
1

H→ττ at ATLAS
Alexander Tuna

University of Pennsylvania
Meeting of the APS Division of Particles and Fields

 Santa Cruz Institute for Particle Physics
16 August 2013

ATLAS-CONF-2012-160

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/


Alexander Tuna (Penn) 2

Outline
Introduction to H→ττIntroduction to H→ττ

ATLAS and the LHC
Higgs searches at ATLAS
Tau leptons at ATLAS

H→ττ at ATLASH→ττ at ATLAS
Overview
Common issues
Snapshot of the final states
Combination

Figure 22: Display of an event selected by the H ! ⌧lep⌧lep analysis in the VBF category, where one
⌧ decays to an electron and the other to a muon. The electron is indicated by a green track and the
muon indicated by a red track. The dashed line represents the direction of the Emiss

T vector, and there
are two VBF jets marked with turquoise cones. The muon pT is 20 GeV, the electron pT is 17 GeV,
Emiss

T = 43 GeV, m j j = 1610 GeV and mMMC = 126 GeV.
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Picture of the analysis
In practice, not so simple.

Let’s walk through this.
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Colliding partons 
with the LHC
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Mean Number of Interactions per Crossing
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μ

μ Z→μμ candidate in 2012 data
25 reconstructed vertices

The LHC collides protons at high energy and 
events are observed with the ATLAS detector.
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Many pp collisions 
occur in a single bunch 

crossing. This is 
challenging for analysis.
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Results from today’s talk use the full 2011 
dataset and partial 2012 dataset.

0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

σσσσ
ZZ

σσσσ
WW

σσσσ
WH

σσσσ
VBF

M
H
=125 GeV

WJS2012

σσσσ
jet

(E
T

jet
 > 100 GeV)

σσσσ
jet

(E
T

jet
 > √√√√s/20)

σσσσ
ggH

LHCTevatron

e
v
e

n
ts

 /
 s

e
c
 f

o
r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

σσσσ
b

σσσσ
tot

proton - (anti)proton cross sections

σσσσ
W

σσσσ
Z

σσσσ
t

σ
   

σ
   

σ
   

σ
   

(( ((n
b

)) ))

√√√√s  (TeV)

{

Cross-sections (nb) for SM 
processes at hadron colliders

Day in 2011

28/02 30/04 30/06 30/08 31/10

]
-1

To
ta

l I
n
te

g
ra

te
d
 L

u
m

in
o
si

ty
 [
fb

0

1

2

3

4

5

6

7  = 7 TeVs     ATLAS Online Luminosity

LHC Delivered

ATLAS Recorded

-1Total Delivered: 5.61 fb
-1Total Recorded: 5.25 fb

Day in 2012

26/03 31/05 06/08 11/10 17/12

]
-1

To
ta

l I
n
te

g
ra

te
d
 L

u
m

in
o
si

ty
 [
fb

0

5

10

15

20

25

30  = 8 TeVs     ATLAS Online Luminosity

LHC Delivered

ATLAS Recorded

-1Total Delivered: 23.3 fb
-1Total Recorded: 21.7 fb

All of 2011 data ~65% of 2012 data~65% of 2012 data

The H→ττ analysis with the full 
2011+2012 datasets is in progress now. 
We hope to release a new result soon!
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Higgs searches 
at ATLAS
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There are lots of ways 
to make Higgs bosons.

H125→... BR (%)

bb 58

WW 22

ττ 6.3

ZZ 2.6

γγ 0.23

gluon-gluon
fusion (“ggF”)

vector boson 
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and √s = 8 TeV

And there are lots of ways 
for Higgs bosons to decay.

The BEH electroweak symmetry breaking mechanism, and corresponding 
Higgs boson, were postulated in the 1960s. Searches for the Higgs boson are 

a major piece of the ATLAS program.
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The Higgs program at ATLAS has been awesome.
Higgs searches have steadily improved since the observation of an excess 

on July 4, 2012, a.k.a. Higgsdependence Day.

http://www.nytimes.com/2012/07/05/science/cern-
physicists-may-have-discovered-higgs-boson-particle.html

New York Times coverage 
of Higgsdependence day

CMS event display I photoshopped 
onto Independence Day image

http://www.imdb.com/title/tt0116629/

http://www.nytimes.com/2012/07/05/science/cern-physicists-may-have-discovered-higgs-boson-particle.html
http://www.nytimes.com/2012/07/05/science/cern-physicists-may-have-discovered-higgs-boson-particle.html
http://www.nytimes.com/2012/07/05/science/cern-physicists-may-have-discovered-higgs-boson-particle.html
http://www.nytimes.com/2012/07/05/science/cern-physicists-may-have-discovered-higgs-boson-particle.html
http://www.imdb.com/title/tt0116629/
http://www.imdb.com/title/tt0116629/
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http://www.nytimes.com/2012/07/05/science/cern-
physicists-may-have-discovered-higgs-boson-particle.html
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last
bin in the histograms contains the overflow.
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Figure 11: Templates of the 2-dimensional track multiplicity distribution in the 8 TeV analysis of leading
and sub-leading ⌧had candidates for simulated Z ! ⌧⌧ events (a) and same-sign multi-jet events in data
(b) used in the fit of the preselected events.
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Figure 1: The distribution of the di-muon invariant mass mµ+µ� (left), and the di-muon transverse mo-
mentum, pµ

+µ�

T (right) with the requirements on the muon track quality, muon isolation and minimum
momentum for both muons applied. The signal is shown for mH = 125 GeV. The yellow band in the
ratio plots shows statistical uncertainty of the MC samples.

|mH � mµµ|  5 GeV
Signal [125 GeV] 37.7 ± 0.2

WW 250 ± 4
WZ/ZZ/W� 30 ± 1

tt̄ 1374 ± 13
Single Top 151 ± 5

Z+jets 15810 ± 130
W+jets 88 ± 6

Total Bkg. 17700 ± 130
Observed 17442

Table 1: Number of expected signal events for mH = 125 GeV, number of the expected MC background
events and number of the observed data events within |mH � mµ+µ� |  5 GeV window after all selection
criteria applied. Only statistical uncertainties are given. The numbers shown in this table have been
rounded.

4

categorisation are used to extract information on the Higgs boson couplings (Section 6.4) and upper limits
on production cross sections (Section 6.5).

6.1 Signal and background estimates

In Table 6, the numbers of events observed in the inclusive analysis in each final state are summarised and
compared to the expected backgrounds, separately for 100 GeV< m4` < 160 GeV and m4` � 160 GeV, for
the 20.7 fb�1 at

p
s = 8 TeV and the 4.6 fb�1 at

p
s = 7 TeV data sets as well as their combination. Table 7

presents the observed and expected events, in a window of ±5 GeV around a 125 GeV hypothesised Higgs
boson mass. The FSR correction discussed in Section 4.1 has a↵ected seven of the 225 events with a
leading muon pair, with one event in the 120 to 130 GeV mass window. This is in good agreement
with the 4% expected from MC. Compared to Ref. [8], the background from ZZ(⇤) production has been
reduced by around 15% in the 4µ and 4e modes due to the changes in the kinematic selection, and the
overall S/B has improved from 1.2 to 1.4, due to the improved electron identification.

The expected m4` distributions for the total background and one signal hypothesis are compared to
the combined

p
s = 8 TeV and

p
s = 7 TeV data in Fig. 4(a) for the range 80�170 GeV, and in Fig. 4(b)

for the mass range 170�900 GeV . Figure 5(a) shows the distribution of the m34 versus the m12 invariant
mass for the selected candidates in the m4` range 120 � 130 GeV, and Fig. 5(b) shows the distribution of
m4` versus m12 for the selected candidates with 90 GeV < m4` < 135 GeV for the combined data samples
at
p

s = 7 TeV and
p

s = 8 TeV. The expected distributions for a SM Higgs boson with mH = 125 GeV
and for the total background are superimposed on Figs. 5(a) and 5(b). All masses are calculated without
applying the Z-mass constraint. In Figure 6 the m4` mass distributions for each sub-channel (4µ, 2µ2e,
2e2µ, 4e) are shown in the range 80-170 GeV for the combined data at

p
s = 8 TeV and

p
s = 7 TeV.
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Figure 4: The distributions of the four-lepton invariant mass, m4`, for the selected candidates compared to
the background expectation for the combined

p
s = 8 TeV and

p
s = 7 TeV data sets in the mass range (a)

80 � 170 GeV and the high mass range (b) 170�900 GeV. The signal expectation for the mH=125 GeV
hypothesis is also shown. The resolution of the reconstructed Higgs boson mass is dominated by detector
resolution at low mH values and by the Higgs boson width at high mH .

Upper limits are set on the Higgs boson production cross section at 95% CL, using the CLS modified
frequentist formalism [83] with the profile likelihood ratio test statistic [84]. The test statistic is evaluated

15
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Figure 4: Distribution of the transverse mass, mT, for 8 TeV data. The plots are shown for the eµ+ µe

(left) and ee+ µµ (right) channels in Njet = 0 (top), Njet = 1 (middle), and Njet ≥ 2 modes (bottom). The
distributions are shown prior to splitting the samples into two m!! regions for the eµ+ µe channel in

the Njet = 0 and = 1 modes, as described in Table 2. The visible signal is stacked at the top of the

background. For the Njet ≥ 2 mode, the signal is plotted separately for the ggF and VBF production
processes. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.
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Figure 14: The mbb distribution in data after subtraction of all backgrounds except for the diboson pro-
cesses and for the associated WH and ZH production of a SM Higgs boson with mH = 125 GeV (left).
Also shown is the mbb distribution where the contributions from all channels, pV

T intervals, and data
taking periods are summed weighted by their respective values of Higgs-boson-signal over background
ratio (right). The backgrounds are evaluated according to the results of the global Higgs-boson fit. The
Higgs boson signal contribution is shown both with its fitted signal strength (indicated as “best fit”) and
as expected for the SM cross section ( indicated as µ = 1.0). The size of the combined statistical and
systematic uncertainty on the fitted background is indicated by the hashed band.
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Figure 3: Invariant mass distribution of diphoton candidates for the combined
√
s = 7 TeV and

√
s

= 8 TeV data samples. The result of a fit to the data of the sum of a signal component fixed to mH
= 126.8 GeV and a background component described by a fourth-order Bernstein polynomial is su-

perimposed. The bottom inset displays the residuals of the data with respect to the fitted background

component.

6 Systematic uncertainties

Most of the systematic uncertainties of this analysis are discussed in Ref. [6] and [13]. These will be

only briefly described and updated here, while new systematic uncertainties arising from the introduction

of additional categories will be adressed in more detail. All uncertainties are treated as fully correlated

between 7 and 8 TeV data except that on the luminosity. The uncertainties can affect the signal yield, the

signal resolution, the migration of events between categories and the mass measurement.

6.1 Uncertainties on the signal yield

The systematic uncertainties affecting the signal yield are the following:

• The uncertainty on the integrated luminosity is ±3.6% for the 8 TeV data. It is obtained, following
the same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminos-

ity scale derived from beam-separation scans performed in April 2012. For the 7 TeV data this

uncertainty has been updated to 1.8%.

• The uncertainty on the trigger efficiency is 0.5% per event;

• The uncertainty on the photon identification efficiency for the 8 TeV analysis has decreased with
respect to Ref. [6]. It is based on the comparison of the efficiency obtained using MC and the

combination of data-driven measurements: extrapolation from Z → ee events, a method using
an inclusive photon sample and relying on a sideband technique, and radiative photons Z→ !!γ
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The Higgs program at ATLAS has been awesome.
Higgs searches have steadily improved since the observation of an excess 

on July 4, 2012, a.k.a. Higgsdependence Day.
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physicists-may-have-discovered-higgs-boson-particle.html

categorisation are used to extract information on the Higgs boson couplings (Section 6.4) and upper limits
on production cross sections (Section 6.5).

6.1 Signal and background estimates

In Table 6, the numbers of events observed in the inclusive analysis in each final state are summarised and
compared to the expected backgrounds, separately for 100 GeV< m4` < 160 GeV and m4` � 160 GeV, for
the 20.7 fb�1 at

p
s = 8 TeV and the 4.6 fb�1 at

p
s = 7 TeV data sets as well as their combination. Table 7

presents the observed and expected events, in a window of ±5 GeV around a 125 GeV hypothesised Higgs
boson mass. The FSR correction discussed in Section 4.1 has a↵ected seven of the 225 events with a
leading muon pair, with one event in the 120 to 130 GeV mass window. This is in good agreement
with the 4% expected from MC. Compared to Ref. [8], the background from ZZ(⇤) production has been
reduced by around 15% in the 4µ and 4e modes due to the changes in the kinematic selection, and the
overall S/B has improved from 1.2 to 1.4, due to the improved electron identification.

The expected m4` distributions for the total background and one signal hypothesis are compared to
the combined

p
s = 8 TeV and

p
s = 7 TeV data in Fig. 4(a) for the range 80�170 GeV, and in Fig. 4(b)

for the mass range 170�900 GeV . Figure 5(a) shows the distribution of the m34 versus the m12 invariant
mass for the selected candidates in the m4` range 120 � 130 GeV, and Fig. 5(b) shows the distribution of
m4` versus m12 for the selected candidates with 90 GeV < m4` < 135 GeV for the combined data samples
at
p

s = 7 TeV and
p

s = 8 TeV. The expected distributions for a SM Higgs boson with mH = 125 GeV
and for the total background are superimposed on Figs. 5(a) and 5(b). All masses are calculated without
applying the Z-mass constraint. In Figure 6 the m4` mass distributions for each sub-channel (4µ, 2µ2e,
2e2µ, 4e) are shown in the range 80-170 GeV for the combined data at

p
s = 8 TeV and

p
s = 7 TeV.
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Figure 4: The distributions of the four-lepton invariant mass, m4`, for the selected candidates compared to
the background expectation for the combined

p
s = 8 TeV and

p
s = 7 TeV data sets in the mass range (a)

80 � 170 GeV and the high mass range (b) 170�900 GeV. The signal expectation for the mH=125 GeV
hypothesis is also shown. The resolution of the reconstructed Higgs boson mass is dominated by detector
resolution at low mH values and by the Higgs boson width at high mH .

Upper limits are set on the Higgs boson production cross section at 95% CL, using the CLS modified
frequentist formalism [83] with the profile likelihood ratio test statistic [84]. The test statistic is evaluated
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Figure 4: Distribution of the transverse mass, mT, for 8 TeV data. The plots are shown for the eµ+ µe

(left) and ee+ µµ (right) channels in Njet = 0 (top), Njet = 1 (middle), and Njet ≥ 2 modes (bottom). The
distributions are shown prior to splitting the samples into two m!! regions for the eµ+ µe channel in

the Njet = 0 and = 1 modes, as described in Table 2. The visible signal is stacked at the top of the

background. For the Njet ≥ 2 mode, the signal is plotted separately for the ggF and VBF production
processes. The shaded area represents the uncertainty on the signal and background yields from

statistical, experimental, and theoretical sources.
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Figure 3: Invariant mass distribution of diphoton candidates for the combined
√
s = 7 TeV and

√
s

= 8 TeV data samples. The result of a fit to the data of the sum of a signal component fixed to mH
= 126.8 GeV and a background component described by a fourth-order Bernstein polynomial is su-

perimposed. The bottom inset displays the residuals of the data with respect to the fitted background

component.

6 Systematic uncertainties

Most of the systematic uncertainties of this analysis are discussed in Ref. [6] and [13]. These will be

only briefly described and updated here, while new systematic uncertainties arising from the introduction

of additional categories will be adressed in more detail. All uncertainties are treated as fully correlated

between 7 and 8 TeV data except that on the luminosity. The uncertainties can affect the signal yield, the

signal resolution, the migration of events between categories and the mass measurement.

6.1 Uncertainties on the signal yield

The systematic uncertainties affecting the signal yield are the following:

• The uncertainty on the integrated luminosity is ±3.6% for the 8 TeV data. It is obtained, following
the same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminos-

ity scale derived from beam-separation scans performed in April 2012. For the 7 TeV data this

uncertainty has been updated to 1.8%.

• The uncertainty on the trigger efficiency is 0.5% per event;

• The uncertainty on the photon identification efficiency for the 8 TeV analysis has decreased with
respect to Ref. [6]. It is based on the comparison of the efficiency obtained using MC and the

combination of data-driven measurements: extrapolation from Z → ee events, a method using
an inclusive photon sample and relying on a sideband technique, and radiative photons Z→ !!γ
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last
bin in the histograms contains the overflow.
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Figure 1: The distribution of the di-muon invariant mass mµ+µ� (left), and the di-muon transverse mo-
mentum, pµ

+µ�

T (right) with the requirements on the muon track quality, muon isolation and minimum
momentum for both muons applied. The signal is shown for mH = 125 GeV. The yellow band in the
ratio plots shows statistical uncertainty of the MC samples.

|mH � mµµ|  5 GeV
Signal [125 GeV] 37.7 ± 0.2

WW 250 ± 4
WZ/ZZ/W� 30 ± 1

tt̄ 1374 ± 13
Single Top 151 ± 5

Z+jets 15810 ± 130
W+jets 88 ± 6

Total Bkg. 17700 ± 130
Observed 17442

Table 1: Number of expected signal events for mH = 125 GeV, number of the expected MC background
events and number of the observed data events within |mH � mµ+µ� |  5 GeV window after all selection
criteria applied. Only statistical uncertainties are given. The numbers shown in this table have been
rounded.
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The Higgs program at ATLAS has been awesome.
Higgs searches have steadily improved since the observation of an excess 

on July 4, 2012, a.k.a. Higgsdependence Day.
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Tau leptons are the 3rd and heaviest (mτ ≈ 1.8 GeV) generation of leptons. 

This large mass has two important consequences: 
tau leptons decay within the ATLAS beam pipe, 

and tau leptons can decay hadronically.

Identifying hadronic tau decays (τh: τ→hντ) is challenging because 
hadrons (→“jets”) are produced copiously at the LHC.

Identifying leptonic tau decays (τℓ: τ→ℓνℓντ) is easier because leptons are 
not hadrons, and we have great “standard candles”: W→ℓνℓ and Z→ℓℓ.
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Figure 1: Distributions of a selection of jet discriminating variables for simulated Z, Z′ → ττ and W →
τν signal samples and a jet background sample selected from 2012 data. The distributions are
normalized to unity. Variable definitions can be found in Appendix A.

detector, leading to additional clusters being reconstructed close to the τhad-vis candidate, or to extra en-
ergy being added to existing clusters. To decrease the pile-up dependence of the calorimeter variables,
the area around the τhad-vis candidate considered for their calculation has been reduced from the 2011
default value of ∆R < 0.4 to ∆R < 0.2. The discrimination power provided by the information contained
in the isolation annulus 0.2 < ∆R < 0.4 is preserved by the track-based variables, e.g. the number of
isolation tracks around the τhad-vis candidate. To further reduce the pile-up dependence of the BDT and
LLH output, a pile-up correction is applied to the calorimeter variables. It is chosen to account for the
average change of the variable with respect to the number of vertices in that event (Nvtx). Since the pile-
up dependence decreases with pT, the correction is applied only on τhad-vis candidates with a momentum
below a certain pT threshold (see also Appendix A). Other pile-up related effects can also occur due to
spurious detector signals from successive bunch-crossings. The discriminating variables were therefore
also tested as a function of the average number of interactions per crossing which can be used to probe
such effects. It was found that the correction as a function of the number of vertices in the event was
sufficient.
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Figure 4: Inverse background efficiencies as a function of signal efficiency for 1-prong (left) and multi-
prong (right) candidates, in low (top) and high (bottom) pT ranges, for the two tau ID methods
BDT and LLH. The signal efficiencies were obtained using Z → ττ, Z′ → ττ and W → τν
simulated samples and the inverse background efficiencies from data multi-jet events.

3.2 Discrimination against Electrons

This section gives an overview of the electron veto discriminant used in the identification of hadronically
decaying tau leptons. The characteristic signature of 1-prong τhad-vis can be mimicked by electrons.
This creates a significant background contribution after all the jet related backgrounds are suppressed
via kinematic, topological and τhad-vis identification criteria. Despite the similarities of the τhad-vis and
electron signatures, there are several properties that can be used to discriminate between them. The most
useful examples of such properties are the emission of transition radiation of the electron track and the
longer and wider shower produced by the hadronic tau decay products in the calorimeter, compared to
the one created by an electron. The full list of variables used in the electron veto is shown in Table 1.
These properties are used to define τhad-vis identification discriminants specialized in the rejection of
electrons mis-identified as hadronically decaying tau leptons. In 2012 the only method for this uses
boosted decision trees, using the TMVA package [29]. Recent studies have shown that 3-prong τhad-vis
can also be mimicked by electrons. This has not been considered in this note, but will be investigated in
future electron veto studies.

The electron veto BDT (e-veto BDT) is optimized using simulated Z → ττ events for the signal and
Z → ee events for the background. The signal candidates are required to be matched to true 1-prong
hadronic tau decays, while background candidates are matched to true electrons. In addition, both signal
and background candidates have to satisfy pT > 20 GeV and BDT loose tau ID. Candidates overlapping
with reconstructed electrons are removed.

The e-veto BDT was trained for different η regions: |η| < 1.37, 1.37 < |η| < 2.0, 2.0 < |η| < 2.3 and
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Figure 1: Distributions of a selection of jet discriminating variables for simulated Z, Z′ → ττ and W →
τν signal samples and a jet background sample selected from 2012 data. The distributions are
normalized to unity. Variable definitions can be found in Appendix A.

detector, leading to additional clusters being reconstructed close to the τhad-vis candidate, or to extra en-
ergy being added to existing clusters. To decrease the pile-up dependence of the calorimeter variables,
the area around the τhad-vis candidate considered for their calculation has been reduced from the 2011
default value of ∆R < 0.4 to ∆R < 0.2. The discrimination power provided by the information contained
in the isolation annulus 0.2 < ∆R < 0.4 is preserved by the track-based variables, e.g. the number of
isolation tracks around the τhad-vis candidate. To further reduce the pile-up dependence of the BDT and
LLH output, a pile-up correction is applied to the calorimeter variables. It is chosen to account for the
average change of the variable with respect to the number of vertices in that event (Nvtx). Since the pile-
up dependence decreases with pT, the correction is applied only on τhad-vis candidates with a momentum
below a certain pT threshold (see also Appendix A). Other pile-up related effects can also occur due to
spurious detector signals from successive bunch-crossings. The discriminating variables were therefore
also tested as a function of the average number of interactions per crossing which can be used to probe
such effects. It was found that the correction as a function of the number of vertices in the event was
sufficient.
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Figure 12: Z → τµτhad channel: fit result before tau ID (left) and after BDT medium tau ID (right) for
the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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Figure 13: Z → τeτhad channel: fit result before tau ID (left) and after BDT medium tau ID (right) for
the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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τh candidates are seeded by calorimeter clusters and tracks are associated to the candidates.

τh tend to have 1 or 3 tracks, 
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and a displaced vertex.

τh identification efficiency can 
be measured in data with 
Z→τμτh tag-and-probe.
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Figure 4: Inverse background efficiencies as a function of signal efficiency for 1-prong (left) and multi-
prong (right) candidates, in low (top) and high (bottom) pT ranges, for the two tau ID methods
BDT and LLH. The signal efficiencies were obtained using Z → ττ, Z′ → ττ and W → τν
simulated samples and the inverse background efficiencies from data multi-jet events.

3.2 Discrimination against Electrons

This section gives an overview of the electron veto discriminant used in the identification of hadronically
decaying tau leptons. The characteristic signature of 1-prong τhad-vis can be mimicked by electrons.
This creates a significant background contribution after all the jet related backgrounds are suppressed
via kinematic, topological and τhad-vis identification criteria. Despite the similarities of the τhad-vis and
electron signatures, there are several properties that can be used to discriminate between them. The most
useful examples of such properties are the emission of transition radiation of the electron track and the
longer and wider shower produced by the hadronic tau decay products in the calorimeter, compared to
the one created by an electron. The full list of variables used in the electron veto is shown in Table 1.
These properties are used to define τhad-vis identification discriminants specialized in the rejection of
electrons mis-identified as hadronically decaying tau leptons. In 2012 the only method for this uses
boosted decision trees, using the TMVA package [29]. Recent studies have shown that 3-prong τhad-vis
can also be mimicked by electrons. This has not been considered in this note, but will be investigated in
future electron veto studies.

The electron veto BDT (e-veto BDT) is optimized using simulated Z → ττ events for the signal and
Z → ee events for the background. The signal candidates are required to be matched to true 1-prong
hadronic tau decays, while background candidates are matched to true electrons. In addition, both signal
and background candidates have to satisfy pT > 20 GeV and BDT loose tau ID. Candidates overlapping
with reconstructed electrons are removed.

The e-veto BDT was trained for different η regions: |η| < 1.37, 1.37 < |η| < 2.0, 2.0 < |η| < 2.3 and
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Figure 1: Distributions of a selection of jet discriminating variables for simulated Z, Z′ → ττ and W →
τν signal samples and a jet background sample selected from 2012 data. The distributions are
normalized to unity. Variable definitions can be found in Appendix A.

detector, leading to additional clusters being reconstructed close to the τhad-vis candidate, or to extra en-
ergy being added to existing clusters. To decrease the pile-up dependence of the calorimeter variables,
the area around the τhad-vis candidate considered for their calculation has been reduced from the 2011
default value of ∆R < 0.4 to ∆R < 0.2. The discrimination power provided by the information contained
in the isolation annulus 0.2 < ∆R < 0.4 is preserved by the track-based variables, e.g. the number of
isolation tracks around the τhad-vis candidate. To further reduce the pile-up dependence of the BDT and
LLH output, a pile-up correction is applied to the calorimeter variables. It is chosen to account for the
average change of the variable with respect to the number of vertices in that event (Nvtx). Since the pile-
up dependence decreases with pT, the correction is applied only on τhad-vis candidates with a momentum
below a certain pT threshold (see also Appendix A). Other pile-up related effects can also occur due to
spurious detector signals from successive bunch-crossings. The discriminating variables were therefore
also tested as a function of the average number of interactions per crossing which can be used to probe
such effects. It was found that the correction as a function of the number of vertices in the event was
sufficient.
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Figure 12: Z → τµτhad channel: fit result before tau ID (left) and after BDT medium tau ID (right) for
the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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Figure 13: Z → τeτhad channel: fit result before tau ID (left) and after BDT medium tau ID (right) for
the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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Figure 12: Z → τµτhad channel: fit result before tau ID (left) and after BDT medium tau ID (right) for
the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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Figure 13: Z → τeτhad channel: fit result before tau ID (left) and after BDT medium tau ID (right) for
the measurement of the 1-prong and multi-prong identification efficiencies. All ID methods
and working points are included in the same fit. The tau signal template and the electron
template are taken from simulations. The jet template is obtained from data in a control
region. The distribution shown is the sum of core and pT-correlated tracks.
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(a) |⌘⌧| < 0.8, ↵ = �10%
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(c) |⌘⌧| < 0.8, ↵ = �3.0%
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(d) 0.8 < |⌘⌧| < 2.5, ↵ = �1.6%
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(e) |⌘⌧| < 0.8, ↵ = +5%
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(f) 0.8 < |⌘⌧| < 2.5, ↵ = +5%

Figure 11: Templates for |⌘⌧| < 0.8 and 0.8 < |⌘⌧| < 2.5 for values for ↵ of -10% (a,b), +5% (e,f) and the
best match with the data (c,d).
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Figure 10: TES uncertainty for ⌧1-prong (left) and ⌧multi-prong (right) in various ⌘⌧ bins. The individual
contributions are shown as points and the combined uncertainty is shown as a filled band. Bins in p⌧T
with equal uncertainties are grouped.
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τh candidates are seeded by calorimeter clusters and tracks are associated to the candidates.

τh tend to have 1 or 3 tracks, 
narrow calorimeter showers, 

and a displaced vertex.

τh identification efficiency can 
be measured in data with 
Z→τμτh tag-and-probe.

The τh energy scale (TES) can be 
corrected with MC and CTB data and 

also measured with Z→τμτh T&P.
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Figure 4: Inverse background efficiencies as a function of signal efficiency for 1-prong (left) and multi-
prong (right) candidates, in low (top) and high (bottom) pT ranges, for the two tau ID methods
BDT and LLH. The signal efficiencies were obtained using Z → ττ, Z′ → ττ and W → τν
simulated samples and the inverse background efficiencies from data multi-jet events.

3.2 Discrimination against Electrons

This section gives an overview of the electron veto discriminant used in the identification of hadronically
decaying tau leptons. The characteristic signature of 1-prong τhad-vis can be mimicked by electrons.
This creates a significant background contribution after all the jet related backgrounds are suppressed
via kinematic, topological and τhad-vis identification criteria. Despite the similarities of the τhad-vis and
electron signatures, there are several properties that can be used to discriminate between them. The most
useful examples of such properties are the emission of transition radiation of the electron track and the
longer and wider shower produced by the hadronic tau decay products in the calorimeter, compared to
the one created by an electron. The full list of variables used in the electron veto is shown in Table 1.
These properties are used to define τhad-vis identification discriminants specialized in the rejection of
electrons mis-identified as hadronically decaying tau leptons. In 2012 the only method for this uses
boosted decision trees, using the TMVA package [29]. Recent studies have shown that 3-prong τhad-vis
can also be mimicked by electrons. This has not been considered in this note, but will be investigated in
future electron veto studies.

The electron veto BDT (e-veto BDT) is optimized using simulated Z → ττ events for the signal and
Z → ee events for the background. The signal candidates are required to be matched to true 1-prong
hadronic tau decays, while background candidates are matched to true electrons. In addition, both signal
and background candidates have to satisfy pT > 20 GeV and BDT loose tau ID. Candidates overlapping
with reconstructed electrons are removed.

The e-veto BDT was trained for different η regions: |η| < 1.37, 1.37 < |η| < 2.0, 2.0 < |η| < 2.3 and
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Select events with well-
identified τh,ℓ, and 

categorize the events by 
jet multiplicity and pT(H).

Add topological cuts to 
reduce background 

contamination.

Extract signal with 
maximum likelihood fit 

of m(ττ).
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last
bin in the histograms contains the overflow.
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Figure 11: Templates of the 2-dimensional track multiplicity distribution in the 8 TeV analysis of leading
and sub-leading ⌧had candidates for simulated Z ! ⌧⌧ events (a) and same-sign multi-jet events in data
(b) used in the fit of the preselected events.
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(a) data event (b) mini event (c) embedded event

Figure 4: Example event displays of the embedding steps for a single Z → µµ to Z → ττ→ τhτh event:
(a) after the selection, (b) after the Monte Carlo simulation, and (c) after the re-reconstruction.

• Re-reconstruction of the embedded events: The resulting Z → ττ hybrid events are then sub-339

mitted to a full event reconstruction, so that all objects and the missing transverse momentum are340

recreated from the modified cells and tracks.341

In the analysis, the embedded event sample is used to model the shape of the relevant distributions342

as well as the relative selection efficiencies after a basic trigger and object selection. It is not straight-343

forward, however, to obtain the absolute normalisation from the embedded events alone. Hence, for this344

purpose, it is still necessary to partly rely on the Z → ττMC-simulated samples.345

The performance and validation of the embedding method in the context of this analysis will be346

discussed in Section 5.3.347

4 Event Reconstruction, Selection Optimization and Analysis Categories348

4.1 Object reconstruction349

Muon Muon candidates are reconstructed using an algorithm that matches tracks reconstructed in the350

muon spectrometer to those found in the inner detector [24]. Muons are required to have transverse351

momenta pT > 10 GeV and pseudorapidities |η| < 2.5. Calorimeter isolation is imposed by requiring352

that the additional energy deposited in the electromagnetic and hadronic calorimeters in a cone of radius353

∆R = 0.2 1 around the muon is less than 6% of the muon’s pT. Calorimeter isolation is corrected for354

additional energy depositions from of pile-up interactions. Additionally, track isolation is imposed by355

requiring that the pT sum of additional tracks with pT greater than 1 GeV in a cone of radius ∆R =356

0.4 is less than 6% of the muon’s track pT. Correction factors are applied to Monte Carlo to account357

for observed differences in the pT resolution [25] and identification efficiency [26] between data and358

simulation.359

Electron Electron candidates are reconstructed from a cluster of cells in the electromagnetic calorime-360

ter, matched to a track in the inner detector. The shower shape is also used in electron identification [27].361

Electrons are required to have a transverse energy pT > 15 GeV and to be in the fiducial volume of the362

barrel or the endcaps (|η| < 1.32 or 1.52 < |η| < 2.47). Isolation requirements are similar to those for363

muon candidates, namely that the calorimeter energy2 in a cone of radius ∆R = 0.2 around the electron is364

less than 6% of the electron’s pT. Additionally, track isolation is imposed by requiring that the pT sum of365

additional tracks with pT greater than 1 GeV in a cone of radius ∆R = 0.4 is less than 6% of the electron’s366

track pT. Corrections are applied to Monte Carlo to account for mis-modelling of the reconstruction and367

identification efficiencies, energy resolution, and calorimeter isolation [28].368

1The ∆R variable is defined by ∆R =
√

(∆η)2 + (∆φ)2, where ∆η and ∆φ correspond, respectively, to the difference between
the pseudorapidities and azimuthal angles of the objects considered.

2For electrons, we use topological calorimeter isolation corrected for pile-up effects.
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In the analysis, the embedded event sample is used to model the shape of the relevant distributions342

as well as the relative selection efficiencies after a basic trigger and object selection. It is not straight-343

forward, however, to obtain the absolute normalisation from the embedded events alone. Hence, for this344

purpose, it is still necessary to partly rely on the Z → ττMC-simulated samples.345

The performance and validation of the embedding method in the context of this analysis will be346

discussed in Section 5.3.347

4 Event Reconstruction, Selection Optimization and Analysis Categories348

4.1 Object reconstruction349

Muon Muon candidates are reconstructed using an algorithm that matches tracks reconstructed in the350

muon spectrometer to those found in the inner detector [24]. Muons are required to have transverse351
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∆R = 0.2 1 around the muon is less than 6% of the muon’s pT. Calorimeter isolation is corrected for354
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0.4 is less than 6% of the muon’s track pT. Correction factors are applied to Monte Carlo to account357

for observed differences in the pT resolution [25] and identification efficiency [26] between data and358

simulation.359

Electron Electron candidates are reconstructed from a cluster of cells in the electromagnetic calorime-360

ter, matched to a track in the inner detector. The shower shape is also used in electron identification [27].361

Electrons are required to have a transverse energy pT > 15 GeV and to be in the fiducial volume of the362

barrel or the endcaps (|η| < 1.32 or 1.52 < |η| < 2.47). Isolation requirements are similar to those for363

muon candidates, namely that the calorimeter energy2 in a cone of radius ∆R = 0.2 around the electron is364

less than 6% of the electron’s pT. Additionally, track isolation is imposed by requiring that the pT sum of365

additional tracks with pT greater than 1 GeV in a cone of radius ∆R = 0.4 is less than 6% of the electron’s366

track pT. Corrections are applied to Monte Carlo to account for mis-modelling of the reconstruction and367

identification efficiencies, energy resolution, and calorimeter isolation [28].368

1The ∆R variable is defined by ∆R =
√

(∆η)2 + (∆φ)2, where ∆η and ∆φ correspond, respectively, to the difference between
the pseudorapidities and azimuthal angles of the objects considered.

2For electrons, we use topological calorimeter isolation corrected for pile-up effects.
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Common issue: m(ττ)
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Accurate mass reconstruction is challenging because there are 2 (τhτh), 3 (τhτℓ), or 4 (τℓτℓ) 
neutrinos in the ττ decay. The Missing Mass Calculator (MMC) helps here.
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Figure 1: Angular distance distributions between neutrinos and visible decay products for τ leptons with

generated momentum 45 < p ≤ 50 GeV obtained from simulated Z → ττ events. The three distributions
correspond to the three dominant types of τ decays. The solid black line shows the functions used in the

calculations of global event probabilities. These distributions ideally depend only on the decay type and

the initial momentum of the τ lepton.

Table 3: MMC efficiency for the "τhad final state for the Z boson background and for signal samples of

mass mH=120 GeV, mH=150 GeV, mH=200 GeV, mH=250 GeV, mH=300 GeV and mH=400 GeV.

Z H(120) H(150) H(200) H(250) H(300) H(400)

Efficiency (%) 98 99 98 98 96 91 88

for Z background and for signal masses up to 150 GeV is about 17%. For the higher signal masses

considered, the MMC resolution is below ≈ 23%.

In the analyses described in this note, the effective mass, meffective
ττ , is used for the eµ final state, the

MMC mass, mMMC
ττ , for the "τhad final state and the visible mass, mvisible

ττ , for the τhadτhad final state.

6 Background estimation

In the search for a Higgs boson signal the normalization and shape of the final mass distributions for

the sum of all background contributions have to be determined. Data control samples are used, where

possible, to estimate or validate the most relevant background sources: Z/γ∗ → τ+τ− and QCD multi-jet

production in the eµ final state, W+jets, Z/γ∗ → τ+τ−, and QCD multi-jet production in the "τhad final

state and QCD jet production in the τhadτhad final state. The remaining backgrounds given in Table 2 are

estimated from simulation.

6.1 Estimation of the electroweak background shapes

The shapes of the mass distributions for the irreducible Z/γ∗ → τ+τ− background can be determined

from data with a so-called embedding technique. This technique starts from a data sample of Z/γ∗ →
µ+µ− events with an invariant mass of mµµ > 40 GeV, in which the muons are replaced by simulated τ

leptons. To avoid a possible bias on the embedded objects, the two muons with a transverse momentum

above 20 GeV are selected without any isolation requirement, while effects from additional background

contamination are estimated within the systematic variations described in Section 7. The muon tracks

and calorimeter cells in a cone of radius ∆R < 0.1 around the direction of the muon are removed from the

event. Then an event fragment containing only two τ leptons that have the same kinematics as the muons

7

Unknowns: 6-8 p(ν1), p(ν2)

Constraints: 4 Exmiss, Eymiss,
m(τ1), m(τ2)

Scans: 2-4 Δφ(τvis,1,ν1), Δφ(τvis,2,ν2),
m(ν1), m(ν2)
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ν2
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(
(

Δφ

Δφ
νi refers to neutrino system

of ith tau lepton decay

m(ττ) is built for each scan 
point and weighted by the 
Δθ3D(τvis,i,νi) probabilities. 
The maximally-probable 

m(ττ) is chosen.

Δθ3D(τvis,i,νi) PDFs for three possible tau lepton decays.
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last
bin in the histograms contains the overflow.
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Figure 14: Reconstructed m⌧⌧ of the selected events in the H ! ⌧had⌧had analysis. The left plots show
distributions for the VBF category (a,c) and the right plots for the Boosted category (b,d) for 7 and 8 TeV
analyses. Results are shown after all selection criteria. The selected events in data are shown together
with the predicted Higgs boson signal (mH=125 GeV) stacked above the background contributions. For
illustration only, the signal contributions have been scaled by a factor of five.
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Z→τhτh is estimated 
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and normalized with 
2D τh-track fit.

Multi-jet is estimated with 
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Figure 4: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the four categories
described in the text for the 8 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 13.0 fb�1 collected at 8 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. For illustration only, the signal contributions have been scaled by factors given
in the legends and stacked with the total background prediction.
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τℓτh τhτh τℓτℓ

candidates and (d) the leading jet pT in the Boosted preselected region (all with 8 TeV data).
Table 13 presents the event yields after the full event selection. The reconstructed mass distributions

in the VBF and Boosted signal regions are presented in Fig. 14.
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Figure 7: MMC mass distributions of the selected events in the 0- and 1-jet categories of the H ! ⌧lep⌧had
channel for the 7 TeV analysis. The selected events in data are shown together with the predicted Higgs
boson signal (mH = 125 GeV) stacked above the background contributions. For illustration only, the
signal contributions have been scaled by a factor of 10. The last bin in the histograms contains the
overflow.
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candidates and (d) the leading jet pT in the Boosted preselected region (all with 8 TeV data).
Table 13 presents the event yields after the full event selection. The reconstructed mass distributions

in the VBF and Boosted signal regions are presented in Fig. 14.

 [GeV]ττmMMC mass 
0 50 100 150 200 250 300 350 400

E
ve

n
ts

 /
 1

0
 G

e
V

0

100

200

300

400

500

600

700

800

900

Data
ττ→(125)H10 x 

 (OS-SS)ττ→Z

Others (OS-SS)

Same Sign Data
Bkg. uncert.

ATLAS Preliminary

 = 7 TeVs

-1 L dt = 4.6 fb∫

 H+0-jethadτe

(a) H +0-jet (⌧e ⌧had )

 [GeV]ττmMMC mass 
0 50 100 150 200 250 300 350 400

E
ve

n
ts

 /
 1

0
 G

e
V

0

50

100

150

200

250 Data
ττ→(125)H10 x 

 (OS-SS)ττ→Z

Others (OS-SS)

Same Sign Data
Bkg. uncert.

ATLAS Preliminary

 = 7 TeVs

-1 L dt = 4.6 fb∫

 H+0-jethadτµ

(b) H +0-jet (⌧µ ⌧had )

 [GeV]ττmMMC mass 
0 50 100 150 200 250 300 350 400

E
ve

n
ts

 /
 1

0
 G

e
V

0

100

200

300

400

500

600

700
Data

ττ→(125)H10 x 

 (OS-SS)ττ→Z

Others (OS-SS)

Same Sign Data
Bkg. uncert.

ATLAS Preliminary

 = 7 TeVs

-1 L dt = 4.6 fb∫

 H+1-jethadτe

(c) H +1-jet (⌧e ⌧had )

 [GeV]ττmMMC mass 
0 50 100 150 200 250 300 350 400

E
ve

n
ts

 /
 1

0
 G

e
V

0

100

200

300

400

500

Data
ττ→(125)H10 x 

 (OS-SS)ττ→Z

Others (OS-SS)

Same Sign Data
Bkg. uncert.

ATLAS Preliminary

 = 7 TeVs

-1 L dt = 4.6 fb∫

 H+1-jethadτµ

(d) H +1-jet (⌧µ ⌧had )

Figure 7: MMC mass distributions of the selected events in the 0- and 1-jet categories of the H ! ⌧lep⌧had
channel for the 7 TeV analysis. The selected events in data are shown together with the predicted Higgs
boson signal (mH = 125 GeV) stacked above the background contributions. For illustration only, the
signal contributions have been scaled by a factor of 10. The last bin in the histograms contains the
overflow.

28

candidates and (d) the leading jet pT in the Boosted preselected region (all with 8 TeV data).
Table 13 presents the event yields after the full event selection. The reconstructed mass distributions

in the VBF and Boosted signal regions are presented in Fig. 14.
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candidates and (d) the leading jet pT in the Boosted preselected region (all with 8 TeV data).
Table 13 presents the event yields after the full event selection. The reconstructed mass distributions

in the VBF and Boosted signal regions are presented in Fig. 14.
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Figure 8: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 7 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 10. The
last bin in the histograms contains the overflow.

Table 13: Number of events after the H ! ⌧had⌧had selection in data and predicted number of background
events, for an integrated luminosity of 4.6 fb�1 and 13.0 fb�1 at

p
s = 7 TeV and 8 TeV, respectively.

Predictions for the Higgs boson signal (mH = 125 GeV) are also given. The statistical and systematic
uncertainties are quoted, in that order.

H ! ⌧had⌧had 7 TeV analysis (4.6 fb�1) 8 TeV analysis (13.0 fb�1)
VBF category Boosted category VBF category Boosted category

gg! H (125 GeV) 0.36 ± 0.06 ± 0.12 2.4 ± 0.2 ± 0.7 1.0 ± 0.1 ± 0.3 8.2 ± 0.4 ± 1.8
VBF H (125 GeV) 1.12 ± 0.04 ± 0.18 0.68 ± 0.03 ± 0.07 3.01 ± 0.09 ± 0.48 1.98 ± 0.07 ± 0.30
VH (125 GeV) <0.02 0.61 ± 0.05 ± 0.06 <0.05 1.4 ± 0.2 ± 0.2
Z/�⇤ ! ⌧⌧ embedded 20 ± 2 ± 3 392 ± 9 ± 12 50 ± 4 ± 6 1080 ± 20 ± 110
W/Z boson+jets 1.5 ± 0.7 ± 0.4 5 ± 1 ± 1 0.4 ± 0.4 90 ± 20 ± 30
Top 1.0 ± 0.2 ± 0.2 3.0 ± 0.3 ± 0.5 1.4 ± 1.0 21 ± 3 ± 5
Diboson 0.10 ± 0.07 ± 0.02 4.4 ± 0.6 ± 0.7 <0.01 <0.5
Multijet 10.2 ± 0.9 ± 5.0 156 ± 6 ± 30 44 ± 5 ± 7 420 ± 20 ± 60
Total background 32.5 ± 2.2 ± 5.9 561 ± 11 ± 32 96 ± 6 ± 9 1607 ± 37 ± 130
Observed data 38 535 110 1435
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H ! ⌧lep⌧had channel for the 7 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 10. The
last bin in the histograms contains the overflow.
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Figure 9: MMC mass distributions of the selected events in the 0- and 1-jet categories of the H !
⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with the predicted
Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For illustration only,
the signal contributions have been scaled by a factor of 5. The last bin in the histograms contains the
overflow.
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Figure 9: MMC mass distributions of the selected events in the 0- and 1-jet categories of the H !
⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with the predicted
Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For illustration only,
the signal contributions have been scaled by a factor of 5. The last bin in the histograms contains the
overflow.
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Figure 9: MMC mass distributions of the selected events in the 0- and 1-jet categories of the H !
⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with the predicted
Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For illustration only,
the signal contributions have been scaled by a factor of 5. The last bin in the histograms contains the
overflow.
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Figure 9: MMC mass distributions of the selected events in the 0- and 1-jet categories of the H !
⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with the predicted
Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For illustration only,
the signal contributions have been scaled by a factor of 5. The last bin in the histograms contains the
overflow.
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Figure 10: MMC mass distributions of the selected events in the Boosted and VBF categories of the
H ! ⌧lep⌧had channel for the 8 TeV analysis. The selected events in data are shown together with
the predicted Higgs boson signal (mH = 125 GeV) stacked above the background contributions. For
illustration only, the signal contributions in the Boosted category have been scaled by a factor 5. The last
bin in the histograms contains the overflow.
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Figure 11: Templates of the 2-dimensional track multiplicity distribution in the 8 TeV analysis of leading
and sub-leading ⌧had candidates for simulated Z ! ⌧⌧ events (a) and same-sign multi-jet events in data
(b) used in the fit of the preselected events.
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Figure 14: Reconstructed m⌧⌧ of the selected events in the H ! ⌧had⌧had analysis. The left plots show
distributions for the VBF category (a,c) and the right plots for the Boosted category (b,d) for 7 and 8 TeV
analyses. Results are shown after all selection criteria. The selected events in data are shown together
with the predicted Higgs boson signal (mH=125 GeV) stacked above the background contributions. For
illustration only, the signal contributions have been scaled by a factor of five.
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analyses. Results are shown after all selection criteria. The selected events in data are shown together
with the predicted Higgs boson signal (mH=125 GeV) stacked above the background contributions. For
illustration only, the signal contributions have been scaled by a factor of five.
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Figure 4: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the four categories
described in the text for the 8 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 13.0 fb�1 collected at 8 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. For illustration only, the signal contributions have been scaled by factors given
in the legends and stacked with the total background prediction.
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Figure 4: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the four categories
described in the text for the 8 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 13.0 fb�1 collected at 8 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. For illustration only, the signal contributions have been scaled by factors given
in the legends and stacked with the total background prediction.
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Figure 4: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the four categories
described in the text for the 8 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 13.0 fb�1 collected at 8 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. For illustration only, the signal contributions have been scaled by factors given
in the legends and stacked with the total background prediction.
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Figure 3: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the five categories
described in the text for the 7 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 4.6 fb�1 collected at 7 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. In the case of the 0-jet category me↵

⌧⌧ is used. For illustration only, the signal
contributions have been scaled by factors given in the legends and stacked with the total background
prediction.
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Figure 3: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the five categories
described in the text for the 7 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 4.6 fb�1 collected at 7 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. In the case of the 0-jet category me↵

⌧⌧ is used. For illustration only, the signal
contributions have been scaled by factors given in the legends and stacked with the total background
prediction.
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Figure 3: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the five categories
described in the text for the 7 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 4.6 fb�1 collected at 7 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
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⌧⌧ is used. For illustration only, the signal
contributions have been scaled by factors given in the legends and stacked with the total background
prediction.
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described in the text for the 7 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 4.6 fb�1 collected at 7 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. In the case of the 0-jet category me↵

⌧⌧ is used. For illustration only, the signal
contributions have been scaled by factors given in the legends and stacked with the total background
prediction.
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Figure 3: Reconstructed m⌧⌧ of the selected events in the H ! ⌧lep⌧lep channel for the five categories
described in the text for the 7 TeV analysis. Simulated samples are normalised to an integrated luminosity
of 4.6 fb�1 collected at 7 TeV. Predictions from the Higgs boson signal (mH = 125 GeV) and from
backgrounds are given. In the case of the 0-jet category me↵

⌧⌧ is used. For illustration only, the signal
contributions have been scaled by factors given in the legends and stacked with the total background
prediction.
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Number of categories (25 total)Number of categories (25 total)Number of categories (25 total)Number of categories (25 total)

τℓτh τhτh τℓτℓ
2011 6 2 5
2012 6 2 4
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Figure 15: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1� and ±2� uncertainties of the expected limit. Results are given for the H ! ⌧lep⌧lep ,
H ! ⌧lep⌧had , and H ! ⌧had⌧had channels combined for 2011 and 2012 alone, as well as 2011 plus
2012 data.
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Full H→ττ combination

1.7σ expected, 1.1σ observed
local significance for mH = 125 GeV

ATLAS-CONF-2012-160

1.2×SM expected, 1.9×SM observed 
95% CL limit for mH = 125 GeV

ATLAS-CONF-2012-160

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-160/
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for a consistent parametrization of both production and decay modes in terms of Higgs boson couplings.
Since several Higgs boson production modes are available at the LHC, results shown in two di-

mensional plots require either some µi to be fixed or several µi to be related. No direct tt̄H production
has been observed yet, hence a common signal strength scale factor µggF+tt̄H has been assigned to both
gluon fusion production (ggF) and the very small tt̄H production mode, as they both scale dominantly
with the ttH coupling in the SM. Similarly, a common signal strength scale factor µVBF+VH has been
assigned to the VBF and VH production modes, as they scale with the WH/ZH gauge coupling in the
SM. The resulting contours for the H→ γγ, H→WW (∗)→ "ν"ν, H→ZZ(∗)→ 4" and H → ττ channels
for mH=125.5 GeV are shown in Fig. 2.
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Figure 2: Likelihood contours for the H→ γγ, H→ZZ(∗)→ 4", H→WW (∗)→ "ν"ν and H → ττ channels
in the (µggF+tt̄H , µVBF+VH) plane for a Higgs boson mass hypothesis of mH = 125.5 GeV. Both µggF+tt̄H
and µVBF+VH are modified by the branching ratio factors B/BSM, which are different for the different
final states. The quantity µggF+tt̄H (µVBF+VH) is a common scale factor for the gluon fusion and tt̄H (VBF
and VH) production cross sections. The best fit to the data (×) and 68% (full) and 95% (dashed) CL
contours are also indicated, as well as the SM expectation (+).

The factors µi are not constrained to be positive in order to account for a deficit of events from the
corresponding production process. As described in Ref. [12], while the signal strengths may be negative,
the total probability density function must remain positive everywhere, and hence the total number of
expected signal+background events has to be positive everywhere. This restriction is responsible for
the sharp cutoff in the H→ZZ(∗)→ 4" contour. It should be noted that each contour refers to a different
branching fraction B/BSM, hence a direct combination of the contours from different final states is not
possible.

It is nevertheless possible to use the ratio of production modes channel by channel to eliminate the
dependence on the branching fractions and illustrate the relative discriminating power between ggF+ tt̄H
and VBF + VH, and test the compatibility of the measurements among channels. The relevant channels
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Combined H→ττ search is compatible with μ=0 and μ=1.

Best fit signal strength parameter (μ) is 0.7 ± ~0.7.

ATLAS-CONF-
2013-014

ATLAS-CONF-2013-079
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Figure 19: The measured production strengths for a Higgs boson of mass mH = 125.5 GeV, normalised
to the SM expectations, for the H! ��, H!ZZ(⇤)! 4`, H!WW(⇤)! `⌫`⌫ final states and their combi-
nation [7] together with the preliminary signal strength measurements for the H ! ⌧⌧ [71] and H ! bb
final states. The best-fit values are shown by the solid vertical lines. The total ±1� uncertainty is indi-
cated 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 as superimposed error bars.
For the H ! ⌧⌧ final state, only the total uncertainty is given.
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The analysis has many improvements planned for the near future.

The analysis faces many challenges for 2015.

Great time to be doing Higgs physics with taus.

Full 2012 dataset MVA event selection

Better objects (τh, ℓ, ETmiss) Better background estimates

Channel harmonization More CRs in the fit

Much tougher to trigger Increased pileup

τh identification in dense environmentτh identification in dense environment
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Low mass VBF issue
Embedding trigger correction

TES pT correlation matrix

Nils Ruthmann, Romain Madar
(Universität Freiburg)

������������	�
��		�	�
�
���

���	�����������������������
�
������������������
���������������

�

� �!
����"��


��	�����
	
����#�$ �!�����	
��
�%�� �&����

'' �'�	�
������#�(�)	

	%�*���"+��"�	�+$�
���	
�,��*-��
�"��

.�
��/���0%�1202

H
A
D

τ
π

π

γ

γ

ν

ρτ±

τ∓
W∓

W±

ντ

ντ
νℓ

ℓ∓

τh±
H

V

V

q

q

q

q

hadrons

hadrons

Picture of the analysis



Alexander Tuna (Penn) 32

P H Y S I C S W O R L D J A N U A R Y 2 0 0 3p h y s i c s w e b . o r g26

perfectly willing to disbelieve whatever
he had to say. He had to summarize in
one hour the culmination of almost a
decade of working and hustling, leading
and believing.

The main auditorium at CERN,
which seats 500 people, had maybe
twice that many in it. Physicists shared
chairs. Many could not take notes
because they had nowhere to place a
notebook and write. The doors were left
open and people stood outside and
looked over the heads of the people
standing in the doorways. They sat on
the grand piano in the corner of the
auditorium, and even under the piano.

Rubbia was nervous. He sipped at his
water, he pulled on his tie, he ran his
hand through his hair and fiddled 
with his 100 or so transparencies. He
had been asked by the CERN manage-
ment not to announce the W discovery
in Rome, partly because they wanted 
it announced at CERN and partly be-
cause they did not yet trust it.

Instead, Rubbia sold CERN the W with the passion that he
had sold them the idea of a proton–antiproton collider eight
years earlier. He demonstrated how the researchers under-
stood the UA1 detector, how they knew that it worked, how
the central detector worked, how good was its precision, what
its faults were. He anticipated every question, every criticism.
When he was done with the apparatus, he told them about
the physics, the evidence for the W, and why they believed 
in it. This is what we have done, he said, this is what we have
seen, and this is why we must be right.

When he was finished, they gave him a standing ovation.
Physicists who had made fun of Rubbia and predicted, even
hoped, that his project would fail and take half the lab with it,
physicists who had fought with Rubbia and swore never to
work with him again, all clapped for five minutes. CERN was
happy. It was beautiful physics, and they acknowledged it.
It was their discovery, their vindication. They had waited
nearly three decades for it. It was their Nobel prize. They
were euphoric. And the applause was for Rubbia because for
perhaps the first time in his career he had justified himself.

When, less than two years later, the Nobel prize did in fact
come, the physicists would all say: “Yeah, we know. Big deal.
But it can’t touch the W talk itself.” After that day in the
CERN auditorium, the Nobel was only a formality. Everyone
knew then that Rubbia had pulled it off.

UA1 beats UA2 into print
The following day, Luigi DiLella presented the evidence from
UA2 – in the same auditorium, to a slightly smaller crowd. The
physics was virtually the same, but what would have been a tour
de force in its own right was now simply confirmation physics.

On the Saturday morning, Rubbia joined his UA1 col-
league David Cline for a cup of coffee in the CERN cantina.
There they met DiLella, Allan Clark and Peter Jenni, all UA2
physicists. Rubbia looked unusually serious. He proceeded 
to tell the UA2 physicists that although he was convinced 
that both collaborations had discovered what appeared to be

W bosons, they should think twice before publishing. If it was
not the W, Rubbia said, it would be the end of their careers.
“And so,” as DiLella explained later, “Carlo said that he had
decided that he would not publish.”

In fact, Rubbia had decided nothing of the sort. The pre-
vious day he had delivered the first draft of a paper to Klaus
Winter, a CERN physicist and editor of Physics Letters. He had
told Winter that the final draft would be quickly forthcoming,
and that he would appreciate immediate publication. Then,
saying that he had already alerted the journal, he convinced
his group leaders to allow him to hasten the writing of the
paper. But his physicists fought against rushing. Sadoulet
argued that this was an important paper in the world of phy-
sics, and that they should not just churn it out. It should be
checked and thought over carefully.

“But it was important,” Rubbia said later. “We were close.
Had we waited three weeks, our priority claim would have
gone to hell.”

By Sunday the final draft was written. On Monday morn-
ing Rubbia gave the draft to Winter, and later that night he
sent the paper by courier service to Amsterdam to be hand-
delivered to the offices of Physics Letters. Probably no more
than a handful of the 135 physicists working on UA1 read the
final draft. “People were shown a draft on Friday afternoon,”
said Eric Eisenhandler of Queen Mary College in London,
“and told that they had until Monday to comment on it. And
when they turned up on Monday, they found that the paper
had already gone out.”

The UA2 physicists, on the other hand, wrote their paper 
in the conventional way and circulated it to all 60 physicists
on the collaboration, who had two weeks to read it and make
comments. It was published one month after the UA1 paper.
Rubbia had established his priority, along with page one of
The New York Times.

The episode in the cantina clinched the Nobel prize for
Rubbia, or at least according to Dave Cline. “We didn’t know
whether UA2 would try to send the paper in simultaneously,”
he said, “but they didn’t operate like that. It’s not that they’re

The first Z boson seen by the UA1 detector on 30 April 1983. The signature of the Z boson is a high-energy
electron and a positron flying off in opposite directions (the white tracks).
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VBF vs. non-VBF
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Figure 18: Observed (solid) and expected (dashed) 95% confidence level upper limits on the Higgs boson
cross-section times branching ratio, normalised to the SM expectation, as a function of the Higgs boson
mass. Expected limits are given for the scenario with no signal. The bands around the dashed line
indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results for all
channels are presented for the VBF (a) and non-VBF (b) categories.
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plane are shown for the 68% and 95% CL by dashed and solid lines, respectively. The SM expectation
and the one corresponding to background-only hypothesis are shown by a filled plus and an open plus
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Likelihood contours are obtained from the unconstrained fits for the µggF and µVBF+VH parameters.
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indicate the ±1� and ±2� uncertainties of the expected limit. Combined 2011 plus 2012 results for all
channels are presented for the VBF (a) and non-VBF (b) categories.
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Figure 19: Likelihood contours for the H ! ⌧⌧ channel in the (µggF ⇥ B/BSM, µVBF+VH ⇥ B/BSM)
plane are shown for the 68% and 95% CL by dashed and solid lines, respectively. The SM expectation
and the one corresponding to background-only hypothesis are shown by a filled plus and an open plus
symbol, respectively. The best fit to the data are shown for the case when both the µggF and µVBF+VH have
been constrained to be non-negative (times symbol), as well as for the unconstrained case (star symbol).
Likelihood contours are obtained from the unconstrained fits for the µggF and µVBF+VH parameters.
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8 Statistical analysis

The statistical analysis of the data employs a binned likelihood function constructed as a product of
the likelihood terms for each category. In the H ! ⌧lep⌧lep channel, there are five categories used
for the analysis of 7 TeV data: 0-jet, 1-jet, 2-jet VBF, 2-jet VH and Boosted, while for the 8 TeV
dataset there are four categories (the 0-jet category has been excluded). In the H ! ⌧lep⌧had channel,
there are six categories used for 7 TeV and 8 TeV: electron and muon flavours separately for both 0-
and 1-jet categories, and electron and muon flavours combined in VBF and Boosted categories. In the
H ! ⌧had⌧had channel, there are two categories: VBF and Boosted, both of which are used in both 7 TeV
and 8 TeV analyses. Thus, a total of 13 categories are considered from the H ! ⌧lep⌧lep , H ! ⌧lep⌧had
and H ! ⌧had⌧had channels in 7 TeV data, and 12 categories are considered for 8 TeV. The likelihood in
each category is a product over bins in the distributions of the ⌧⌧ mass8 shown in Figs. 3-4, 7-10, and
14.

In each bin of the mass distributions, the likelihood function L(µ, ✓) for the observed number of
events (N) is modelled according to a Poisson distribution based upon the expected signal and back-
ground contributions. The “signal strength” parameter (µ) multiplying the expected signal yield in each
bin is the parameter of interest in the fit procedure. This µ is defined as the ratio of the measured cross-
section normalised to the Standard Model cross-section times the branching ratio for H ! ⌧+⌧� (�SM).
The value µ = 0 (µ = 1) corresponds to the absence (presence) of a Higgs boson signal with the SM pro-
duction cross-section. Signal and background predictions (s j and b j) depend on systematic uncertainties
that are parametrised by nuisance parameters ✓, which in turn are constrained using Gaussian functions.
The correlations of the systematic uncertainties across categories are taken into account. The likelihood
function is given by:

L(µ, ✓) =
Y
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where t represents the auxiliary measurements, such as control regions and dedicated calibration mea-
surements. The parametrisation is chosen such that the rates in each channel are log-normally distributed
for a normally distributed ✓. The expected signal and background event counts in each bin j are mul-
tiplied by (1 + �✓N Gaussian(tN |✓N , 1)) · �✓S Gaussian(tS|✓S, 1), where �✓N and �✓S are the normalization
and shape uncertainties associated to the ✓ nuisance parameter with their nominal values tN and tS ,
respectively. Thus, the signal and background yields are adjusted to take into account the auxiliary
measurements, which are obtained from their best fitted values in the observed dataset.

The test statistic qµ is defined as:

qµ = �2 ln
⇣

L(µ, ✓̂µ)/L(µ̂, ✓̂)
⌘

, (8)

where µ̂ and ✓̂ refer to the global maximum of the likelihood (with the constraint 0  µ̂  µ) and ✓̂µ
corresponds to the conditional maximum likelihood of ✓ for a given µ. This test statistic is used to
compute exclusion limits following the modified frequentist method known as CLs [81]. The asymptotic
approximation [82] is used to evaluate the Gaussian probability density functions rather than performing
pseudo-experiments. This procedure has been validated using ensemble tests.

The profile likelihood formalism used in this statistical analysis incorporates the information on the
observed and expected number of events, nuisance parameters, probability density functions and parame-
ters of interest. The statistical significance of an excess is evaluated in terms of the same profile likelihood
test statistic. The expected sensitivity and the ±1, 2� bands are obtained for the background expecta-
tion in the absence of a Standard Model Higgs boson signal. The consistency with the background-only
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⌧⌧ , MMC or collinear approximation mass, depending on the category.
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