification
and lepton isolation requirements previously discussed. Events due to W → #ν, W → τν→ #ννν, and
γ∗/Z → ## decays can be rejected with additional event-level cuts.

Any event with more than one muon or electron candidate is vetoed, thereby strongly suppressing
the γ∗/Z → ## + jets background. The same loosened selection criteria and pT thresholds for the second
lepton are used, as for the overlap removal procedure described in Section 4.1.

Events are then selected by requiring
∑

cos∆φ > −0.15, where the discriminating variable
∑

cos∆φ
is defined as

∑

cos∆φ = cos
(

φ(#) − φ(EmissT )
)

+ cos
(

φ(τh) − φ(EmissT )
)

. (1)

The variable
∑

cos∆φ is positive when the EmissT vector points towards the direction bisecting the visible
decay products and negative when it points away. For signal events the EmissT vector is expected to fall
in the azimuthal range spanned by the decay products. This cut is effective at removing W → #ν + jets
events, where the EmissT vector will tend to point outside of the angle between the jet misidentified as a τ
candidate and the lepton. The distributions of

∑

cos∆φ are shown in Figure 2(a) and 2(b) for the τµτh and
τeτh final states, respectively. The peak at zero corresponds to γ∗/Z → ττ events where the decay prod-
ucts are back-to-back in the transverse plane. TheW + jets backgrounds accumulate at negative

∑

cos∆φ
while the γ∗/Z → ττ distribution has an asymmetric tail extending into positive

∑

cos∆φ values, corre-
sponding to events where the Z boson has higher pT. Although the resolution of the φ(EmissT ) direction
is degraded for low values of EmissT , this has no adverse effect on this cut, as such events correspond to
∑

cos∆φ ∼ 0 and hence pass the selection in any case.

4

• at least 1 primary vertex with more than 3 tracks

• single lepton trigger (e, μ, τ)

• μ (e) pT > 15 (10) GeV

• exactly 1 light isolated lepton

• Ql*Qτ = -1

• Σ cos(Δφ) > -0.15 (against W, tt background)

• ΣT < 140 GeV

• visible mass: 35 GeV < mvis < 75 GeV
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Figure 10: The distribution of the score from the Boosted Decision Tree (BDT), used to discriminate τ
candidates from jets, after the full selection in the τµτh channel except for the cuts on the τ candidate.
The multijet background is estimated as described in Section 5, all other backgrounds are obtained from
Monte Carlo.

4.3.2 The τeτµ channel

The τeτµ events are characterized by the presence of two oppositely charged and isolated leptons in the
final state. Thus exactly one electron and one muon of opposite electric charge that pass the selection
described earlier are required. The same relaxed lepton requirements used in the τ"τh final states for
vetoing additional leptons are applied also in this case. By selecting events that contain two leptons of
different flavours, the contributions from γ∗/Z → µµ and γ∗/Z → ee processes are greatly reduced.

The requirement
∑

cos∆φ > −0.15 is applied as in the τ"τh final states, discriminating against back-
grounds from W → τν→ "ννν, WW and tt̄ events. Figure 11(a) shows the distribution of this variable
after all cuts except on the variable itself.

A further selection is made by requiring that events satisfy ΣT < 140 GeV, where the variable ΣT is
defined as

ΣT = ET(e) + ET(µ) + ET( jets) + EmissT . (3)

The topology of tt̄ events, especially in the dilepton decay channel, has multiple high-pT jets and leptons
as well as a large EmissT , leading to high ΣT values. This is in contrast to the signal Z → ττ → "" +
4ν events. The ΣT distribution is shown in Figure 11(b), demonstrating the efficient suppression power
of this cut.

Finally, the invariant mass of the two leptons is calculated. The same requirement as in the other
channels, 35 < mvis < 75 GeV, is applied. The distribution of the visible mass before the cut can be seen
in Figure 12. The distribution of the muon pT and electron ET after all selections have been made can be
seen in Figure 13.

5 Background estimation

The contributions of the non-dominant tt̄ and diboson backgrounds are obtained from Monte Carlo sim-
ulations, as are the W and Z backgrounds in the τeτµ channel only, while all other backgrounds are
estimated using partially or fully data-driven methods, as described in the following.

11
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SYSTEMATICS

• trigger efficiency

• efficiency of lepton reconstruction, identification, isolation

• hadronic tau identification efficiency and misidentification rate

• energy scale

• background estimation

• QCD multi-jets: ROS/SS

• Z/W: statistical error on normalisation factor

• acceptance systematics

• proton PDF (use different PDF sets)

• modeling of W/Z production (use MC@NLO interfaced to HERWIG)

33
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8 Measured σ(Z → ττ)

Combining the numbers from the previous sections and following the method described in Section 6, the
calculation of the cross section is performed, yielding the results presented in Table 4. Both the fiducial
cross sections and the total cross sections for a ditau invariant mass window of [66, 116] GeV are shown.
The total cross section has been corrected for the τ→ l ν ν and τ→ τhad branching ratio, 0.2250±0.0009
for the τµτh channel, 0.2313 ± 0.0009 for the τeτh channel and 0.0620 ± 0.0002 for the τeτµ channel [3].

Table 4: The production cross section times branching fraction for the Z → ττ process as measured in
each of the three final states. For the fiducial cross sections the measurements include also the branching
fraction of the τ to its decay products.

Final State Fiducial cross section σ f id(Z → ττ) × B(τ→ ...)
τµτh 20.0 ± 0.3(stat) ± 2.0(syst) ± 0.7(lumi) pb
τeτh 15.9 ± 0.4(stat) ± 2.0(syst) ± 0.6(lumi) pb
τeτµ 4.7 ± 0.2(stat) ± 0.4(syst) ± 0.2(lumi) pb
Final State Total cross section σ(Z → ττ,minv[66 − 116 GeV])
τµτh 0.91 ± 0.01(stat) ± 0.09(syst) ± 0.03(lumi) nb
τeτh 1.00 ± 0.02(stat) ± 0.13(syst) ± 0.04(lumi) nb
τeτµ 0.96 ± 0.03(stat) ± 0.09(syst) ± 0.04(lumi) nb

The combination of the cross section measurements from the three final states is obtained by using the
Best Linear Unbiased Estimate (BLUE) method, described in [30, 31]. The BLUE method determines
the best estimate of the combined total cross section using a linear combination built from the individual
measurements. This is achieved by constructing a covariance matrix from the statistical and systematic
uncertainties for each individual cross section measurement, while accounting for correlations between
the uncertainties from each channel. The last column of Table 3 indicates whether a given source of
systematic uncertainty has been treated as correlated or uncorrelated amongst the relevant channels when
calculating the combined result. All systematic uncertainties pertaining to the efficiency and resolution
of the various physics objects used in the three analyses are assumed to be fully correlated between final
states that make use of these objects, while no correlation is assumed to exist between the systematic
uncertainties relating to different physics objects.

Most of the dominant uncertainties in this study are correlated across all channels, and they are much
larger than any of the uncorrelated uncertainties. In the case of large positive correlations between the
inputs, BLUE can yield large negative weights and a central value that does not lie within the range
spanned by the inputs; the result is in these cases very sensitive to the values of the assumed correlations
between the inputs [30]. In order to avoid this, the conservative approach is taken to exclude from the
BLUE calculation the three largest systematic uncertainties that are completely correlated across all three
channels (energy scale, luminosity, and acceptance uncertainties). These are instead added to the final
uncertainty using standard error propagation on the linear combination of the individual channels, using
the weights BLUE yielded without including these uncertainties. This means, however, that a somewhat
larger total uncertainty on the combination is obtained (since these large uncertainties were not included
directly in the combination).

Following this procedure, a combined total cross section of

σ(Z → ττ, 66 < minv < 116 GeV) = 0.92 ± 0.02(stat) ± 0.08(syst) ± 0.03(lumi) nb (7)

is obtained from the three final states, τµτh, τeτh and τeτµ, which have the respective weights 0.758,
-0.130 and 0.372. A χ2/NDF of 1.24/2 is obtained.
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SM H→ττ
Common object selection

• ETcluster> 16 GeV

• 0 < |η| < 1.37 or 

• 1.52 < |η| < 2.47

• medium (tight)identification 
for eμ (eτ)

Electrons Muons
• ETvis > 20 GeV

• < |η| < 1.37 or 

• 1.52 < |η| < 2.47

• CUTS loose ID

• 1 or 3 charged tracks

• |Q| = 1

Taus

• ET > 20 GeV 

• |η| < 4.5           

Jets
• anti-kT jets (R = 0.4)

• jet cleaning

overlap resolved in order: μ, e, τ, jet36

• inner detector track has to 
match muon spectrometer 
track

• pT > 10 GeV(eμ, μμ); 

• pT > 15 GeV (μτ)

• |η| < 2.4

• long. IP < 10 mm

• quality criteria 
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• four categories defined:

• H + 2-jet VBF

• H + 2-jet VH

• H + 1-jet

• H + 0-jet

37

Common event selection

• single-/di-lepton trigger 

• leading jet ET > 40 GeV

• ETmiss > 20 (40) GeV (ee, μμ)

• Ql*Ql = -1

• Δϕ(l,l) > 2.5 rad

• b-jet (ET > 25 GeV) veto (against tt)

• leptonic transverse energy, HT
lep < 120 GeV

• collinear approximation, 0 < x1, x2 < 1

• invariant mass of taus and jet, 

30 GeV < mll < 100 (75) GeV (ee, μμ)

SM H→ττ→ll + 4υ
• 2-jets with ET > 40 (25) GeV

• separated jets, Δηjj > 3 (VBF), Δηjj < 2 (VH)

• invariant dijet mass mjj > 350 GeV (VBF),  50 GeV < mjj < 350 GeV (VH)

• third jet (ET > 25 GeV, |η| < 2.4 ) veto 
• only events failing 2-jet cuts

• invariant jet + di-tau mass mττj > 225 GeV

• all events failing 1-/2-jet category

• uses effective mass, mττeff due to poor resolution

of collinear mass
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• seven categories defined:

• depending on jet properties and ETmiss

• H + 2-jet VBF

• H + 1-jet

• H + 0-jet

38

Common event selection
• single-lepton trigger 

• leading jet ET > 40 GeV

• one light lepton with ET > 25 GeV (e), pT > 20 GeV (μ)

• Ql*Qτ = -1

• transverse mass, mT
 ≤ 30 GeV (against tt)

SM H→ττ→lτ + 3υ
• ≥2-jets with ET > 25 GeV

• ETmiss > 20 GeV

• separated jets, Δηjj > 3 

• invariant dijet mass mjj > 300 GeV 

• tau, lepton in η range between jets

• includes eτ and μτ final states due to limited statistics

• ETmiss > 20 GeV

• ≥1-jets with ET > 25 GeV failing VBF selection

• eτ and μτ final states considered exclusively

• no jet with ET > 25 GeV

• eτ and μτ final states considered exclusively 

• separated in ETmiss > 20 GeV and ETmiss ≤ 20 GeV
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SM H→ττ→ll(l = e,μ)
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Final mass distributions
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SM H→ττ→lτh(l = e,μ)
Final mass distributions
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BACKGROUND ESTIMATION

41

• main background (multi-jet, Z→ττ) estimated by data-driven methods

• normalisation and shape extracted from data

• further backgrounds (diboson, tt) estimated from MC

• embedding technique Z→ττ to model shape

• fitting track multiplicity (in ΔR  < 0.6) of taus 
simultaneously 

• multi-jet template from same sign control region

• Z→ττ template from MC

• fit result used to normalise embedded sample

• multi-jet estimation by 2-dimensional fit in signal region

• vary multi-jet template by requiring additional light lepton 
(enhancing W+jets)

• Z→ττ :11.6 % 

• multi-jet: 22 %

Systematics
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95% CLs exclusion Limit on 
BR(t→bH+)

42

 [GeV]+Hm
90 100 110 120 130 140 150 160

+
 b

H
t 

B

-210

-110

1
Observed CLs
Expected
 1!
 2!

ATLAS

Data 2011
 = 7 TeVs

-1Ldt = 4.6 fb

lepton+jets

 [GeV]+Hm
90 100 110 120 130 140 150 160

+
 b

H
t 

B

-210

-110

1
Observed CLs
Expected
 1!
 2!

ATLAS

Data 2011
 = 7 TeVs

-1Ldt = 4.6 fb

+lepton

 [GeV]+Hm
90 100 110 120 130 140 150 160

+
 b

H
t 

B

-210

-110

1
Observed CLs
Expected
 1!
 2!

ATLAS

Data 2011
 = 7 TeVs

-1Ldt = 4.6 fb

+jets

Sunday, May 6, 2012



CHARGED HIGGS

43

f

f
g

g

g +
H+

W-

t

t

b

b

tt→bbWH+→ bb(qq’)(lυ)
tt→bbWH+→ bb(lυ)(τυ)

tt→bbWH+→bb(qq’)(τν)

lepton + jets

tau + jets

lepton + tau
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Event selection
•single lepton trigger
•exactly one lepton with pT > 25 (20) 
GeV e (μ)
•≥ 4 jets with pT > 20 GeV

•2 of them b-tagged
•ETmiss > 40 GeV

•ETmiss * |sin Δϕ(l, ETmiss)| > 20 GeV 
(if Δϕ(l, ETmiss) < π/6) 

•MET significance, ΣT > 13
•cos θl* < -0.6
•mTW < 60 GeV 

•top quark decay topology
•χ2 < 5

tt→bbWH+→ bb(qq’)(lυ)

4.1 Event selection

The lepton+jets analysis uses events passing a single-lepton trigger with an ET threshold

of 20–22 GeV for electrons4 and a pT threshold of 18 GeV for muons. These thresholds

are low enough to guarantee that electrons and muons chosen for the analysis are in the

plateau region of the trigger-efficiency curve. In addition, to select a sample of lepton+jets

events enriched in tt̄ candidates, the following requirements are applied:

• exactly one lepton having ET > 25 GeV (electron) or pT > 20 GeV (muon) and

matched to the corresponding trigger object, with neither a second lepton nor a τ jet

in the event;

• at least four jets having pT > 20 GeV, with exactly two of them being b-tagged;

• Emiss
T > 40 GeV and, in order to discriminate between Emiss

T arising from isolated

neutrinos and from poorly reconstructed leptons, this requirement is tightened to

Emiss
T × | sin∆φl,miss| > 20 GeV if the azimuthal angle ∆φl,miss between the lepton

and Emiss
T is smaller than π/6.

Having selected a lepton+jets sample enriched in tt̄ candidates, jets must be assigned

correctly to the decay products of each W boson (with a mass mW = 80.4 GeV) and top

quark. In particular, the hadronic side of the event is identified by selecting the combination

of one b-tagged jet (b) and two untagged jets (j) that minimises:

χ2 =
(mjjb −mtop)2

σ2
top

+
(mjj −mW )2

σ2
W

, (4.1)

where σtop = 17 GeV and σW = 10 GeV are the widths of the reconstructed top quark and

W boson mass distributions, as measured in simulated tt̄ events. Using information about

the correctly identified combinations in the generated events, the jet assignment efficiency

is found to be 72%. Events with χ2 > 5 are rejected in order to select well-reconstructed

hadronic top quark candidates.

4.2 Data-driven estimation of backgrounds with misidentified leptons

While the ATLAS lepton identification gives a very pure sample of candidates, there is a

non-negligible contribution from non-isolated leptons arising from the semileptonic decay

of hadrons containing b or c quarks, from the decay-in-flight of π± or K mesons and, in

the case of misidentified electron objects, from the reconstruction of π0 mesons, photon

conversions or shower fluctuations. All leptons coming from such mechanisms are referred

to as misidentified leptons, as opposed to truly isolated leptons (e.g. from the prompt decay

of W or Z bosons), which are referred to as real leptons. The data-driven estimation of

the number of misidentified leptons passing the lepton selections of Sections 3.1 and 3.2 is

based on exploiting differences in the lepton identification between real and misidentified

4 The electron trigger threshold was increased from 20 GeV to 22 GeV towards the end of data-taking

in 2011.
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 = 7 TeVsinvariant mass mbl of the b jet and the charged lepton l coming from the same top quark

candidate, or more conveniently, cos θ∗l defined as:

cos θ∗l =
2m2

bl

m2
top −m2

W

− 1 "
4 pb · pl

m2
top −m2

W

− 1. (4.6)

Both m2
b and m2

l are neglected, hence m
2
bl " 2 pb ·pl, where pb and pl are the four-momenta

of the b jet and of the charged lepton l, respectively. The presence of a charged Higgs

boson in a leptonic top quark decay reduces the invariant product pb · pl, when compared

to W -mediated top quark decays, leading to cos θ∗l values closer to −1.

The second discriminating variable is the transverse massmH
T [53], obtained by fulfilling

the constraint (pmiss + pl + pb)2 = m2
top on the leptonic side of lepton+jets tt̄ events.

More than one neutrino accounts for the invisible four-momentum pmiss and its transverse

component "pT
miss. By construction, mH

T gives an event-by-event lower bound on the mass

of the leptonically decaying charged (W or Higgs) boson produced in the top quark decay,

and it can be written as:

(mH
T )2 =

(

√

m2
top + ( "pT

l + "pT
b + "pT

miss)2 − pbT

)2

−
(

"pT
l + "pT

miss
)2

. (4.7)

The cos θ∗l distribution measured in the data is shown in Fig. 2(a), superimposed

on the predicted background, determined with a data-driven method for the multi-jet

background and simulation for the other SM backgrounds. In the presence of a charged

Higgs boson in the top quark decays, with a branching ratio B(t → bH+), the contribution

of tt̄ → bb̄W+W− events in the background is scaled according to this branching ratio. A

control region enriched in tt̄ → bb̄W+W− events is defined by requiring −0.2 < cos θ∗l < 1.

In Section 8, this sample is used to fit the branching ratio B(t → bH+) and the product

of the cross section σbbWW , the luminosity, the selection efficiency and acceptance for

tt̄ → bb̄W+W−, simultaneously with the likelihood for the signal estimation. In turn,

this ensures that the final results, and in particular the upper limit on B(t → bH+), are

independent of the assumed theoretical production cross section for tt̄. With a branching

fraction B(t → bH+) = 5%, the signal contamination in the control region would range

from 1.3% for mH+ = 90 GeV to 0.4% for mH+ = 160 GeV. The signal region is defined

by requiring cos θ∗l < −0.6 and mW
T < 60 GeV, where:

mW
T =

√

2plTE
miss
T (1 − cos∆φl,miss). (4.8)

This is done in order to suppress the background from events with a W boson decaying

directly into electrons or muons. For events in the signal region, mH
T , shown in Fig. 2(b),

is used as a discriminating variable to search for charged Higgs bosons. Table 2 lists the

contributions to the signal region of the SM processes and of tt̄ events with at least one decay

t → bH+, assuming mH+ = 130 GeV and B(t → bH+) = 5%. When including signal in the

prediction, the simulated SM tt̄ contribution is scaled according to this branching ratio.

The data are consistent with the predicted SM background and no significant deformation

of the mH
T distribution is observed.
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T gives an event-by-event lower bound on the mass

of the leptonically decaying charged (W or Higgs) boson produced in the top quark decay,

and it can be written as:

(mH
T )2 =

(

√

m2
top + ( "pT

l + "pT
b + "pT

miss)2 − pbT

)2

−
(

"pT
l + "pT

miss
)2

. (4.7)

The cos θ∗l distribution measured in the data is shown in Fig. 2(a), superimposed

on the predicted background, determined with a data-driven method for the multi-jet

background and simulation for the other SM backgrounds. In the presence of a charged

Higgs boson in the top quark decays, with a branching ratio B(t → bH+), the contribution

of tt̄ → bb̄W+W− events in the background is scaled according to this branching ratio. A

control region enriched in tt̄ → bb̄W+W− events is defined by requiring −0.2 < cos θ∗l < 1.

In Section 8, this sample is used to fit the branching ratio B(t → bH+) and the product

of the cross section σbbWW , the luminosity, the selection efficiency and acceptance for

tt̄ → bb̄W+W−, simultaneously with the likelihood for the signal estimation. In turn,

this ensures that the final results, and in particular the upper limit on B(t → bH+), are

independent of the assumed theoretical production cross section for tt̄. With a branching

fraction B(t → bH+) = 5%, the signal contamination in the control region would range

from 1.3% for mH+ = 90 GeV to 0.4% for mH+ = 160 GeV. The signal region is defined

by requiring cos θ∗l < −0.6 and mW
T < 60 GeV, where:

mW
T =

√

2plTE
miss
T (1 − cos∆φl,miss). (4.8)

This is done in order to suppress the background from events with a W boson decaying

directly into electrons or muons. For events in the signal region, mH
T , shown in Fig. 2(b),

is used as a discriminating variable to search for charged Higgs bosons. Table 2 lists the

contributions to the signal region of the SM processes and of tt̄ events with at least one decay

t → bH+, assuming mH+ = 130 GeV and B(t → bH+) = 5%. When including signal in the

prediction, the simulated SM tt̄ contribution is scaled according to this branching ratio.

The data are consistent with the predicted SM background and no significant deformation

of the mH
T distribution is observed.
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Event selection

•single lepton trigger
•exactly one lepton with pT > 25 (20) 
GeV e (μ)
•exactly one identified τ with pT > 20 
GeV
•Qτ*Ql = -1
•≥ 2 jets with pT > 20 GeV

•≥1 of them b-tagged
•Σ pT (tracks associated to primary 
vertex) > 100 GeV

tt→bbWH+→ bb(lυ)(τυ)
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• all backgrounds estimated from data

• example: real tau decays

• apply embedding technique

• control sample of tt-like μ+jets events

• replaced by simulated τ decays

• shape taken from embedded sample

normalisation
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6.3 Backgrounds with electrons and jets misidentified as τ jets

The methods described in Section 5.3 are used to estimate the probability for electrons

or jets to be misidentified as τ jets. The estimated contribution to the background from

the jet→ τ misidentification after the τ+jets selection is given in Table 5. The back-

grounds arising from the jet→ τ misidentification are not expected to be well modelled in

simulation, which is why they are estimated using data-driven methods.

Sample Data-driven method [events] Simulation [events]

tt̄ 33 ± 1 37 ± 1

W+jets 2.5 ± 0.1 3.9± 1.5

Single top quark 1.3 ± 0.1 2.0± 0.3

Table 5. Application of the misidentification probability obtained from a control region in the data
enriched in W+jets events, for the τ+jets channel. The predictions of the background contributions
based on data-driven misidentification probabilities and on simulation are given, with statistical
uncertainties only. In both cases, all top quarks decay via t → bW .

6.4 Data-driven estimation of backgrounds with correctly reconstructed τ jets

An embedding method [54] is used to estimate the backgrounds that contain correctly

reconstructed τ jets. The method consists of selecting a control sample of tt̄-like µ+jets

events and replacing the detector signature of the muon by a simulated hadronic τ decay.

These new hybrid events are then used for the background prediction. In order to select

this control sample from the data, the following event selection is applied:

• event triggered by a single-muon trigger with a pT threshold of 18 GeV;

• exactly one isolated muon with pT > 25 GeV, no isolated electron with ET > 20 GeV;

• at least four jets with pT > 20 GeV, at least one of which is b-tagged;

• Emiss
T > 35 GeV.

This selection is looser than the selection defined in Section 6.1 in order not to bias

the control sample. The impurity from the background with muons produced in τ decays

and non-isolated muons (dominantly bb̄ and cc̄ events) is about 10%. However, this contri-

bution is greatly reduced as these events are much less likely to pass the τ+jets selection,

in particular the pτT requirement.

The shape of the mT distribution for the backgrounds with true τ jets is taken from

the distribution obtained with the embedded events, after having applied the τ+jets event

selection. The normalisation is then derived from the number of embedded events:

Nτ = Nembedded · (1− cτ→µ)
ετ+Emiss

T
−trigger

εµ−ID,trigger
· B(τ → hadrons + ν), (6.2)
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• fit of ETmiss shape

• CR defined by modified τ-ID and b-tag requirement

• τ’s passing loose ID but fail tight; no b-jet

• mjjb cut removed

• contamination by other backgrounds < 1% (subtracted from MC)

• differences in shape between SR and CR treated as systematics

multi-jet
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• tt, W+jets, single top quark production

• CR defined by Z→ee selection (electron fakes)

• CR defined by W+jets selection (jet fakes)

• main difference: b-jet fake probability

➡ take quark-gluon ratio obtained by simulation as sytematics

• fake factors applied to simulated tt, single-top, W/Z/γ*+jets events

electron/jet fakes

• embedding technique

• control sample of tt-like μ+jets events

• replaced by simulated τ decays

• control sample

• single μ trigger 

• exactly one isolated μ with pT > 25 GeV

• no isolated electron with ET > 20 GeV

• ≥ 4 jets with pT > 20 GeV (≥1 of them b-tagged)

• ETmiss > 35 GeV

real taus

6.3 Backgrounds with electrons and jets misidentified as τ jets

The methods described in Section 5.3 are used to estimate the probability for electrons

or jets to be misidentified as τ jets. The estimated contribution to the background from

the jet→ τ misidentification after the τ+jets selection is given in Table 5. The back-

grounds arising from the jet→ τ misidentification are not expected to be well modelled in

simulation, which is why they are estimated using data-driven methods.

Sample Data-driven method [events] Simulation [events]

tt̄ 33 ± 1 37 ± 1

W+jets 2.5 ± 0.1 3.9± 1.5

Single top quark 1.3 ± 0.1 2.0± 0.3

Table 5. Application of the misidentification probability obtained from a control region in the data
enriched in W+jets events, for the τ+jets channel. The predictions of the background contributions
based on data-driven misidentification probabilities and on simulation are given, with statistical
uncertainties only. In both cases, all top quarks decay via t → bW .

6.4 Data-driven estimation of backgrounds with correctly reconstructed τ jets

An embedding method [54] is used to estimate the backgrounds that contain correctly

reconstructed τ jets. The method consists of selecting a control sample of tt̄-like µ+jets

events and replacing the detector signature of the muon by a simulated hadronic τ decay.

These new hybrid events are then used for the background prediction. In order to select

this control sample from the data, the following event selection is applied:

• event triggered by a single-muon trigger with a pT threshold of 18 GeV;

• exactly one isolated muon with pT > 25 GeV, no isolated electron with ET > 20 GeV;

• at least four jets with pT > 20 GeV, at least one of which is b-tagged;

• Emiss
T > 35 GeV.

This selection is looser than the selection defined in Section 6.1 in order not to bias

the control sample. The impurity from the background with muons produced in τ decays

and non-isolated muons (dominantly bb̄ and cc̄ events) is about 10%. However, this contri-

bution is greatly reduced as these events are much less likely to pass the τ+jets selection,

in particular the pτT requirement.

The shape of the mT distribution for the backgrounds with true τ jets is taken from

the distribution obtained with the embedded events, after having applied the τ+jets event

selection. The normalisation is then derived from the number of embedded events:

Nτ = Nembedded · (1− cτ→µ)
ετ+Emiss

T
−trigger

εµ−ID,trigger
· B(τ → hadrons + ν), (6.2)
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Model Parameters

• Messenger mass: Mmess = 250 TeV

• no. of SU(5) messengers: N5 = 3

• μ > 0

• scale factor for gravitino mass: Cgrav = 1
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