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1 Introduction

The Standard Model of particle physics has been developed in the second half of the 20th

century. It is the foundation of elementary particle physics and describes all currently known
elementary particles, like the spin-1/2 fermions which form all known matter and three of the
four interactions which are mediated by spin-1 bosons. A description of gravity is not in-
cluded in the Standard Model. Several predictions, like the existence of the W and Z bosons
and the top quark could be confirmed by experiments until the beginning of the new century.
However, the particles in the Standard Model acquire their masses through the Higgs mecha-
nism. Until last year the last missing piece of the Standard Model, the existence of the Higgs
boson, had not been confirmed.
In Summer 2012 a new bosonic resonance with a mass of 126 GeV, compatible with the
Standard Model Higgs boson, was discovered independently by the ATLAS and CMS col-
laborations. The ATLAS and CMS experiments are located at the Large Hadron Collider,
a circular proton-proton collider with a design energy of

√
s = 14TeV. The discovery of the

new boson was based on the data taken in 2011 and the first half of 2012 at center-of-mass
energies of

√
s = 7TeV and

√
s = 8TeV, respectively. The most sensitive search channels

H→ ZZ∗→ llll, H→ γγ and H→WW ∗→ lν lν contributed most to the discovery.
So far no observation of the new boson has been possible in the H → τ+τ− or H → bb̄
search channels. Nevertheless, these channels are of special interest since they are the only
channels with noteworthy decay probability in which the Higgs-boson coupling to fermions
can be directly probed. The Higgs-boson decay into two tau leptons has a sizeable branching
ratio in the low mass region and is the only channel in which the coupling of the Higgs boson
to leptons can be directly probed. But since the tau lepton is the only lepton for which the
decay into hadrons is kinematically available, the final states of such decays include hadrons
and neutrinos. As a result the high sensitivity of the above mentioned discovery channels
cannot be reached in H→ τ+τ− with the current data.
The H→ τlτh channel, where one tau decays into an electron or muon and the corresponding
neutrinos and the other tau decays into hadrons and a tau neutrino, represents a reasonable
compromise between a clean signal, due to one lepton in the final state, and a high probabil-
ity of occurrence. The categorization of the H→ τlτh analysis into four categories is geared
to the kinematics of possible jets in the event. This thesis aims at the improvement of the
sensitivity in two channels of the H → τlτh analysis with low jet multiplicity, by exploiting
the substructure of the hadronically decaying tau.
The hadronic decay of the tau predominantly results in pions, only a small fraction of τh
decays into kaons. The decay into pions always results in an odd number of charged and
any number of neutral pions. A special algorithm is used to aquire information about the
neutral pions in a hadronic tau decay. This information is then used to build subcategories
depending on the pions involved in the tau decay. The background compositions and the
signal-to-background ratios of these subcategories are investigated. Expexted limits on the
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2 1 INTRODUCTION

Higgs-boson cross section are derived for the combination of the subcategories for Higgs-
boson masses in the range from 115 to 140 GeV. Those are compared to the corresponding
limits for the inclusive treatment of the pion-based subcategories. Also a new momentum
variable which treats neutral pions seperately to reconstruct the transverse momentum of the
tau is examined. It is investigated if this variable results in a better mass resolution when
reconstructing the mass of the lepton-τh system.
The studies presented in this thesis are based on the data collected by the ATLAS experiment
from January 2012 until mid September 2012 at a center-of-mass energy of

√
s = 8TeV. The

results of these studies may be generalized to other analyses which include hadronically de-
caying tau leptons.
In Chapter 2 an introduction to the Standard Model of particle physics as well as an intro-
duction to Higgs-boson physics at the LHC is given. Also the current knowledge of the
Higgs boson is discussed. The ATLAS detector is briefly discussed in Chapter 3. Chapter
4 focusses on the reconstruction and identification of objects in the ATLAS detector. Also
the algorithm is introduced, which is used to aquire information about neutral pions in a
hadronic tau decay. In Chapter 5 an overview of the H → τlτh analysis is given and its re-
sults are discussed. The studies and results on the investigation of the τhad substructure are
presented in Chapter 6.



2 Theoretical Background

2.1 The Standard Model of particle physics

The Standard Model of particle physics (SM) describes the elementary particles - the quarks
and leptons, as well as the subatomic interactions mediated by the vector bosons. Developed
in the 1960s and 1970s the SM is a quantum field theory which has proven predictive power.
Following the SM predictions, the vector bosons W± and Z were discovered in the last
third of the 20th century at CERN1. A new particle has been discovered in the summer of
2012 which is compatible with the Standard Model Higgs boson - the last missing particle
predicted by the SM.
This chapter gives an overview of the Standard Model, its predictions and limitations. The
following discussions are based on the corresponding chapters in Ref. [1].

2.1.1 Particles in the SM

The particle spectrum of the Standard Model includes quarks and leptons, which are the
building blocks of matter, and the vector bosons, which carry the interactions. Quarks and
leptons carry spin 1/2 and are therefore fermions, whereas the vector bosons carry spin 1. All
particles of the Standard Model are believed to be elementary.
Leptons as well as quarks appear in three generations, also called families (cf. Table 2.1). All
usual matter consists of particles from the first generation. The up (u) and down (d) quarks
form neutrons and protons, together with electrons (e) all atoms can be formed. The second
and third generation leptons differ from the first, only by the mass of the particles. Whereas
the electron has a mass of 0.511 MeV the muon (µ) mass is roughly 200 times, and the tau
(τ) mass even about 3500 times larger than the electron mass. Each lepton is accompanied
by its neutrino (ν). The second and third generation of quarks consist of the charm (c),
strange (s), top (t) and bottom, also called beauty (b) quark. From those, the top quark has
by far the largest mass, more than 180 times the mass of the proton. In the Standard Model
the neutrinos are treated as massless particles, although the discovery of neutrino oscillations
proves the opposite. However, the neutrino-mass scales are found to be very small, and do
not influence the prediction power of the Standard Model [2], [3].
For each particle exists an antiparticle, which, except for identical mass and spin, has re-
versed additive quantum numbers.
All fermions underlie the weak interaction. Quarks also underlie the strong interaction which
couples to the so called color charge2. The three additional degrees of freedom introduced

1Conseil Européen pour la Recherche Nucléaire - CERN: located near Geneva in Switzerland.
2The color charge as additional degree of freedom has been introduced with the quark model in 1964 and

could explain the existence of the ∆++-baryon. This particle has a spin of 3/2 and therefore combines three
u quarks with the same spin orientation in their ground state, which is forbidden by the Pauli principle [1]

3



4 2 THEORETICAL BACKGROUND

generation
I II III charge

leptons
e µ τ 1
νe νµ ντ 0

quarks
u c t +2/3
d s b -1/3

Table 2.1: Fermions of the Standard Model in three generations with corresponding electric charges.
These are given in units if the electron charge 1.6 · 10−19 C. The symbols are explained and referred
to in the text.

by the color charge for quarks are reflected by a SU(3) symmetry group.

The vector bosons of the Standard Model correspond to the interactions, and are also con-
sidered to be elementary. The photon (γ), gluon (g) and W (W±) and Z-boson (Z) are the
mediators of the electro magnetic-, strong- and weak interactions, respectively. Whereas
the photon and the gluons are massless, the W and Z bosons are found to have the masses
mW = 80.385± 0.015GeV and mZ = 91.1876± 0.0021GeV [4]. Those masses as well as
the masses of leptons and quarks, can be explained by introducing a so called Higgs field.
This leads to a spontaneous symmetry breaking which is discussed in more detail in Section
2.1.3.

2.1.2 Fundamental interactions in the SM

The fundamental interactions of the Standard Model are described mathematically using
quantum field theory and applying gauge symmetries. In Lagrangian field theory, particles
correspond to excited states of quantum fields and the creation and annihilation of particles
is described by operators. Interactions are dictated by local gauge symmetries, which impli-
cates the local conservation of physical quantities3.
In order to achieve local gauge invariance, the Lagrangian L has to be invariant under the
transformation

Ψ(x)→ eıα(x)
Ψ(x), (2.1)

where α(x) is a real parameter changing over space time and Ψ represents a spinor, a doublet
or a triplet of spinors for the U(1), SU(2) and SU(3) groups, respectively.
The following sections concentrate on the description of how local gauge invariance, with
respect to the U(1), SU(2) and SU(3) group or combinations of the latter, can be achieved.

Quantum electrodynamics - QED

The concept of restoring the local gauge invariance by introducing a gauge field shall be
explained on quantum electrodynamics as an example. In the case of QED, the local phase

3Resulting from the Noether theorem
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transformation introduced in equation 2.1 form the unitary abelian group4 U(1). The goal of
this section is therefore, to derive the Lagrangian LQED which describes the QED interaction
and is invariant under rotations in the U(1) space.
Resulting from the Dirac equation5, the Lagrangian of a free fermion with mass m can be
written as:

L = ıψ̄(γµ
∂µ −m)ψ, (2.2)

where ψ (ψ̄) is the (adjoint) Dirac spinor of a spin 1/2 field and γµ are the Dirac matrices [5].
However, the Lagrangian L of equation 2.2 is not invariant under the phase transformation
2.1:

L ′ = ıψ̄ ′(γµ
∂µ −m)ψ ′ (2.3)

= L − ψ̄γ
µ

ψ∂µα(x) 6= L . (2.4)

The local gauge invariance can be restored by replacing ∂µ with the modified derivative Dµ

that includes a massless gauge field Aµ which transforms according to the gauge transfor-
mation:

∂µ → Dµ = ∂µ + ıeAµ with Aµ → A′µ = Aµ −
1
e

∂µα(x) (2.5)

⇒ L
∂µ→Dµ= ψ̄(ıγµ

∂µ −m)ψ + eψ̄γ
µ

ψAµ . (2.6)

Now, L is invariant under local gauge transformations however, L in 2.6 lacks physical
interpretation. In order to identify Aµ as the physical photon field, a kinetic energy term
which has to be invariant under local U(1) phase transformations as well, must be added. The
term 1

4FµνFµν with the field strength tensor Fµν = ∂µAν −∂νAµ fulfills this requirement.
Adding the charge operator Q to account for the different charges of leptons and quarks, the
Lagrangian of QED reads as:

LQED = ıψ̄(γµ
∂µ −m)ψ + eQψ̄γ

µ
ψAµ −

1
4

FµνFµν . (2.7)

The achieved local gauge invariance would break down again by introducing a mass term
1
2m2AµAµ , therefore the gauge particle of the photon field - the photon - must be massless
and the range of the photon field infinite.

Quantum Chromodynamic - QCD

The theory of quantum chromodynamics describes the strong interaction, which affects quarks
and gluons. The QCD is represented by the non-abelian SU(3) group6 and Ψ represents a
triplet of Dirac spinors ψi. Due to SU(3), quarks and gluons have three additional degrees

4The group multiplication of an abelian group is commutative: U(α1)U(α2) = U(α2)U(α1)
5Dirac equation of a free spin-1/2 particle with mass m: ı∂µ γµ Ψ = mΨ [1]
6SU(3) is non-abelian because not all Ta commute with each other: [Ta,Tb] = ı fabcTc where fabc are structure

constants ( fabc ∈ R)
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of freedom which are identified with the concept of colorcharge. The components ψi of Ψ

correspond to three color fields:

Ψ =

ψR
ψG
ψB

 . (2.8)

In contrary to QED eight gauge fields Ga
µ have to be introduced to restore the symmetry under

the phase transformation Ψ(x)→ eıαa(x)TaΨ(x) because of the structure of the SU(3) group7.
The final gauge invariant Lagrangian for the interaction between quarks ψ and gluons Gµ

can be written as:

LQCD = Ψ̄(ıγµ
∂µ −m)Ψ−g(Ψ̄γ

µTaΨ)Ga
µ −

1
4

Ga
µνGµν

a , (2.9)

where g is a free parameter of the theory and T a the generator of the SU(3) group. As in
QED, g can be identified as coupling constant of the strong interaction, which has to be
measured. As in QED, a mass term would lead to a collapse of the gauge symmetry, thus
gluons are massless particles.
The field strength tensor Ga

µν in 2.9 has a more complicated structure than Fµν of QED:

Ga
µν = ∂µGa

ν −∂νGa
µ −g fabcGb

µGc
ν . (2.10)

Equation 2.10 shows that the energy is not purely kinetic but also includes an induced self-
interaction between the gauge bosons, therefore gluons must also carry color charge, other-
wise they would not be able to couple to each other. Another consequence of color charged
gluons, is the so called (color) confinement, which makes it impossible to observe quarks as
free particles.

2.1.3 Electroweak symmetry breaking

The combination of electromagnetic and weak interaction is often referred to as the elec-
troweak unification. The interaction particles of the weak interaction, are the massive gauge
bosons W± and Z. Which stand in contrast to the results of the two previous sections, where
it was shown that the symmetry would be broken by introducing mass terms. In the follow-
ing it is shown, how massive gauge bosons can be generated by the principle of spontaneous
electroweak symmetry breaking and the Higgs mechanism.
The electroweak gauge theory is based on the SU(2)×U(1) group. In this gauge theory the
left-handed particles are arranged in doublets Ψ = χL:

χq,L =
(

u
d

)
L

and χl,L =
(

νl
l−

)
L

(2.11)

7Ψ(x)→ eıαa(x)TaΨ(x) where Ta correspond to the Gell-Mann matrices and a = 1, . . . ,8. The Gell-Mann
matrices are documented in Ref. [5, p. 282].
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whereas the right-handed particles are represented by singlets Ψ = ψR:

ψu,R, ψd,R, ψl−,R. (2.12)

The notation u and d refers to the up- and down-type quarks respectively, l represents the
three charged leptons e, µ and τ and νl the corresponding neutrino. The modified covariant
derivative Dµ now includes two gauge fields, Wµ and Bµ from which Wµ only acts on left-
handed particles:

Dµ χL = (∂µ + ıgWµ + ıg′YLBµ)χL, DµψR = (∂µ + ıg′YRBµ)ψR. (2.13)

The notation Y has been used for the hypercharge operator. The left-handed doublets χL and
right-handed singlets ψR undergo the gauge transformations

χL→ χ
′
L = eıYLβ (x)eıTiθ

i(x)
χL, (2.14)

ψR→ ψ
′
R = eıYRβ (x)

ψR, (2.15)

where T i = σ i/2, i = 1,2,3, with the Pauli matrices8 σ i, represent the generators of the SU(2)
group9. The gauge parameters θ i(x) and β (x) are connected to three SU(2) gauge bosons
W i

µ and one U(1) gauge boson Bµ . The massless gauge bosons W i
µ and Bµ transform as

Bµ → B′µ = Bµ −
1
g′

∂µβ , (2.16)

Wµ →W ′µ = ULWµU†
L +

1
g
(∂µUL)U†

L , (2.17)

where the notations Wµ = W i
µT i and UL = eıTiθ

i(x) have been used. The kinetic energy term
-1

4FµνFµν -1
4GiµνGi

µν with

Gi
µν = ∂µW i

ν −∂νW i
µ −gε

i jkW j
µW k

ν , (2.18)

Fµν = ∂µBν −∂νBµ (2.19)

is invariant under SU(2)×U(1) transformations. This yields the Lagrangian LEW of the
electroweak interaction including the massless gauge fields Wµ and Bµ :

LEW = ıχ̄n
Lγµ

(
∂µ + ıgT iW i

µ + ıg′Y Bµ

)
χ

n
L +ıψ̄m

R γµ

(
∂µ + ıg′Y Bµ

)
χ

m
R −

1
4

FµνFµν− 1
4

GiµνGi
µν ,

(2.20)
where the indices n and m implicate the summation over the isospin doublets and singulets
of the three fermion families.

8Pauli matrices are listed in Ref. [5]
9The T i do not commute:

[
T i,T j

]
= ıε i jkT k
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The Higgs mechanism

As mentioned before, introducing a mass term for bosons to the Lagrangian by hand would
destroy the local gauge symmetry. The introduction of fermion masses by hand is also not
possible for slightly different reasons, as explained later. However, the local gauge invariance
can be preserved by adding a SU(2) doublet of complex scalar fields φ with hypercharge
Y (φ) = +1/2 having the potential V (φ):

Φ =
1√
2

(
φ1 + ıφ2
φ3 + ıφ4

)
, V (φ) =

1
2

µ
2
φ
∗
φ +

1
4

λ (φ∗φ)2. (2.21)

The form of the potential V (φ) strongly depends on the values of µ and λ . For µ2 > 0, φ

corresponds to a scalar field with mass µ , that is self interacting with coupling λ and has a
ground state φ0 = 0 which is gauge invariant. However, the potential V (φ) looks different for
µ2 < 0 and λ > 0. In this case, φ = 0 does not correspond to the ground state, but an unstable
local maximum as shown in Fig. 2.1. Although the new ground state is not invariant under
local gauge transformations, the symmetries of the lagrangian are preserved - the symmetry
has been spontaneously broken. The generation of the vector boson masses is shown with
the concept of the Higgs mechanism.
The new ground state can be arbitrarily chosen from the multifold of degenerate states around
the bottom of the potential V (φ):

φ0 =
1√
2

(
0
v

)
, v =

√
−µ2

λ
, (2.22)

where v is the so called vacuum expectation value (VEV).
Fluctuations of the vacuum can be expressed by a massive scalar field with mass mH =√
2λ µ - the Higgs field h(x) and three massless scalar fields10. φ can be expressed by

φ =
1√
2

(
0

v+h(x)

)
. (2.23)

The Lagrangian of the scalar Higgs field is given by

LHiggs = (Dµ
φ)†(Dµ

φ)−V (φ), (2.24)

where the covariant derivative Dµ includes the SU(2)L and U(1)Y gauge bosons, Wµ and Bµ .
Three and four point interactions between the gauge and scalar fields are given by the square
of Dµ , with Dµ being:

Dµφ =
(

∂µ + ıgT iW i
µ + ı

1
2

g′Bµ

)
φ . (2.25)

The generation of the gauge boson masses comes from the VEV, so it is sufficient to neglect
any h(x) related terms in (Dµφ)†(Dµφ). Using the structure of the Pauli matrices (T i = σ i/2),
this yields

10These massless scalar fields are also called Goldstone bosons
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Figure 2.1: Graphical representation of the potential V (φ) = 1
2 µ2φφ ∗+1

4 λ (φφ∗)2 for µ2 < 0 and
λ > 0. The ground state is represented by an arbitrarily chosen point around the bottom of the mexican
hat potential. The arrow indicates the direction of the quantum fluctuations oscillating between the
center and the side of the hat, which correspond to the Higgs boson. [6]

(Dµ
φ0)†(Dµ

φ0) =
∣∣∣∣(∂µ + ıgT iW i

µ + ıg′Y Bµ

) 1√
2

(
0
v

)∣∣∣∣2 (2.26)

=
1
8
(v,0)

∣∣∣∣∣∣
 ıg′Bµ − ıgW 3

µ −ıg
(

W 1
µ − ıW 2

µ

)
−ıg

(
W 1

µ + ıW 2
µ

)
ıg′Bµ + ıgW 3

µ

∣∣∣∣∣∣
2(

0
v

)
(2.27)

=
v2

8

[
g2
((

W 1
µ

)2
+
(

W 2
µ

)2
)

+
(

gW 3
µ −g′Bµ

)2
]
. (2.28)

The first term in 2.28 can be rewritten as

v2

8
g2
((

W 1
µ

)2
+
(

W 2
µ

)2
)

=
1
2

(
gv
2

2
)

W †
µW µ , (2.29)

with two charged vector bosons

W±µ =
1√
2

(
W 1

µ ∓ ıW 2
µ

)
(2.30)

fulfilling the requirement 2.29. Therefore two charged gauge bosons arise from 2.28 with
the same mass

mW =
gv
2

. (2.31)

After diagonalizing the matrix in 2.27, the second term in 2.28 can be identified with the
neutral vector boson field Zµ and the photon field Aµ with the corresponding masses:
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Zµ =
1√

g2 +g′2

(
gW 3

µ −g′Bµ

)
mZ =

v
2

√
g2 +g′2 (2.32)

Aµ =
1√

g2 +g′2

(
gW 3

µ +g′Bµ

)
mA = 0. (2.33)

The last step on the way to the final Lagrangian of the Standard Model LSM is the generation
of the fermion masses. The introduction of a mass term of the form −mψ̄ψ is excluded
to maintain Lorentz invariance and local gauge invariance at the same time. But now the
SU(2)× U(1) invariant Lagrangian for leptons can be expressed by

Ll =−λnχ̄
n
l,Lφψ

n
l,R−λnψ̄

n
l,Rφ χ

n
l,L, (2.34)

where λn with n = 1, · · · ,3 stands for the Yukawa coupling of the leptons l = e, µ, τ and χl,L
and ψlR are the isospin doublets and singlets introduced in 2.11 and 2.12 respectively. To
form the Lagrangian for quarks, the massive upper members of the isospin doublets have
to be taken into account. This can be achieved by introducing a new Higgs doublet φC of
complex scalar fields:

φC,i = δi jφ
∗
j −→breaking

1√
2

(
v+h(x)

0

)
, (2.35)

where δi j is the Kronecker delta and i, j correspond to the two components of the spinor φ .
Although φC has opposite hypercharge (Y (φC) =−1/2), it transforms precisely like φ due to
the characteristics of the SU(2) group. The quark Lagrangian then can be written as

Lq =−λ
mn
q,downχ̄

n
q,Lφψ

m
q,R−λ

mn
q,upχ̄

n
q,LφCψ

m
q,R +h.c. (2.36)

where λ mn
q represents the Yukawa couplings of quarks, and m,n = 1, . . . ,N give the number

of quark doublets (Ni = 3) and quark singlets (N j = 6) respectively.
To generate the fermion masses, it is again sufficient to probe the effect of the Yukawa
Lagrangian on the ground state φ0:

LYukawa(φ0) = Ll(φ0)+Lq(φ0) (2.37)

=
f n
l v
√

2

(
l̄n
Lln

R + l̄n
Rln

L
)
+

f nm
qu

v
√

2
(ūn

Lun
R + ūn

Run
L)+

f nm
qd

v
√

2

(
d̄m

L dm
R + d̄m

R dm
L
)
, (2.38)

where l, u and d refer to the leptons, up- and down-type quarks respectively. The diagonal-
ization of the matrix f nm leads to the CKM matrix which links the quark mass eigenstates to
the electroweak eigenstates. The fermion masses can now be read off:

m fi =− fiv√
2
. (2.39)

The final Lagrangian of the Standard Model therefore is

LSM = LQCD +LEW +LHiggs +LYukawa. (2.40)
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Although it is possible to generate masses for the vector bosons and include mass terms for
fermions, the minimal choice of a Higgs doublet does neither allow the prediction of these
masses nor of the Higgs mass. It only gives relations of the masses to the vacuum expectation
value v.
The masses of the vector bosons and fermions have been measured, but the Higgs-boson
mass mH remains the last free parameter of the Standard Model. In Summer of 2012 a
new particle has been discovered which is, with the current knowledge, compatible to the
Standard Model Higgs boson (see Section 2.3) [1] [7] [8].

2.2 Higgs-boson physics at the LHC

In contrary to its predecessor11 the Large Hadron Collider (LHC) uses proton-proton col-
lisions to probe the Standard Model and physics beyond. Other than electrons, protons are
composite particles. Therefore, collisions in an electron-positron collider have a fixed cen-
ter of mass energy

√
s whereas collisions in a proton-proton collider have a center of mass

energy
√

ŝ =√sxix j depending on the momentum fractions xi, j of the parton collision. This
grants observations of collisions over a wide range of energies.

2.2.1 Phenomenology of pp collisions

This section focusses on the phenomenology of proton-proton collisions, more details on the
LHC and the ATLAS experiment are given in Chapter 3.
Two opposite running beams are accelerated at the LHC. The protons are concentrated in
bunches which are brought to collisions every 50 ns at designated interaction points. Espe-
cially interesting are inelastic scattering processes which result in many other particles.
In order to describe scattering processes certain quantities have to be introduced. The cross
section σ is a measure for the probability of a certain scattering process. It has the dimen-
sion of an area and is usually given in barn (1b = 10−28 m2). The number of interactions per
unit time and per unit area is given by the instantaneous luminosity L . The total number of
events N for a certain process can be predicted with the cross section σ and the integrated
Luminosity

∫
L dt by

N = σ

∫
L dt. (2.41)

For a circular accelerator L can be calculated with

L = fr
nbN1N2

A
, (2.42)

using the rotation frequency fr, the number of bunches per beam nb, the number of particles
in a bunch of beam i Ni and the transverse area of the beams A.
The Standard Model gives the theoretical background to compute the cross section σ for a
certain process. But since the proton is a composite particle, its structure has to be modeled.
In addition to the valence quarks (uud), which determine the quantum numbers of the proton,
it consists of sea quarks of all flavors and gluons. This composition is modeled by the

11Large Electron Positron Collider (LEP)
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parton distribution functions (PDFs) which have been measured by various experiments. The
probability to find a parton qi with a momentum fraction xi of the total proton momentum in
a collision with a momentum transfer Q2 is given by the PDF fqi(xi,Q2).

Figure 2.2: NLO parton distribution functions for a momentum transfer of Q2 = 10GeV 2 (left) and
Q2 = 104 GeV 2 (right). Shown are the PDFs of the valence quarks (u and d), the sea quarks and the
gluons. The uncertainty of the PDFs is described by the width of the curves. [9]

The probability of scattering processes including sea quarks or gluons rises with Q2. The
PDFs of the partons for two different values of Q2 are shown in Fig. 2.2.
In general, the valence quarks dominate the proton for high momentum fractions xi, whereas
the proton is dominated by gluons for small x-values. The sea quarks are only of noteworthy
importance for smaller x-values. However, their contribution at low x-values rises strongly
for high momentum transfers Q2 (see Fig. 2.2, right).
Since the hard scattering process happens between two partons of the protons, the cross
section σ̂ of the partonic process has to be known in order to calculate the cross section
σ of the proton-proton interaction. The cross section σ̂(qiq j → X) of the partonic process
resulting in the final state X can be extended to describe the process pp→ X by weighing σ̂

with the corresponding PDFs:

σ(pp→ X) = ∑
i j

∫
dxidx j fqi(x1,Q2) fq j(x j,Q2)σ̂(q1q j→ X). (2.43)

The cross sections for various production modes at the LHC are shown in Fig. 2.3.

2.2.2 Higgs-boson production at the LHC

Several processes lead to the production of a Higgs boson at the LHC. The Feynman di-
agrams of the four most important processes and their cross sections as a function of the
Higgs-boson mass mH are shown in Fig. 2.4 and 2.5, respectively. They are discussed
briefly in the following.
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Figure 2.3: Cross sections (in nb, left axis) and number of events produced per second (right axis) for
a luminosity of L = 1033 cm−2 s−1 in proton-(anti)proton collisions are shown for various processes.
The center of mass energies

√
s = 1.98TeV (Tevatron),

√
s = 7TeV (LHC, run 2011) and

√
s = 14TeV

(LHC, design
√

s) are represented by dashed vertical lines. At
√

s = 10TeV a line is drawn for
comparison. Shown in brown are the cross sections for the Higgs boson production for different
masses mH [10].

The highest cross section of all Higgs-boson production modes has the gluon fusion process
(ggF). When produced via ggF, the Higgs boson is fused through a quark loop. The top loop
contribution is dominant, since the Higgs boson coupling is proportional to the mass of a
particle (Fig. 2.4 (a)). In the vector-boson fusion production mode (VBF), two vector bosons
are radiated by the initial quarks and fuse to a Higgs boson. The jets, produced by the initial
quarks in the detector, can be used to suppress backgrounds (figure 2.4 (b)). This produc-
tion mode is of special interest, because coupling of the Higgs boson to two vector bosons
(VVH) can be measured directly. The third highest cross section constitutes the associated
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(a) (b) (c) (d)

Figure 2.4: The four most important Higgs production modes at the LHC: gluon-gluon fusion (a),
vector boson fusion (b), associated production (c) and top quark fusion (d). [11]

production with a vector boson (VH) of the Higgs boson. The two initial quarks fuse to a
vector boson (W or Z boson) which radiates a Higgs boson (Fig. 2.4 (c)). The production
via a top and antitop quark pair has the smallest cross section of the four. Here, the Higgs
is accompanied by two top quarks. Since tt̄ processes lead to a high number of jets in the
event, this is the most difficult Higgs-boson production mode in terms of signal extraction
and background understanding (Fig. 2.4 (d)) [4].
The Higgs boson is not stable, therefore it can only be detected through its decay prod-
ucts. Since its coupling is proportional to a particles mass, the branching ratios (BRs) of the
Higgs boson depend strongly on its mass. The BRs of different Higgs-boson decay modes
as a function of the Higgs-boson mass mH are shown in Fig. 2.5.
For Higgs-boson masses below 135 GeV the process H → bb̄ has the highest BR, since the
b quark is the heaviest elementary particle kinematically available for a Higgs boson with
mass mH < 135 GeV. The process H →WW , where one W is produced off-shell, has the
highest BR for a Higgs-boson mass above 135 GeV. The cleanest signatures in the detector,
however, are created by the processes H→ γγ and H→ ZZ∗→ llll. These so called ”golden
channels” allow for a complete reconstruction of the Higgs-boson mass, since no energy can
leave undetected in form of neutrinos. The process H → ZZ∗ → llll also has an excellent
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Figure 2.5: Left: cross sections of the four most important Higgs-boson production modes at the
LHC for a center of mass energy

√
s = 8TeV as a function of the Higgs-boson mass mH : gluon fusion

(pp→ H), vector boson fusion (pp→ qqH), associated production with a vector boson (pp→WH
and pp→ ZH) and top quark fusion (pp→ ttH). Right: cross section times branching ratio for
various Higgs-boson decays. The uncertainties are represented by the width of the lines [12].
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signal over background ratio.
The decay of the Higgs boson into two tau leptons (H→ ττ) is discussed in greater detail in
the following, since this is the channel investigated in this thesis.

2.2.3 Higgs-boson decay into two τ leptons

The Higgs-boson decay into two τ leptons (H→ ττ) has a branching ratio (BR) of
6.32 · 10−02 with an relative error of 5.7% for a Higgs-boson mass of mH = 125 GeV [13].
In this range, a Higgs boson like particle has been discovered in Summer 2012 (see Section
2.3).
The tau lepton is the heaviest lepton with a mass of 1776.82±0.16 MeV/c2 which is higher
than the mass of the lightest hadrons [4]. It is therefore the only lepton that can decay
hadronically. However, this decay mode does not have the cleanest signature in a hadron-
collider environment. In addition, the tau can decay into a tau neutrino and an electron
or muon accompanied by its corresponding neutrino (leptonic decay), or into light quarks
(hadronic decay). Therefore, the final state includes at least one neutrino depending on the
tau decay, which makes a full Higgs-boson mass reconstruction difficult.
No other leptonic decay channel of the Higgs-boson has a noteworthy significance. The H→
ττ decay channel is therefore of special interest, since it is the only decay channel in which
the Yukawa coupling to leptons can be measured directly. The qq V BF→ H→ ττ cross section
times branching ratio (σ ×BR) is the most prominent of all subchannel production modes in
the low Higgs-boson mass range as can be seen in Fig. 2.6. Which makes qq V BF→ H → ττ

the dedicated channel to directly probe the H→ ττ coupling.

2.3 Current knowledge of the Higgs boson

As mentioned in Section 2.1.3 the mass of the Higgs boson is a free parameter in the Standard
Model. Although loose constraints have been put on the Higgs-boson mass by theoretical
arguments, its determination relies on experimental measurements [1].
Before the LHC started data taking, experiments located at the Large Electron Positron Col-
lider (LEP) and the Tevatron excluded Higgs-boson masses below 114.4 GeV (LEP) and
between 158 and 175 GeV (Tevatron). Through electroweak precision measurements per-
formed at LEP, it was possible to restrain the Higgs mass indirectly due to loop corrections
involving the Higgs boson. The results of these indirect searches are represented by the ∆χ2

plot, shown in Fig. 2.7. Low Higgs-boson masses are preferred by these results [14].
Since the cross section of the Higgs-boson production is small, as can be seen in Fig. 2.3,

large amounts of data are required to put further constraints on the Higgs-boson mass. The
LHC collected approximately 11 fb−1 of data during 2011 and the first half of 2012, which
led to the discovery of a new particle in the region of 126 GeV and the exclusion of the Higgs
boson in a large mass range above this value. Figure 2.8 shows the combined results of the
search channels H→ ZZ∗→ llll, H→WW ∗, H→ γγ , H→ bb̄ and H→ ττ for the ATLAS
(left column) and CMS collaborations (right column), respectively. In the region around
126 GeV the ATLAS and CMS collaborations see a significant excess of events correspond-
ing to a local p0-value of the order of 10−9 (ATLAS) or 10−7 (CMS) (cf. top row of Fig.
2.8). The found p0-values correspond to significances of six and five standard deviations,
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√
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Figure 2.7: Constraints put on the Higgs-boson mass by LEP and Tevatron. The solid line represents
the ∆χ2 = χ2− χ2

min fit as a function of the Higgs-boson mass mH , combining LEP and Tevatron
results. The regions below 114 GeV (LEP) and between 158 and 175 GeV (Tevatron) have been
excluded at 95% CLs [14].



2.3 CURRENT KNOWLEDGE OF THE HIGGS BOSON 17

 [GeV]Hm
110 115 120 125 130 135 140 145 150

0
Lo

ca
l p

-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110

1

Obs. 
Exp. 

σ1 ±-1Ldt = 5.8-5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV:  s

ATLAS 2011 - 2012

σ0
σ1
σ2

σ3

σ4

σ5

σ6

 (GeV)Hm
110 115 120 125 130 135 140 145

Lo
ca

l p
-v

al
ue

-1210

-1010

-810

-610

-410

-210

1
σ1
σ2

σ3

σ4

σ5

σ6

σ7

Combined  obs.
Exp. for SM H

 = 7 TeVs

 = 8 TeVs

Combined  obs.
Exp. for SM H

 = 7 TeVs

 = 8 TeVs

CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

 [GeV]Hm
110 115 120 125 130 135 140 145 150

)µ
S

ig
na

l s
tr

en
gt

h 
(

-0.5

0

0.5

1

1.5

2

2.5
Best fit 

) < 1 µ(λ-2 ln 
-1Ldt = 5.8-5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV:  s

ATLAS 2011 + 2012 Data

 (GeV)Hm
110 115 120 125 130 135 140 145

S
M

σ/σ
B

es
t f

it 

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
68% CL band68% CL band

CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs
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(top left) and CMS experiments (top right). The horizontal red lines denote to the p-values which
correspond to a 1-6σ significance. Bottom row: Observed best-fit signal strength µ̂ = σ/σSM as a
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(green) band corresponds to the ±1σ uncertainty of the signal strength µ̂ as derived by the ATLAS
(CMS) collaboration [7] [8].

respectively. The local p0 value denotes the probability, that assuming there is no signal, an
observed excess is caused by a statistical fluctuation of the background. A complete defi-
nition of the local p0 value is given in Ref. [15]. In the bottom row of Fig. 2.8 the best fit
for the signal strength µ = σ/σSM in units of the SM Higgs-boson signal strength under the
background-plus-signal hypothesis is shown. As can be seen in Fig. 2.8 bottom right plot,
the CMS collaboration observes a signal strength that is compatible with the signal strength
of the SM Higgs boson, which is indicated by the red line. The ATLAS collaboration ob-
serves a slightly higher signal strength of µ = 1.4±0.3. No clear excess could be observed
in the H→ bb̄ and H→ ττ channels [15].
The mass of the newly discovered particle could be constrained to a narrow mass range by

the ATLAS as well as the CMS collaboration:

mATLAS
H = 126.0±0.4 (stat.) ±0.4 (sys.), (2.44)

mCMS
H = 125.3±0.4 (stat.) ±0.5 (sys.). (2.45)
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Although a significant excess could not be observed in all investigated decay channels, the
discovered particle is compatible with the Standard Model Higgs boson. The fact that an
excess is observed in the H→ γγ channel, excludes a boson with spin 1 [7] [8].
An update on the July 2012 results has been made public in November 2012 by the ATLAS
and CMS collaborations. The updated results include a larger data set of approximately
13fb−1 for 2012. The ATLAS collaboration has updated the results in the H →WW ∗ →
lν lν , H → τ+τ− and H → bb̄ to the 2012 13fb−1 data set. Results regarding the signal
strength µ = σ/σSM are shown for the CMS and ATLAS collaborations in Fig. 2.9 left and
right, respectively. A signal strength of µ = 1 corresponds to the Standard Model Higgs bo-
son. The combined results of the investigated decay channels are compatible with a Standard
Model Higgs boson, although the H → γγ decay channel prefers higher values of µ in both
experiments [16] [17].



3 The ATLAS detector

The ATLAS Detector (A Toroidal LHC ApparatuS) is a multi-purpose detector located at
the Large Hadron Collider (LHC) near Geneva in Switzerland.
With a circumference of 27 km the LHC is the largest proton-proton collider ever built. The
accelerator lies in a tunnel approximately 100 m below the surface and accelerates protons
in two beams running in opposite directions. The proton beams are bent by superconducting
dipole magnets which generate magnetic fields with strengths up to 8.3 T and are cooled
down to 1.9 K with liquid helium.
The LHC was designed for a center-of-mass energy of

√
s = 14 TeV. In the last two years

of data taking the LHC has run with a center-of-mass energy of
√

s = 7 TeV in 2011 and√
s = 8 TeV in 2012, respectively.

Four experiments are located at the four beam crossings, which are based at linear sections
of the collider: ATLAS, ALICE (A Large Ion Collider Experiment), CMS (Compact Muon
Solenoid) and LHCb (Large Hadron Collider beauty).
As reference for particle reconstruction, a common coordinate system which considers the

Figure 3.1: A graphic display of the ATLAS detector showing all detector components. Each com-
ponent is described briefly in the following section [18].

cylindrical symmetry of the ATLAS detector is used. In this coordinate system the x axis
points towards the center of the LHC-ring, the y axis points upwards and the z axis runs

19



20 3 THE ATLAS DETECTOR

along the beam axis. The azimuthal angle φ is measured in the x-y-plane, the polar angle
θ measures the inclination to the z axis and R measures the distance from the beam pipe.
A common quantity used to describe the angle of a particle relative to the beam axis is the
pseudorapidity η =−ln

(
tan θ

2

)
.

3.1 Detector components

The ATLAS Experiment is explained in great detail in Ref. [18] and all information about
the detector components has been taken from there. Here, only a short description is given.
As mentioned before, the ATLAS Detector is a multi-purpose detector, designed for the dis-
covery of new particles such as the Higgs boson and searches of physics beyond the Standard
Model. Due to the high material density of the detector paired with its cylindrical 4π design,
an almost complete reconstruction of hard scattering processes is possible. In order to man-
age the high interaction rates the experiment comes with a multistage trigger system. For
more details see Ref. [18].
The ATLAS Detector consists of various subdetectors, each specialized in a different detec-
tion task.

3.1.1 Inner Detector

Localized at the inner most section of the ATLAS detector is the inner detector consisting
of three subdetectors which are briefly described below. It is of cylindrical shape and ranges
from R = 50.5 mm to R = 1082 mm. The inner detector has the highest resolution of all
detector parts and is crucial for the reconstruction of primary and secondary vertices. It also
provides a momentum measurement of charged particles.

Pixel detector Small silicon sensors (pixels) are arranged in three layers in a cylindrical
fashion around the beam pipe and in disks orthogonal to the beam pipe at the end-
caps. This geometry results in a resolution of 10 µm in the R-φ -plane for barrel and
end-cap region and 115 µm in z (R) direction for the barrel region (end-caps).

Semiconductor Tracker (SCT) The SCT is also shaped in a cylindrical geometry and
surrounds the pixel detector. Its silicon strip sensors are arranged in four layers around
the barrel and nine layers in the end-caps. The strip sensors are slightly twisted around
each other to allow a 3D reconstruction of particle tracks. The SCT reaches a reso-
lution of 17 µm in the R-φ plane for barrel and end-cap region and 580 µm in z (R)
direction in the barrel region (end-caps).

Transition Radiation Tracker (TRT) Located at the outermost section of the inner de-
tector is the TRT. It consists of polyimide drift tubes with a diameter of 4 mm. The
drift tubes are arranged parallel to the beam axis in the barrel region and radial in the
end-caps. Therefore only a resolution of 130 µm in the R-φ plane can be provided.
The xenon-based gas mixture in the drift tubes allows an energy measurement which
is independent of the calorimeter measurements. Especially electrons, which emit the
greatest amount of transition radiation, are identified more easily with the additional
information from the TRT.
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The inner detector is surrounded by the central solenoid magnet which provides a 2 T axial
field. This magnetic field enables a momentum measurement based on the curvature of
a charged particles trajectory. To avoid large energy losses before the particles reach the
calorimeter system, the central solenoid has been built with minimal material thickness.

3.1.2 Calorimeter system

The calorimeter system is designed for energy measurements. Both, the electromagnetic
and the hadronic calorimeter are sampling calorimeters, meaning they consist of alternating
layers of absorber and detector material. Crucial for the energy measurement is the amount
of absorber in the calorimeters. It has to be thick enough to enable a full particle energy
deposition and avoid leakage into the muon spectrometer (see 3.1.3).

Electromagnetic calorimeter (EMcal) The EMcal consists of alternating layers of liq-
uid Argon (LAr) as detector and lead as absorber material. The unusual accordion
geometry allows a full φ coverage. The barrel section of the EMcal covers a range
up to |η | < 1.475 where the end-cap region is divided into two sections. The central
region covers the range of 1.375 < |η |< 2.5 with a higher granularity than the forward
region, which covers the range 2.5 < |η |< 3.2. With a thickness of approximately 20
radiation lengths the design energy resolution of the EMcal is σE

E = 10%/
√

E⊕7%1.
The EMcal absorbs the total energy of electrons (e) and photons (γ).

Hadronic calorimeter (Hcal) The Hcal is divided into two parts. A tile calorimeter in
the central region (|η | < 1.7) which uses scintillator tiles as detector and steel as ab-
sorber material (three layers), and the hadronic end-caps (HEC, 1.5 < |η |< 3.2) which
uses LAr (detector) and copper (absorber) in four layers. The Hcal has a thickness of
approximately ten radiation lengths and a design resolution of σE

E = 50%/
√

E⊕3%.

Forward Calorimeter (FCal) The purpose of the FCal is to detect particles in the very
forward region of 3.1 < |η |< 4.9. It uses LAr as detector material and has only three
layers of absorber material. The first is copper for EM measurements and the follow-
ing two layers are tungsten for hadronic measurements. The FCal has a thickness of
approximately ten radiation lengths and a design resolution of σE

E = 100%/
√

E⊕10%.

3.1.3 Muon detector

Muons are minimum ionizing particles, which in contrast to electrons, deposit only small
amounts of energy in the calorimeter system. Therefore, a specialized Muon Spectrometer
(MS) surrounds all other parts of the ATLAS detector to assure reliable momentum measure-
ments (cf. Fig. 3.1).
The momentum measurement is based on the magnetic fields provided by large toroidal mag-
nets. Due to the geometry of the magnets, the trajectories of charged particles are bent in
the R-z plane rather than the R-φ plane, which corresponds to the bending plane of the inner
solenoid. Separate toroidal magnet systems are used for the barrel (|η | < 1.4) and end-cap
region (1.6|η | < 2.7), which produce magnetic fields with strengths ranging from 0.2-2.5 T

1The notation a⊕b =
√

a2 +b2 has been used, E in GeV.
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in the barrel region and 0.2-3.5 T in the end-caps, respectively.
Monitored Drift Tubes (MDT) are used for the detection of tracks in the region |η | < 2.7.
In the region of 2.0 < |η | < 2.7 Cathode Strip Chambers (CDC) are used in addition. The
CDCs are multiwire proportional chambers and able to manage higher signal rates as well as
provide better spacial resolution. Due to the higher magnetic field strength and the greater
dimensions of the MS compared to the central solenoid, the MS has a higher bending power
for charged particles. Due to the larger dimensions of the MS a more precise measurement
of the muon momentum for high-pT muons is achieved, than with the inner detector alone.
The design resolution of the muon spectrometer is σpT

pT
= 10% for pT (µ) = 1 TeV. The built-

in muon trigger system consists of resistive plate chambers in the barrel and thin gap cham-
bers in the end-cap region, respectively.

3.1.4 Trigger System

To manage the high bunch crossing rate of approximately 40 MHz at nominal bunch spac-
ing, the ATLAS experiment is equipped with a sophisticated multi-stage trigger system. The
Level-1 trigger (L1) uses a subset of the detector information and reduces the rate to approx-
imately 75 kHz. More detector information is accessed by the Level-2 trigger (L2) and full
detector information is used by the event filter (EF). In the end a final data-taking rate of
approximately 200 Hz is achieved.



4 Particle reconstruction and
identification

This chapter focusses on the reconstruction and identification of physical objects in the AT-
LAS detector. Also a detailed overview of a newly developed algorithm is given, which
evaluates the number of neutral pions in a τh decay. In addition, this algorithm offers an
alternative momentum reconstruction for the hadronic τ candidate. Information from this
algorithm is not included in the usual H→ τlτh analysis. The impact of this information on
the sensitivity of the analysis is discussed in chapter 6 of this thesis.

4.1 Particle reconstruction and identification

The reconstruction and identification of particles with the ATLAS detector is a complex
procedure which has been described in great detail in Ref. [19]. Here, only a short overview
with emphasis on the tau lepton is given.

4.1.1 Track reconstruction

The reconstruction of the tracks that charged particles leave in the inner detector is split into
three stages:

Preprocessing stage At the preprocessing stage the raw data of the pixel detector and SCT
is converted into clusters, which are transformed into space points. The raw timing of
the TRT is translated into calibrated drift circles.

Track finding stage Two track finding strategies are used, each optimised for a different
purpose.
The default strategy exploits the high granularity of the pixel detector and the SCT to
find tracks with origins near the interaction region. Seed tracks are formed from three
pixel layers and the first SCT layer, which are then extended through the SCT. These
track candidates are fitted and cleaned from outlying clusters. Clusters shared by more
than on track are specifically treated and fake tracks removed by applying quality cuts.
The surviving tracks are then extrapolated to the TRT and combined with the drift tube
information. A final fit is performed using the information of all three detectors.
By the default strategy unused track fragments in the TRT are searched by the back-
tracking strategy. Those are then extrapolated inwards to improve the tracking of long-
lived particles.

23
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Post-processing stage All the information provided by the previous two stages is used, to
reconstruct the primary vertices with a dedicated vertex-finder algorithm. Afterwards
other algorithms are used to reconstruct secondary vertices and photon conversions.

4.1.2 Electron reconstruction and identification

Electrons are charged particles which leave tracks in the inner detector and deposit most of
their energy in the EM calorimeter. Two algorithms are used to reconstruct electrons and
distinguish them from jets and a third algorithm is specialized on electrons with |η | > 2.5,
but does not use any track information.
The standard clustering algorithm which is applied to central electrons used in this thesis, is
the sliding window algorithm. It starts with energy clusters in the EM calorimeter, which are
then associated to tracks from the inner detector.
The sliding window algorithm chooses a window of 3×5 cells in the middle layer of the EM
calorimeter which corresponds to 0.025×0.025 in the η−φ plane. If the sum of the trans-
verse energy in these cells succeeds 2.5GeV they are considered a cluster. The cluster re-
construction efficiency is close to 100% for electrons with a transverse energy ET > 15GeV.
Tracks from the inner detector are then associated to the clusters of the EM calorimeter.
To allow for energy losses due to bremsstrahlung which reduces the bending radius of the
particle trajectory, different track-cluster matching criteria are applied in the bending direc-
tion of the solenoid magnet or in the other direction. Clusters and tracks are matched if
∆η < 0.1 and ∆φ < 0.1 in the bending direction or ∆φ < 0.05 in the opposite direction,
respectively. Tracks with hits in the silicon detectors are preferred over others if multiple
tracks are matched to one cluster, and the closest is chosen.
For a found electron candidate, the cluster is newly formed with 3× 7 cells in the barrel
region and 5× 5 cells in the end-caps, using the middle layer of the EM calorimeter. The
electron momentum four vector is given through the η and φ of the track at the primary
vertex. The energy information is taken from the cluster.

To distinguish electrons from other physical objects, identification (ID) criteria are applied
after reconstruction. Depending on the firmness of the applied cuts, ID criteria are divided
into three categories: loose++, medium++ and tight++. The three categories are gradually
based on each other.
Information from the inner detector and the EM calorimeter is used by all ID categories. The
highest efficiency but also the highest jet contamination has the loose++ category. It uses
track information from the silicon detectors as well as information about the shower shape
in the EM calorimeter and the energy deposition in the hadronic calorimeter.
These requirements are tightened for the medium++ category, which also uses information
from the TRT as well as from the innermost layer of the pixel detector.
Even tighter cuts are applied by the tight++ category, especially on the matching criteria
of tracks and clusters. Naturally this category has the lowest efficiency but also the lowest
contamination by other physical objects.
Tight++ electrons are used in the final selection of this analysis (cf. Chapter 5).
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4.1.3 Muon reconstruction

Four muon reconstruction algorithms are in use.
Standalone muons are reconstructed using only information from the MS and the calorimeter
system. Therefore, low energy muons which do not reach the MS cannot be reconstructed.
Also, muons originating from secondary vertices, e.g. from Pion or Kaon decays, cannot be
distinguished from muons originating from primary vertices. However, this method covers
the largest η region.
In the segment tagged muon algorithm, tracks from the inner detector are extrapolated to the
MS and selected as muon candidates if matched to track segments in the MS. This algorithm
is particularly fit to reconstruct low pT muons, since only information from the inner detector
is used for the momentum measurement.
The full information from the inner detector and the MS is used by the combined muon al-
gorithm. Tracks from the independent measurements of the two detector systems are extrap-
olated to the beam axis and matched to pairs. The pair with the lowest matching parameter
χ2

match is chosen. The matching parameter is calculated using the vectors TID and TMS which
hold the track information of inner detector tracks and MS tracks respectively, as well as the
corresponding covariance matrices CID and CMS:

χ
2
match = (TMS−TID)ᵀ (CMS +CID)−1 (TMS−TID) . (4.1)

The calorimeter tagged muon algorithm combines tracks from the inner detector with energy
depositions in the calorimeter system.
In this thesis STACO1 combined muons are used.

4.1.4 Lepton isolation

Electrons and muons coming from Z or W decays have less energy depositions in their
immediate surroundings than leptons contained in jets. This feature can be used to select
well isolated leptons. The quantities based on the isolation in the calorimeter and inner
detector, respectively, in a cone with radius R0 around the lepton are defined as

Econe
T (R0) =

(
cells

∑
R<R0

Ecell
T

)
−E lep

T , pcone
T (R0) =

(
tracks

∑
R<R0

ptrack
T

)
− plep

T . (4.2)

The energy deposition around the lepton in the calorimeter Econe
T can also be applied to neu-

tral particles. Whereas the track momenta pcone
T around the lepton can be used to distinguish

particles originating from the primary vertex of the hard interaction from particles coming
from other vertices, e.g. pile-up.
Both variables are used for electrons and muons in this thesis.

1STACO and MuID are frameworks which differ slightly in the implementation of the listed algorithms.
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4.1.5 Jet reconstruction

Quarks and gluons cannot exist as free particles and undergo hadronization, forming showers
of collimated hadrons called jets. To reconstruct jets two classes of algorithms are in use:
cone-based and cluster-based algorithms.
Cone algorithms try to maximize the Energy or transverse momentum in a cone in the η−φ -
space.
Jets used in this thesis have been reconstructed via the anti-kT algorithm, which is a clus-
ter algorithm. The anti-kT algorithm uses a measure of distance di j in the calorimeter to
group objects together and a stopping criterion diB which aborts the grouping after a cer-
tain benchmark is reached. The distance di j between two objects i and j in the calorimeter
is calculated using the transverse momenta kTi, j of the objects, the geometrical distance
∆Ri j =

√
(∆yi j)2 +(∆φi j)2 between the objects, with y being the rapidity, and the distance

parameter R =
√

∆η2 +∆φ 2:

di j = min

{
1

k2
Ti

,
1

k2
T j

}
×
(
∆Ri j

)2

R2 . (4.3)

The stopping criterion diB is defined as the minimal distance of object i to the beam axis:

diB =
1

k2
Ti

. (4.4)

The two factors di j and diB are calculated for all objects in an event. As long as di j is the
minimal distance of two objects i and j, they are grouped together and considered a single
object. However, if the distance diB of the object i to the beam axis is smaller than the dis-
tance to another object j (i.e. diB < di j), object i is considered a jet and removed from the
list of possible jet candidates. This method is repeated until all jets have been defined.
The jets used in this thesis have been reconstructed with the anti-kT algorithm using a dis-
tance parameter R = 0.4 [20].

4.1.6 Reconstruction of hadronic τ leptons

Tau leptons have a lifetime corresponding to approximately cτ ≈ 87µm and therefore decay
before reaching the inner detector. As mentioned in Section 2.2.3 the tau lepton can decay
hadronically with a BR of 64.7%. The light quarks emerging from the tau decay undergo
hadronization due to the strong interaction. Due to charge conservation an odd number of
charged pions are formed, dominated by one or three charged pions often referred to as 1-
prong or 3-prong decay respectively. The BRs for the tau decay are displayed in Table 4.1.
Decays with five or more charged pions are very rare, and are not taken into account in the
following. It is a great challenge to distinguish hadronic tau decays (τh) from QCD jets
which have a cross section that is higher by many orders of magnitude. The characteristic
features of a τh like the 1 or 3-prong signature or the narrow collimation of jet constituents
is used to identify τh jets among the multijet background. The collimation of a jet can be
represented with the electromagnetic radius REM. The electromagnetic radius is the shower
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Decay BR
τ → eνeντ 17.83±0.04 %
τ → µνµντ 17.41±0.04 %
τ → π±ντ 10.83±0.06 %
τ → π±π0ντ 25.52±0.09 %
τ → π±π0π0ντ 9.30±0.11 %
τ → π±π0π0π0ντ 1.05±0.07 %
τ → π±π±π∓ντ 9.31±0.06 %
τ → π±π±π∓π0ντ 4.62±0.06 %
τ → K∗(892)ντ 1.20±0.07 %
τ → π±K̄0ντ 0.84±0.04 %
τ → K±ντ 0.70±0.01 %

Table 4.1: Branching ratios of the leptonic and hadronic tau decays [4].

Figure 4.1: Displayed are the distributions of τh jets selected from W → τν and Z→ ττ processes
(red) and of QCD jets drom dijet Monte Carlo samples (blue) for 1-prong (left) and 3-prong τh (right).
The dashed lines indicate the cut values of the cut-based identification [21].

width in the EM calorimeter weighted by the transverse energy of the object:

REM =

n
∑

i=1
ET,i
√

(ηi−ηcluster)2 +(φi−φcluster)2

n
∑

i=1
ET,i

. (4.5)

The parameters ET,i, ηi and φi refer to the angular and kinematic variables of cell i in the
EMcal in a cluster with ∆R < 0.4. Since τh jets consist of few, light particles which have a
small opening angle, the REM of τh jets is smaller than for QCD jets of the same pT which
usually include many constituents with larger opening angle (cf. Fig. 4.1).
Hadronic τ candidates are based on calorimeter jets in the range of |η | < 2.5 which have

been reconstructed using the anti-kT algorithm with R < 0.4 (cf. Section 4.1.5). Those jets
are referred to as seed jets.
To reconstruct the τh four-momentum, η and φ are taken from the seed jet, which have
been determined by the four-vector sum of the jet constituents by assuming zero mass for



28 4 PARTICLE RECONSTRUCTION AND IDENTIFICATION

each of them. The energy of the τh candidate is calculated via the sum over all cells within
∆R =

√
(∆η)2 +(∆φ)2 < 0.4 of the seed axis. The mass of the τh is considered to be exactly

zero, hence the transverse energy is equal to the transverse momentum.
Since τh jets are more collimated than QCD jets, the area around a τh candidate is divided into
two regions. The core cone (∆R < 0.1), which is used for track association to the τh candidate
and the isolation annulus (0.1 < ∆R < 0.2)2. Tracks within the core cone are associated to
the τh candidate, if they pass several quality criteria including the number of hits in the pixel
and SCT detectors as well as the distance of the track to the primary vertex. The charge of
the τh candidate is calculated by summing the charge of all associated tracks. Depending on
the number of tracks in the cone core, the τh candidates are classified as single or multiprong.

The reconstructed τh candidates provide modest discrimination power against QCD jets,
which is why the τh reconstruction is followed by the τh identification (ID). Three different
discriminants are used to distinguish τh jets from QCD jets. The cut-based selection, pro-
jective likelihood identification and identification using boosted decision trees use different
combinations of the identification variables listed in Ref. [21]. Common to all discriminants
is the rejection of candidates with zero reconstructed tracks.
The τh candidates used in this thesis have been identified with the boosted decision tree
(BDT) method. The BDTs are trained on the Monte Carlo samples W → τν and Z → ττ

for the signal and dijet events selected from 2011 data for background. The signal efficiency
and background efficiency are defined as

ε
1/3-prong
sig =

(
# of tau candidates with 1/3 reconstructed track(s), passing

ID, and truth-matched to a simulated 1/3-prong decay

)
(# of simulated visible hadronic taus with 1/3 prong(s))

, (4.6)

ε
1/3-prong
bkg =

(
# of tau candidates with 1/3 reconstructed track(s)

from dijet events, passing ID

)
(# of tau candidates with 1/3 reconstructed track(s))

. (4.7)

A reconstructed τh candidate is considered truth matched, if a simulated τh candidate is found
within a cone of ∆R < 0.2.
The discriminant BDT is trained to three working points Loose (εsig ≈ 65%), Medium (εsig ≈
55%) and Tight (εsig ≈ 35%). The BDTs are trained on separate categories corresponding to
simulated τh events with one or three tracks as well as categories defined by the number of
reconstructed primary vertices. The BDT trained on 3-prong events is used for classifying
all multiprong events.
The analysis presented in this thesis is based on medium τh candidates.

Electrons can mimic the characteristic signature of a 1-prong τh.
Properties like the depth and width of the electromagnetic shower can be used to distinguish
between electrons and τh. A BDT to identify electrons among the τh candidates is trained
on simulated Z → ττ and Z → ee events for the three working points loose, medium and

2For 2011 the isolation criteria were ∆R < 0.2 (core cone) and 0.2 < ∆R < 0.4 (isolation annulus). The
isolation critera have changed from 2011 to 2012 to cope with the increased pile-up.
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tight. The τh in Z → ττ events that could be matched to true 1-prong τh within ∆R < 0.2
are defined as signal candidates. Electrons from Z→ ee events matched to true electrons are
considered as background candidates.
The electron BDT provides good separation power between electrons and 1-prong τh with
signal efficiencies of 95%, 85% and 75% for loose, medium and tight, respectively.
Since Muons are minimal ionizing particles, they are not as likely to be misidentified as τh.
However, large amounts of energy may also occationally be deposited by the muon in the
calorimeter or leakage from the electromagnetic calorimeter can lead to muons which are
misidentified as 1-prong τh. The muon veto algorithm is optimized on Z→ ττ and Z→ µµ

events using variables like the leading track momentum fraction ftrack, which is the fraction
of track momentum and calorimeter energy, and is usually higher for muons than τh.
With a target τh efficiency of 96%, a background rejection rate for muons of approximately
55% is reached [22].

4.1.7 Energy calibration

To determine the energy of the reconstructed objects correctly, the detector has to be cal-
ibrated. For the EM and hadronic calorimeter this has been done using electron and pion
test-beams respectively as well as muons from cosmic rays [23]. Energy losses in the passive
parts of the detector are modeled by Monte Carlo simulations and corresponding corrections
are applied.
How well known processes in 2010 data are used to further calibrate the energy of different
objects is explained shortly in the following.

Electrons

Electrons pass passive detector material before depositing their remaining energy in the EM
calorimeter. Therefore, a discrepancy between measured and true electron energy is ob-
served.
The calibration of the electron energy is divided into three steps. First, the raw signal ex-
tracted from the EMcal cells is converted into a deposited energy using the electronic calibra-
tion of the EMcal. Second, MC based corrections on the calibration are applied to account
for energy losses in passive detector materials or energy leakage. Third, another correc-
tion on the calibration is applied, based on studies of well known processes such as Z→ ee
and J/ψ → ee. Studies on these well known processes using the reconstructed di-electron
mass have shown that the measured (after MC based calibration correction) and true electron
energy have a linear dependence [24]:

Emeas = (1+αi)Etrue. (4.8)

The correction factor αi accounts for different η regions which have different amounts of
passive detector material. Studies on Z→ ee events have also shown, that the mass resolution
of the Z-peak is slightly worse in data than in Monte Carlo simulation. To correct for this
effect, energies in simulated events are convoluted with Gaussians of according width.
A different electron energy calibration method is based on the comparison of the energy
deposited in the calorimeter with the independent momentum measurement from the inner
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detector, E/p. This method has shown, that the fraction of Emeas to Etrue differs less than 2%
from unity in the central region of the detector (|η |< 2.47).

Muons

Since muons undergo much smaller energy losses, their momentum measurement is not
affected as much by passive detector material as the electron energy measurement. Studies
on Z → µµ have shown, that the muon momentum scale is well known [25]. But similar
to electrons, the resolution in data is worse than in Monte Carlo simulation. Therefore the
simulated muon momenta are smeared accordingly.

Jets

Jets are complex objects which consist of multiple particles that deposit their energies dif-
ferently in the detector. Particles such as muons or neutrinos, which can appear in a jet due
to hadron decays, deposit only little amounts of energy (muons) or no energy at all (neu-
trinos) in the detector. Neutral pions (π0 → γγ) form electromagnetic showers inside the
hadronic shower. When a particle reacts with the detector material energy losses due to nu-
clear binding may occur. Also, particles with very high energies in the jets are able to leave
the detector. Therefore the energy corrections applied to jets are more complicated than for
electrons or muons.
The electromagnetic shower component of the jet is expected to be well described (cf. elec-
trons). Therefore the calibration of the jet energy is done with respect to the electromagnetic
scale and then applied to the hadronic component via scale factors. The calibration scheme
which is applied to jets used in this thesis is called EM+JES and follows three steps. First,
a correction to account for pile-up is applied to the energy measured in the calorimeter. In a
second step, a correction on the jet direction is applied in such a way, that the jet originates
from the primary vertex of the interaction and not the geometrical center of the detector.
Third, the jet calorimeter energy and position are corrected by applying correction factors
derived from studies comparing reconstructed jets with truth jets from MC simulations.
A correction on the energy resolution is not needed, since it is already well described by
Monte Carlo [26].

Taus

Since τh are reconstructed from jets, the calibration of jet energies mentioned above, has
already been applied. On top of that an additional calibration is needed to restore the τh
energy scale (TES). Simulated Z → ττ and W → τν events are used to derive the TES.
From those samples, only τh candidates which pass loose ID criteria (cf. Section 4.1.6) and
can be matched to a true τh are used to derive calibration constants and corrections. These
corrections depend on the reconstructed τh energy, η and the number of prongs and are
applied to the energy and direction of the τh [27].

4.1.8 Reconstruction of missing transverse energy (MET)

Neutrinos leave the detector unnoticed, other particles may leave the detector undetected un-
der large angles. These particles cause a momentum imbalance in the detector. This missing
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transverse momentum is calculated via the negative vector sum of all object momenta in the
event. The missing transverse energy (MET or Emiss

T ) corresponds to the norm of the missing
transverse momentum.
The Emiss

T is defined as

Emiss
T =

√
(Emiss

x )2 +
(
Emiss

y
)2

. (4.9)

The missing energy component in x (y) direction is calculated as the sum over the Emiss, j
x(y)

components of all objects j ( j = e, µ, τ, γ, jets) in the calorimeter as well as the missing
energy components Emiss,CellOut

x(y) of the calorimeter cells which have not been assigned to a

reconstructed object and Emiss,µ(MS)
x(y) of the MS, respectively.

Emiss
x(y) = ∑

j
Emiss, j

x(y) +Emiss,CellOut
x(y) +Emiss,µ(MS)

x(y) . (4.10)

The component Emiss,µ
x(y) is only considered if the muon is not isolated (i.e. ∆R( jet,µ) < 0.3).

All terms in equation 4.10 are calculated via

Emiss,k
x =−∑

i
Ei sinθi cosφi, (4.11)

Emiss,k
y =−∑

i
Ei sinθi sinφi, (4.12)

where k corresponds to term k in equation 4.10, θi and φi are the polar and azimuthal angle
and Ei the calibrated energy of calorimeter cell i. [28]

4.2 The Pi0Finder algorithm

The Pi0Finder algorithm has been developed in Ref. [29] and validated in Ref. [30]. It aims
to provide information about neutral pions in the τh decay.
The algorithm sets in after the τh has been reconstructed as described above (cf. Section
4.1.6). It uses the tracking system and calorimeter clusters which have been assigned to
the τh. The Pi0Finder algorithm has two distinct features. On the one hand it aims at the
reconstruction of the visible τh mass by treating certain calorimeter clusters of the τh as π0-
clusters. On the other hand the number of neutral pions (π0s) in the τh decay is evaluated.

4.2.1 π0 counting

Neutral pions decay through the electromagnetic interaction into two photons in approxi-
mately 99% of all decays, whereas charged pions decay through the weak interaction. There-
fore the lifetime of a π0 is with approximately 10−17 s much shorter than the lifetime of
charged pions (τπ± ≈ 10−8 s) [4]. As a result neutral pions deposit most of their energy in
the early layers of the electromagnetic calorimeter. Therefore the fraction of calorimeter
energy found in the pre-sampler and strip layers (EPPS/Ecalo) is higher for τh decays including
neutral pions (cf. Fig. 4.2, top left plot). For the same reason, the number of cells in the
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nπ0 primary BDT score secondary BDT score
0 scoreBDT1 ≥ 0.465 -
1 scoreBDT1 < 0.465 scoreBDT2 ≥ 0.565
2 scoreBDT1 < 0.465 scoreBDT2 < 0.565

Table 4.2: Definition of the number of π0s (nπ0) through the primary and secondary BDT score. [29]

strip layer with energy depositions above 200 MeV (Nstrip) is higher for τh decays including
neutral pions (cf. Fig. 4.2, top right plot). Also the ratio of the π± energy to the energy
measured in the EM calorimeter ((Etrack sys−EhCal)/EEMcal) is higher for τh decays without π0s,
since relatively more energy of the τh is available for the charged pions (cf. Fig. 4.2, middle
left plot). For the same reason the ratio of the momentum measured in the EMcal to the
track momentum (pEM/ptrack sys) is higher for τh decays including π0s (cf. Fig. 4.2, middle
right plot). The ratio of the transverse energy to the transverse momentum of the leading
track (ET/pT, lead) is low for τh decays including one or two pions (1-prong, 1-prong+1π0) and
higher for τh decays including more pions (1-prong+2π0s, 3-prong, 3-prong+1π0) (cf. Fig.
4.2, bottom plot).
These five variables are used by two different BDTs in order to evaluate the number of π0s in
a τh decay. The primary BDT (BDT1) is trained on simulated τ events including π0s (signal)
and without π0s (background). It distinguishes between τh decays including or not including
π0s with a signal efficiency of 81.8% and background rejection of 82.4%, respectively. The
secondary BDT (BDT2) distinguishes between 1-prong τh decays including one (signal) or
two π0s (background) and is only used if π0s have been found by BDT1. BDT2 has a signal
efficiency of 59.8% and a background rejection of 54.5%. It has only been optimized on
1-prong τh events. Since 1-prong τh decays involving more than two π0s as well as 3-prong
τh decays involving more than one π0 are rare (cf. Table 4.1), this is a reasonable simplifica-
tion.
The number of π0s (nπ0) is defined over the value of the primary and secondary BDT score,
as listed in Table 4.2.

4.2.2 Mass reconstruction of the visible τh

The mass reconstruction of the visible τh is based in the track measurement, which corre-
sponds to a measurement of the charged pions in the τh decay, and on the clusters in the
calorimeter system which are identified as neutral pions.
A correction for noise, underlying event (U.E.) and pile-up is applied to all calorimeter clus-
ters which have been associated to the τh by the reconstruction algorithm (cf. Section 4.1.6).
The clusters surviving the correction are inspected further by the Pi0Finder algorithm, which
chooses the cluster or pair of clusters which has the highest resemblance to a π0. The quality
of the resemblance is expressed by the π0 likeness score:

π
0-likeness score =

EPPS
cluster(s)

f HAD
cluster(s) + x

√∣∣∣ Ecluster(s)
Ecalo−Etracks

∣∣∣ , (4.13)
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Figure 4.2: Pi0Finder BDT input variables. Top left: fraction of calorimeter energy found in the
pre-sampler and strip layers. Top right: number of cells in the strip layer with energy depositions
above 200 MeV. Middle left: ratio of the π± energy to the energy measured in the EM calorimeter.
Middle right: ratio of the momentum measured in the EMcal to the track momentum. Bottom: ratio
of the transverse energy to the transverse momentum of the leading track [29].
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where EPPS and f HAD
cluster(s) are the energy fraction of the selected cluster(s) in the hadronic

calorimeter or inner detector respectively. Ecluster(s), Ecalo and Etracks corresponds to the
energy of the selected cluster(s), the energy deposited in the calorimeter system and the
energy of the track system, respectively. The adjusting factor x has no physical meaning.
The cluster or pair of clusters with the highest π0-likeness score is chosen.
The visible τh is reconstructed by adding the four-momenta of the π0 cluster(s) and the track
system

pτvis = pcluster(s) +ptrack sys. (4.14)

The four momenta of the cluster(s) pcluster(s) and track system ptrack sys, respectively, are build
with the corresponding pT , η , φ and m, with m = 140MeV for the track system (i.e. π± sys-
tem) and m = 135MeV for the cluster(s) (i.e. π0 system). The mass or other kinematic
variables of the visible τh are then taken from the resulting four momentum.
It should be noted that since π0 cluster(s) are chosen in every τh event, the number of clus-
ter(s) is not necessarily correlated to the number of π0s found by the Pi0Finder counting
algorithm [29] [31].

The validation of the Pi0Finder algorithm has been performed for loose, medium and tight
BDT selected 1-prong and 3-prong τh candidates. Non-Z→ ττ background subtracted data
has been compared to Z → ττ Monte Carlo in a Z → ττ control region. The Monte Carlo
predictions have been found to be in good agreement with the data for the π0 counting as
well as the τh transverse momentum reconstruction without further calibration [30] [32].



5 Overview of the H→ τlτh analysis

The Higgs-boson search in the H → τ+τ− decay mode is divided into three subchannels
(H → τlτl , H → τlτh and H → τhτh) because of their distinct final-state dependent back-
ground compositions [20]. In this chapter the H→ τlτh analysis is introduced, which is used
as a reference and on which this thesis is based. The complete H → τlτh reference analysis
is described in great detail in Ref. [33], only a short overview is given here.

5.1 Event selection

This thesis and the reference analysis use proton-proton collision data with an integrated
lumnosity of 13 fb−1 collected at a center-of-mass energy of

√
s = 8TeV, corresponding to

the running periods A-E5 of 2012 [33].

5.1.1 Pre-selection

To cope with the vast amount of interactions, triggers are used to filter for interesting events
in a first step. In order to increase the signal yield with respect to the analysis performed
on the

√
s = 7TeV data set which only used a single-lepton trigger (cf. Ref. [34]), two trig-

gers with different lepton thresholds are used to pre-select events for the current analysis.
A combined lepton+tau trigger (LTT) and a single-lepton trigger (SLT). The LTT triggers
on isolated electron (muon) candidates with a transverse momentum of pT (e) > 18GeV
(pT (µ) > 15GeV) and a τh with ET > 20GeV. The SLT has a higher lepton threshold, it
triggers on events with an isolated electron or muon with pT (e,µ) > 24GeV. Offline, only
SLT events are considered for high lepton pT and only LTT events are considered for low
lepton pT events. In addition, the event is required to have a vertex with at least four tracks.
An Overlap removal on the reconstructed muon, electron, τh and jet candidates is conducted
in this order. Also eτh events with 1.37≤ |ηe| ≤ 1.52 are discarded, due to inefficient regions
in the Liquid Argon calorimeter.
Pre-selection cuts are applied on all events passing the trigger. The electron and muon can-
didates are required to pass the following isolation cuts: Econe

T (R0 = 0.2) < 0.06 ·Ecorr
T and

pcone
T (R0 = 0.4) < 0.06 · pcorr

T (cf. Section 4.1.4). Also, electron (muon) candidiates are re-
quired to pass the tight++ (CombinedMuon) identification requirement (cf. Section 4.1.2).
Exactly one isolated electron (muon) with 20 < pT (e) < 26GeV (17 < pT (µ) < 26GeV)
and exactly one identified τh with pT (τ) > 25GeV are required for events passing the LTT.
For events passing the SLT exactly one isolated electron or muon with pT > 26GeV and
exactly one identified τh with pT (τ) > 20GeV are required. A di-lepton veto is applied to
suppress contributions from Z→ ee,µµ, tt̄ and Wt (single top) events. However, the isola-
tion requirements are dropped and only loose identification criteria are applied for a higher
efficiency of the di-lepton veto. Also the lepton and τh are required to have opposite charge.

35
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5.1.2 Event categorization

After pre-selection, all remaining events are categorized to increase the signal to background
ratio. The VBF category (see below), for example, has a very distinct signal signature due
to the VBF Higgs-boson production mode which can be exploited to increase the signal to
background ratio. In general the categorization is oriented on the number of high pT jets in
the event and all quality criteria are listed in Ref. [33].
This thesis aims at increasing the sensitvity of the 0- and 1-jet category by splitting them
into subcategories using the information of the hadronic τ decay. The H → τlτh analysis
categories used by the reference analysis are listed in the following.

VBF category: H→ ττ events, where the Higgs was produced via the vector boson fusion
(VBF, cf. Section 2.2.2) result in a characteristic detector signature, including two
high-pT jets in the forward region of the detector. Those jets are used as tagging jets.
At least two jets with pT ( jet1) > 40GeV and pT ( jet2) > 30GeV are required for this
category as well as a τh with a pT (τ) > 30GeV and missing energy of Emiss

T > 20GeV.
Quality cuts on the pesudo-rapidity η and the dijet-mass are applied, since the jets in
pp V BF→ H events have a large seperation in η . Also the H → ττ decay products are
expected to lie between the tagging jets.
Due to the low statistics in this category, the electron (eτh) and muon (µτh) final states
are combined.

Boosted category: All events that fail the VBF category, are considered for the boosted
category.
Additional high-pT jets in the event result typically in a boosted Higgs boson in the
transverse plane. Therefore, the Higgs-boson pT is reconstructed and quality cuts are
applied on the reconstructed Higgs-boson pT (H). The pT (H) is calculated using the
transverse momentum of the lepton and the τh as well as the missing transverse energy
Emiss

T to account for neutrinos. This especially improves the seperation between the
Higgs signal and the irreducible Z→ ττ background.
As for the VBF category, the electron and muon final states are combined for the
boosted category because of low statistics.

1-jet category: All events that fail the VBF and Boosted category are considered for the
1-jet category. In addition, at least one jet with pT > 30GeV and a missing transverse
energy of Emiss

T > 20GeV are required.
The high statistics in this category allow a seperate consideration of the electron and
muon final states.

0-jet category: All pre-selected events which have failed the above categorys and have
no jets with a transverse momentum pT > 30GeV as well as a missing energy of
Emiss

T > 20GeV are included in this category.
As for the 1-jet category the high statistics allow a seperate consideration of the elec-
tron and muon final states.

After the categorization additional requirements to further reduce the different backgrounds
are applied to each analysis category. All requirements are listed in Ref. [33]. Here only
those for the 0- and 1-jet category are introduced, since this thesis aims at an increase in
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0-jet 1-jet
mT (l,Emiss

T ) < 30GeV mT (l,Emiss
T ) < 50GeV

∑∆φ < 3.5 ∑∆φ < 3.5
∆(∆R) < 0.5 ∆(∆R) < 0.6
Z→ ll rejection cuts Z→ ll rejection cuts
pT (l)− pT (τ) < 0

Table 5.1: Additional cuts applied to the 0- and 1-jet categories after categorization [33].

sensitivity in these high statistic categories by splitting them further into subcategories (cf.
chapter 6). The additional cuts applied to the 0- and 1-jet categories are listed in table 5.1
and explained below.
The in table 5.1 listed requirements are applied to supress the contributions of fake τs.

mT (l,Emiss
T ): The transverse mass of the lepton and the missing transverse energy

mT (l,Emiss
T ) =

√
2pT (l)Emiss

T
(
1− cos∆φ(pT (l), Emiss

T )
)
, (5.1)

discriminates especially well against the W → e/µ +ν background. W events usually
have a transverse mass mT that peaks in the mass region right below the W-mass,
therefore events with mT > 70GeV are chosen for a W control region (WCR). Since
mT (l,Emiss

T ) is lower for the signal, events with a low transverse mass (mT (l,Emiss
T ) <

30/50GeV) are chosen for the signal region (SR).

∑∆φ : Due to the Emiss
T vector usually lying between the pT vectors of the lepton and the τh

for the Higgs-boson signal, the sum

∑∆φ = |φ(l)−φ(Emiss
T )|+ |φ(τ)−φ(Emiss

T )| (5.2)

is usually smaller for H→ ττ events than for W+jets events. For W+jets events ∑∆φ

can be larger than π .

∆(∆R): The angular seperation ∆R of a di-τ system depends on the boost this system has
experienced by its mother particle. A correlation between ∆R and the transverse mo-
mentum of the lepton-τ-pair (pT (l,τ)) for resonance ττ-systems (from H → ττ or
Z→ ττ) can be observed. This correlation is modeled for H→ ττ decays and depend-
ing on pT (l,τ) an expected angular seperation ∆Rpred. can be predicted.
The ∆R for non-resonant backgrounds deviates from the expected ∆Rpred.. Therefore
∆(∆R) is defined as the difference between the predicted and the measured angular
seperation:

∆(∆R) = |∆Rmeas.−∆Rpred.|, (5.3)

which is higher for fake τh backgrounds than for H→ ττ and Z→ ττ .

Z→ ll rejection cuts: The Z → ll background can be supressed by applying dedicated
cuts depending on the lepton and its ability to fake a τ .
Muons are minimal ionizing particles and therefore deposit only little amounts of en-
ergy in the calorimeter system. Even muons with high amounts of bremsstrahlung
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have a small electromagnetic fraction fEM
1. Therefore the cut fEM > 0.1 is applied to

1-prong muon events if the invariant mass of the muon and the associated track lies
within the Z-mass window (80 < minv(µ, track) < 100GeV).
Since the Z → µµ background component is only of noteworthy importance in the
0-jet category, Z→ µµ rejection cuts are not applied to the other categories.
Due to a deficit in TRT and calorimeter information in the central region of the de-
tector, 1-prong τ candidates within |ηtrack| < 0.05 are rejected for the 0- and 1-jet
categories.

pT (l)− pT (τ): For Z→ ττ and H→ ττ events the lepton originates from a τ decay which
also includes two neutrinos. Therefore the pT asymmetry between the lepton and the τh
peaks at negative values for those two processes (pT (l)− pT (τ) < 0) and offers another
possibility to suppress the multijet and W+jets backgrounds in the 0-jet category.
[33]

5.2 Mass reconstruction of the di-tau system

The mass reconstruction of the τlτh system is not trivial, since two neutrinos from the τl and
one neutrino from the τh decay escape the detector. Therefore the so-called missing mass
calculator (MMC) is used to reconstruct the invariant ττ mass. The MMC di-tau mass re-
construction method is explained in greater detail in Ref. [33] , here only the MMC principle
is introduced.
In order to provide a full reconstruction of the event topology, the MMC has to solve an
underconstraint equation system for the invisible momentum components of the neutrino(s)
from each τ decay (τl and τh) and the invariant mass of the di-neutrino system of the leptonic
τ decay.
Although a definite solution of the underconstraint system is not possible, some solutions are
more likely than others. The MMC tries to find the most probable solution using additional
information about the τ decay kinematics. In the current implementation of the MMC, the
3-dimentional angle ∆θ3D between the (in)visible τ decay products is used. The ∆θ3D is
calculated from data for all points in the (φmis1,φmis2) parameter space.
As a reference, ∆θ3D distributions are obtained from simulated Z/γ∗ → ττ events in a
pT (τ) range from 10GeV < pT (τ) < 230GeV . The simulated ∆θ3D distributions are fit-
ted with a combination of Gaussian and Landau functions, and propability density functions
P(∆θ3D, pT (τ)) are derived for each τ decay type (τl, τ

1-prong
h , τ

3-prong
h ). The P(∆θ3D, pT (τ))

for both τs in the decay are multiplied to derive an overall event probability Pevent.
For all scanned points in the (φmis1,φmis2) parameter space, the di-τ mass is calculated and
weighted by the event propability Pevent. The maximum of the di-τ mass (mMMC) distribu-
tion is used as final estimate of the di-τ mass.

1The electromagnetic fraction fEM is the fraction of the transverse energy of the τ candidate which has been
deposited in the EM calorimeter.
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5.3 Background estimation

In order to extract the Higgs-boson signal out of the vast amount of events, it is crucial
to understand all relevant background processes and their power to fake the H → ττ →
l + τh + 3ν signal signature. The signature of the signal can be faked in three ways: if the
event has a true or fake lepton and a true τh or the τh is either faked by a lepton or a jet.
The fake signature depends on the background process. The corresponding backgrounds
to the three just mentioned possibilities to fake the H → ττ signature are introduced in the
following.

True lepton + true τh: The most prominent background with this signature is the Z/γ∗→
ττ decay, which has the same final state and similar event kinematics as the H → ττ

decay. A smaller contribution to this background category comes from di-boson pro-
duction if both bosons decay leptonically (VV→ l+τh+X with VV = ZZ, WW, WZ)2.
The top background contributes to this category, if both top quarks from a tt̄ produc-
tion process decay to leptonic final states via a W boson
(tt̄ →W+bW−b̄→ l + τh + X). The single top production in association with a W
boson reaches a similar final state, if the W from the top decay as well as the W from
the associated production decay leptonically.
All those processes show a strong charge correlation of the lepton and the τh, which
have opposite charge in the great majority of times. Therefore the number of events
where the lepton and the τh have opposite charge, NOS greatly exceeds the number of
events NSS where both have the same charge: NOS� NSS

3.

True lepton + τh faked by lepton: This category is largely dominated by Z → ll pro-
cesses if one of the leptons from Z/γ∗→ ee/µµ fakes the τh.
Due to the Z/γ∗ which are neutral, this background shows a very strong charge corre-
lation: NOS� NSS.

True/fake lepton + τh faked by a jet: A major contribution to this background cate-
gory comes from QCD jet processes, which have a large production cross section. The
τh is faked by a QCD jet and the lepton can either also be faked by a jet or result from
a semi-leptonic decay of hadrons. However, leptons originating from a semi-leptonic
decay of hadrons are not isolated, therefore only a small fraction of those pass the
by the analysis required isolation cuts. Another contribution comes from W+jets pro-
cesses, due to the true lepton resulting from the W decay and a jet faking the τh. If
the jet which fakes the τh originates from the same quark that has radiated the W, the
charges of the lepton from the W decay and of the fake τh are correlated (NOS > NSS).
However, if the quark which has radiated the W also radiates a gluon, and that gluon
is the origin of the τ-fake jet, no charge correlation is expected.
Also, the resulting jet from a hadronically decaying W boson or a B-hadron from a
tt̄ decay can fake a τh. In addition the τh can be faked by a W associated single top
process where one of the W bosons decays hadronically and fakes the τh.

2The X stands for all other decay products, which are not relevant for the characteristic signature and therefore
are not listed.

3OS (SS) stands for Opposite (Same) Sign
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Other contribuions come from Z/γ∗+ jets→ ee/µµ + jets processes if a jet is misiden-
tified as a τh, or from di-boson processes where one boson decays hadronically and one
of the resulting jets fakes the τh.
The charge correlation between lepton and τh is small for QCD, W+jets or top pro-
cesses and non-existent for Z+jets or di-boson contributions.
[33]

5.3.1 Method

The background estimation is based on two major assumptions: the shape of the mMMC dis-
tribution is the same for OS and SS events and the MC-to-data scale factor (k = Ndata/NMC) is
the same for the signal and control region of a given background. Using those two assump-
tions, the number of expected OS background events Nbkg

OS can be estimated by the formula

Nbkg
OS = rQCD ·Ndata

SS +NZ→ττ
Add-on +NZ→ll(→τ)

Add-on +NZ→ll+ jet(→τ)
Add-on +NW+ jets

Add-on +Ntop
Add-on +NVV

Add-on.
(5.4)

All components of equation 5.4 are explained in the following. However, the derivation of
rQCD and the used k-faktors is not explained (except for the W+jets background), since it is
not crucial for this thesis and has been done in great detail in Ref. [33] and Ref. [34].

rQCD ·Ndata
SS : The same sign components of all backgrounds are included in Ndata

SS which
stands for all same sign data events that pass all events selection cuts except the OS
requirement. Since QCD events are practically impossible to predict via MC simula-
tion, Ndata

SS , which has a significant contribution of QCD events, is used to estimate the
QCD background component. Different charge correlations are expected for QCD-jets
originating from di-quark or di-gluon/quark-gluon parton pairs, respectively. This can
lead to differences in the number of OS and SS QCD-events, which is accounted for
by the correction factor rQCD = NQCD

OS /NQCD
SS .

NZ→ττ
Add-on: Since the same sign components of all backgrounds are included in Ndata

SS , only the
Nbkgi

Add-on = Nbkgi
OS −Nbkgi

SS components are added to obtain the OS number of events of
the corresponding background. The Z→ ττ add-on curve is estimated via NZ→ττ

Add-on =
kZ→ττ ·

(
NZ→ττ

OS − rQCD ·NZ→ττ
SS

)
. The Z → ττ background is estimated with MC,

which proves to be a very good estimation [33]. Therefore, kZ→ττ is assumed to be
equal to unity.

NZ→ll(→τ)
Add-on : The data-driven estimate of the Z → ll(→ τ) background is described in Ref.

[33] and Ref. [34]. Again the kZ→ll(→τ) factor in

NZ→ll(→τ)
Add-on = kZ→ll(→τ) ·

(
NZ→ll(→τ)

OS − rQCD ·N
Z→ll(→τ)
SS

)
is assumed to be equal to

unity.

NZ→ll+ jet(→τ)
Add-on : Since τh fakes from jets are not expected to have any charge correlation with

a lepton from the Z → ll decay and in addition no significant statistical difference is
observed between OS and SS events for this background, NZ→ll+ jet(→τ)

Add-on reduces to

NZ→ll+ jet(→τ)
Add-on = kZ→ll+ jet(→τ) ·N

Z→ll+ jet(→τ)
OS · (1− rQCD).
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NW+ jets
Add-on : The τh misidentification rate is different for quark or gluon initiated jets and the

OS requirement leads to different quark-gluon fractions in OS and SS events. There-
fore seperate k-factors have to be applied to OS and SS events: NW+ jets

Add-on = kOS
W+ jets ·

NW+ jets
OS − rQCD · kSS

W+ jets ·N
W+ jets
SS . The W k-factors are derived in W enriched control

regions (WCR) (cf. [33]).
The WCRs are defined depending on the analysis categories by changing the trans-
verse mass cut to mT > 70GeV since W events show high transverse masses (cf. sec-
tion 5.1.2). Also, cuts applied after categorization to suppress the W+jets background
are not applied (i.e. no cuts on ∆(∆R) and ∑∆φ for the 0- and 1-jet categories). In
those WCRs the W MC predictions are compared to non-W subtracted data to derive
the kW factors:

kW =
ndata−nMC

non-W

nMC
W

. (5.5)

Where the non-W background components are taken directly from MC. This is done
seperately for OS and SS events. The kW factors for the 0- and 1-jet categories are
taken from [33] and listed in table 5.2.

category
0-jet eτh 0-jet µτh 1-jet eτh 1-jet µτh

kOS
W 0.614±0.010 0.581±0.009 0.656±0.014 0.557±0.011

kSS
W 0.739±0.023 0.717±0.024 0.859±0.028 0.710±0.024

Table 5.2: The kW factors for the 0- and 1-jet eτh/µτh categories, with statistical uncertainties
[33].

The kW factors from table 5.2 are taken as a reference for a study on the impact of
seperate kW factors on the data to MC agreement in 0- and 1-jet subcategories which
is explained in Section 6.1.3.

Ntop
Add-on: As for the W+jets background, different k-factors have to be applied for OS and SS

events: Ntop
Add-on = kOS

top ·N
top
OS − rQCD ·kSS

top ·N
top
SS . The top k-factors are also derived in a

MC-based background estimation technique using top enriched control regions [33].

NVV
Add-on: The di-boson events only make up a very small fraction of the baseline event sam-

ple (∼0.5%) and it is valid to rely entirely on the MC-simulation for the di-boson
background estimation. Therefore, the di-boson k-factor KVV is assumed to be equal
to unity: NVV

Add-on = kVV ·
(
NVV

OS − rQCD ·NVV
SS

)
[33].

5.4 Systematic uncertainties

In the search for the Higgs boson, the signal appears as an excess of data over the simulated
background. However, if the background is not well known one cannot be certain about a
possibly observed excess of data. The simulation of the background is influenced by several
parameters. For example the behaviour of the trigger efficiencies might be different in sim-
ulation and real data, therefore the differences are used to correct for mismodelings. Other
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corrections are applied on the object-identification efficiencies, energy scales and resolu-
tions. Also the theoretically derived cross sections are not exact, which directly effects the
number of simulated events and therefore the estimation of the background. To account for
the imprecisions of those corrections and predictions, systematic uncertainties are assigned.
These systematic uncertainties are propagated to the analysis, by running the analysis once
with the nominal values of the corrections, and then again twice for every source of sys-
tematic uncertainty where the concerned parameter is scaled up and down by ±1σ of the
systematic uncertainty.
All systematic uncertainties used by the reference analysis as well as this thesis for 0-/1-jet
events are briefly described below. A detailed survey of all systematic uncertainties can be
found in Ref. [33].

Systematic uncertainties on the luminosity and cross section

The expected event numbers are derived from MC simulation by normalizing them with
the according next-to-next-to-leading order (NNLO) cross section and the total integrated
luminosity:

Nexp = NMC ·w with w =
σ ·
∫

L dt

NMC
. (5.6)

The systematic uncertainties on the cross section, due to higher order corrections which
are not considered, have to be derived seperetaly for each jet category. Since it has been
shown that the cross-section uncertainties for the exclusive jet categories are underestimated,
they are derived from the cross-section uncertainties for the inclusive jet categories [35].
This is done by calculating the cross section for the exlusive jet category by subtracting the
cross section for inclusive jet bins from the total cross section (e.g. σ0-jet = σtot−σ≥1) and
propagating the uncertainty accordingly.
The overall theory uncertainties on the event selection are found to be of the order of a few
percent, except for the ggF Higgs-boson production mode which is especially sensitiv to
higher order corrections, where it is of the order of 20%. For the total integrated luminosity
of
∫

L = 13fb−1 a systematic uncertainty of 3.6% was assigned.

Systematic uncertainties on the trigger efficiencies

For the SLT the uncertainties are of the order of 1-2%.
The efficiency scale factors on the τ-leg of the LTT have higher uncertainties, which depend
on the running period and detector region. They range from 2-5% for 1-prong τs and from
4-12% for 3-prong τs. The scale factors for the lepton and τ leg of the LTT are multiplied
and the uncertainties propagated to the overall scale factor.
The final effect of the trigger uncertainties on the analysis is very small (O(2%)).

Systematic uncertainties considered for electrons

For electrons, systematic uncertainties on the energy scale and resolution, the reconstruction
and identification efficiency and on the calorimeter isolation are considered.
A 1-3% energy scale uncertainty is assigned, depending on the detector region. Also a 1-
4% energy resolution smearing is applied to simulated events, since the energy resolution
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is not correctly reproduced by MC simulations. The impact of the electron reconstruction
and identification uncertainty on the event selection acceptance is evaluated by varying the
corresponding scale factor by 3%. In a similar way the effect of the calorimeter isolation on
the event selection acceptance is estimated by varying the scale factor by 2-4% depending
on the transverse momentum of the electron.
Overall the systematic uncertainties for electrons in eτh events are in the range 1-7% depend-
ing on the process. For µτh events electron systematic uncertainties are below 1%.

Systematic uncertainties considered for muons

For muons, systematic uncertainties on the muon momentum resolution and on the muon
identification efficiency are considered.
The impact of these two uncertainties on the event selection acceptance is estimated by
varying both by 1%. The overall muon systematic uncertainties for µτh events are of the
order of 3% for all processes. For eτh events they are neglected.

Systematic uncertainties considered for τh

For τh systematic uncertainties on the τh energy scale and on the τ identification efficiency
are considered.
The τh energy scale uncertainty depends on the τ momentum and ranges from 4.5-2% for
1-prong τs and from 6.5-3% for 3-prong τs with rising transverse momentum. The effect of
the τh energy scale uncertainty on the event selection acceptance is estimated by smearing all
τh which pass the selection criteria and the overlap removal accordingly. The τ identification
efficiency uncertainties range from 3-10% depending on the number of prongs and |ητ |.
Overall the τh energy scale uncertainties range from 1-23% for 0-jet events and from 1-10%
for 1-jet events depending on the process.

Systematic uncertainties considered for jets

For jets, systematic uncertainties on the jet-energy scale (JES) are considered. The baseline
systematic on the JES which has been used in earlier analyses (cf. Ref. [?]) is split up into
groups depending on the source of the individual systematic uncertainty to allow for a better
treatment of correlations between them.
The baseline JES combines nuisance parameters which, for example, account for mismodel-
ings of high-pT jets or which have been derived from in-situ analyses. Different systematic
uncertainties have to be applied to forward jets, therefore a seperate forward JES is used.
Two seperate JES are used to account for in- and out-of-time pile-up effects and another is
used to account for contaminations of close-by jets. Also a seperate flavor JES is used to
account for the different quark and gluon JES. The flavor JES only applies to light quarks
and gluons, therefore a seperate JES is used for b-quark jets.
Both analyses consider the baseline JES as well as the forward and flavor JES. The overall
effect of those three systematic uncertainties on the event selection ranges from 1-20% de-
pending on the process and the jet category.
Not considered by the reference analysis but by this thesis, are the effects of in- and out-of-
time-pileup effects as well as effects of the b-jet energy scale. However, their overall effect
on the event selection is very small.
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Systematic uncertainties considered for Emiss
T

The Emiss
T vector is reconstructed by adding all object dependent Emiss, object

T vectors (cf.
Section 4.1.8). Therefore, the systematic uncertainties of the e, τh-jet and jet energy scale
are propagated to Emiss

T . In this procedure the uncertainties on the τh-jeta and jet energy scale
are treated fully correlated.
The overall effect of the Emiss

T systematic uncertainties on the event selection acceptance
ranges from 1-10% and 1-7% for 0-jet and 1-jet categories, respectively.

Systematic uncertainties considered for the background estimate

The systematic uncertainties considered for the background estimate are listed in Table 5.3
for the 0- and 1-jet categories. Overall, the effect of the systematic uncertainties on the
background estimate on the event selection ranges from 1-6% and from 1-20% for the 0- and
1-jet category, respectively.

Uncertainty in %
0-jet 1-jet

eτh µτh eτh µτh
rQCD 5.0 7.2 5.0 7.2
kOS

W+ jets 1.6 1.5 2.1 2.0
kSS

W+ jets 3.1 3.3 3.2 3.4
kZ→ll+ jet(→τ) 5.4
kOS

top 18 19 18 19
kSS

top 22 23 22 23

Table 5.3: Systematic uncertainties considered for the background estimate in the 0- and 1-jet cate-
gories [33].

5.5 Results of the H→ ττ reference analysis

Since no significant excess is observed in the H → τ+τ− search channel an upper limit on
the Higgs-boson signal strength µ = σ/σSM is derived. The limit setting is based on a modi-
fied frequentist approach as explained in Ref. [15].
The results of the Higgs-boson search in the H→ τ+τ− decay channel on the 4.7 fb−1 (2011)
and 13 fb−1 data set (2012) corresponding to center of mass energies of

√
s = 7TeV and√

s = 8TeV, respectively, have been presented in November 2012. In the limit calculation
procedure the level of agreement between observed data and expected background for the
MMC mass (mMMC) distributions is evaluated. The mMMC distrubutions for all categories
contributing to the H→ τlτh search channel are shown in Fig. 5.1.
To exclude a SM Higgs boson of a certain mass, the 95% Confidence Level exclusion limit
is derived. The limit is given in units of the SM Higgs-boson cross section under the
background-only hypothesis. In this hypothesis, it is assumed that there is no SM Higgs
boson. One can differentiate between the expected limit, which is derived by relying purely
on simulated events and the observed limit which evaluates the level of agreement between
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estimated background events and observed data. The value of the (expected) observed limit
at a given Higgs-boson mass, corresponds to the (expected) observed signal strength µ of a
Higgs boson with that mass. If the expected and observed 95% CLs limits are below µ = 1
at a given Higgs-boson mass mH , a SM Higgs boson with mass mH can be excluded at the
95% CLs.
Figure 5.2 shows the expected and observe 95% CLs limits for the combination of all H →
τlτh categories (i.e. combination of the 0-jet eτh, 0-jet µτh, 1-jet eτh, 1-jet µτh, Boosted and
VBF categories). The observed (expected) 95% CLs exclusion limits at the mH = 125GeV
mass point are found to be 2.3 (2.3) [33]. Therefore the sensitivity of the analysis does not
allow a conclusion on the decay of the discovered boson unto τ leptons.
The 95% CLs exclusion limits for the H → τ+τ− search channel, i.e. the combination of
the H → τlτl , H → τlτh and H → τhτh analyses are shown in the top plot of Fig. 5.3. At
the mH = 125GeV mass pint the observed (expected) 95% CLs exclusion limits are found
to be 1.9 (1.2) [20]. Therefore the sensitivity of the H → τ+τ− analysis does not allow a
conclusion on the decay of the discovered boson unto τ leptons. The H → τ+τ− analyses
has a sensitivity close to 1σ/σSM. New data or an optimization of the H → τ+τ− analysis
might allow an exclusion of the SM Higgs-boson cross section in absence of a signal.
The significance of an excess in data is expressed by the so called p0 value. The p0 value
corresponds to the probability that an observed excess in data is caused by a statistical fluc-
tuation of the background. The expected significance is derived using only simulated events.
Convebtion states the observation of a new particle if a significance of 5σ corresponding to
a p0 value of 4 ·10−7 is observed.
In the bottom plot of Figure 5.3 the expected and observed p0 curves are shown for the mass
range 100 GeV< mH <150 GeV. Neither the observed nor the expected p0 curves show high
significances, therefore no Higgs-boson signal could be observed in the H → τ+τ− decay
channel. When fitting the MC estimate to data under the signal-plus-background hypothesis
the signal strength µ is derived. a signal strength of µ = 1 corresponds to the SM Higgs
boson, whereas a signal strength of µ = 0 denotes to a scenario without a SM Higgs boson.
Corresponding to the observed p0 curve in the bottom plot of Figure 5.3 is a signal strength
of µ = 0.7±0.7 [20]. The background-only as well as the signal-plus-background hypothe-
ses corresponding to signal strengths µ = 0 and µ = 1, respectively, lie within uncertainties
of the observed signal strength.
The existence of a SM Higgs boson could neither be confirmed nor excluded in the H →
τ+τ− search channel.
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Figure 5.1: Distributions of the mMMC for all categories considered in the reference H→ τlτh analysis
performed on data corresponding to an integrated luminosity or 13 fb−1 collected at a center-of-mass
energy of

√
s = 8TeV. Top left plot: 0-jet eτh category; Top right plot: 0-jet µτh category; Middle left

plot: 1-jet eτh category; Middle right plot: 1-jet µτh category; Bottom left plot: Boosted category;
Bottom right plot: VBF category [33].
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Figure 5.2: Observed (full line) and expected (dashed line) 95% CLs limits for all categories consid-
ered in the H→ τlτh analysis combined. The green and yellow bands represent the 1σ and 2σ bands,
respectively [33].
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6 Exploitation of the τh substructure in
the H→ τlτh search channel

This thesis investigates the possibilities of improving the sensitivity towards a possible SM
Higgs-boson signal in the 0- and 1-jet categories of the H→ τlτh search channel (cf. Section
5.1.2) by utilizing the substructure of the τh. The substructure of the τh corresponds to the
decay mode of the hadronic tau. Here, the τh decay modes into pions are investigated since
they have the highest branching ratio (cf. Table 4.1).
Approximately 93% of all events passing the pre-selection with the requirement Emiss

T >
20GeV get categorized as 0- or 1-jet events [33]. Therefore, the high event rates in these
categories hold the possibility of splitting them further into subcategories. The splitting is
done using the hadronic τ 1- and 3-prong signature as well as the reconstructed number of
neutral pions in the decay, provided by the Pi0Finder algorithm (cf. Section 4.2).
In this chapter the approach and results of the subcategory splitting and its impact on the
sensitivity towards a SM Higgs boson are discussed.

6.1 Subcategory splitting

The analysis categories introduced here are based on the definition of the 0- and 1-jet cate-
gories given in Section 5.1.2. These categories are split into subcategories depending on the
signature of the hadronic τ decay.

6.1.1 Definition of analysis categories

The τh decays into one charged and any number of neutral pions in approximately 77% of all
cases (cf. Table 4.1). Due to this high fraction of 1-prong τh decays, an additional splitting
regarding the number of accompanying π0s in the decay is done. The number of π0s in the
decay was reconstructed using the Pi0Finder algorithm, which has been introduced in Sec-
tion 4.2.
Hadronic τ decays with three charged pions (3-prong decays) occur in approximately 23%
of all τh decays. Due to this rather small branching ratio and the fact that approximately 67%
of 3-prong decays do not involve any π0s (cf. Table 4.1), no further splitting concerning π0s
is applied to 3-prong τh decays.
The subcategorization of the 0- and 1-jet categories relies on two quantities: the number of
tracks that have been assigned to the τh candidate (nτ

tracks) which corresponds to the number
of charged pions in the decay, and the number of π0s which have been found by the Pi0Finder
algorithm (nπ0).
Including the separate treatment of eτh and µτh events, this results in a total of twelve sub-
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CHANNEL

categories:

0-jet eτh 1-prong-no-π0s 0-jet eτh 1-prong with-π0s 0-jet eτh 3-prong

0-jet µτh 1-prong-no-π0s 0-jet µτh 1-prong with-π0s 0-jet µτh 3-prong

1-jet eτh 1-prong-no-π0s 1-jet eτh 1-prong with-π0s 1-jet eτh 3-prong

1-jet µτh 1-prong-no-π0s 1-jet µτh 1-prong with-π0s 1-jet µτh 3-prong (6.1)

For the above listed subcategories, the distribution of the number of π0s after the selection
listed in Section 5.1.2 and Table 5.1, is shown in Fig. 6.1 and 6.2. All plots have been
produced using the data which has been collected by the ATLAS experiment in 2012 (running
periods A-E5) corresponding to an integrated luminosity of 13 fb−1. The background has
been normalized with the OS-SS background estimation method as introduced in Section
5.3.
The 1-prong-no-π0 (1-prong-with-π0s) subcategory corresponds to bin one (bin two and
three) in the plots for 1-prong events (cf. left column of Fig. 6.1 (Fig. 6.2)). In total there
are eight plots shown in Fig. 6.1 and 6.2, one for each of the possible combinations of the
following: 0-/1-jet + eτh/µτh + 1-/3-prong. On the y-axis the number of events as a function
of the number of π0s in the event is plotted. Bin one, two or three on the x-axis correspond
to zero, one or two π0s respectively.

6.1.2 Background composition

The major backgrounds contributing in the H → τlτh decay channel have been listed and
described in Section 5.3. Plots showing the background composition of the different subcat-
egories are shown in Fig. 6.1 and 6.2. The largest background component for all subcate-
gories is the Z→ ττ background. Smaller contributions (in order of importance) come from
QCD, Z→ ll and W+jets for 0-jet subcategories or QCD, W+jets, top, Z→ ll and diboson
for 1-jet subcategories respectively.
It is peculiar that the Z → ll background in the 0-jet µτh channel only shows a significant
contribution in the 0-jet µτh 1-prong-no-π0 subcategory. No Z→ ll contribution can be ob-
served in the 0-jet µτh 1-prong-with-π0 or 3-prong subcategory (cf. bottom row of Fig. 6.1).
This is due to the very clean signature muons have in the detector (cf. Section 4.1.3). Muons
are minimal ionizing particles and therefore leave very clean tracks and very little energy
deposition in the calorimeter system. The former makes it practically impossible for muons
to fake a 3-prong τh and the latter prevents the misidentification of π0s. Therefore, it might
be possible to gain in sensitivity by only applying the Z→ ll rejection cuts to the 0-jet µτh
1-prong-no-π0 subcategory.
The event yields for all twelve sub-categories are shown in Tables 6.1-6.4. As can be seen

in these tables, the largest background contributions for all twelve subcategories come from
Z→ ττ and same-sign-data events. It can happen that more same sign events than opposite
sign events are counted, in that case the OS-SS fraction of the total event numbers is negative.
Here, this is the case for the Z→ ll background component in the 0-jet µτh 1-prong-with-π0s
subcategory. Since muons deposit only little amounts of energy in the calorimeter system,
they are unlikely to fake 1-prong τh candidates which include π0s in the decay. However, if
an accompanying jet fakes the τh, no charge correlation is expected for Z→ ll+jets events
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Figure 6.1: Number of π0s for 1- and 3-prong (left/right column) events of the e/µτh (top/bottom
row) subcategories of the 0-jet category. Bin1: no π0s; bin2: 1 π0; bin3: 2π0s.

and nSS
Z→ll+jets > nOS

Z→ll+jets is possible for finite event numbers.
For 0-jet as well as 1-jet events the gluon-fusion Higgs production mode (HggF → ττ) is the
dominant signal contribution.

6.1.3 Study on kW -factor for subcategories

The most prominent background Z→ ττ is largely irreducible but well modeled by MC (cf.
Section 5.3). On the other hand it is known, that the W+jets background, which is the second
largest non-QCD background in the 0- and 1-jet categories (cf. Table 6.1-6.4), is not well
modeled by MC. Therefore, this background is estimated in dedicated control regions (cf.
Section 5.3).
To probe if the MC mismodeling depends on the τh substructure, i.e. if the data-to-MC
agreement in the subcategories is affected by relying on the kW factors derived for the su-
perior 0- and 1-jet categories in Ref. [33] (listed in Table 5.2), seperate kW factors for each
subcategory have been derived and compared as described in the following.
For the subcategorization defined in the previous section, the transverse mass cut is reversed
(mT > 70GeV) to define W+jets enriched control regions (W CRs) for all subcategories. The
kW factors are derived by by scaling the W+jets MC estimate to data, from which all non-W
background components have been subtracted. This is done for the subcategories using the
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Figure 6.2: Number of π0s for 1- and 3-prong (left/right column) events of the e/µτh (top/bottom
row) subcategories of the 1-jet category. Bin1: no π0s; bin2: 1 π0; bin3: 2π0s.

Process Events
0-jet eτh

1-prong-no-π0s 1-prong-with-π0s 3-prong
Signal VBF125 0.04 ± 0.02 0.11 ± 0.03 0.11 ± 0.03
Signal WH125 0.04 ± 0.02 0.10 ± 0.04 0.04 ± 0.02
Signal ZH125 0.04 ± 0.02 0.03 ± 0.01 0.02 ± 0.01
Signal ggF125 6.9 ± 0.4 10.7 ± 0.5 7.9 ± 0.4
Total Signal 7.0 ± 0.4 11.0 ± 0.5 8.1 ± 0.4
Z→ ττ (OS-SS) 755 ± 46 1748 ± 68 979 ± 50
Diboson (OS-SS) 3.3 ± 0.7 7.5 ± 1.2 7.0 ± 1.1
Z→ ll (OS-SS) 71 ± 18 305 ± 36 154 ± 22
W+jets (OS-SS) 89 ± 22 197 ± 48 188 ± 43
Top (OS-SS) 2.2 ± 0.9 3.3 ± 1.3 2.6 ± 1.0
Same sign data 136 ± 12 326 ± 18 218 ± 15
Total Background 1057 ± 56 2587 ± 93 1549 ± 71
Data 1086 ± 33 2545 ± 50 1447 ± 38

Table 6.1: Number of events in the 0-jet eτh categories. Only statistical uncertainties are shown.
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Process Events
0-jet µτh

1-prong-no-π0s 1-prong-with-π0s 3-prong
Signal VBF125 0.09 ± 0.03 0.23 ± 0.05 0.13 ± 0.03
Signal WH125 0.01 ± 0.01 0.02 ± 0.02 0.06 ± 0.03
Signal ZH125 0.03 ± 0.02 0.05 ± 0.02 0.03 ± 0.01
Signal ggF125 9.0 ± 0.4 15.4 ± 0.6 8.7 ± 0.4
Total Signal 9.1± 0.4 15.7 ± 0.6 8.9 ± 0.4
Z→ ττ (OS-SS) 1486 ± 62 3424 ± 95 1847 ± 68
Diboson (OS-SS) 3.2 ± 0.8 9.5 ± 1.4 6.5 ± 1.1
Z→ ll (OS-SS) 52 ± 14 -21.4 ± 12.6 7.8 ± 10.9
W+jets (OS-SS) 162 ± 38 175 ± 62 158 ± 44
Top (OS-SS) 1.2 ± 0.7 4.9 ± 1.2 1.7 ± 1.0
Same sign data 233 ± 16 525 ± 24 274 ± 17
Total Background 1938 ± 76 4118 ± 117 2296 ± 84
Data 1944 ± 44 4083 ± 64 2283 ± 48

Table 6.2: Number of events in the 0-jet µτh categories. Only statistical uncertainties are shown.

Process Events
1-jet eτh

1-prong-no-π0s 1-prong-with-π0s 3-prong
Signal VBF125 2.22 ± 0.142 3.48 ± 0.18 1.90 ± 0.13
Signal WH125 0.652 ± 0.092 1.03 ± 0.12 0.50 ± 0.08
Signal ZH125 0.382 ± 0.06 0.54 ± 0.06 0.32 ± 0.05
Signal ggF125 10.12 ± 0.5 17.4 ± 0.6 9.1 ± 0.4
Total Signal 13.4 ± 0.5 22.5 ± 0.7 11.8 ± 0.5
Z→ ττ (OS-SS) 1083 ± 58 2012 ± 79 1044 ± 56
Diboson (OS-SS) 28.1 ± 2.7 47.2 ± 3.5 27.5 ± 2.9
Z→ ll (OS-SS) 84 ± 577 173 ± 46 43 ± 26
W+jets (OS-SS) 387 ± 44 642 ± 82 227 ± 55
Top (OS-SS) 207 ± 9 386 ± 13 229 ± 13
Same sign data 840 ± 29 1756 ± 42 1191 ± 35
Total Background 2630 ± 98 5017 ± 131 2761 ± 90
Data 2457 ± 50 5147 ± 72 3064 ± 55

Table 6.3: Number of events in the 1-jet eτh categories. Only statistical uncertainties are shown.
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Process Events
0-jet µτh

1-prong-no-π0s 1-prong-with-π0s 3-prong
Signal VBF125 2.39 ± 0.15 4.00 ± 0.19 1.91 ± 0.13
Signal WH125 0.73 ± 0.10 1.04 ± 0.12 0.62 ± 0.09
Signal ZH125 0.49 ± 0.06 0.57 ± 0.06 0.25 ± 0.04
Signal ggF125 13.2 ± 0.5 21.5 ± 0.7 10.4 ± 0.5
Total Signal 16.8 ± 0.6 27.1 ± 0.7 13.2 ± 0.5
Z→ ττ (OS-SS) 1401 ± 67 2815 ± 92 1459 ± 66
Diboson (OS-SS) 30.7 ± 2.7 51.8 ± 3.9 29.8 ± 3.0
Z→ ll (OS-SS) 111 ± 23 33 ± 15 12 ± 15
W+jets (OS-SS) 439 ± 57 370 ± 90 415 ± 58
Top (OS-SS) 170 ± 9 402 ± 14 204 ± 12
Same sign data 779 ± 29 1547 ± 41 1022 ± 34
Total Background 2931 ± 96 5219 ± 137 3142 ± 96
Data 2923 ± 54 5614 ± 75 3081 ± 56

Table 6.4: Number of events in the 1-jet µτh categories. Only statistical uncertainties are shown.

equation 5.5 which is again listed here for greater clarity:

kW =
ndata−nMC

non-W

nMC
W

.

Where nMC
non-W corresponds to the non-W background events estimated by MC:

nMC
non-W = nMC

Z→ττ +nMC
Z→ll +nMC

diboson +nMC
top . (6.2)

The statistical uncertainties of the MC estimates and data events have been propagated to
kW . Since the τh misidentification rate is different for quark and gluon initiated jets and the
OS requirement leads to different quark-gluon fractions in OS and SS events, the kW factors
are derived separately for OS and SS events.
The visible mass distributions in the W CR for the 0-jet µτh categories after applying the
corresponding kW factor are shown in Fig. 6.3 (nominal categorization as used by the refer-
ence analysis) and 6.4 (subcategories as defined in the previous section). The corresponding
plots for all other categories are shown in Fig. A.1-A.3 and Fig. A.4-A.6, respectively.
Due to a charge asymmetry for W+jets events (cf. Section 5.3) the event rates are higher for
OS events. The W+jets MC sample corresponds to an integrated luminosity of 5 fb−1. It is
scaled up to be comparable to the 13 fb−1 data set. This leads to spiky visible mass distribu-
tions and large errors on the MC background estimate for SS event in all subcategories.
The derived subcategory kW factors are listed in Table 6.5 together with the kW factors taken

from Ref. [33] (kre f
W ). In Figure ?? the variation of the kW factors depending on the subcat-

egory for 0- and 1-jet events are displayed seperately for the eτh/µτh channel and for OS
and SS events. The kW factors derived in the reference analysis (kre f

W ) and their uncertainties
are represented by the green line and band in Fig. 6.5 and 6.6. Whereas the subcategory
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Figure 6.3: Distributions of the mvis in the W control regions for the 0-jet µτh category. Left plot:
opposite sign (OS) W CR; Right plot: same sign (SS) W CR.

subcategories

kre f
W k1p-no-π0

W k1p-with-π0s
W k3p

W

0-
je

t eτ
h OS 0.614 ± 0.010 0.613 ± 0.018 0.648 ± 0.015 0.597 ± 0.017

SS 0.739 ± 0.010 0.808 ± 0.057 0.680 ± 0.033 0.780 ± 0.041

µ
τ

h OS 0.581 ± 0.009 0.550 ± 0.015 0.634 ± 0.014 0.553 ± 0.014
SS 0.717 ± 0.024 0.729 ± 0.047 0.757 ± 0.032 0.720 ± 0.033

1-
je

t eτ
h OS 0.656 ± 0.014 0.674 ± 0.023 0.717 ± 0.021 0.626 ± 0.020

SS 0.859 ± 0.014 0.889 ± 0.064 0.886 ± 0.037 0.797 ± 0.039

µ
τ

h OS 0.557 ± 0.011 0.501 ± 0.017 0.639 ± 0.017 0.561 ± 0.015
SS 0.710 ± 0.024 0.755 ± 0.045 0.747 ± 0.032 0.643 ± 0.036

Table 6.5: kW factors for the 0-/1-jet eτh/µτh 1-prong-no-π0/1-prong-with-π0s/3-prong subcategories
(right three columns). The kW factors derived for the 0-/1-jet eτh/µτh categories in Ref. [33] are listed
in the column ”kre f

W ”. The uncertainties represent statistical uncertainties only.

depending kW factors and statistical uncertainties are shown by the black curve. Due to the
charge asymmetry in W+jets events (cf. Section 5.3), the statistical uncertainties are smaller
for OS events (cf. Fig. 6.5 and 6.6 left/right column).

It is peculiar, that for OS events the kW factor of the 1-prong-with-π0s subcategory is al-
ways higher than any other kW factor derived for the same superior category (cf. Fig. 6.5
and 6.6 left column, last bin). This indicates that the systematic uncertainties depend on the
τh substructure.
As can be seen in Table 6.5 and figures 6.5 and 6.6 the kW factors for the subcategories differ
from those derived in Ref. [33]. In order to know if these differences result in significant
changes in the data-to-MC agreement for the subcategories, both kW factors are applied to
each subcategory. As variable the visible mass of the lepton-τh system is chosen. The visible
mass of the lepton-τh system is calculated using the definition:

mvis(l,τh) =
√

2 · pl
T · p

τh
T · cosh(|ηl−ητh|+1). (6.3)
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Figure 6.4: Distributions of the mvis in the W control regions for all 0-jet µτh subcategories. Left
column: opposite sign (OS) W CR; Right column: same sign (SS) W CR. Top row: 0-jet µτh 1-
prong-no-π0 subcategory; Middle row: 0-jet µτh 1-prong-with-π0s subcategory; Bottom row:0-jet
µτh 3-prong subcategory.
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Figure 6.5: Variation of the kW factors for the various subcategories for 0-jet events (black curve).
The individual subcategories are indicated by the x-axis labels. The kW factors and their uncertainties
as listed in Table 5.2 (Ref. [33]) are indicated by the green line and band. Shown are statistical
uncertainties only. Left column: OS events; Right column: SS events. Top row: eτh channel; Bottom
row: µτh channel.

Where ηl and ητh correspond to the pseudorapidity of the lepton and the τh, respectively.
The corresponding distributions, once derived with the kW factor of the superior 0-/1-jet cat-
egories (kre f

W ) and once derived with the subcategory dependent kW factors, are compared
for each subcategory. The resulting visible mass distributions for the three 0-jet µτh sub-
categories are shown in Fig. 6.7. The corresponding plots to the 0-/1-jet eτh and 1-jet µτh
subcategories can be found in appendix A.
As can be seen in Fig. 6.7 the differences between the kW factors only lead to minor changes

in the data-to-MC agreement between the mvis distributions derived with the kW factors taken
from Ref. [33] and the subcategory dependent kW factors (left and right column of Fig. 6.7,
respectively). For convenience, the kW factors from Ref. [33] are used for the following
studies.

6.2 Study on pT (τh)

Neutral pions are short-lived particles that decay after approximately 10−16 s into two pho-
tons and deposit their energy in the electromagnetic calorimeter. In the current approach the
τh momentum is reconstructed using the tracks in the inner detector. The reconstruction is
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Figure 6.6: Variation of the kW factors for the various subcategories for 1-jet events (black curve).
The individual subcategories are indicated by the x-axis labels. The kW factors and their uncertainties
as listed in Table 5.2 (Ref. [33]) are indicated by the green line and band. Shown are statistical
uncertainties only. Left column: OS events; Right column: SS events. Top row: eτh channel; Bottom
row: µτh channel.

therefore only sensitive to the charged fraction of the τh. By reconstructing the momentum
of the τh with the tracks from the inner detector, which correspond to the π±, and the π0

energy clusters in the EMcal as done by the Pi0Finder algorithm (cf. Ref. [29] and Section
4.2), one can benefit from the better energy resolution of the EMcal. Therefore, using infor-
mation about the π0s in an event allows to improve the reconstruction of kinematic variables
like the visible mass of the lepton-τh system.
This Section compares the pion-based transverse momentum (derived with the Pi0Finder al-
gorithm) and visible mass to their regularly derived equivalents (reconstructed as described
in Section 4.1.6).

6.2.1 Comparison of mvis(l,τh) and mπ0 reco
vis (l,τh)

To probe if the π0 based transverse momentum of the τh (pπ0 reco
T (τh)) improves the mass res-

olution and the sensitivity towards a possible SM Higgs-boson signal, the visible mass of the
lepton-τh system is calculated using pπ0 reco

T (τh) (cf. equation 6.3). This with pπ0 reco
T (τh) cal-

culated visible mass (mπ0 reco
vis (l,τh)) is then compared to the visible mass (mvis(l,τh)) which

has been calculated using the regular pT (τh). The mπ0 reco
vis (l,τh) visible mass distributions



6.2 STUDY ON pT (τh) 59

0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

100

200

300

400

500
-1

 L=13fb∫
0-jet

 channel
h

τµ
s0π1-prong-no-

Data W (OS-SS)

10]×H125 signal [  ll (OS-SS)→Z

 (OS-SS)ττ→Z Same Sign Data

Top (OS-SS) Diboson (OS-SS)

)hτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4 0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

100

200

300

400

500
-1

 L=13fb∫
0-jet

 channel
h

τµ
s0π1-prong-no-

W
subcategory dependent k

Data W (OS-SS)

10]×H125 signal [  ll (OS-SS)→Z

 (OS-SS)ττ→Z Same Sign Data

Top (OS-SS) Diboson (OS-SS)

)hτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C
0.6
0.8

1
1.2
1.4

0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

200

400

600

800

1000
-1

 L=13fb∫
0-jet

 channel
h

τµ
s0π1-prong-with-

Data W (OS-SS)

10]×H125 signal [  ll (OS-SS)→Z

 (OS-SS)ττ→Z Same Sign Data

Top (OS-SS) Diboson (OS-SS)

)hτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4 0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

200

400

600

800

1000
-1

 L=13fb∫
0-jet

 channel
h

τµ
s0π1-prong-with-

W
subcategory dependent k

Data W (OS-SS)

10]×H125 signal [  ll (OS-SS)→Z

 (OS-SS)ττ→Z Same Sign Data

Top (OS-SS) Diboson (OS-SS)

)hτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4

0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

100

200

300

400

500

600
-1

 L=13fb∫
0-jet

 channel
h

τµ
3-prong

Data W (OS-SS)

10]×H125 signal [  ll (OS-SS)→Z

 (OS-SS)ττ→Z Same Sign Data

Top (OS-SS) Diboson (OS-SS)

)hτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4 0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

100

200

300

400

500

600
-1

 L=13fb∫
0-jet

 channel
h

τµ
3-prong

W
subcategory dependent k

Data W (OS-SS)

10]×H125 signal [  ll (OS-SS)→Z

 (OS-SS)ττ→Z Same Sign Data

Top (OS-SS) Diboson (OS-SS)

)hτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4

Figure 6.7: Visible mass distributions of the lepton-τh system for the 0-jet µτh subcategories for
different kW factors. The mvis distributions derived with the kW factors taken from Ref. [33] are
shown in the left column. In the right column the mvis distributions derived with the subcategory
dependent kW factors are shown.
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Figure 6.8: Comparison of regular (black curve) and with π0 information reconstructed visible mass
(red curve) distributions of the mH = 125GeV Higgs-boson signal (top row) and the total background
(middle row). The corresponding expected sensitivity distributions are shown in the bottom row. All
histograms are for the 0-jet 1-prong-with-π0s category for the µτh channel (left column) and the eτh
channel (right column).

for all twelve subcategories are shown in Fig. B.1 and Fig. B.2, respectively.
Figure 6.8 shows a comparison for the background and signal shapes of the two visible

mass distributions for the 0-jet 1-prong-with-π0s category. Background as well as signal
distributions have been normalized to unity. The corresponding distributions for all other
subcategories can be found in appendix B.
The two visible mass distributions peak at approximately the same mass for signal as well
as background events (cf. Fig. 6.8 top and middle row, respectively). However, the mπ0 reco

vis
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distribution has a larger tail into the high mass region, which leads to larger RMS and mean
values. This larger tail results from the Pi0Finder algorithm reconstruction principle. As
described in Section 4.2 the Pi0Finder algorithm has two different features. On the one
hand it provides information about the number of π0s in the τh decay through a dedicated
π0-counting algorithm. On the other hand, it reconstructs the τh four-momentum by com-
bining the four-momentum of the track system associated to the τh and the four-momentum
of the reconstructed calorimeter clusters with the highest π0-likeness score. However, those
two features are decoupled from each other. One or two cluster(s) are always chosen to re-
construct the pτh

T , irrelevant of the number of π0s that has been found by the π0-counting
algorithm.
This leads to a shift of the pτh

T to higher values if in truth there were no π0s in the decay, and
finally to a larger tail in the high mass region.
To probe which visible mass variable is more sensitive towards a SM Higge-boson signal,
the expected sensitivity has been calculated using the common simplification (cf. Ref. [36]):

SoB =
S√

B+σ2
B

. (6.4)

In this notation, S and B refer to the expected number of signal and background events, re-
spectively. The uncertainty of the unweighted background is represented by σB. Whereas√

B accounts for the finite number of collected data events. For an infinite number of gener-
ated MC events σB would tend to zero. The systematic uncertainty on the MC background
estimation is neglected. The uncertainties of S and B have been propagated to the expected
sensitivity.
To obtain the expected sensitivity as a function of the visible mass, the term 6.4 has been cal-
culated for each bin of the corresponding signal and background histograms. The resulting
histograms are shown in Fig. 6.8, bottom row.
To obtain a measure for the overall discrimination power of the two visible mass distibutions,
the expected sensitivity over the entire mass range has been calculated using:

SoBtot =

√√√√bins

∑
i=1

SoB2
i . (6.5)

All bins of the mvis distributions are treated as uncorrelated. The values of SoBtot for the dif-
ferent subcategories are shown in Table 6.6. The background discrimination is approximately
equal for both visible mass variables. The only exception is the 0-jet µτh 1-prong-no-π0s
subcategory, which has a large high mass tail that explains this behavior.
Overall no improvement of the expected sensitivity could be observed for the mπ0 reco

vis vari-
able. Therefore, no improvement of the sensitivity is expected if the pτh

T reconstructed with
the Pi0Finder algorithm is used for the missing mass calculator (MMC).

6.2.2 Sensitivity scan for optimal pτh
T cut value

A scan over possible cut values for pτh
T has been performed to investigate if another cut value

than pτh
T > 20GeV, as used in the reference analysis (cf. Ref. [33]), can increase the expected
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1-prong-no-π0 0.160±0.050 0.300±0.241
1-prong-with-π0 0.168±0.027 0.155±0.015
3-prong 0.126±0.019 0.134±0.029

eτ
h

1-prong-no-π0 0.145±0.028 0.160±0.031
1-prong-with-π0 0.138±0.015 0.126±0.015
3-prong 0.123±0.016 0.119±0.015

1-
je

t

µ
τ

h

1-prong-no-π0 0.172±0.016 0.172±0.036
1-prong-with-π0 0.200±0.015 0.188±0.022
3-prong 0.129±0.014 0.127±0.012

eτ
h

1-prong-no-π0 0.147±0.015 0.140±0.133
1-prong-with-π0 0.164±0.013 0.155±0.012
3-prong 0.118±0.013 0.113±0.012

Table 6.6: Expected sensitivity for all subcategories with the visible mass of the lepton-τh system as
discriminating variable. Right column: expected sensitivity corresponding to mπ0 reco

vis , second to right
column: expected sensitivity corresponding to mregular

vis .

sensitivity. The scan was done for all subcategories on pτ
T, regular as well as pτh

T, π0 reco in the
range from 20 GeV to 50 GeV in 4 GeV steps.
The expected sensitivity is calculated using equation 6.4 where the number of signal and
background events are derived by applying a cut on pτh

T and calculating the integral over the
entire mass range. The uncertainty on the unweighted background estimate corresponds to
σB. The resulting expected sensitivity curves are shown in Fig. 6.9. The labels on the x-axis
correspond to the cut applied. For example: the value ”30 GeV” on the x-axis means, the cut
pτh

T > 30GeV was applied on top of the usual selection. In appendix C the sensitivity scans
for all subcategories are shown. All 0-jet and 1-jet based subcategories, respectively, have a
very similar structure: For 0-jet events the expected sensitivity rises with pτh

T whereas it falls
after a local maximum around pτh

T > 25GeV for 1-jet events. Although small differences
between pτh

T, regular and pτ

T π0 reco can be observed, their error bars always overlap.
Although the pτh

T, π0 reco has been validated (cf. Ref. [30]) and the data-to-MC agreement
seems good, this variable has not been calibrated yet. Therefore, and since no big differences
between pτh

T, regular and pτh
T, π0 reco can be observed, pτh

T, regular is chosen as cut variable for the
limit calculation.

6.3 Exclusion limits

In this Section, 95% CLs upper exclusion limits on the Higgs-boson cross section as a func-
tion of the Higgs-boson mass are derived with the method described in Ref. [15]. As dis-
criminating variable the MMC mass (mMMC) of the di-tau system is chosen. The mMMC
distributions for all subcategories as used in the limit calulation are shown in Fig. 6.14-6.17.
All systematic uncertainties mentioned in Section 5.4 have been used in the limit calculation.
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Figure 6.9: Expected sensitivity scan for different cut values on pτh
T (black) and pτh

T, π0 reco (red) for
the 0-jet (top row) and 1-jet category (bottom row). The x-axis labels correspond to the cut on pτh

T
that was applied on top of the selection.

It should be noted that no systematic uncertainties have been derived for any π0 related vari-
ables from the Pi0Finder algorithm. This is an open working point in the τh working group.
As a first qualitative estimate, the expected sensitivity towards a SM Higgs-boson signal is
calculated for each subcategory using the common simplification

expected sensitivity(subcat.) =

√√√√√∑
bin i

 ni
Sig√
ni

Bkg

2

. (6.6)

Where ni
Sig and ni

Bkg denote to the number of signal and background events in bin i of the
mMMC distribution estimated by MC. The expected sensitivity for the combination of the 0-
and 1-jet subcategories, respectively, is then calculated using

expected sensitivity(combi.) =
√

∑
subcat. j

(expected sensitivity(subcat. j))2, (6.7)

where j denotes the individual subcategories. This is done for the combination of the six
0-jet (1-jet) subcategories. As a reference, the expected sensitivity for the combination of
the eτh and µτh channels of the nominal 0-jet (1-jet) categorization is calculated. The results
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expected sensitivity for 0-jet based subcategories
nominal 1-prong-no-π0s 1-prong-with-π0s 3-prong

eτh 0.46 0.32 0.28 0.28
µτh 0.59 0.59 0.44 0.29
combination 0.75 0.94

Table 6.7: Estimate of the expected sensitivity towards a SM Higgs-boson signal for 0-jet based
subcategories.

expected sensitivity for 1-jet based subcategories
nominal 1-prong-no-π0s 1-prong-with-π0s 3-prong

eτh 0.59 0.33 0.41 0.28
µτh 0.68 0.41 0.48 0.31
combination 0.90 0.92

Table 6.8: Estimate of the expected sensitivity towards a SM Higgs-boson signal for 1-jet based
subcategories.

are listed in Table 6.7 (6.8).
As can be seen in Tables 6.7 and 6.8 the combinations of the six 0- or 1-jet subcategories

show higher expected sensitivities towards a SM Higgs-boson signal than the nominal cate-
gorization. In order to understand this improvement, the signal and background components
in each subcategory have to be analyzed.
The fraction of events that appears in each subcategory is listed in Tables 6.9-6.12 for all
processes. The event numbers which were used to calculate these percentages are listed
in Tables 6.1-6.4. Negative percentages or percentages greater than 100% are possible for
the estimated background processes, since the used event numbers correspond to the OS-SS
fraction of the total event numbers. It can happen that more same sign events than opposite
sign events are counted, in that case the OS-SS fraction of the total event numbers is negative.
Here, this is the case for the Z→ ll background component in the 0-jet µτh 1-prong-with-π0s
subcategory. Since muons deposit only little amounts of energy in the calorimeter system,
they are unlikely to fake 1-prong τh candidates which include π0s in the decay. However, if
an accompanying jet fakes the τh, no charge correlation is expected for Z→ ll+jets events
and nSS

Z→ll+jets > nOS
Z→ll+jets is possible for limited event numbers.

As can be seen in Tables 6.9-6.12, the fraction of total signal events is higher than the frac-
tion of total background events in all 1-prong-no-π0s categories. For example, the fraction
of total signal events in the 0-jet eτh 1-prong-no-π0s subcategory is 26.9% whereas the frac-
tion of total background events in this subcategory is only 20.4%. The reduction of the total
background in this subcategory is mainly driven by the reduction of the Z→ ττ and same-
sign-data background components, which are the two largest background components for 0-
and 1-jet based subcategories as can be seen in Tables 6.1 and 6.2.

The same-sign-data background component consists in large parts of QCD jets. A 1-prong
τh without π0s in the decay is a very narrow jet with only one track. A QCD jet is unlikely
to fake this signature and the fraction of same-sign-data events in the 1-prong-no-π0s sub-
category is reduced. Due to the higher jet multiplicity and relatively larger same-sign-data
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Process Fraction of Events in 0-jet eτh in %
1-prong-no-π0s 1-prong-with-π0s 3-prong

Signal VBF125 15.5 42.0 42.5
Signal WH125 20.0 57.0 23.0
Signal ZH125 48.3 32.4 19.3
Signal ggF125 27.0 42.1 31.0
Total Signal 26.9 42.1 31.0
Z→ ττ (OS-SS) 21.7 50.2 28.1
Diboson (OS-SS) 18.6 42.1 39.4
Z→ ll (OS-SS) 13.4 57.6 29.1
W+jets (OS-SS) 18.7 41.6 39.7
Top (OS-SS) 26.7 41.3 32.1
Same sign data 20.0 47.9 32.1
Total Background 20.4 49.8 29.8
Data 21.4 50.1 28.5

Table 6.9: Fraction of 0-jet eτh events in the 0-jet eτh 1-prong-no-π0s, 1-prong-with-π0s and 3-prong
subcategories. The fractions are given in percent of the total events in the 0-jet eτh category.

Process Fraction of Events in 0-jet µτh in %
1-prong-no-π0s 1-prong-with-π0s 3-prong

Signal VBF125 20.1 50.7 29.3
Signal WH125 05.2 23.6 71.3
Signal ZH125 26.0 46.8 27.2
Signal ggF125 27.2 46.5 26.3
Total Signal 27.0 46.5 26.5
Z→ ττ (OS-SS) 22.0 50.7 27.3
Diboson (OS-SS) 16.9 49.3 33.9
Z→ ll (OS-SS) 135.8 -56.1 20.3
W+jets (OS-SS) 32.8 35.4 31.9
Top (OS-SS) 15.8 62.2 22.1
Same sign data 22.6 50.9 26.6
Total Background 23.2 49.3 27.5
Data 23.4 49.1 27.5

Table 6.10: Fraction of 0-jet µτh events in the 0-jet µτh 1-prong-no-π0s, 1-prong-with-π0s and 3-
prong subcategories. The fractions are given in percent of the total events in the 0-jet µτh category.
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Process Fraction of Events in 1-jet eτh in %
1-prong-no-π0s 1-prong-with-π0s 3-prong

Signal VBF125 29.201 45.7577 25.0413
Signal WH125 29.8162 47.24 22.9437
Signal ZH125 30.5103 43.5992 25.8905
Signal ggF125 27.6454 47.5333 24.8212
Total Signal 28.0679 47.1338 24.7983
Z→ ττ (OS-SS) 26.1728 48.6075 25.2198
Diboson (OS-SS) 27.36 45.868 26.772
Z→ ll (OS-SS) 28.0908 57.7006 14.2087
W+jets (OS-SS) 30.815 51.1106 18.0744
Top (OS-SS) 25.1691 46.9971 27.8338
Same sign data 22.1811 46.3692 31.4497
Total Background 25.2689 48.2037 26.5274
Data 23.0315 48.2471 28.7214

Table 6.11: Fraction of 0-jet eτh events in the 0-jet eτh 1-prong-no-π0s, 1-prong-with-π0s and 3-
prong subcategories. The fractions are given in percent of the total events in the 0-jet eτh category.

Process Fraction of Events in 1-jet µτh in %
1-prong-no-π0s 1-prong-with-π0s 3-prong

Signal VBF125 28.8 48.1 23.0
Signal WH125 30.5 43.7 25.8
Signal ZH125 37.5 43.5 19.1
Signal ggF125 29.3 47.6 23.1
Total Signal 29.5 47.5 23.1
Z→ ττ (OS-SS) 24.7 49.6 25.7
Diboson (OS-SS) 27.4 46.1 26.5
Z→ ll (OS-SS) 71.3 21.1 7.6
W+jets (OS-SS) 35.9 30.2 33.9
Top (OS-SS) 21.9 51.9 26.3
Same sign data 23.3 46.2 30.5
Total Background 26.0 46.2 27.8
Data 25.2 48.3 26.5

Table 6.12: Fraction of 0-jet µτh events in the 0-jet µτh 1-prong-no-π0s, 1-prong-with-π0s and 3-
prong subcategories. The fractions are given in percent of the total events in the 0-jet µτh category.



6.3 EXCLUSION LIMITS 67

s0πnumber of 

0 0.5 1 1.5 2 2.5 3 3.5 4

A
rb

itr
ar

y 
un

its

0.1

0.2

0.3

0.4

0.5 -1 L=13fb∫

0-jet
 channelhτe

 (OS-SS)ττ→Z

H125 (ggF)

s0πnumber of 

0 0.5 1 1.5 2 2.5 3 3.5 4

A
rb

itr
ar

y 
un

its

0.1

0.2

0.3

0.4

0.5 -1 L=13fb∫

0-jet
 channel

h
τµ

 (OS-SS)ττ→Z

H125 (ggF)

Figure 6.10: Distributions of the number of π0s for 1-prong 0-jet Z → ττ and HggF → ττ events.
Left plot: eτh events; Right plot: µτh events.
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Figure 6.11: Distributions of the number of π0s for 1-prong 1-jet Z → ττ and HggF → ττ events.
Left plot: eτh events; Right plot: µτh events.

background component in the 1-jet category, this reduction is higher for 1-jet events than for
0-jet events.
The reduction of the Z→ ττ background is more difficult to understand. One would expect
the Z→ ττ background to behave like the H→ ττ signal. However, checks have shown that
the tagging efficiency of the Pi0Finder algorithm towards 1-prong τh decays without π0s is
lower for Z→ ττ events than for H→ ττ events (cf. Fig. 6.10 and 6.11).
Due to the boost a τh originating from a H→ ττ decay experiences, its transverse momentum
is higher than the transverse momentum of a τh which originated from a Z→ ττ decay. If
the tagging efficiency of the Pi0Finder algorithm towards 1-prong τh decays without π0s de-
pends on the transverse momentum of the τh, more signal events than Z→ ττ events would
be reconstructed as 1-prong-no-π0s τh. To check if this is the case, the normalized nπ0 dis-
tributions of Z→ ττ and HggF → ττ events are compared for 20 GeV windows of the pτh

T .
The following pτh

T windows are used: 20 GeV< pτh
T <40 GeV, 40 GeV< pτh

T <60 GeV and
60 GeV< pτh

T <80 GeV. Higher values of pτh
T are not used, since the expected event rates are

very low. The resulting comparison plots are shown in Fig. 6.12 and 6.13.
As can be seen in these plots, the fraction of H → ττ events is higher than the fraction

of Z → ττ events for 1-prong-no-π0 τh decays (bin 1) for all pτh
T windows, whereas it is
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Figure 6.12: Distributions of the number of π0s for 1-prong 0-jet Z → ττ and HggF → ττ

events in 20 GeV windows of pτh
T . Left column: eτh events; Right column: µτh events. Top

row: 20 GeV< pτh
T <40 GeV window; Middle row: 40 GeV< pτh

T <60 GeV window; Bottom row:
60 GeV< pτh

T <80 GeV window.
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Figure 6.13: Distributions of the number of π0s for 1-prong 1-jet Z → ττ and HggF → ττ

events in 20 GeV windows of pτh
T . Left column: eτh events; Right column: µτh events. Top

row: 20 GeV< pτh
T <40 GeV window; Middle row: 40 GeV< pτh

T <60 GeV window; Bottom row:
60 GeV< pτh

T <80 GeV window.
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95% CLs exclusion limits on σ/σSM

nominal nominal+pτh
T 1p3p 1p3p+pτh

T 1pπ03p 1pπ03p+pτh
T

σ/σSM

0-jet 9.8814.49
7.12 9.5614.06

6.89 9.0313.27
6.50 8.8012.91

6.34 8.3912.34
6.04 8.2712.14

6.00

1-jet 9.2613.37
6.67 9.1913.22

6.62 7.6311.12
5.50 7.4010.84

5.33 7.2310.53
5.21 7.0310.10

5.06

Table 6.13: Blinded expected 95% CLs exclusion limits for different subcategory combinations at
the mH = 125GeV mass point. For the expected limits the ±1σ values are given. The column labels
correspond to the following category combinations: nominal - categorization as a single 0-/1-jet
category as used by the reference analysis [33]; 1p3p - intermediate categorization in 1- and 3-
prong events, not regarding any π0 related information; 1pπ03p - the 0- and 1-jet events are split up
into the subcategories introduced in the previous section; X + pτh

T - categorization is done as above
and the cut on the τh transverse momentum is raised to pT (τh) > 30GeV (pT (τh) > 25GeV) for 0-jet
(1-jet) subcategories.

the opposite for τh decays with π0s (bin 2 and 3 combined). The tagging efficiency of the
Pi0Finder algorithm is therefore not dependent on pτh

T . The reason for this is not clear and
remains an interesting open question.
To probe if the higher fraction of signal events in the 1-prong-no-π0s subcategory affects
the expected sensitivity when all systematic uncertainties are taken into account, the ex-
pected 95% CLs exclusion limits are calculated for several combinations of subcategories.
These calculations are done for a Higgs-boson mass of mH = 125GeV. Also different cut
values on the transverse τh momentum are considered. This means that, for example, not
only the expected limit for the combination of the six 0-jet subcategories is calculated, but
also the expected limit of the combination of the 0-jet eτh and µτh, 1- and 3-prong subcat-
egories. The combination with the lowest 95% CLs expected exclusion limit is chosen. For
the chosen combination the 95% CLs exclusion limits are then calculated for the mass range
115 < mH < 140GeV and compared to the results derived with categorization of the refer-
ence analysis.
The expected 95% CLs exclusion limits for the mH = 125GeV mass point and the combi-
nations of subcategories are shown in Table 6.13. Indicated by the superscript and subscript
are the ±1σ values of the corresponding 95% CLs limit. The column labels correspond to
the following category combinations:

nominal: The 0- and 1-jet categories are treated as single inclusive categories as used by
the reference analysis (cf. Ref. [33]) and introduced in Section 5.1.2.

1p3p: The 0- and 1-jet categories as introduced in Section 5.1.2 are split up into the subcat-
egories: 0-jet-1-prong, 0-jet-3-prong, 1-jet-1-prong and 1-jet-3-prong.

1pπ03p: The categorization into twelve subcategories considering π0s as introduced in the
previous section is used.

X + pτh
T : In addition to one of the categorizations mentioned above a cut on pT (τh) >

30GeV (pT (τh) > 25GeV) for 0-jet (1-jet) categories is applied.



6.3 EXCLUSION LIMITS 71

In general, all categories were split up into an eτh and µτh channel prior to the limit calcula-
tion.
As can be seen in Table 6.13 the greatest improvements in sensitivity with respect to the
nominal analysis categorization are achieved by a split into subcategories as introduced in
the previous section for the 0- and 1-jet categories and applying a tighter momentum cut
of pτh

T > 30GeV and pτh
T > 25GeV, respectively (0-/1-jet 1pπ03p + pτh

T ). The individual im-
provements are of the order of O(16%) for the 0-jet and O(24%) for the 1-jet based category
splitting, respectively.
The discriminating variable in the limit calculation is the MMC mass (mMMC) of the di-tau
system. The mMMC mass distributions for each subcategory after applying the thighter cut
on pτh

T are shown in Fig. 6.14 and 6.15. The mMMC distributions of the nominal 0- and 1-jet
categories as described in Ref. [33] are shown in Fig. 6.16 and 6.17.
The data-to-MC agreement of the mMMC distributions for the twelve subcategories is not
perfect. This is due to low expected event rates in the subcategories. Also no systematic
uncertainties on the Pi0Finder tagging efficiency are available. Therefore no observed, but
only expected 95% exclusion limits are calculated. The expected limits are calculated over
the mass range 115 ≤ mH ≤ 140GeV for the combinations of the six 0-jet and 1-jet based
subcategories, respectively, after applying a tighter pτh

T cut. They are then compared to the
expected limits derived with the nominal categorization of the reference analysis.

In Fig. 6.18 (bottom plot) the expected 95% CLs exclusion limit for all 0-jet subcategories
combined are shown (i.e. combination of 0-jet eτh/µτh 1-prong-no-π0/1-prong-with-π0s/3-
prong). Also a cut on pT (τh) > 30GeV was applied. As comparison the expected 95% CLs
exclusion limit for the inclusive 0-jet category as defined by the reference analysis, are shown
in the top plot of Fig. 6.18. The expected 95% CLs exclusion limits at the mH = 125GeV
mass point are found to be 9.88 for the inclusive treatment of the 0-jet category, and 8.27
for the combined limit of all 0-jet subcategories with pT (τh) > 30GeV, respectively. This
corresponds to an improvement of the expected limit of approximately 16%.
For the 1-jet category, the expected 95% CLs exclusion limit for the combination of all 1-jet
subcategories after applying a pT (τh) > 25GeV cut is shown in Fig. 6.19 (bottom plot). As
comparison the expected 95% CLs exclusion limit for the inclusive 1-jet category as defined
by the reference analysis, is shown in the top plot of Fig. 6.19. The expected 95% CLs exclu-
sion limits at the mH = 125GeV mass point are found to be 9.26 for the inclusive treatment
of the 1-jet category, and 7.03 for the combined limit of the all 1-jet based subcategories,
respectively. This corresponds to an improvement of the expected limit of approximately
24%.
These results indicate an improvement of the sensitivity towards a SM Higgs-boson signal
in the H → τlτh search channel. Also all other analyses with hadronic taus in the final state
could profit from these studies.
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Figure 6.14: Distributions of the MMC mass (mMMC) for all 0-jet subcategories after applying the
pτh

T > 30GeV cut. Left column: 0-jet eτh subcategories; Right column: 0-jet µτh subcategories. Top
row: 0-jet 1-prong-no-π0 subcategories; Middle row: 0-jet 1-prong-with-π0s subcategories; Bottom
row: 0-jet 3-prong subcategories.
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Figure 6.15: Distributions of the MMC mass (mMMC) for all 1-jet subcategories after applying the
pτh

T > 25GeV cut. Left column: 1-jet eτh subcategories; Right column: 1-jet µτh subcategories. Top
row: 1-jet 1-prong-no-π0 subcategories; Middle row: 1-jet 1-prong-with-π0s subcategories; Bottom
row: 1-jet 3-prong subcategories.
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Figure 6.16: Distributions of the MMC mass (mMMC) for the superior 0-jet eτh (left) and µτh (right)
categories after nominal selection as defined by the reference analysis (cf. Ref. [33]).
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Figure 6.17: Distributions of the MMC mass (mMMC) for the superior 1-jet eτh (left) and µτh (right)
categories after nominal selection as defined by the reference analysis (cf. Ref. [33]).



6.3 EXCLUSION LIMITS 75

 [GeV]Hm

110 115 120 125 130 135 140 145

S
M

σ/σ
95

%
 C

L 
lim

it 
on

 

0

2

4

6

8

10

12

14

16

18
-1

 L=13fb∫
0-jet
nominal

expected

σ 1 ±expected 

σ 2 ±expected 

 [GeV]Hm

110 115 120 125 130 135 140 145

S
M

σ/σ
95

%
 C

L 
lim

it 
on

 

0

2

4

6

8

10

12

14

16

18
-1

 L=13fb∫
0-jet

)>30GeVτ(
T

3p+p0π1p

expected

σ 1 ±expected 

σ 2 ±expected 

Figure 6.18: Expected (dashed line) 95% CLs exclusion limits for the inclusive 0-jet category (top
plot) and for all 0-jet subcategories combined after applying a pT (τh) > 30GeV cut (bottom plot).
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Figure 6.19: Expected (dashed line) 95% CLs exclusion limits for the inclusive 1-jet category (top
plot) and for all 1-jet subcategories combined after applying a pT (τh) > 25GeV cut (bottom plot).



7 Summary

In Summer 2012 a new bosonic resonance with a mass of 126 GeV, compatible with the
Standard Model Higgs boson, was discovered independently by the ATLAS and CMS col-
laborations. However, no Higgs-boson signal could be observed in the H→ τ+τ− or H→ bb̄
search channels. These search channels are of special interest, since they can directly probe
the coupling of the Higgs boson to fermions. The H→ τ+τ− has one of the highest σ ×BR
in the low mass region and is the only channel in which the coupling of the Higgs boson to
leptons can be directly probed. However, the analyses contributing to this search channel are
not sensitive enough to exclude or confirm a Higgs-boson signal with the currently available
data set.
In this thesis it was investigated if an improvement of the sensitivity can be achieved by in-
cluding information on the decay of the hadronic tau in the H→ τlτh analysis. The analysis
was performed for the 0- and 1-jet categories of the H → τlτh decay mode. The study was
done on data corresponding to an integrated luminosity of 13 fb−1, which was collected by
the ATLAS experiment in 2012 at a center-of-mass energy of

√
s = 8TeV.

In a first step, subcategories of the 0- and 1-jet categories were defined based on the pions
in the τh decay. The background composition of these subcategories was investigated and
it was tested if the estimation of the W background depends on the τh substructure. It was
shown that the changes in the W -background correction factors have only minimal effect on
the overall background estimation and can be neglected.
A comparison of π0-based kinematic variables of the τh with their regularly derived equiv-
alents was performed. The study on the visible mass of the lepton-tau system has shown,
that the sensitivity towards a SM Higgs-boson signal does not improve if information about
neutral pions in the hadronic tau decay is included in the mass reconstruction. No calibration
has been done for the π0-based variables and no systematic uncertainties resulting from the
reconstruction of the neutral pions are currently available.
It was shown that the fraction of signal events in the 1-prong-no-π0s subcategory of the 0-
and 1-jet eτh and µτh channels is higher than the fraction of background events in the same
subcategory. The reason for this is the tagging efficiency of the Pi0Finder algorithm towards
1-prong τh decays without π0s, which is higher for H → ττ signal events than for Z→ ττ

events. In a first attempt to explain this difference in the tagging efficiency, it was tested if the
tagging efficiency depends on the transverse momentum of the τh (pτh

T ), which is expected
to be higher for signal events. However, no dependence of the tagging efficiency on the pτh

T
could be observed. The reason for the higher tagging efficiency of the Pi0Finder towards
1-prong τh decays without π0s could not be found and remains an open question.
The higher fraction of signal events in the 1-prong-no-π0s subcategories indicated an im-
provement in the sensitivity towards a SM Higgs-boson signal in the H→ τlτh search chan-
nel. Therefore, expected upper limit exclusion limits were derived for combinations of the
pion-based subcategories and compared to the corresponding exlusion limits of the pion-
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inclusive 0- and 1-jet categories. It was shown that the subcategorization based on pions
improves the expected sensitivity in the 0- and 1-jet categories of the H→ τlτh decay mode
by 16% and 24%, respectively. Therefore an improvement of the sensitivity towards a pos-
sible Higgs boson is possible for the complete analysis of the H→ τ+τ− decay mode.
This thesis presents the first analysis which uses pion-based subcategories in the H → τlτh
search channel. Since no pion-based systematic uncertainties were available for the catego-
rization, this thesis states preliminary results. Nevertheless, the results of this study can be
transferred to other analyses using high statistic categories with hadronically decaying tau
leptons.
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Figure A.1: Distributions of the mvis in the W control regions for the 0-jet eτh category. Left plot:
opposite sign (OS) W CR; Right plot: same sign (SS) W CR.
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Figure A.2: Distributions of the mvis in the W control regions for the 1-jet µτh category. Left plot:
opposite sign (OS) W CR; Right plot: same sign (SS) W CR.

0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

1000

2000

3000

4000

5000

6000

7000

8000

9000 -1
 L=13fb∫
0-jet

 channel
h

τµ

OS

Data W (OS)

 ll (OS)→Z  (OS)ττ→Z

Top (OS) Diboson (OS)

) in GeVhτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4 0 20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

500

1000

1500

2000

2500

3000

3500
-1

 L=13fb∫
0-jet

 channel
h

τµ

SS

Data W (SS)

 ll (SS)→Z  (SS)ττ→Z

Top (SS) Diboson (SS)

) in GeVhτ(l,vism

0 20 40 60 80 100 120 140 160 180 200D
at

a/
M

C

0.6
0.8

1
1.2
1.4

Figure A.3: Distributions of the mvis in the W control regions for the 1-jet eτh category. Left plot:
opposite sign (OS) W CR; Right plot: same sign (SS) W CR.
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Figure A.4: Distributions of the mvis in the W control regions for all 0-jet eτh subcategories. Left
column: opposite sign (OS) W CR; Right column: same sign (SS) W CR. Top row: 0-jet eτh 1-
prong-no-π0 subcategory; Middle row: 0-jet eτh 1-prong-with-π0s subcategory; Bottom row:0-jet
eτh 3-prong subcategory.
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Figure A.5: Distributions of the mvis in the W control regions for all 1-jet µτh subcategories. Left
column: opposite sign (OS) W CR; Right column: same sign (SS) W CR. Top row: 1-jet µτh 1-
prong-no-π0 subcategory; Middle row: 1-jet µτh 1-prong-with-π0s subcategory; Bottom row:1-jet
µτh 3-prong subcategory.
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Figure A.6: Distributions of the mvis in the W control regions for all 1-jet eτh subcategories. Left
column: opposite sign (OS) W CR; Right column: same sign (SS) W CR. Top row: 1-jet eτh 1-
prong-no-π0 subcategory; Middle row: 1-jet eτh 1-prong-with-π0s subcategory; Bottom row:1-jet
eτh 3-prong subcategory.
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Figure A.7: Shown are the visible mass distributions of the lepton-τh system for the 1-jet µτh sub-
categories for different kW factors. The mvis distributions derived with the kW factors taken from [33]
are shown in the left column. In the right column the mvis distributions derived with the subcategory
dependent kW factors are shown.
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Figure A.8: Shown are the visible mass distributions of the lepton-τh system for the 0-jet eτh sub-
categories for different kW factors. The mvis distributions derived with the kW factors taken from [33]
are shown in the left column. In the right column the mvis distributions derived with the subcategory
dependent kW factors are shown.
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Figure A.9: Shown are the visible mass distributions of the lepton-τh system for the 1-jet eτh sub-
categories for different kW factors. The mvis distributions derived with the kW factors taken from [33]
are shown in the left column. In the right column the mvis distributions derived with the subcategory
dependent kW factors are shown.
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Figure B.1: Visible mass distributions for the 0-jet µτh (left column) and eτh (right column) subcat-
egories, derived with the π0 based transverse momentum of the τh (mπ0 reco

vis (l,τh)). mπ0 reco
vis is given

in GeV.
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Figure B.3: Comparison of regular and with π0 information reconstructed visible mass distributions
of the mH = 125GeV Higgs-boson signal (top row) and the total background (middle row). The
corresponding expected sensitivity distributions are shown in the bottom row. All histograms are
for the 0-jet 1-prong-no-π0s category for the µτh channel (left column) and the eτh channel (right
column).
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Figure B.4: Comparison of regular and with π0 information reconstructed visible mass distributions
of the mH = 125GeV Higgs-boson signal (top row) and the total background (middle row). The
corresponding expected sensitivity distributions are shown in the bottom row. All histograms are for
the 0-jet 3-prong category for the µτh channel (left column) and the eτh channel (right column).
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Figure B.5: Comparison of regular and with π0 information reconstructed visible mass distributions
of the mH = 125GeV Higgs-boson signal (top row) and the total background (middle row). The
corresponding expected sensitivity distributions are shown in the bottom row. All histograms are
for the 1-jet 1-prong-with-π0s category for the µτh channel (left column) and the eτh channel (right
column).
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Figure B.6: Comparison of regular and with π0 information reconstructed visible mass distributions
of the mH = 125GeV Higgs-boson signal (top row) and the total background (middle row). The
corresponding expected sensitivity distributions are shown in the bottom row. All histograms are
for the 1-jet 1-prong-no-π0s category for the µτh channel (left column) and the eτh channel (right
column).
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Figure B.7: Comparison of regular and with π0 information reconstructed visible mass distributions
of the mH = 125GeV Higgs-boson signal (top row) and the total background (middle row). The
corresponding expected sensitivity distributions are shown in the bottom row. All histograms are for
the 1-jet 3-prong category for the µτh channel (left column) and the eτh channel (right column).



C Sensitivity scans for pT(τ)

) in GeVhτ(
T

p

20 25 30 35 40 45 50 55

se
ns

iti
vi

ty

0.1

0.11

0.12

0.13

0.14

0.15
-1 L=13fb∫

0-jet
 channel

h
τµ

s0π1-prong-no-

)τ(
T

regular p

)τ(
T

 reco. p0π

) in GeVhτ(
T

p

20 25 30 35 40 45 50 55

se
ns

iti
vi

ty

0.1

0.11

0.12

0.13

0.14

0.15

-1 L=13fb∫
0-jet

 channelhτe
s0π1-prong-no-

)τ(
T

regular p

)τ(
T

 reco. p0π

) in GeVhτ(
T

p

20 25 30 35 40 45 50 55

se
ns

iti
vi

ty

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18 -1 L=13fb∫
0-jet

 channel
h

τµ
s0π1-prong-with-

)τ(
T

regular p

)τ(
T

 reco. p0π

) in GeVhτ(
T

p

20 25 30 35 40 45 50 55

se
ns

iti
vi

ty

0.09

0.1

0.11

0.12

0.13

0.14
-1 L=13fb∫

0-jet
 channelhτe

s0π1-prong-with-

)τ(
T

regular p

)τ(
T

 reco. p0π

) in GeVhτ(
T

p

20 25 30 35 40 45 50 55

se
ns

iti
vi

ty

0.09

0.095

0.1

0.105

0.11

0.115

0.12

0.125

0.13
-1 L=13fb∫

0-jet
 channel

h
τµ

3-prong

)τ(
T

regular p

)τ(
T

 reco. p0π

) in GeVhτ(
T

p

20 25 30 35 40 45 50 55

se
ns

iti
vi

ty

0.09

0.095

0.1

0.105

0.11

0.115

0.12

0.125

0.13

0.135
-1 L=13fb∫

0-jet
 channelhτe

3-prong

)τ(
T

regular p

)τ(
T

 reco. p0π

Figure C.1: Expected sensitivity scan for different cut values on pT (τ) (black) and pπ0 reco
T (τ) (red)

for the 0-jet category. The plots shown correspond to µτh (left column) and eτh (right column);
1-prong-no-π0s (first row); 1-prong-with-π0s (second row); 3-prong (third row).
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Figure C.2: Expected sensitivity scan for different cut values on pT (τ) (black) and pπ0 reco
T (τ) (red)

for the 1-jet category. The plots shown correspond to µτh (left column) and eτh (right column);
1-prong-no-π0s (first row); 1-prong-with-π0s (second row); 3-prong (third row). The x-axis labels
correspond to the cut on pT (τ) that was applied on top of the selection.
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