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1Weizmann Institute of Science, Rehovot, Israel
2Present address: Columbia University, New York, NY 10027, USA

Received: 30 May 2007 / Revised: 13 August 2008 / Published online: 18 December 2008
© Springer-Verlag / Società Italiana di Fisica 2008

Abstract One of the main goals of the ATLAS experiment
is to measure various Higgs boson couplings as accurately
as possible. Such a measurement is mandatory for a full un-
derstanding of the Higgs sector. One of the most challenging
measurements of the Higgs boson properties is the determi-
nation of the Yukawa coupling to the top quark. To comple-
ment the t t̄H → t t̄bb̄ channel, which is the most significant
in the low Higgs mass region (mH ∼ 120 GeV), we intro-
duce a feasibility study of the t t̄H channel with the Higgs
decaying to a pair of τ leptons. The signal events were re-
constructed using the full and the fast simulation of the AT-
LAS detector. It is shown that both the distributions and the
number of expected events after the same cuts agree, and
that we can use the fast simulation to complete the analy-
sis. We obtain a significance of 1.6σ for the low luminosity
condition (30 fb−1) and mH = 120 GeV, and 2.0σ for the
high luminosity condition (300 fb−1) and mH = 120 GeV.
The observability of Higgs boson in this channel is demon-
strated to be very marginal, even in the absence of taking
into account t t̄ + jets.
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1 Introduction

One of the most challenging measurements of the Higgs
boson properties is the determination of the Yukawa cou-
pling to the top quark. Theory predicts that fermion masses
are generated via the interaction with the Higgs field. The
fermion masses are therefore given by mf = gf f̄ H · v/

√
2,

where gf f̄ H is the Yukawa coupling of the Higgs boson to
the fermion and v is the vacuum expectation value (VEV).
The puzzle of the top mass being a few orders of magnitude
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larger than the masses of other fermions can be formulated
in terms of the relation of the top Yukawa coupling to the
couplings to other fermions. Therefore the measurement of
the top Yukawa coupling is of extreme importance and will
enable us to further investigate the mass generation mecha-
nism.1

Even if the Higgs boson mass is above the t t̄ threshold
the branching ratio BR(H → t t̄ ) would be low due to the
open decay channels to the W and the Z boson pairs. More-
over, top quark decay modes with leptonic W decay contain
neutrinos, which makes the full reconstruction of the Higgs
boson difficult. Precision fits of the Standard Model indi-
cate that the Standard Model Higgs boson mass2 is below
∼200 GeV [1], while in the MSSM a light Higgs boson mass
is theoretically bounded to be below ∼135 GeV [2–8]. The
experimental lower bounds on the Standard Model and light
MSSM Higgs boson are 114.4 GeV [9] and ∼90 GeV [10],
respectively. The most favorable Higgs boson scenario is a
Standard Model like light Higgs boson with a mass around
or below 130 GeV. Such a Higgs boson will not have an open
decay channel to a top quark pair. So the only way to directly
measure the Higgs boson coupling to the top quark is via its
direct coupling to the top quark in the associated (with a top
quarks pair) production process (see Fig. 1.1). The motiva-
tion to detect and measure the pp → t t̄H process is there-
fore clear.

For a 120 GeV Higgs boson, a significant final state of
the t t̄H channel is the one with the Higgs boson decay-
ing to a b-quark pair. Here one can identify (“tag”) four
b-jets, as well as fully reconstruct the signal. The feasibil-
ity of this channel was studied with ATLAS fast simulation
[11] and gave promising results for the ATLAS low lumi-
nosity benchmark of 30 fb−1. However, further studies in-
dicate that the systematics of this channel prohibit it from
being a discovery channel. This is confirmed by later stud-
ies by CMS [12]. To complement this study, we introduce
in this work a feasibility study of the t t̄H channel with the
Higgs boson decaying to a pair of τ leptons. The cross sec-
tion times branching ratio is about an order of magnitude be-

Fig. 1.1 Feynman diagrams of the t t̄H production processes

1Most extensions of the SM, in particular the MSSM, contain a SM
like light Higgs boson that couples in a similar fashion to fermions.
Thus, the importance of the precision measurement of the top Yukawa
coupling remains valid.
2The upper limit strongly depends on mtop.

low that of the t t̄H → t t̄bb̄ channel, and the τ tag efficiency
is lower than the b-tag efficiency, yet, preliminary studies
indicated that combining several final state topologies, there
might be a significant contribution from this channel. How-
ever, a significant amount of work was invested in improv-
ing the τ tagging in the fast simulation and make it as re-
alistic as possible. In this paper we describe in detail the
t t̄H → t t̄ τ+τ− analysis. The cross section and the various
topologies are described in Sect. 2. The Monte Carlo sim-
ulations are presented in Sect. 3. The analysis objects, i.e.
electron and muon identification, and the b, τ and light jet
reconstruction are described in Sect. 4. We then describe the
signal selection criteria in Sect. 5. Fast simulation high lumi-
nosity results are given in Sect. 6. Systematic uncertainties
are discussed in Sect. 7 and the background normalization
from the data is described in Sect. 8. The results are summa-
rized in Sect. 9.

2 Cross section and topologies

Recent calculations were used for the t t̄H cross section and
the branching ratios of H → τ+τ− [13–15]. The cross sec-
tion times the branching ratio of t t̄H → t t̄ τ+τ− is shown
in Table 2.1 and Fig. 2.1. Throughout this paper we used
leading order (LO) calculations for the cross section for both
signal and background processes. The accuracy of the signal
cross section is improved when next-to-leading order QCD
corrections are calculated [16], which lead to a K-factor
of 1.2, and an estimated accuracy of 20% from variations
of the scale. One can clearly see that the cross section drops
as the Higgs boson mass increases.

A priori, since each top quark can decay to a b quark
accompanied either by two jets (bjj ) or by a lepton and a
neutrino (blν), and each τ can decay hadronically (τj ν) or
leptonically (lνν), nine channels are possible. Only muonic
or electronic decays of the top are considered, and there-
fore l = e,μ. Table 2.2 shows the nine channels, their
relative fraction, and the number of expected events (for
30 fb−1 and mH = 120 GeV). Since we consider here
only the low luminosity benchmark (30 fb−1) it is clear
that only channels 1, 2, 4, 5 and 6 have enough signal
events to proceed with the analysis. However, channel 1,
t t̄H → t t̄ τ+τ− → bjj b̄jjτj ν̄τ τj ντ , is purely hadronic

Table 2.1 Cross sections [13, 14] for the t t̄H production, Branching
Ratios [15] for H → τ+τ− , and σ × BR(H → τ+τ−)

mH (GeV) σ (fb) BR(H → τ+τ−) σ × BR (fb)

110 894 0.076 68.27

120 692 0.068 47.32

130 541 0.054 29.12
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Table 2.2 Final states and
Branching Ratios for the
t t̄H0 → t t̄ τ+τ− . The number
of events and number of
reconstructed events, where
reconstructed events here
denotes those that satisfy the
low luminosity trigger
conditions (see Table 4.4) and
the topology requirement, for
30 fb−1 and mH = 120 GeV are
also given. We consider only
channels 2, 4 and 5 in the
following sections

Channel t t̄H0 → t + t + τ + τ BR No of No of

events reconstructed events

(30 fb−1, mH = 120 GeV)

Group 1 1 bjj + bjj + τj ν + τj ν 19% 270.2 9.54

2 bjj + bjj + τj ν + �νν 20% 284.4 30.91

3 bjj + bjj + �νν + �νν 6% 85.3 3.25

Group 2 4 bjj + b�ν + τj ν + τj ν 12% 170.6 8.82

5 bjj + b�ν + τj ν + �νν 13% 184.9 13.94

6 bjj + b�ν + �νν + �νν 3% 42.7 7.15

Group 3 7 b�ν + b�ν + τj ν + τj ν 2% 28.4 0.73

8 b�ν + b�ν + τj ν + �νν 2% 28.4 1.8

9 b�ν + b�ν + �νν + �νν 1% 14.2 1.4

Fig. 2.1 Cross section times Branching ratio, σ × BR, for the
t t̄H → t t̄ τ+τ− process as a function of the mH (see Table 2.1)

with a small amount of missing energy and suffers from
large t t̄ and QCD backgrounds. Likewise, channel 6, t t̄H →
t t̄ τ+τ− → b�ν̄�b̄jj�ν�ν̄τ �ν̄�ντ , suffers from a huge irre-
ducible Ztt̄ → �+�−t t̄ background.3 We therefore consider
in this analysis only channels 2, 4 and 5.

3 Monte Carlo

The complexity of the physics events to be analyzed at the
LHC and the diversity of the detectors to be integrated into
ATLAS make it an absolute necessity to provide an accu-
rate detector simulation program, with which the detector
response to various processes can be evaluated in detail. The
complete simulation is performed in several stages. The in-
put for the simulation comes from the event generators af-
ter a particle filtering stage. Data objects representing the
Monte Carlo truth information from the generators are read
by the simulation and processed. Hits produced by the simu-
lation can be directly processed by the digitization algorithm

3We applied the Z-mass veto, i.e. we cut-off events with 75 < mZ <

105 GeV, but Ztt̄ → �+�−t t̄ background was still prevailing.

and transformed into Raw Data Objects (RDOs). Alterna-
tively they can be sent first to the pile-up4 algorithm and
then passed to the digitization stage. RDOs produced by the
simulation data-flow pipeline are used directly by the recon-
struction processing pipeline [17].

Since ATLAS is a huge and complicated detector, and
we are interested in the high energy processes, full simu-
lations are heavily CPU time consuming, in particular for
events with high particle multiplicities.5 Studies of physics
channels of interest and the associated backgrounds usu-
ally require the generation and simulation of millions of
events. This is not feasible with the full simulation of
the ATLAS detector. Therefore, a fast simulation program,
ATLFAST [18], was developed in which the detector re-
sponse was parametrized as a function of the transverse

momentum pT =
√

p2
x + p2

y and η = − ln(tan θ/2), where

θ = pz/|−→p |.

3.1 Signal generation

Signal events were generated using PYTHIA 6.226 [19]
with Tauola6 2.6 [20] turned on. To get a manageable sam-
ple size, events were accepted if they passed a one-lepton
filter, where an electron or a muon was required to have
a pT > 20 GeV and |η| < 2.5. The efficiency of the fil-
ter was ∼60% for the signal. We did not apply any cut
on jet pT at generator level. For the full simulation analy-
sis, events that have passed the filter were simulated with
GEANT4 (Athena version 9.0.4), then digitized and recon-
structed using Athena 10.0.1. For the fast simulation we

4We use pile-up for high luminosity study only.
5For the channel t t̄H → t t̄ τ+τ− , ∼20 minutes are required to fully
simulate one event.
6The TAUOLA package was developed for the accurate simulation of
τ -lepton decays.
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Table 3.1 The number of generated events (column 5) and σ × BR (LO) for various background processes. The last two processes were used as
background sources for channel 2 only

Process Decay Generator σ × BR Generated Filter

No of events efficiency

t t̄ t t̄ → bjj b̄jj PYTHIA 224 pb 2.5 × 107 12%

t t̄ t t̄ → b�ν̄�b̄jj PYTHIA 215 pb 2.4 × 107 60%

t t̄ t t̄ → b�ν̄�b̄�ν� PYTHIA 52 pb 1.2 × 107 80%

gg → Ztt̄ Z → τ+τ−, �+�− AcerMC 7.5 fb 5 × 104 (each) 88% Z → ττ

qq → Ztt̄ t t̄ → b�ν̄�b̄jj 3.8 fb 5 × 104 (each) 98% Z → �+�−

gg → Ztt̄ Z → τ+τ−, �+�− AcerMC 3.7 fb 5 × 104 (each) 45% Z → ττ

qq → Ztt̄ t t̄ → bτ ν̄τ bjj 1.9 fb 5 × 104 (each) 94% Z → �+�−

gg → Ztt̄ Z → τ+τ−, �+�− AcerMC 12.25 fb 105 (each) 37% Z → ττ

qq → Ztt̄ t t̄ → bjj b̄jj 6.2 fb 105 (each) 94% Z → �+�−

used ATLFAST implementing the Fast Shower [21] and in-
cluding the Tau-algorithm. We have produced 105 events
for mH = 110, 120, and 130 GeV each, and for differ-
ent topologies as shown in Table 2.2. 2 × 104 events with
mH = 120 GeV were generated with the full simulation.

3.2 Background generation

The most relevant background processes with the corre-
sponding cross-sections are listed in Table 3.1. t t̄ events
were generated with PYTHIA, while for the Ztt̄ processes,
AcerMC 2.4 [22, 23] was used for the generation, and
PYTHIA for the hadronization. Events were required to sat-
isfy the one-lepton filter mentioned above. The 1-lepton fil-
ter efficiencies are shown in the last column of Table 3.1.

We also studied the MC@NLO generator for t t̄ events,
and found differences with PYTHIA that do not affect this
analysis. We note that the properties of t t̄ events can be
extracted from the actual ATLAS data relatively soon after
start-up of the experiment, and that understanding this back-
ground is crucial before any signal for new particles can be
claimed.

Note that for this feasibility study we have chosen to
use only a t t̄ background Monte Carlo. A refinement of the
analysis would require the inclusion of a dedicated t t̄ + jets
Monte Carlo.

4 Event reconstruction

The t t̄H → t t̄ τ+τ− channel contains a large variety of ob-
jects that can be reconstructed with the ATLAS detector, and
could serve as an excellent tool to test the reconstruction.
In this section we will describe the reconstruction within
the full and fast simulation of all ingredients of the relevant
channels.

4.1 Lepton reconstruction

We consider here electrons and muons as leptons. Our goal
is to identify those that originate in t-quark or τ -lepton.

Electron identification In the full simulation, electron can-
didates are reconstructed from the calorimeter and tracking
system information. A likelihood function calculated from
several quantities (see Appendix A) [24], based on single
electron and single pion samples, and defined as

Le = weightEM

(weightEM + weightπ )
(4.1)

is used to identify electrons.7 In addition, calorimeter and
track isolation is applied. In order to determine the efficiency
of the identification, electron candidates are labeled as MC-
isolated if they contain a true electron within a cone of
	R = 0.2, where 	R = √

	η2 + 	φ2, and if this true elec-
tron is isolated from other MC-particles.8 They are labeled
as MC-non-isolated if they contain a true electron within a
cone of 	R = 0.2, but this true electron is not isolated from
other MC-particles. Further on, they are labeled as MC-τ
if they contain a τhad

9 within a cone of 	R = 0.2. Finally,
if they contain a pion within a cone of 	R = 0.2, they are
labeled as MC-π .

Figure 4.1 shows the distribution of the electron identifi-
cation likelihood Le for MC-isolated electrons (blue solid
line), MC-non-isolated electrons (green dash-dotted line),
MC-τ (red dotted line), and MC-π (black dashed line) in

7In order to reject photons, the likelihood is set to zero if there is no
associated track.
8MC refers to the truth information. An MC-truth electron is isolated
if the energy within a cone of 	R = 0.4 around it is less than 10 GeV.
9τhad is defined as the sum of the hadronic products of the τ -lepton.
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the generated signal sample. We tag a particle as an elec-
tron if the Le > 0.92. This cut was chosen in order to op-
timize efficiency of the electron identification and purity of
the samples.

In order to determine whether the electron is isolated
we apply two criteria—calorimeter and track isolation. Fig-
ure 4.2(a) shows the sum of the transverse momenta of

Table 4.1 Rejection of the non-electrons. Rejection is defined as a
number of rejected candidates for each one accepted

Sample Rejection

Total 180

π 1340

τ 270

MC-non-isolated e 37

Fig. 4.1 The likelihood [24] used for the electron identification for
MC-isolated electrons (blue solid line), MC-non-isolated electrons
(green dash-dotted line), MC-τ (red dotted line), and MC-π (black
dashed line). The likelihood is calculated on the full signal sample.
The distributions are not normalized

charged tracks in the Inner Detector in a cone of 	R = 0.2
around an electron candidate track. We required that this
sum is less than 5 GeV. Figure 4.2(b) shows the additional
calorimeter energy in a cone of 	R = 0.2 around the elec-
tron candidate. We required that this additional calorimeter
energy is less than 5 GeV.

The obtained electron selection efficiency is ∼82% with
a purity of more than 95%. Rejection ratios are calculated
from the full t t̄H → t t̄ τ+τ− sample and they are given in
Table 4.1.

Following these results, the electron identification effi-
ciency for the fast simulation is set to 85%.10

Muon identification In the full simulation, the muon iden-
tification is done using the combined muon reconstruction
(see [17]). Additionally, it is required that the muon track
is isolated. To determine the efficiency of the muon identi-
fication, all MC muons originating in a W -boson from the
decay of t-quark or a τ -lepton are labeled as MC-isolated,
while those coming from other sources are considered as
MC-non-isolated.

Figure 4.3 shows the sum of the transverse momenta of
charged tracks in the Inner Detector in a cone of 	R = 0.2
around a muon candidate track for a MC-isolated (blue solid
line) and a non MC-isolated (red dashed line) muon. We re-
quired that this sum is less than 10 GeV.

The obtained efficiency is ∼85%. Accordingly, this
efficiency is applied in the fast simulation for isolated
muons.

10The total number of tagged electrons includes also fake electrons
(that do not originate in MC-isolated electrons). In order to have the
same total number of tagged electrons we set the efficiency to 85%
rather than 82%.

Fig. 4.2 Track (a) and calorimeter (b) isolation, i.e. the energy de-
posited in a cone of 	R = 0.2 around an electron track, calculated
from tracks (a) and the energy deposited in a cone of 	R = 0.2 around
an electron cluster, calculated from the calorimeter cells (b), for MC-

isolated electrons (blue solid line), MC-non-isolated electrons (green
dash-dotted line), MC-τ (red dotted line), and MC-π (black dashed
line). The distributions are areas normalized to unity
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Fig. 4.3 Track isolation, i.e. the energy deposited in a cone of
	R = 0.2 around muon track, calculated from tracks for MC-isolated
muons (blue solid line) and MC-non-isolated muons (red dashed line).
The distributions are areas normalized to unity

4.2 Jet reconstruction

We use a seeded cone algorithm in η − φ coordinates, with
a fixed cone radius of 	R = 0.4, for jet reconstruction in
the full and fast simulation. We merge two jets if their over-
lapping energy is more than 50% of the least energetic jet
energy. We also add to the jet a non-isolated muon if found
within a cone of 	R = 0.4 around the jet axis. We require
that every jet has a transverse momentum pT > 15 GeV.
More details can be found in [25].

Light jet reconstruction In the present analysis, light jets
are important for the W -boson reconstruction. Therefore, it
is necessary that they are well reconstructed and calibrated.
We consider a jet as a light one if it is not tagged as a b-jet
or as a τ -jet, both in the full and the fast simulation.

b jet reconstruction The b-tagging, i.e. identification of
the jets originating in b-quarks, is one of the most impor-
tant aims of the reconstruction software. In the full simu-
lation of the ATLAS detector, this is done by several al-
gorithms that exploit the long lifetime of B-hadrons. We
use the ‘3D + secondary vertex’, or so-called SV2 algo-
rithm, which combines track impact parameters in three
dimensions and secondary vertices in jets into one like-
lihood function. This likelihood is shown in Fig. 4.4,
where labeled11 b-jets are represented with the blue solid
line, labeled c-jets with the brown dashed line and light
jets with the red dotted line. We tagged a jet as a b-
jet if WSV2 > 3. The obtained average efficiency, cal-
culated on the t t̄H → t t̄ τ+τ− where t-quark and τ -
lepton decayed freely, is 60%, with a rejection of 57
against light jets, and 7 against c-jets. The average purity
is 89%.

11We label jets if they contain a corresponding (b or c) parton within a
cone of 	R = 0.4 around the jet axis.

Fig. 4.4 The resulting likelihood function for the SV2 algorithm for
labeled b-jets (blue solid line), labeled c-jets (brown dashed line) and
light jets (red dotted line). All distributions are normalized to unity

Table 4.2 Cut values on the τ -Likelihood as a function of the pT of
the jet in the fully simulated events

pT range (GeV) Cut value

<30 3

(30, 45) 3

(45, 60) 2

(60, 80) 2

(80, 120) 2

>120 0

In the fast simulation, b-jet tagging is done via a parame-
trization.12 We set our efficiency to 60%. The correspond-
ing default rejections are 35 against light jets and 7 against
c-jets, with an average purity of 84%.

τ jet reconstruction Excellent τ -tagging is crucial for this
analysis. For the tau-tagging in the full simulation, we take
	R = 0.4 cone jets as input, and calculate a likelihood from
several calorimetric and track quantities (see Appendix B
and [26]). As mentioned above, we use the whole t t̄H →
t t̄ τ+τ− sample13 to establish efficiencies and rejections
against the light jets. Figure 4.5 shows the τ -Likelihood
for different pT ranges of the labeled (blue solid line) and
non labeled (red dashed line) τ -candidates.14 The values
where we cut on the likelihood, determined with the cross-
ing points of the two histograms, depend on the pT of the
jet (see Table 4.2). Additionally, we ask that the ratio of

12Currently, the b-tag performance in the full simulation is found to be
better than in the fast one.
13Whole t t̄H → t t̄ τ+τ− means that top decays to e or μ (top decays
to tau are not included in this), and τ can decay freely.
14A jet is labeled as a τ jet if there is a τ Monte Carlo (MC) hadronic jet
with transverse momentum pT > 10 GeV and pseudorapidity |η| < 2.5
within 	R < 0.3 from the jet axis. A τ MC hadronic jet is a pseudo
particle defined by the sum of all hadronic τ decay products. These
definitions hold for both the fast and full Monte Carlo.
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Table 4.3 Cut values on the τ variables, REM and FIso, as a function
of the pT of the jet in the fast simulation

pT range (GeV) REM FIso

<30 0.14 0.3

(30, 45) 0.13 0.27

(45, 60) 0.12 0.26

(60, 80) 0.1 0.26

(80, 120) 0.095 0.24

>120 0.09 0.23

the hadronic energy and the sum of the pT of all tracks
is larger than 0.1.15 In the fast simulation it is possible to
use a parametrization [26] or an algorithm-based method.
We used our own algorithm. With our algorithm, a jet is
considered as a tagged τ -jet if (a) it has 1 or 3 charged
tracks; (b) the isolation fraction (see Appendix B) satisfies
FIso < F 0

Iso(pT ) where F 0
Iso(pT ) is determined by the cross-

ing point of the labeled and non-labeled FIso for a given
pT ; (c) the electromagnetic radius (see Appendix B) sat-
isfies REM < R0

EM(pT ) where R0
EM(pT ) is determined by

the crossing point of the labeled and non-labeled REM for
a given pT . The cut values are given in a Table 4.3. Fig-
ure 4.6 shows the efficiency (a), the rejection of the non-τ -
jets (b), and the purity and contamination (c) for the fully
simulated signal events (blue full line), for those with our
fast τ -algorithm applied (red dotted line), and for those with
the parametrization (magenta dashed line), all of them cal-
culated on the full t t̄H → t t̄ τ+τ− sample.

4.3 Missing energy reconstruction

In the full simulation there are several ways to calculate
the missing energy [17]. The most common one is to sum
up the energies from all calorimeter cells. Instead of calori-
metric cells, reconstructed objects can be used as well. Fi-
nally, the energy of the muons calculated from the muon
spectrometer is added. We use Topological clusters as in-
put objects. Resolution in the signal channel (defined as
(ETmiss − ETmiss(MC))/ETmiss is 0.17. More details can
be found in [25]. In the fast simulation missing ET is calcu-
lated as following: all isolated objects are added (EM, muon,
energy corrected jets), then non-isolated muons, then clus-
ters non-associated with objects, then cells non associated
with clusters.

4.4 W reconstruction

For the W reconstruction we used several approaches. In
the first one we used a constrained fit to reconstruct the

15This cut removes non identified electrons.

Fig. 4.5 The value of the likelihood function for τ -labeled (blue solid
line) and non-labeled (red dashed line) jets for different transverse mo-
menta of the jet. All distributions are normalized to unity

Fig. 4.6 Dependence of the (a) τ -id efficiency, (b) rejection, and (c)
purity and contamination on the pT of the jet of the signal sample.
Results are shown for the full simulation (blue solid line), for our fast
simulation algorithm (red dotted line), and for the parametrization (ma-
genta dashed line)

W -boson from the two light jets. In addition we developed
a multivariate technique to reconstruct the whole t t̄ system.
This approach is described in the next paragraph.
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4.5 Top reconstruction

In the first approach we reconstruct the hadronic t-quark as
a sum of the reconstructed W 16 and b-jet. The combination
that gives the invariant mass mbW closer to mtop is cho-
sen. We also tried to reconstruct the t-quark that decayed
semileptonically.17 The reconstruction failed in 30% of the
events when we assumed that the ν� carried the total missing
momentum. The reconstruction failed in 20% of the events
when we assumed that mH was already measured, such that
we reconstructed the total momentum of the τ -neutrinos and
subtracted it from the total missing momentum in order to
reconstruct the ν�. When we combined these two methods,
the reconstruction failed18 in 13% of the events. Eventu-
ally, we dropped the reconstruction of the semi-leptonic top
quark because it could not give us any distinguishable sig-
nal.

In the second method for the reconstruction of the t t̄

system19 we use a multivariate technique based on the dis-
tributions of the correct and incorrect combinations of the
t t̄ system ingredients. For the discriminant variable we use
ln(LW ), where LW is defined as:

LW =
∏

pdf(Vtrue)∏
pdf(Vfake)

, (4.2)

where the product runs over all discriminant variables V .
The pdf is their probability density function, true denotes
the reconstructed t t̄ system that matches the MC t t̄ sys-
tem20, and fake denotes the reconstructed t t̄ systems that
do not match the MC system. We use the mass(es)21 of
the W -boson(s) and the t-quark(s), and distances between
the reconstructed particles for the calculation of the likeli-
hood. The combination with the maximal likelihood is cho-
sen.22 In ∼70% the maximal likelihood combination was

16We use a constrained fit for the W reconstruction.
17We tried this for the channels from the second group—4 and 5.
18Reconstruction failed when the solution for pZ was not real num-
ber.
19t t̄ system is bjjbjj for channel 2 and bjjb�ν̄� for channels 4 and 5.
20For channels 4 and 5 the matching of the reconstructed t t̄ system
and the MC one requires that b-jet originating in hadronic (leptonic)
decay of the t -quark has the corresponding b-parton within a cone of
	R < 0.3, that the reconstructed lepton is within 	R < 0.2 from the
MC lepton from the semileptonically decaying t -quark, and that both
jets are within 	R < 0.3 from the partons originating in the W -boson.
Similarly, for channel two we asked that all MC partons can be matched
to the corresponding reconstructed object.
21In the case of channels 4, 5 we use the mass of the hadronic W boson
and top quark. For channel 2 we use the masses of both W -bosons and
t -quarks.
22Also for events with no matching at all.

Fig. 4.7 The input variables for the t t̄ system reconstruction likeli-
hood LW : (a) the mass of the W -boson from the hadronically decayed
t -quark, (b) the distance 	R between jets from the W -boson from the
hadronically decayed t -quark, (c) the mass of the hadronically decayed
t -quark, (d) the distance 	R between the b-jet and the W -boson from
the hadronically decayed t -quark, and (e) the distance 	R between the
b-jet and the lepton from the semileptonically decayed t -quark. The
final likelihood ln(LW ) is given in (f). The matched combination is
shown with a blue solid line, the non-matched with a red dashed, and
the combination that gives the maximal likelihood LW with a brown
dash-dotted line. All distributions are normalized to unity

matched. Figure 4.7 shows the distribution23 of the input
variables24—(a) the mass of the W -boson from the hadron-
ically decayed t-quark, (b) the distance 	R between jets
from the W -boson from the hadronically decayed t-quark,
(c) the mass of the hadronically decayed t-quark, (d) the
distance 	R between the b-jet and the W -boson from the
hadronically decayed t-quark, and (e) the distance 	R be-
tween the b-jet and the lepton from the semileptonically
decayed t-quark for the matched combinations (blue solid
line), non matched ones (red dashed line) and those that give
maximal likelihood (brown dash-dotted line) for t t̄H0 →
b�ν̄�b̄jjτ+τ−. The final t t̄ system likelihood ln(LW ) is
shown in Fig. 4.7(f).

23Distributions are normalized to unity.
24For channels 4 and 5.
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Table 4.4 The High Level Trigger (HLT) menu for the low and high
luminosity conditions. “Electron (1) or (2)” (for instance) means that
the trigger condition is either one electron with the pT > 25 GeV (for
low luminosity), or two electrons both having pT > 15 GeV. “Elec-
tron + muon” means that the trigger condition is one electron with the
pT > 15 GeV and one muon with the pT > 10 GeV (low luminosity)

Selection Low luminosity High luminosity

Electron (1) pT (e1) > 25 GeV, pT (e1) > 30 GeV

or (2) pT (e2) > 15 GeV pT (e2) > 20 GeV

Muon (1) pT (μ1) > 20 GeV, pT (μ1) > 20 GeV,

or (2) pT (μ2) > 10 GeV pT (μ2) > 10 GeV

Electron pT (e1) > 15 GeV pT (e1) > 15 GeV

+Muon and pT (μ1) > 10 GeV and pT (μ1) > 10 GeV

Jets (1) pT (j1) > 400 GeV, pT (j1) > 590 GeV,

or (3) pT (j3) > 165 GeV, pT (j3) > 260 GeV,

or (4) pT (j4) > 110 GeV pT (j4) > 150 GeV

Jet pT (j1) > 70 GeV pT (j1) > 100 GeV

+p/T and p/T > 70 GeV and p/T > 100 GeV

τj pT (τj ) > 35 GeV pT (j1) > 60 GeV

+p/T and p/T > 45 GeV and p/T > 60 GeV

4.6 Final reconstruction and comparison between full
and fast simulation

As an example we describe here the final reconstruction of
channel 5, t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ . A com-
parison of the full and the fast simulation is presented,
for a data set corresponding to an integrated luminosity of
30 fb−1. The detailed analyses of all channels, including
channel 5, are given in Sects. 5.1, 5.2 and 5.3.

Events are preselected if they fulfill the topology require-
ment: 2 b-tagged jets, one τ -tagged jet, two light jets and
two leptons (the default cuts are pT > 5 GeV and |η| < 2.5
except for jets, where the requirements are pT > 15 GeV,
and |η| < 5 for light and |η| < 2.5 for τ and b jets). Every
event is required to satisfy at least one High Level Trig-
ger (HLT) condition. These conditions are shown in Ta-
ble 4.4 for low and high luminosity. We also require that
the hadronic W -boson and t-quark are successfully recon-
structed.25 We compare several properties of the recon-
structed objects in the full and fast simulation. This is shown
in Fig. 4.8 for pT of the first lepton (a), pT of the τj (b), pT

of the first b-jet (c), and pT of the first jet from W (d). The
comparisons of the masses of the reconstructed W -boson
and t-quark are shown in Fig. 4.8(e) and (f). Finally, Fig-
ure 4.9 shows the invariant mass of the τ -jet and lower-
energy lepton (that is the lepton originating from τ in 70%
of the cases). One can see a fair agreement between the var-

25We use a constrained fit method for the W reconstruction, and mini-
mization of the |mtop − mbW | for the top reconstruction at this point.

Fig. 4.8 The distributions of the: (a) transverse momentum of the
higher energy lepton, (b) transverse momentum of the τ -jet, (c) trans-
verse momentum of the higher energy b-jet, (d) transverse momen-
tum of the higher energy jet from W -boson, (e) mass of the W -boson
from the hadronically decayed t -quark, and (f) mass of the hadron-
ically decayed t -quark, for events simulated with the fast simula-
tion (red dashed line) and the full simulation (blue solid line) in the
t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ channel. All distributions are
normalized to 30 fb−1. For parts (c)–(f) we required only reconstruc-
tion of light and b-jets, W -boson and top quark, for part (b) we required
also τ -jet, and for part (a) also a lepton

Fig. 4.9 The distribution of the invariant mass of the τ -jet and the
lower energy lepton in the fast (red dashed line) and the full simulation
(blue solid line) in the t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ channel.
All distributions are normalized to 30 fb−1

ious reconstructions in the full (blue solid line) and the fast
(red dashed line) simulation.

This agreement exists also quantitatively. To demonstrate
it, we performed a simple cuts based analysis on channel 5
using t t̄ → b�ν̄�b̄jj as the dominant background. The cut
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Table 4.5 The number of expected events for 30 fb−1 after simple
cuts for t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ (mH = 120 GeV) sim-
ulated with the full and the fast simulation, and for the t t̄ → b�ν̄�b̄jj

simulated with the fast simulation. Reconstruction in the second row
means that the event is fully reconstructed, i.e. it contains 2 leptons, 2
b jets, one τ jet and missing energy. The qlep(τ ) is charge of the lepton
(τ jet)

Cut flow Signal Signal Background

fast full (t t̄ → b�ν̄�b̄jj )

Reconstruction 14.1 17.3 341

Trigger 13.9 17.1 330

W reconstruction 11.3 10.4 270

Top reconstruction 7.0 6.7 134

ΣpT (t t̄) > 300 GeV 6.3 6.0 88

pT (lep) > 18 GeV 3.6 3.6 6

qlep · qτ < 0 2.8 2.7 3.1

qlep · qlep > 0 1.4 1.2 1.5

mH > 40 GeV 1.3 1.1 0.7

flow is given in Table 4.5 where a good agreement is seen at
each stage.

Although the fast simulation suffers from various issues
mainly concerning isolation and object tagging it is shown
that, after the same cuts, both the distributions and the num-
ber of expected events agree. We therefore conclude that the
fast simulation can be used for the purpose of this analysis,
namely, checking the feasibility of the concerned channels.

5 Analysis

In this section channels 2, 4, and 5 are described in detail.
Every event is required to pass corresponding topology and
trigger conditions. We further require that the t t̄ system is
successfully reconstructed26 and that some preselection re-
quirements are fulfilled.

For the analysis we use a multivariate technique. For all
events that pass the topology, trigger and some preselection
requirements, we use a discriminant ln(LH ), where LH is
defined as:

LH =
∏

pdf(VSig)∏
pdf(VBkg)

(5.1)

where VSig and VBkg stand for the variables that enter the
likelihood calculation, for signal and background respec-
tively. For the background we use the dominant source,
which is t t̄ production.

26We use a multivariate technique in this part (see Sect. 4.5).

Fig. 5.1 The transverse momenta of the lepton (a) and τj (b), the
missing momentum (c), and the ln(LW ) (d) for the signal events
(blue solid line), and for the t t̄ → b�ν̄�b̄jj (red dotted line) and the
t t̄ → bjj b̄jj (magenta dashed line) background processes. Only the
backgrounds affected with the cut are shown in the corresponding part
of the figures. All distributions are normalized to unity

5.1 Channel 2

Channel 2, t t̄H → t t̄ τ+τ− → bjj b̄jjτj ν̄τ �ν̄�ντ , contains
one τ -jet, two b-jets, four light jets, one energetic lepton
and missing energy. The fact that both t-quarks in the signal
decay hadronically has two important consequences:

1. Both t-quarks can be fully reconstructed.
2. The total physical27 missing energy originates in the

Higgs boson. That enables to reconstruct the real mass
of the Higgs boson using a collinear approximation (see
Appendix C).

The dominant backgrounds are t t̄ with both t-quarks decay-
ing hadronically, t t̄ → bjj b̄jj , or one decays semileptoni-
cally and the other hadronically, t t̄ → b�ν̄�b̄jj . To suppress
background, we applied the following preselection cuts:

– The reconstructed Higgs mass28 is in a window between
0 and 250 GeV. This variable is also an input variable to
the Likelihood and it is shown in Fig. 5.3(b).

– The charges of the τ -jet and the lepton must be opposite.
– The transverse momentum of the lepton is larger than

10 GeV (Fig. 5.1(a)). This cut is introduced to suppress
background events with no isolated leptons.

– The transverse momentum of the τ -jet is larger than
35 GeV (Fig. 5.1(b)). The real τ -jets tend to have higher
transverse momenta than the fake ones.

27The physical missing energy originates in neutrinos. The non-
physical can be detector related.
28Where we use a collinear approximation to reconstruct the Higgs
mass.
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Fig. 5.2 The reconstructed masses of the first W -boson (a), the first
t -quark (b), the second W -boson (c), and the second t -quark (d) for
the signal events (blue solid line), and the t t̄ → b�ν̄�b̄jj (red dotted
line) background process. All distributions are normalized to unity

– The missing pT is larger than 20 GeV (Fig. 5.1(c)). This
cut should reject events without any real missing energy.

– ln(LW ) > 0.75 (defined in 4.5) (Fig. 5.1(d)).
– The mass of the first reconstructed W -boson29 is between

60 and 110 GeV (Fig. 5.2(a)).
– The mass of the second reconstructed W -boson30 is be-

tween 40 and 110 GeV (Fig. 5.2(c)).
– The masses of both t-quarks are between 140 and

210 GeV (Fig. 5.2(b) and (d)).

The t t̄ → bjj b̄jj system is fully reconstructed in t t̄H →
t t̄ τ+τ− → bjj b̄jjτj ν̄τ �ν̄�ντ (signal) events. Cuts on the W

and top variables are introduced to suppress events without
two top quarks that decayed hadronically like t t̄ → b�ν̄�b̄jj

as well as t t̄ → bjj b̄jj events without Higgs boson.
For the determination of the likelihood the t t̄ → b�ν̄�b̄jj

events serve as a background. The input variables for the
discriminant likelihood are:

– The transverse mass of the lepton31 and missing pT , de-
fined as

mT (lp/T ) ≡
√(∣∣pT (l)

∣∣ + |p/T |)2 − |−→pl + −→
p/T |2. (5.2)

In the t t̄ → b�ν̄�b̄jj events, most of the missing energy
originates in W → �ν̄� decay, while in the signal events
the biggest part of the missing energy originates in τl de-
cays. It is expected that mT (lp/T ) would have an edge at
mW for the t t̄ → b�ν̄�b̄jj events, and would peak toward
zero for the signal events. This is shown in Fig. 5.3(a).

29The first reconstructed t -quark is the one with the more energetic
b-jet. The corresponding W -boson is called the first.
30The second reconstructed t -quark is the one with the less energetic
b-jet. The corresponding W -boson is called the second.
31The mass of the lepton is neglected.

Fig. 5.3 The input variables for the LH : (a) the transverse mass of the
lepton and neutrino, (b) the reconstructed Higgs mass, (c) xl , (d) the
distance between lepton and τj , (e) maximal 	φ between lepton or τj ,
and missing pT , and (f) 	φ between reconstructed Higgs boson and
missing pT . The distributions are shown for the signal events (blue
solid line), and the t t̄ → b�ν̄�b̄jj (red dotted line) background process.
All distributions are normalized to unity

– The reconstructed Higgs mass shown in Fig. 5.3(b) (see
Appendix C). In order to further suppress backgrounds,
especially the irreducible Ztt̄ → τ+τ−t t̄ , the likelihood
is set to zero if the reconstructed Higgs mass is smaller32

than 100 GeV or larger than 170 GeV.
– xl , i.e. the fraction of the energy of the leptonically de-

cayed τl carried by neutrinos from that decay shown in
Fig. 5.3(c) (see Appendix C). The likelihood is set to zero
if either xl or xh, i.e. the fraction of the energy of the
hadronically decayed τl carried by ντ , are larger than 1.

– The following distances:
– 	Rτj l between the τ -jet and the lepton. In the signal

events, the τ -jet and the lepton originate from the same
particle, the Higgs boson and it is expected that their
distance is smaller in the signal than in the t t̄ events
(Fig. 5.3(d)).

– 	Rjj2 between the light jets from the W -boson. It is
assumed that the jet matching is better in the signal
events than in the t t̄ .33 Also, there is less phase space in

32For a Higgs mass of 110 GeV, the lower limit was set to 92 GeV, and
for a Higgs mass of 130 GeV to 105 GeV.
33t t̄ → b�ν̄�b̄jj is the biggest background for this channel. The as-
sumption is that the signal is fully reconstructed, while in the back-
ground, some of the objects are randomly assigned to the top quark
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Table 5.1 Signal efficiencies for channel 2, t t̄H → t t̄ τ+τ− →
bjj b̄jjτj ν̄τ �ν̄�ντ . The second line shows efficiency for the events that
are reconstructed, triggered and pass the topology requirement

mH (GeV) 110 120 130

Initial number of events (%) 100 100 100

Reconstructed events (%) 7.0 10.9 19.7

Final number of events (%) 0.19 0.32 0.26

the signal than in the t t̄ events. Thus, we expect that this
distance is smaller in the signal than in the t t̄ events.
We use the distance between the jets that correspond to
the second W -boson.

– 	RbW1 between the b-jet and the reconstructed W -
boson. This distance is smaller in the signal than in the
t t̄ events.34 We use the distance between the b-jet and
the W that correspond to the first t-quark.

– The following angular distances in the transverse plane:
– The minimal and maximal 	Φ between τj or lepton,

and the missing momentum (the maximal one is shown
in Fig. 5.3(e)). The missing momentum in the signal
events originates in the neutrinos from the τ -leptons
from the Higgs boson decays. Thus we expect that the
missing momentum is closer to the products of the τ -
leptons decays (lepton and τ -jet) in the signal than in
the background events.

– 	Φ between the visible Higgs boson (lτj )35 and the
missing momentum. In the signal events complete
missing energy originates in the Higgs boson. Thus,
it is expected that the �p/T and visible Higgs boson are
closer in the signal than in the background (Fig. 5.3(f)).

– 	Φ between the reconstructed t t̄ system and the miss-
ing momentum. There is no missing energy originating
in the t t̄ system in the signal events. Thus, the recon-
structed t t̄ system and �p/T are more back-to-back in the
signal events.

The resulting discriminant for mh = 120 GeV is shown
in Fig. 5.4. For both mh = 110 GeV and mh = 130 GeV, the
likelihood was slightly changed.36 The events are accepted
if ln(LH ) > 2.5 for mh = 110 GeV and mh = 120 GeV, and
if ln(LH ) > 2.1 for mh = 130 GeV. Final signal efficiencies
are given in Table 5.1. Results for 30 fb−1 are shown in Ta-
ble 5.2. The t t̄ background contributes more than 80% to the
total background (Table 5.3).

reconstruction (there is no second true hadronic t -quark in the biggest
background).
34With the inclusion of t t̄ + jets this might change, and it might be
possible that this variable becomes obsolete.
35Sum of the τ -jet and lepton.
36The reconstructed mass of the Higgs boson is changed.

Table 5.2 The number of expected events for the signal and the
total background for 30 fb−1 for channel 2, t t̄H → t t̄ τ+τ− →
bjj b̄jjτj ν̄τ �ν̄�ντ . S/B and S/

√
B are also given. Only the statistical

errors are shown

mH (GeV) Signal Background S/B S/
√

B

110 0.77 ± 0.11 0.72 ± 0.35 1.07 0.91

120 0.93 ± 0.10 0.82 ± 0.41 1.13 1.03

130 0.45 ± 0.06 0.77 ± 0.39 0.58 0.51

Table 5.3 The dominant background sources for channel 2, t t̄H →
t t̄ τ+τ− → bjj b̄jjτj ν̄τ �ν̄�ντ , (in %)

mH (GeV) t t̄ (%) Zt t̄(%) Zt t̄(%)

Z → τ+τ− Z → τ+τ−

t t̄ → b�ν̄�b̄jj t t̄ → bjj b̄jj

110 79 3 18

120 84 3 13

130 89 3 8

Fig. 5.4 The resulting likelihood LH for the signal with
mH = 120 GeV (blue solid line), and the t t̄ → b�ν̄�b̄jj (red
dotted line) and the t t̄ → bjj b̄jj (magenta dashed line) background
processes. All distributions are normalized to 30 fb−1

5.2 Channel 4

Channel 4, t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ τj ντ , contains
two τ -jets, two b-jets, two light jets, one energetic lep-
ton and missing energy. The dominant background is t t̄ →
b�ν̄�b̄jj . In order to suppress the background we applied the
following preselection cuts:

– The charges of the two τ -jets must be opposite to remove
fake τ -jets.

– The transverse momenta of the τ -jets should fulfill
pT (τj 1) > 50 GeV and pT (τj 2) > 30 GeV (Fig. 5.5(a)
and (b)). The real τ -jets tend to have higher transverse
momenta than the fake ones.

– The transverse momentum of the lepton is larger than
10 GeV (Fig. 5.5(c)). This cut is introduced to suppress
events with no real leptons.
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Fig. 5.5 The transverse momenta of the first τ -jet (a), the second
τ -jet (b), the lepton (c), and the missing transverse momentum (d) for
the signal events (blue solid line), and for the t t̄ → b�ν̄�b̄jj (red dotted
line), the t t̄ → b�ν̄�b̄�ν� (magenta dashed line) and the t t̄ → bjj b̄jj

(black dash-dotted line) background processes. All distributions are
normalized to unity

– The missing pT must be larger than 30 GeV (Fig. 5.5(d)).
This cut is introduced to reject events without real missing
momentum.

– ln(LW ) > 0 (Fig. 5.6(a)).
– The invariant mass of the lepton and b-jet from the semi-

leptonic t-quark decay mtl > 30 GeV (Fig. 5.6(b)).
– The mass of the reconstructed W -boson from the hadron-

ically decayed t-quark is between 40 and 110 GeV
(Fig. 5.6(c)).

– The mass of the reconstructed hadronically decayed t-
quark is between 135 and 210 GeV (Fig. 5.6(d)).

The t t̄ → b�ν̄�b̄jj system is fully reconstructed in t t̄H →
t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ τj ντ (signal) events. Cuts on the W

and top variables are introduced to suppress events without
two top quarks out of which one decayed hadronically and
the other semileptonically as well as t t̄ → b�ν̄�b̄jj events
without Higgs boson.

The input variables for the discriminant likelihood are:

– The transverse mass of the lepton and missing transverse
momentum (5.2). In the t t̄ → b�ν̄�b̄jj events most of the
missing transverse momentum is coming from W → �ν̄�

decay, while in the signal events a significant part of the
missing transverse momentum originates in τl → τj ντ .
This is shown in Fig. 5.7(a).

– The transverse momentum of the hadronically decayed t-
quark (Fig. 5.7(b)).

Fig. 5.6 The ln(LW ) (a), the invariant mass of the lepton and b-jet
from the semileptonically decayed t -quark (b), the mass of the recon-
structed W -boson from the hadronically decayed t -quark (c), and the
mass of the reconstructed hadronically decayed t -quark (d) for the sig-
nal events (blue solid line), and for the t t̄ → b�ν̄�b̄jj (red dotted line),
the t t̄ → b�ν̄�b̄�ν� (magenta dashed line) and the t t̄ → bjj b̄jj (black
dash-dotted line) background processes. All distributions are normal-
ized to unity

– The following distances:
– 	Rτj τj between the two τ -jets. This distance is

smaller in the signal than in the t t̄ events (Fig. 5.7(c)).
– 	RbW between the b-jet and the reconstructed W -

boson from the hadronically decayed t-quark. This dis-
tance is smaller in the signal than in the t t̄ events37

(Fig. 5.7(d)).
– The following angular distances in transverse plane:

– The minimal 	Φ between the τj and the missing mo-
mentum (Fig. 5.8(a)).38

– 	Φ between the lepton and the missing momentum
(Fig. 5.8(b)).

– 	Φ between the reconstructed visible Higgs boson39

and the missing momentum (Fig. 5.8(c)).
– 	Φ between the reconstructed visible Higgs boson

and the b-jet from the hadronically decayed t-quark40

(Fig. 5.8(d)).
– 	Φ between the reconstructed hadronically decayed t-

quark and the missing momentum (Fig. 5.8(e)).

37With the inclusion of t t̄ + jets this might change, and it might be
possible that this variable becomes obsolete.
38There are two τj in events, so we chose the smaller 	Φ .
39The sum of the two τ -jets.
40In the t t̄ → b�ν̄�b̄jj events both jets from W -boson are often tagged
as τ -jets.
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Fig. 5.7 The input variables for the LH : (a) the transverse mass of the
lepton and neutrino, (b) the transverse momentum of the reconstructed
hadronically decayed t -quark, pT (tH ), (c) the 	R between two τ -jets,
and (d) the 	R between the b-jet and the W -boson from the hadron-
ically decayed t -quark, for the signal events (blue solid line), and for
the t t̄ → b�ν̄�b̄jj (red dotted line) background process

– Finally, we have used the maximal 	η between the visible
Higgs boson and the reconstructed t-quark41 (Fig. 5.8(f)).

The resulting discriminant is shown in Fig. 5.9. For all
masses we accepted events if ln(LH ) > 1.3. For the mH =
110 GeV and mH = 120 GeV we required that the invariant
mass of the two τj , i.e. the visible Higgs mass, is between 50
and 140 GeV, while for mH = 130 GeV we set the mass win-
dow to (55, 140) GeV. The distribution of the visible Higgs
mass for mH = 120 GeV is shown in Fig. 5.10 before (a)
and after (b) the aforementioned cut on the likelihood. It can
be seen clearly that t t̄ events, where both jets from the W -
boson decay are tagged as τ -jets, have smaller values of the
likelihood, and, therefore, are cut off.

Final signal efficiencies are given in Table 5.4. The fi-
nal results for this channel for 30 fb−1 are shown in Ta-
ble 5.5. About 50% of the total background originates from
t t̄ events, and ∼40% is from the irreducible Ztt̄ → τ+τ−t t̄

(Table 5.6).

5.3 Channel 5

Channel 5, t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ , contains
one τ -jet, two b-jets, two light jets, two energetic lep-
tons and missing energy. The dominant backgrounds are
t t̄ where both top-quarks decay semi-leptonically, or one

41We consider the fully reconstructed hadronically decayed t -quark,
while for the semileptonically decayed t -quark, we encountered just
its visible part, i.e. tl = b + l.

Fig. 5.8 The input variables for the LH : (a) the minimal 	φ between
the τ -jet and the missing momentum, (b) 	φ between the lepton and
the missing momentum, (c) 	φ between the visible Higgs boson and
the missing momentum, (d) 	φ between the visible Higgs boson and
the b-jet from the hadronically decayed t -quark, (e) 	φ between the
hadronically decayed t -quark and the missing momentum, and (f) the
maximal 	η between the reconstructed visible Higgs boson and the
t -quark. The distributions are shown for the signal events (blue solid
line), and for the t t̄ → b�ν̄�b̄jj (red dotted line) background process.
All distributions are normalized to unity

Table 5.4 Signal efficiencies for channel 4, t t̄H → t t̄ τ+τ− →
b�ν̄�b̄jjτj ν̄τ τj ντ . The second line shows efficiency for the events that
are reconstructed, triggered and pass the topology requirement

mH (GeV) 110 120 130

Initial number of events (%) 100 100 100

Reconstructed events (%) 5.0 5.2 6.5

Final number of events (%) 0.23 0.42 0.33

decays semi-leptonically and the other hadronically, t t̄ →
b�ν̄�b̄�ν� and t t̄ → b�ν̄�b̄jj , respectively. In order to reduce
the background, we applied the following preselection cuts:
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Table 5.5 The number of expected events for the signal and the
total background for 30 fb−1 for channel 4, t t̄H → t t̄ τ+τ− →
b�ν̄�b̄jjτj ν̄τ τj ντ . S/B and S/

√
B are also given

mH (GeV) Signal Background S/B S/
√

B

110 0.56 ± 0.10 0.7 ± 0.26 0.8 0.67

120 0.71 ± 0.09 0.7 ± 0.26 1.01 0.85

130 0.35 ± 0.05 0.65 ± 0.25 0.54 0.43

Table 5.6 The dominant background sources for channel 4, t t̄H →
t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ τj ντ (in %)

mH (GeV) t t̄ (%) Zt t̄(%) Zt t̄(%)

Z → τ+τ− Z → τ+τ−

t t̄ → b�ν̄�b̄jj t t̄ → bτ ν̄τ b̄jj

110 49 41 10

120 49 41 10

130 52 37 11

Fig. 5.9 The resulting likelihood LH for the signal with
mH = 120 GeV (blue solid line), and for the t t̄ → b�ν̄�b̄jj

(red dotted line) and the t t̄ → b�ν̄�b̄�ν� (magenta dashed line)
background processes. All distributions are normalized to 30 fb−1

– The charges of the τ -jet and the lepton42 coming from the
other τ must be opposite.

– ln(LW ) > 0.5 (Fig. 5.11(a)).
– The missing pT is larger than 30 GeV (Fig. 5.11(b)). This

cut is introduced to suppress events without real missing
momentum.

– The transverse momenta of each of the leptons is larger
than 15 GeV (Fig. 5.11(c) and (d)).

– The mass of the reconstructed W -boson from the hadron-
ically decayed t-quark is between 40 and 110 GeV
(Fig. 5.11(e)).

42Since we reconstruct the complete t t̄ system, the lepton that is not
associated with the semileptonically decayed top quark, is assumed to
originate in the τ (see Sect. 4.5).

Fig. 5.10 The invariant mass of the two τ -jets (visible Higgs bo-
son) before (a) and after (b) cut on the likelihood (see text) for
mH = 120 GeV, shown for the signal on top of the backgrounds. All
distributions are normalized to 30 fb−1

Fig. 5.11 The distributions of the: (a) ln(LW ), (b) missing transverse
momentum, (c) transverse momentum of the lepton from the semi-
leptonically decayed t -quark, (d) transverse momentum of the lep-
ton from τ , (e) mass of the W -boson from the hadronically decayed
t -quark, and (f) mass of the hadronically decayed t -quark, for the sig-
nal events (blue solid line), and for the t t̄ → b�ν̄�b̄jj (red dotted line)
and the t t̄ → b�ν̄�b̄�ν� (magenta dashed line) background processes.
All distributions are normalized to unity
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Fig. 5.12 The distribution of the input variables of the likelihood: (a)
the transverse momentum of the τ -jet, (b) the sum of the transverse
momenta of the t t -system and missing momentum (see text), (c) the
distance 	R between jets from the W -boson, (d) the transverse dis-
tance 	φ between missing momentum and visible part of the Higgs
boson, (e) the 	η between τ -jet and lepton coming from the other τ ,
and (f) the 	η between the b-jet and the W -boson from the hadroni-
cally decayed t -quark. The distributions are shown for the signal events
(blue solid line), and for the t t̄ → b�ν̄�b̄�ν� (magenta dashed line)
background process. All distributions are normalized to unity

Table 5.7 The number of expected events (for 30 fb−1) for the sig-
nal t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ , and the backgrounds t t̄ →
b�ν̄�b̄jj and t t̄ → b�ν̄�b̄�ν�, before and after the “same lepton charge”
cut, but before the cuts on the Likelihood and the Higgs mass

Signal t t̄ → b�ν̄�b̄jj t t̄ → b�ν̄�b̄�ν�

Before same

lepton charge cut 3.7 ± 0.2 19.8 ± 2.0 164 ± 3.3

After same

lepton charge cut 1.9 ± 0.1 6 ± 1.1 1.4 ± 0.4

Efficiency (%) 50 30 1

– The mass of the reconstructed hadronically decayed t-
quark is between 130 and 210 GeV (Fig. 5.11(f)).

The t t̄ → b�ν̄�b̄jj system is fully reconstructed in t t̄H →
t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ (signal) events. Cuts on the
W and top variables are introduced to suppress events with-
out two top quarks that decayed semileptonically like t t̄ →
b�ν̄�b̄�ν� as well as t t̄ → b�ν̄�b̄jj events without Higgs bo-
son.

Fig. 5.13 The distribution of the final likelihood ln(LH ) normalized to
unity (a), normalized to corresponding cross-sections before the same
lepton charge cut (see the text for the explanation) (b) and after the
same lepton charge cut (d), and the product of the charges of the two
leptons, for the signal (blue solid line), and for the t t̄ → b�ν̄�b̄jj

(red dotted line) and the t t̄ → b�ν̄�b̄�ν� (magenta dashed) back-
ground processes. Product of the lepton charges, q(l1) ∗ q(l2), is also
shown (c)

Table 5.8 Signal efficiencies for channel 5, t t̄H → t t̄ τ+τ− →
b�ν̄�b̄jjτj ν̄τ �ν̄�ντ . The second line shows efficiency for the events
that are reconstructed, triggered and pass the topology requirement

mH (GeV) 110 120 130

Initial number of events (%) 100 100 100

Reconstructed events (%) 7.0 7.5 8.1

Final number of events (%) 0.38 0.55 0.4

Table 5.9 The number of expected events for the signal and the
total background for 30 fb−1 for channel 5, t t̄H → t t̄ τ+τ− →
b�ν̄�b̄jjτj ν̄τ �ν̄�ντ , after all cuts. S/B and S/

√
B are also given

mH (GeV) Signal Background S/B S/
√

B

110 1.0 ± 0.12 1.07 ± 0.21 0.93 0.97

120 1.01 ± 0.10 1.07 ± 0.21 0.94 0.98

130 0.45 ± 0.05 0.94 ± 0.23 0.48 0.46

For the determination of the likelihood the t t̄ → b�ν̄�b̄�ν�

events serve as a background. The input variables for the
discriminant likelihood are:

– The transverse momentum of the τ -jet. This is shown in
Fig. 5.12(a).

– The scalar sum of the transverse momenta of the visible
particles from the t t̄ system and the missing momentum
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Table 5.10 The dominant
background sources for channel
5 t t̄H → t t̄ τ+τ− →
b�ν̄�b̄jjτj ν̄τ �ν̄�ντ (in %)

mH (GeV) t t̄ (%) Zt t̄(%) Zt t̄(%) Zt t̄(%) Zt t̄(%)

Z → τ+τ− Z → e+e−,μμ Z → τ+τ− Z → e+e−,μμ

t t̄ → b�ν̄�b̄jj t t̄ → b�ν̄�b̄jj t t̄ → bτ ν̄τ b̄jj t t̄ → bτ ν̄τ b̄jj

110 26 40 10 15 9

120 26 40 10 15 9

130 30 35 13 13 9

Table 5.11 The number of expected events for the signal and the total
background for 30 fb−1 for the combined three channels under consid-
eration. S/B and S/

√
B are also given

mH (GeV) Signal Background S/B S/
√

B

110 2.33 ± 0.19 2.42 ± 0.48 0.96 1.50

120 2.61 ± 0.17 2.61 ± 0.53 1.0 1.62

130 1.23 ± 0.09 2.53 ± 0.52 0.46 0.77

Fig. 5.14 The invariant mass m�τ τj of the signal on top of the back-

grounds for 30 fb−1 and mH = 120 GeV

(Fig. 5.12(b)):

pT (t t̄ + p/T ) ≡ pT (l1) + pT (b1)

+ pT (b2) + pT (j1) + pT (j2) + p/T (5.3)

Even though this paper is a feasibility study for the
low luminosity benchmark case (30 fb−1), a preliminary
fast simulation study of the high luminosity is performed.
Though, one is tempted to believe that increasing the lu-
minosity by a factor x would result in an increase of a
S/

√
B by a factor of

√
x, this is not the case. When the

luminosity is increased the pile up becomes a major is-
sue. At the design luminosity of 1034 cm2 s−1, an av-
erage 23 minimum bias events are expected per bunch-
crossing. The minimum bias events with small transverse
momenta arise from long-range p-p interactions. They
can be viewed as a bath of energy superposed on the hard
scattering of interest, a phenomenon known as pile-up.

– The distance, 	R, between the light jets that originate in
the W -boson (Fig. 5.12(c)). The light jets are closer in the
signal than in the t t̄ events.

– The following angular distances in the transverse plane:
– 	Φ between the Higgs boson43 and the missing mo-

mentum (Fig. 5.12(d)).
– 	Φ between the reconstructed hadronically decayed t-

quark and the missing momentum.
– Finally, we use 	η between the following reconstructed

objects:
– The τ -jet and the lepton coming from the other τ

(Fig. 5.12(e)).
– The b-jet and the reconstructed W coming from the

hadronically decayed t-quark (Fig. 5.12(f)).

The resulting discriminant is shown in Fig. 5.13(a). Note
that the distributions are normalized to 1. When normal-
ized to the corresponding cross-sections (Fig. 5.13(b)), it
appears that t t̄ → b�ν̄�b̄�ν� (magenta dashed line) is by
two orders of magnitude larger than the signal (blue solid
line) and t t̄ → b�ν̄�b̄jj (red dotted line). To suppress this
background, and also Z + X → �+�− + X, we require that
both leptons have the same charge (Fig. 5.13(c)). The effi-
ciency of this cut for the signal, and the t t̄ → b�ν̄�b̄jj and
t t̄ → b�ν̄�b̄�ν� backgrounds is given in Table 5.7. The fi-
nal discriminant after this cut is shown in Fig. 5.13(d). We
require that ln(LH ) > 2.6. Figure 5.14 shows the “Higgs
mass”, i.e. invariant mass of the τ -jet and lepton coming
from τ . We count events if the Higgs mass is between 40 and
120 GeV. Final signal efficiencies are given in Table 5.8. Re-
sults for three Higgs masses are shown in a Table 5.9. About
40% of the total background is irreducible Ztt̄ → τ+τ−t t̄ ,
and ∼26% originates in t t̄ events (Table 5.10).

5.4 Combined results for the low luminosity (30 fb−1)

The combined results for all three channels under consider-
ation are given in Table 5.11.

6 High luminosity

It is found that the performance of the tau-algorithm wors-
ened. Figure 6.1 shows the characteristic variables for the

43Here, the Higgs boson is the pseudo particle defined by the sum of
the τ -jet and lepton originating from the other τ .
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Fig. 6.1 The characteristic variables for the fast τ -tagging: (a) the
electromagnetic radius REM for 30 < pT < 45 GeV, (b) the elec-
tromagnetic radius for 80 < pT < 120 GeV, (c) the transverse mo-
mentum, pT , of the candidate τ -jet, and (d) the number of charged
tracks, shown for the low luminosity matched (blue solid line) and
non-matched (red dotted line) jets, and the high luminosity matched
(green dash-dotted line) and non-matched (magenta dashed line) jets.
All distributions are normalized to unity

fast τ -tagging. It can be seen that the electromagnetic radius
shown in Fig. 6.1(a) and (b) becomes smaller when the high
luminosity condition is applied. The effect is more dramatic
for non-matched jets. Also, the pT spectrum of non-matched
jets is harder (Fig. 6.1(c)). One can either keep the same ef-
ficiency of the τ -tagging, or the same rejection against light
jets (Fig. 6.2). Analysis is performed in both cases and it is
found that keeping the same rejection gives slightly better
overall results (Table 6.1).

Moreover, the trigger conditions are tighter (see Ta-
ble 4.4). The performance of channel 4, t t̄H → t t̄ τ+τ− →

Fig. 6.2 The efficiency and rejection of the tau-algorithm for the low
luminosity (blue solid line), and for the high luminosity when cuts for
the tagging of the τ -jet are not changed (magenta dashed line), and
when they are changed in order to preserve the rejection (red dotted
line)

Table 6.1 The expected number of events at several stages of the analysis, for the low and high luminosity when two different criteria for the
τ -tagging are adopted. “rec pass” means that topology requirement, i.e. 2 b-jets, 1 τ -jet, 1 lepton and 2 light jets, is fulfilled. In columns 3, 5 and
7 percentage is given with respect to the previous row

Signal High (300 fb−1) Low (30 fb−1)

Same τ efficiency Same rejection

Events % Events % Events %

N0 1.422 × 104 100 1.422 × 104 100 1.422 × 103 100

1 τ -jet 3192.99 22.45 2783.96 19.58 351.12 24.69

rec pass 124.51 3.9 109.07 3.9 19.58 5.6

Final 4.03 3.2 3.66 3.4 1.01 5.1

t t̄ → b�ν̄�b̄jj

N0 6.45 × 107 100 6.45 × 107 100 6.45 × 106 100

1 τ -jet 4.648 × 106 7.21 3.745 × 106 5.81 4.937 × 105 7.5

rec pass 8127 0.18 6192 0.17 1115.85 0.22

Final 1.86 2.3 × 10−2 1.24 2 × 10−2 0.19 1.7 × 10−2

t t̄ → b�ν̄�b̄�ν�

N0 1.56 × 107 100 1.56 × 107 100 1.56 × 106 100

1 τ -jet 1.381 × 106 8.85 1.208 × 106 7.75 1.456 × 105 9.33

rec pass 1.853 × 104 1.4 1.538 × 104 1.3 2349.36 1.6

Final 1.35 1.7 × 10−3 0.9 6 × 10−3 0.09 4 × 10−3

Overall results

S/B 0.56 0.65 0.94

S/
√

B 1.5 1.54 0.98
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Fig. 6.3 The resulting likelihood LH for the signal with
mH = 120 GeV (blue solid line), and the t t̄ → b�ν̄�b̄jj (red
dashed line) background process for high luminosity, i.e. 300 fb−1

Fig. 6.4 The resulting likelihood LH for the signal with
mH = 120 GeV (blue solid line), and for the t t̄ → b�ν̄�b̄jj

(red dotted line) and the t t̄ → b�ν̄�b̄�ν� (magenta dashed line)
background processes for high luminosity, i.e. 300 fb−1

Table 6.2 The number of expected events for the signal and
the background for 300 fb−1 for channel 2, t t̄H → t t̄ τ+τ− →
bjj b̄jjτj ν̄τ �ν̄�ντ . S/B and S/

√
B are also given

mH (GeV) Signal Background S/B S/
√

B

110 1.92 1.73 1.11 1.46

120 1.60 1.54 1.05 1.30

130 0.71 1.22 0.58 0.64

b�ν̄�b̄jjτj ν̄τ τj ντ worsened too much and we dropped it
from the calculation of the final result.

6.1 Channel 2, t t̄H → t t̄ τ+τ− → bjj b̄jjτj ν̄τ �ν̄�ντ

We optimized the analysis for the high luminosity condi-
tions. The following preselection cuts were changed:

– The cut on the transverse momentum of the τ -jet was
raised to 50 GeV.

– The cut on the missing pT was raised to 35 GeV.
– The cut on the ln(LW) was raised to 1.5.
– The mass of both reconstructed W -boson was required to

be between 40 and 110 GeV.

Fig. 6.5 The invariant mass m�τ τj of the signal on top of the back-

grounds for 300 fb−1 and mH = 120 GeV

Table 6.3 The number of expected events for the signal and
the background for 300 fb−1 for channel 5, t t̄H → t t̄ τ+τ− →
b�ν̄�b̄jjτj ν̄τ �ν̄�ντ . S/B and S/

√
B are also given

mH (GeV) Signal Background S/B S/
√

B

110 4.29 5.67 0.76 1.80

120 3.66 5.67 0.65 1.54

130 2.23 5.67 0.39 0.92

Table 6.4 The number of expected events for the signal and the back-
ground for 300 fb−1 for the combined two channels under considera-
tion. S/B and S/

√
B are also given

mH (GeV) Signal Background S/B S/
√

B

110 6.21 7.40 0.84 2.28

120 5.26 7.21 0.73 1.96

130 2.94 6.89 0.42 1.12

An additional variable used as an input for the LH was the
total scalar sum of the transverse momenta of the t t̄-system
ingredients:

pT (t t̄) ≡ pT (b1) + pT (b2) + pT

(
j

W1
1

)

+ pT

(
j

W1
2

) + pT

(
j

W2
1

) + pT

(
j

W2
2

)
(6.1)

The final likelihood for the mH = 120 GeV is shown in
Fig. 6.3. We count events if ln(LH ) > 6.6 for the Higgs
masses of 110 and 120 GeV and if ln(LH ) > 6.7 for the
Higgs mass of 130 GeV. The final result is given in Table 6.2.

6.2 Channel 5, t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ

For channel 5 the following preselection cuts were changed:

– The cut on the ln(LW ) was raised to 1.
– We cut on the distance between the τ -jet and the lepton

from the other τ , 	Rτj l < 2.5.
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Table 7.1 Systematic
uncertainties due to the
reconstruction of the fully
simulated events, from the
sources given in column 1 (see
text). The statistical uncertainty
is given in the last row. The
uncertainties are given after the
topology requirement
(column 2) and after the cuts
given in Table 4.5 except
qlep · qlep > 0 (column 3)

Source Systematic uncertainty Systematic uncertainty

after reconstruction (in %) after several cuts (in %)

b-tag 2.47 3.83

τ -tag 1.63 0

e-tag 1.31 0

e isolation 0.46 0

μ isolation 0 0

e energy 0 5.75

μ energy 0 5.75

Jet energy 0 10.81

Total systematics 3.27 14.06

Statistical uncertainty 6.7 19.25

Table 7.2 Systematic
uncertainties due to the analysis.
The statistical uncertainty is
given in the last row

Signal t t̄ → b�ν̄�b̄jj t t̄ → b�ν̄�b̄�ν� Total t t̄

N of events 1.74 6.60 0.9 7.54

Total systematics (in %) 4.20 2.94 7.08 2.05

Statistical uncertainty (in %) 7.69 17.15 31.62 15.33

The resulting discriminant is shown in Fig. 6.4. We require
that ln(LH ) > 0.6. Figure 6.5 shows the “Higgs mass”, i.e.
invariant mass of the τ -jet and the lepton coming from τ . We
count events if the Higgs mass is between 45 and 120 GeV.
The results for the three Higgs masses are shown in a Ta-
ble 6.3.

Combined results for the high luminosity Combined re-
sults for the two channels under consideration are given in
Table 6.4.

7 Systematic uncertainties

We consider the following sources of the systematic uncer-
tainties:

– Background uncertainties.
We compared t t̄ events generated with two generators,
PYTHIA and HERWIG 6.5 [27]. We obtained an uncer-
tainty of ∼7% for the events passing topology and trigger
requirements, and ∼25% for the events passing additional
analysis cuts.

We also compared t t̄ events generated with PYTHIA
with two different masses of the t-quark, mtop = 175 GeV
(that was the default mtop throughout our analysis) and
mtop = 178 GeV. The obtained uncertainty after topology
and trigger requirements was ∼5.8%, and after additional
analysis cuts ∼11%.

– Reconstruction and simulation uncertainties.
In order to estimate uncertainties due to the reconstruction

of the fully simulated events, we changed the tagging44 of
b-jets, τ -jets and electrons, and the isolation criteria for
the electrons and muons by moving the cut value by ±5%.
We also rescaled the energies of the electrons, muons and
jets by a factor (100 ± 5)%. The results are given in a Ta-
ble 7.1 for the events passing the topology requirement,
and those passing several other cuts.45 Statistical uncer-
tainties are given in the last row of the Table. The overall
uncertainty is 3.3% after the topology requirement, and
14.1% after several cuts, and they are within the statisti-
cal uncertainties.

– Analysis uncertainties.
In order to determine uncertainties due to the analysis, we
rescaled all input variables for the final likelihood LH .46

The results after loose cuts47 are shown in a Table 7.2. It
can be seen that the systematic uncertainties, 4.2% for the
signal and 2.1% for the t t̄ background are within statisti-
cal uncertainties.

44We slightly changed the cut values used for the tagging of different
objects as described in Sect. 4.
45All cuts given in Table 4.5 except qlep · qlep > 0 were applied.
46For the input variables to the likelihood we use probability density
functions of the corresponding histograms. In order to estimate the un-
certainties we have changed the coefficients of the functions by rescal-
ing such that the pdfs get closer, and then get further away from each
other.
47Cuts on the missing momentum, masses of the W boson and top
quark, and the LW are released. For the calculation of the systematics
we also reduce cut on the LH to 1.
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8 Background normalization

In order to reduce the dependence of the analysis on the the-
oretical calculations48 it is necessary to define Control sam-
ples, i.e. Signal free regions, to estimate the normalization
of the most influential backgrounds. The basic procedure is:

1. Extract the ratio of the number of events in the Signal
region and Signal free region from the simulated events
(MC data in the following).

2. Measure the number of events in the Signal free region
from the real data.

3. From the measured number of events in the Signal free
region (real data), and the obtained ratio (MC data), esti-
mate the number of events in the Signal region in the real
data.

The detailed description will be given in the following.

8.1 Channel 2

For channel 2, t t̄H → t t̄ τ+τ− → bjj b̄jjτj ν̄τ �ν̄�ντ , the
Signal region comprises the events that pass the final se-
lection as described in Sect. 5.1. The Signal free region is
defined with the following changes:

1. In the preselection cuts, the cut on the reconstructed
mass49 of the Higgs boson is set to 0 < mH < 350 GeV.

2. The reconstructed mass of the Higgs boson is removed
from the calculation of the final likelihood.

3. Events are counted if the ln(LH ) < 0, and mH < 95 GeV
or mH > 170 GeV.

The ratio of the background events in the Signal free region
and the Signal region is

rtt = σ Signal

σ Signal free
(8.1)

The expected number of events in the Signal region and the
Signal free region is given in Table 8.1.

8.2 Channel 5

For channel 5, t t̄H → t t̄ τ+τ− → b�ν̄�b̄jjτj ν̄τ �ν̄�ντ , the
Signal region comprises the events that pass the final selec-
tion as described in Sect. 5.3. The control samples are de-
fined as:

– Signal free region without the same lepton charge cut
(Sample 1)
For this sample we make the following changes:

48We have shown that the uncertainties on the t t̄ production can be as
high as ∼25%.
49Using the collinear approximation.

Table 8.1 The expected number of the signal and t t̄ events in the Sig-
nal region and Signal free region (see text). Uncertainties are also given

Signal t t̄

N of events 0.93 0.67

Signal region Statistical uncertainty (in %) 11% 58%

N of events 0.04 10.13

Signal free Statistical uncertainty (in %) 58% 14%

Systematics (in %) 40% 18%

Fig. 8.1 The 	φHEmiss distribution for the signal (enhanced by fac-
tor 5) on top of the t t̄ background for Sample 1 (a) and only the signal
distribution (b)

1. In the preselection cuts, the cut on the pT of the second
lepton is lowered from 15 GeV to 10 GeV.

2. The 	φHEmiss is removed from the likelihood calcula-
tion.

3. The cut on the invariant mass of the τ -jet and the lep-
ton originated from the second τ is dropped.

4. We do not require that both leptons have the same
charge.

This control sample is then defined requiring that
ln(LH ) < 0 and 	φHEmiss > 2. Figure 8.1(a) shows
	φHEmiss distribution for the signal (enhanced by factor 5)
on top of the t t̄ background for Sample 1. Only the signal
distribution is shown in Fig. 8.1(b).

– Signal free region with the same lepton charge cut (Sam-
ple 2)
This sample is identical as the previous one, except the
requirement 4. In this sample we do require that both lep-
tons have the same charge. Figure 8.2(a) shows 	φHEmiss

distribution for the signal on top of the t t̄ background
for Sample 2. Only the signal distribution is shown in
Fig. 8.2(b).

As shown in Table 8.2 the first sample contains t t̄ events
with both t-quarks decaying semileptonically (dominates
this sample), and with one t-quark decaying semilepton-
ically and the other one hadronically. The second sample
contains only t t̄ events with one t-quark decaying semilep-
tonically and the other one hadronically.

In order to determine the total number of the t t̄ events in
the Signal region, we define three quantities:



752 Eur. Phys. J. C (2009) 59: 731–754

Table 8.2 The expected
number of the signal and t t̄

events in the Signal region and
two Control Samples (see text).
Uncertainties are also given

Signal t t̄ → b�ν̄�b̄jj t t̄ → b�ν̄�b̄�ν�

N of events 1.01 0.19 0.09

Signal region Statistical uncertainty (in %) 10% 100% 100%

Signal free N of events 0.11 5.05 33.81

w/o the same Statistical uncertainty (in %) 30% 20% 5.3%

charge lepton cut Systematics (in %) 24% 29.5% 7.6%

Signal free N of events 0.04 2.14 0.09

with the same Statistical uncertainty (in %) 50% 30% 100%

charge lepton cut Systematics (in %) 25% 23% 100%

Fig. 8.2 The 	φHEmiss distribution for the signal on top of the t t̄ back-
ground for Sample 2 (requiring that both leptons have the same charge)
(a) and only the signal distribution (b)

1. The ratio of the t t̄ → b�ν̄�b̄�ν� cross-section in the Sig-
nal region and Sample 1:

rttsl = σ
signal region
ttsl

σ
Sample1
ttsl

. (8.2)

2. The ratio of the t t̄ → b�ν̄�b̄jj cross-section in the Signal
region and Sample 2:

rttslh = σ
signal region
ttslh

σ
Sample 2
ttslh

. (8.3)

3. The ratio of the t t̄ → b�ν̄�b̄jj cross-section in Sample 1
and Sample 2:

rS1
S2 = σ

Sample 1
ttslh

σ
Sample 2
ttslh

. (8.4)

To determine the number of the t t̄ events in the Signal re-
gion, the number of events in the two control samples should
be measured (real data). Let us denote the number of the
events in Sample 1 NS1

total, and number of the events in Sam-
ple 2 NS2

total. The number of t t̄ → b�ν̄�b̄jj events in the Sig-
nal region is then:

N
Signal region
ttslh

= NS2
total · rttslh . (8.5)

The number of t t̄ → b�ν̄�b̄jj events in Sample 1 is:

NS1
ttslh

= NS2
total · rS1

S2 . (8.6)

The number of t t̄ → b�ν̄�b̄�ν� events in the Signal region:

N
Signal region
ttsl

= rttsl · (NS1
total − NS1

ttslh

)
(8.7)

For the estimation of the systematic uncertainties given in
Table 8.2 we use the analysis uncertainties as described in
Sect. 7.

9 Conclusions

We performed a feasibility study of the t t̄H → t t̄ τ+τ−
channel. The signal events were reconstructed using the full
and the fast simulation of the ATLAS detector. It is shown
that both the distributions and the number of expected events
after the same cuts agree, and that the fast simulation can be
used (with care) to further develop the analysis.

We obtained a significance50 of 1.6σ for the low lumi-
nosity condition (30 fb−1) and mH = 120 GeV, and 2.0σ

for the high luminosity condition (300 fb−1) and mH =
120 GeV.

We conclude that this channel can only be used as a cor-
roborative channel for the determination of the top Yukawa
coupling, but not as a main or discovery channel. This con-
clusion can only be strengthen had we used the full simula-
tion with a more thorough systematics study. A refinement
of the analysis would require the inclusion of a dedicated
t t̄ + jets Monte Carlo which might be a critical background.
However, the inclusion of this background will not change
the null conclusion of this analysis.

50Significance is defined here as S/
√

(B). We are aware that for small
S and B this slightly overestimates the statistical significance, but the
difference is small and does not change our conclusions
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Appendix A: Electron identification likelihood
and artificial neural network

To construct Electron Identification using Likelihood and
Artificial Neural Network in the full simulation framework,
the following variables are used [24]:

1. The fraction of the total energy measured in the presam-
pler, E0/E.

2. The fraction of the total energy measured in the first sam-
pling of the EM Calorimeter, E1/E.

3. The fraction of the total energy measured in the second
sampling of the EM Calorimeter, E2/E.

4. The fraction of the total energy measured in the third
sampling of the EM Calorimeter, E3/E.

5. The ratio of the energy leakage into the first sampling of
the Hadronic Calorimeter, Eha/E.

6. The ratio of the uncorrected energies in a rectangular
shape measuring 3× 3 and 3 × 7 cells in the second sam-
pling of the EM Calorimeter, E33/E37.

7. The ratio of the uncorrected energies in 3 × 7 and 7 ×
7 cells in the second sampling of the EM Calorimeter,
E37/E77.

8. The ratio of the transverse energy measured in the
Calorimeter and the momentum measured by the Inner
detector (from tracking), E/pT .

In addition, we use the following track-matching quantities
in the analysis described in this paper:

– |	η| = |ηstrips − ηID|, where ηstrips is the position in the
first sampling of the EM Calorimeter, i.e. strips, and ηID

is the position in the Inner Detector.
– |	φ| = |φ2 − φID|, where φ2 is the position in the second

sampling of the EM Calorimeter and φID is the position
in the Inner Detector.

Appendix B: τ identification likelihood

To construct τ Identification Likelihood in the full simula-
tion, the following variables are used [26]:

1. Electromagnetic Radius given by:

REM =
∑n

i=1 ET i	Ri∑n
i=1 ET i

, (B.1)

where sum runs over all cells in the EM Calorimeter. ET i

is the transverse energy deposited in the ith cell and 	Ri

is the distance between the ith cell and τ -candidate axis.
2. The Isolation Fraction defined as the fraction of trans-

verse momentum within an annulus of 0.1 < 	R < 0.2:

FIso = pT (0.2) − pT (0.1)

pT (0.4)
. (B.2)

3. Number of associated tracks.
4. Charge of the τ -candidate.
5. Number of hits in the first sampling of the EM Calorime-

ter, i.e. η − strips.
6. The weighted strip width:

	η =
√∑n

i=1 ET i	η2
i∑n

i=1 ET i

. (B.3)

7. Lifetime signed impact parameter significance defined
as:

σIP = d0

σd0

· sign
(
sin(φcl − φtrack)

)
(B.4)

where d0 is the impact parameter in the transverse plane,
σd0 the corresponding error, and φcl and φtrack the posi-
tion of the τ -candidate axis and the highest pT track at
the point of the closest approach of the track.

8. The ratio of the transverse momentum of the τ -candidate
and the track with the highest pT .

Appendix C: The collinear approximation

When the τ -lepton has a high momentum, one can approx-
imate the direction of the neutrinos to be collinear with the
visible τ decay products.51 Then, the conservation of the to-
tal transverse momentum leads to:

(
p

τ1
T + p

τ2
T

) = p l
T

xl

+ p h
T

xh

= p l
T + p h

T + p/T , (C.1)

where

xl = ph
xpl

y − ph
ypl

x

ph
xpl

y − ph
ypl

x − ph
yp/x + ph

xp/y

,

xh = ph
xpl

y − ph
ypl

x

ph
xpl

y − ph
ypl

x − pl
yp/x + pl

xp/y

(C.2)

are the fractions of the parent τ -momentum carried by the
lepton-daughter or τ -jet-daughter. p l

T is the transverse mo-
mentum of the lepton-daughter, and p h

T is the transverse mo-
mentum of the τ -jet-daughter, and p/T is the missing trans-
verse momentum. Both xl and xh were required to be posi-
tive.52 Following these equations, the ττ invariant mass is:

m2
ττ = 2(El + Eνl

)(Eh + Eνh
)(1 − cos θ) = m2

lh

xlxh

, (C.3)

where mlh is invariant mass of the lepton-daughter and τ -
jet-daughter.

51The case when one τ -lepton decays hadronically (index h), and the
other leptonically (index l) is described.
52Negative values are non-physical.
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