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Zusammenfassung

Die vorliegende Dissertation behandelt die Suche nach dem Higgs-Boson, welches im Stan-
dardmodell der Elementarteilchenphysik vorhergesagt wird. Hierzu werden im Rahmen
einer Monte Carlo-Simulation die Nachweismdoglichkeiten des Zerfalls in Taupaare mit dem
CMS Experiment untersucht. Zwei separate Selektionen fiir die beiden dominanten Pro-
duktionskanile, die Gluon- und die Vektorboson-Fusion, werden fiir leichte Higgs-Bosonen
entwickelt.

Beide Selektionen berticksichtigen ausschliefilich Tauzerfélle, in denen drei geladene Pio-
nen entstehen. Effiziente Algorithmen werden entwickelt, um diese Zerfallsprodukte in den
Hadron-Kollisionen am LHC zu identifizieren.

Mit Hilfe einer kinematischen Rekonstruktion, die die spezielle Topologie des Tauzerfalls
berticksichtigt, ldsst sich der vollstandige Impuls des Tau-Leptons inklusive des Neutrinos
berechnen. Die rekonstruierten Observabeln werden Qualitdtskriterien unterzogen, die fiir
einen umfassenden Energiebereich der Tau-Leptonen giiltig sind. Dies ermoglicht eine ef-
fiziente Unterdriickung von Quark- und Gluon-Jets, die Tauzerféille imitieren.

Aus Paaren von Tau-Leptonen, die diese Anforderungen erfiillen, lassen sich Higgs-Bosonen
rekonstruieren. Die unterschiedlichen kinematischen Eigenschaften der behandelten Pro-
duktionskandle werden zur weiteren Abtrennung des Signals von Untergriinden herange-
zogen. Die Massenverteilung des Z°-Bosons weist weite Ausldufer bis in den Massenbereich
des untersuchten Signals auf. Diese lassen sich im Falle der Gluon-Fusion nicht von Higgs-
Bosonen unterscheiden. Bei der Erzeugung durch Vektorboson-Fusion entstehen zusitzliche
Quark-Jets, die zusammen mit dem deutlichen Transversalimpuls des Higgs-Bosons eine
klare Signatur zur Abtrennung aller Untergriinde liefern.

Fiir die untersuchten Produktionsprozesse wird die Signifikanz der Selektionen diskutiert,
die mit einer integrierten Luminositit von 30 fb ™! erreicht werden kann.



Abstract

The thesis prepares a search for the Standard Model Higgs boson in the di-tau channel with
the CMS experiment. Based on Monte Carlo simulations, two selections are developed for
light Higgs bosons produced by the dominant processes, gluon fusion and vector-boson fu-
sion.

Both selections exclusively consider the hadronic tau decay into three charged pions. They
rely on an efficient algorithm to identify the tau decay products within the hadronic environ-
ment at the LHC.

A kinematic fit exploits the topology of the particular decay mode and enables the recon-
struction of the entire tau momentum including the neutrino. A set of quality criteria is
defined on the obtained observables, which is valid for a broad range of tau energies. This
provides an efficient suppression of quark and gluon jets that fake tau decays.

The Higgs boson is reconstructed from pairs of tau leptons that pass the quality require-
ments. The selections derive further background suppression from the event kinematics. In
case of the gluon fusion, the selected sample is dominated by off-shell Z° bosons that decay
into tau pairs. The vector-boson fusion involves two additional quark jets. Their signature
and the significant transversal momentum of the Higgs boson allow for a background-free
selection.

The significance of both selections is discussed for an integrated luminosity of 30 fb™".
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Chapter 1

Introduction

The knowledge of elementary particles and their interactions established the Standard Model
of particle physics. Its predictions have been extensively tested with elaborated experiments.
The model is very successful in describing the observed physics.

One of the unsolved fundamental questions is the origin of mass. A common answer is
defined by the Higgs mechanism. A new undiscovered particle is introduced, the Higgs
boson. The proof of its existence will be a milestone for particle physics and will confirm the
validity of the Standard Model.

A new energy regime can be explored with the start of the Large Hadron Collider (LHC).
Its experiments, like the Compact Muon Solenoid, aim to probe our understanding of nature
at unexplored scales. One of the major tasks of the LHC experiments is the investigation
of electroweak symmetry breaking. The LHC has the potential to discover the Higgs boson
over the entire predicted mass range. The Standard Model is expected to be an effective
theory up to an energy scale, which can be reached at the LHC. Physics beyond the current
model is awaited.

The colliding protons with energies up to 14TeV create a challenging hadronic environ-
ment. This complicates the identification and reconstruction of particles with hadronic decay
modes. One example is the tau lepton, a particle that is expected to have a large coupling to
the Higgs boson.

This thesis is divided into three major parts starting with an overall introduction in the cur-
rent Chapter. The Higgs boson in the Standard Model and its prominent extensions are
briefly discussed. The Large Hadron Collider and the experiments are introduced focussing
on the Compact Muon Solenoid (CMS). The second part (Chapter 2) covers the kinematic
reconstruction of tau leptons. Their unambiguous identification opens an important decay
channel for light Higgs bosons, which is discussed in the last part, Chapter 3. It describes a
Monte Carlo study to reconstruct Higgs bosons from hadronic tau decays with CMS.

The typical conventions of high energy physics are used in this thesis, considering 7t = ¢ = 1.
Only explicitly denoted numeric values ignore this simplification to retain compatibility to
the International System of Units (SI).

1.1. The Higgs Boson

The Standard Model of particle physics (SM) describes elementary particles and their in-
teractions. It combines the electroweak and strong forces expressed as renormalized gauge
field theories. The Glashow-Salam-Weinberg Model (GSW) [1-3] describes the interaction
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of fermions mediated by gauge bosons as Yang-Mills theory [4]. Additionally, Quantum
Chromodynamics (QCD) covers the interactions of colored quarks and gluons [5-9]. The
corresponding Lagrangian is invariant under transformations of the weak isospin SU(2),
the weak hypercharge U(1)y, and the strong color rotation SU(3).

The Lagrangian of the resulting SU(3)c x SU(2); x U(1)y gauge group does not include
particle masses. The Higgs mechanism described in Section 1.1.1 defines a framework of
electroweak symmetry breaking to generate the masses of fermions and bosons while pre-
serving the gauge invariance of the theory. The introduced Higgs field represents one addi-
tional massive particle, the Higgs boson, which has not yet been discovered.

The basic properties of the proposed Higgs boson are discussed in Section 1.1.2 and Sec-
tion 1.1.3. Theoretical and experimental constraints on its mass, which is not predicted by
the Standard Model, are summarized. An overview of the searches for the Higgs boson is
given in Section 1.1.4.

1.1.1. The Higgs Mechanism in the Standard Model

The most frequently studied model of electroweak symmetry breaking is the Higgs mecha-
nism. It was initially proposed in 1964 by Peter Higgs and independently by Francois Englert
and Robert Brout [10-14].

The massive gauge bosons of the weak interaction cause divergent loop diagrams and de-
stroy the renormalizability of the theory. Furthermore, the unitarity bounds of scattering
amplitudes are not conserved up to high energies. The Higgs mechanism solves these prob-
lems by introducing the fundamental Higgs field ¢. In the Standard Model it consists of one
self-interacting complex SU(2) doublet of two scalar fields

et 1 patigs
¢‘<w>_ﬁ<%ww>' .

The potential V(¢) is added to the SM Lagrangian and can be chosen as
V() = 19’9+ A(9'9)" . (1.2)

It contains an imaginary parameter y and a real parameter A, which has to be positive to
achieve V(¢ — £o0) — +o0. The four real scalar fields ¢; with i from 1 to 4 belong to a
SU(2) x U(1) multiplet to preserve gauge invariance.

The potential V(¢) is illustrated in Figure 1.1 for three different choices of the parameter y.
To simplify the depiction the fields ¢3 and ¢4 are ignored here. The potential V(¢) satisfies
the required symmetry under ¢ — —¢. For u?> > 0 the ground state of the potential is
zero. This corresponds to a vanishing vacuum expectation value. If the value of ;i decreases
below zero, a set of non trivial minima satisfies the equation

V() b
9t =u+20p'¢p=0
2
O R S (1.3)

A

This equation defines a circle with radius v = \/—pu?/A, which confines the possible gauge.
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$1

Figure 1.1.: Higgs Potential V(¢) (ignoring ¢5 and ¢) for three different values of u2.
The dashed line corresponds to the critical value p2;, = 0. If y*> < p2,,, the non trivial
minima satisfy ¢7 + ¢3 = u?/A? depicted by the dashed circle.

One reasonable but arbitrary choice accounting for (1.3) is to set

2 =¢3=¢s =0

= ¢? =0 . (1.4)

The phase symmetry is hidden, if a ground state is selected, but still preserved by the po-
tential. As shown in [15], this spontaneous symmetry breaking leads to a renormalisable

theory.

Translating the field to its minimum and expanding around the non vanishing vacuum ex-

1 0
¢:ﬁ<v+h> . (1.5)

This introduces four new fields, which correspond to the real scalar Higgs field & and to
three Goldstone scalars. These massless bosons occur according to the Goldstone theorem
in every continuous symmetry of a physical system, which is spontaneously broken [16, 17].
They can be identified as excitations without resistance along the ¢-coordinate of Figure 1.1,

whereas the Higgs field corresponds to the 1-dimension.

Substituting these fields defined by the chosen gauge into the Lagrangian results in three
massive gauge fields, the vector bosons with their mass terms, and one remaining massive
scalar h. There is no mass term for the photon. It stays massless. The Goldstone bosons
represent the longitudinal degrees of freedom of the vector bosons. The masses of fermions

are generated through Yukawa interaction with the Higgs field.

The Higgs mechanism uses the described gauge in (1.4) and arranges the renormalizable
interactions to lead to a vanishing charged component ¢ of the initial doublet in (1.1) and a
residual neutral part ¢°. This field has a vacuum expectation value of

v = (V2Gp) V2 ~ 246 GeV . (1.6)

pectation value yields
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It depends on the well-measured Fermi constant Gg. The mass of the corresponding Higgs
boson is

myg = ovV2A . (1.7)

As the self-coupling parameter A is neither determined by the theory nor measured yet, the
particle mass of the Higgs boson mp remains unpredicted.

1.1.2. Basic Properties of the Standard Model Higgs Boson

In the SM the mass of the Higgs boson is only indirectly restricted by theory. One important
constraint is the upper bound of 0 ~ 1TeV/c? derived from unitarity arguments [18].
Further lower and upper bounds can be obtained, which depend on the cutoff energy scale
A, at which new physics beyond the Standard Model becomes relevant. These bounds arise
from the perturbativity of the Higgs self-coupling, the stability of the electroweak vacuum,
and the fine-tuning in radiative corrections to the Higgs boson mass. A detailed summary of
the theoretical mass restrictions can be found in [19].

The couplings of the Higgs boson to the particles of the Standard Model are determined
by the theory. The Yukawa interaction to fermions f leads to a coupling g proportional to
their masses. The coupling to bosons (V denotes W= or Z%) depends on the squared boson
mass. The Higgs mass sets the absolute scale of these couplings to fermions and bosons
and determines the trilinear and quartic Higgs self couplings. According to the Feynman
diagrams in Figure 1.2 this yields the possible single-vertex couplings [19]

2m? 2m? 3m? ?)m%I

o _ <y _ <y _ Oy _ 1.8
Suft o SHVV 0 SHHVV 2 8HHH p SHHHH 2 (1.8)
f Vv V H,~ \\ H NUH H,
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f Vv Vo oH /' H ZH O OHN

Figure 1.2.: Single-vertex couplings of the Standard Model Higgs boson.

The indices of the coupling g list the particles involved in the process. The parameter v
denotes the vacuum expectation value from (1.6).

Due to the strong mass dependence of the coupling, the Higgs production is dominated by
interactions with the heavy vector bosons W* and Z° and the third generation of quarks
and leptons. At pp-colliders the Higgs boson is produced from gluon or quark pairs. The
corresponding Feynman diagrams are depicted in Figure 1.3. The first diagram shows the
gluon fusion (gg — H) mediated at lowest order by a virtual tf loop. If only the depicted
leading-order contribution is considered, the resulting Higgs Boson obtains no transversal
momentum. The second process is the vector-boson fusion (qq — qqH) producing a Higgs
boson with significant transversal momentum. It is accompanied by two quarks with small
angles to the initial flight direction of the protons. The remaining two diagrams describe the
associated production with either a weak gauge boson (Higgs Strahlung, qq — VH) or with
heavy quarks (gg — ttH).

Figure 1.4 summarizes the Higgs boson cross sections for proton-proton collisions at the
LHC (see Section 1.2). The major production processes are shown as function of the Higgs
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Figure 1.3.: Relevant Feynman diagrams for Standard Model Higgs production from
proton-proton collisions at leading order. The vector bosons W* and Z° are denoted
as V.

mass. They increase by a factor of about 5 from a center-of-mass energy of /s = 7TeV to
Vs = 14TeV. The relative contributions stay almost constant. Due to the large Yukawa
coupling to the top quark and the gluon density, the depicted mass range is dominated by
gluon fusion [21]. For small Higgs masses it has a cross section, which is a factor of 10 higher
than the second highest from vector-boson fusion. The associated production processes have
a considerable rate only for a light Higgs boson. All processes decrease in frequency for
increasing Higgs masses.

The theoretical uncertainties are depicted in the error bands in Figure 1.4 labeled with the
precision of the individual calculations for every process [20]. The cross section for gluon
fusion depends on higher order QCD effects from heavy quark loops, which contribute up
to 100 % at next-to-leading order (NLO). The major QCD corrections are known up to next-
to-next-to-leading order (NNLO) in the heavy top-mass limit. They further increase the NLO
result at the level of 10 — 20 %. Electroweak corrections give only small contributions at NLO
calculation. The vector-boson fusion and the Higgs radiation from gauge bosons are known
at NNLO of QCD and NLO of electroweak corrections. The associated production with top
quarks is calculated at NLO of QCD.

The leading-order couplings of the Higgs boson in (1.8) determine its decay properties. The
branching fractions and the total decay width of the Standard Model Higgs boson are shown
in Figure 1.5. The depicted mass range corresponds to the allowed Higgs region. The calcu-
lations account for QCD and electroweak corrections.

The entire region below my = 135GeV/c? is dominated by Higgs decays into bb pairs and
above into pairs of vector bosons, especially WW. Above the ¢t threshold the Higgs decays
also into top pairs. For lower Higgs masses various decay channels are possible. Below
the dominant decay into bb, decay modes with pairs of taus, gluons, and charm quarks are
present. Decays into two photons, mediated by fermion and W loops, are suppressed to a
few per mille. The branching ratio of the decay into tau pairs varies from nearly 10 % at
my = 90 GeV/c? to about 1% at my = 155 GeV/c? and rapidly drops for higher masses. This
decay will be addressed in the analysis of Chapter 3.

Combining all possible decay channels, the total decay width of the Higgs Boson I'yo is
obtained (right plot in Figure 1.5). For light Higgs bosons the width is very small with
I'(H%) < 10MeV. It rapidly raises up to a few hundred MeV at the ZZ threshold. At
higher masses the width increases asymptotically and amounts to almost I'yo = 1TeV at
mpgo = 1TeV/c? .

A detailed study of the Standard Model Higgs production and decay at the LHC can be
found in [20].
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Figure 1.4.: Production cross sections of the Standard Model Higgs boson as function of
the mass [20]. The error bands depict the theoretical uncertainties of the various produc-
tion mechanisms. The upper plot considers proton-proton collisions at 7 TeV, the lower
at 14 TeV.
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Figure 1.5.: Branching fractions (left) and the total decay width (right) of the Standard
Model Higgs boson depending on its mass [20].

1.1.3. The MSSM Higgs Boson

The Standard Model Higgs mechanism discussed in Section 1.1.1 introduces a single SU(2)
doublet, which results in one Higgs boson after spontaneous symmetry breaking. This mech-
anism causes quadratic divergencies arising from radiative corrections to the SM Higgs bo-
son mass. There are several models exploring different Higgs mechanisms to cancel these
divergencies. They extend the validity of the Standard Model beyond the TeV energy scale.

One famous model is the minimal supersymmetric extension of the Standard Model (MSSM)
[22, 23]. Supersymmetry expands the Standard Model by proposing an additional symmetry
between fermions and bosons. One supersymmetric partner, which differs in spin by 1/2, is
assigned to each degree of freedom of the Standard Model. The MSSM assumes a minimal
gauge group, a minimal particle content, and R-parity conservation, which leaves the lightest
supersymmetric particle stable (details in [24]).

In the MSSM the electroweak gauge bosons acquire mass by a Higgs mechanism developed
from two doublets with opposite hypercharges. It is a type of the general two-Higgs doublet
model (2HDM). Starting from eight degrees of freedom of the scalar fields, three are absorbed
by the gauge bosons W+ and Z°. This leads to five residual Higgs bosons, two neutral CP-
even states (the light 1, the heavy H'), one neutral CP-odd state (A”), and the charged pair
H*.

The MSSM introduces a large set of new parameters. They have only small impact on the
Higgs sector, which can be parameterized by the four Higgs masses and two angles. The
mixing angle a diagonalizes the neutral CP-even sector and the angle B expresses the ratio
of the two vacuum expectation values v, and v, assigned to the Higgs doublets

tanp=v,/v; . (1.9)

The Higgs sector is restricted by its supersymmetric structure leaving only two unconstraint
parameters at lowest order in terms of the gauge couplings. Usually one selects tan g and
m 40, the mass of the CP-odd A° boson.
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Once these two values are determined, all other parameters can be calculated up to higher-
order corrections (complete derivation in [25]). The Higgs masses are given as

1
Mo 0 = 5 [mio +m%, £ \/ (M2 +m2%0)2 — (2mzom 0 cos2B)?| . (1.11)

As a consequence, the mass of the lightest Higgs boson 1, is restricted already at tree level
by the Z° boson mass [26, 27]

My < myo|cos2pB| . (1.12)

Considering important radiative and loop corrections in the calculation of the CP-even Higgs
bosons [28], one obtains an upper bound of m;,0 < 135GeV/ c? [29].

In the decoupling limit [30], where m1 40 >> myo, only one Higgs boson h° remains light
compared to the scale of the electroweak symmetry breaking. Its mass can be expressed
as mflo o~ mzz0 cos?2B. The properties of h° become very similar to those of the SM Higgs
boson, which complicates their distinction. The masses of the heavier Higgs bosons are

nearly degenerate mp+ ~ mpo = m go.

The couplings of the MSSM Higgs bosons to gauge bosons and fermions depend strongly
on cos (B — &) at tree level. At this order there is no coupling between a A° or H* Higgs
boson to the electroweak bosons and the coupling to fermions distinguishes between down-
type and up-type fermions. The couplings are strongly affected by radiative corrections.
Their values are usually calculated for several benchmark scenarios of the supersymmetry
breaking parameters [31]. An overview of the significant couplings and the impact of higher-
order corrections can be found in [25].

Important decay modes of the neutral MSSM Higgs bosons are similar to those already dis-
cussed in Section 1.1.2. In the decoupling limit the light h° decays with the same rates as
the Standard Model Higgs boson. The branching fractions are only modified if the Higgs
mass is heavy enough to open decay modes into supersymmetric particles [32]. As my0 <
135GeV/c?, which is below the WTW™ threshold, the decays into bottom quarks and tau
pairs are dominant. Charged Higgs bosons decay into a tau lepton and a neutrino (H* —
%) and into tb if the mass exceeds the threshold m; + m;. Decays into lighter quarks have
small branching fractions. For small tan B the heavy Higgs bosons significantly decay into
lighter ones, according to

H* - WHhO, W£A?, H® — n'1°, A°A°,7°A°,  and A° — Z°K° . (1.13)

The decay rates for the heavy Higgs bosons and also for 1" outside the decoupling limit can
differ largely from the Standard Model branching fractions. Especially large tan § increase
the coupling to down-type fermions. This strongly enhances the decay rates into bottom-
quark and tau-lepton pairs.

1.1.4. Searches for the Higgs Boson

The Higgs boson is the last particle of the Standard Model, which has not yet been observed
experimentally. Direct searches for its decay products are carried out at colliders, which
have sufficient energy to enter the mass regime of the Higgs boson. Indirect measurements
are sensitive to Higgs contributions through loop corrections.
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A wide mass range is excluded with data collected at the LARGE ELECTRON-POSITRON
COLLIDER (LEP) [33]. The dominant mechanism for SM Higgs production at LEP is the
Higgs-Strahlung (e"e~ — HYZ"). The explored mass range depends on the center-of-mass
energy +/s as the cross section for Higgs production drops rapidly above the threshold
mpo = /s — myo. The data can be divided into collisions at the Z-pole (LEP1) and center-of-
mass energies of up to /s = 209 GeV (LEP2). Independent analyses at each collision energy
and for various decay channels are combined by the four LEP experiments. The absence of
an evident signal results in a lower bound on the Higgs mass of

Mo > 114.4GeV/c? (1.14)

at 95 % confidence level [34]. The LEP measurements are also sensitive to the production
of neutral Higgs bosons in the MSSM. The combined analysis of all four experiments sets
upper bounds on the cross sections of Higgs-like event topologies [35]. For common bench-
mark scenarios it provides large exclusions in the parameter space spanned by tan 8 and
mye. Charged Higgs bosons with masses below about 75GeV/c? are excluded in distinct
decay channels [36].

The Tevatron at Fermilab [37] continues the Higgs search in pp collisions at /s = 1.96 TeV.
The benefit of a higher center-of-mass energy w.r.t. the LEP searches is diminished by a
significantly smaller signal-to-background ratio and systematic uncertainties on the back-
ground rates in the hadronic environment. The experiments CDF and D combine their
searches based on integrated luminosities up to 5.9fb™' at CDF and up to 6.7fb~ " at D@.
They exclude a Standard Model Higgs boson within a mass range of

158 GeV/c? < my < 175GeV/c? (1.15)

at 95 % confidence level [38]. The analyses consider Higgs production in association with a
vector boson (g7 — W*H? or pp — Z°HC), through gluon fusion (g¢ — H), and through
vector-boson fusion (97 — qGgH"). A summary of the MSSM Higgs boson searches at the
Tevatron and the impact of different benchmark scenarios is discussed in [39].

Indirect searches for the Higgs boson add further mass constraints. A global fit of the Stan-
dard Model is performed [40]. It combines the Z-pole data measured at LEP and the STAN-
FORD LINEAR COLLIDER (SLC) with collisions at higher energies recorded at LEP and the
Tevatron. The leading contribution of the Higgs mass to the electroweak precision measure-
ments through loop corrections is logarithmic. The fit results in a preferred Higgs mass of
Mo = 8932 GeV/c?. The errors consider the experimental and theoretical uncertainties at
68 % confidence level. The fit yields an upper bound of m0 < 158 GeV at 95 % C.L. [40]
not taking the direct limits into account. These values strongly depend on the masses of
the top quark and the W* boson, which are obtained from direct measurements: my=+ =
80.399 + 0.023 GeV/c? and m; = 173.3 £ 1.1 GeV/c2.

The current status of the experimental mass limits is summarized in Figure 1.6. It combines
the results from the direct and indirect measurements. The vertical bands give the exclusion
regions from direct searches at 95 % confidence level. The solid curve corresponds to the
Ax? = x* — x2,;, of the global fit as function of the Higgs mass. It is enveloped by a band,
which shows the theoretical uncertainties of the input parameters. The two other curves are
obtained for modified fits. The dashed curve uses a different method to obtain the vacuum
polarization of the photon field. The dotted curve incorporates also low energy measure-
ments from atomic parity violation, Meller scattering and neutrino-nucleon scattering.
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Figure 1.6.: Most likely mass of the Standard Model Higgs Boson derived from a global
fit [40]. The vertical bands denote the excluded regions from direct measurements. See
the text for further information.
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A complete coverage of the allowed mass range will be provided at the Large Hadron Col-
lider, which is introduced in Section 1.2. The experiments aim for a 5¢ discovery of the
Standard Model Higgs boson combining the results of various decay modes. The expected
discovery potential for MSSM Higgs bosons varies for the studied benchmark scenarios. Al-
ready with a moderate amount of data, neutral Higgs bosons can be observed or excluded for
a large area within the parameter space of tan  and m 40. The current limits on the charged
Higgs bosons from Tevatron are expected to be improved at the LHC.
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Figure 1.7.: The expected SM Higgs boson significance as a function of its mass [41]. The
different curves for various Higgs boson production and decay channels correspond to
30fb~! of the integrated luminosity collected with CMS at a center-of-mass energy of
14 TeV.

The significance for the unambiguous identification of a Standard Model Higgs boson with
the CMS detector (see Section 1.3) is depicted in Figure 1.7. The major discovery channels are
shown independently as a function of the Higgs mass. A detailed summary of the analyzed
decay channels and their sensitivity towards the Higgs searches (SM and MSSM) is given in
[41, 42]. These studies consider the design center-of-mass energy of /s = 14 TeV. The CMS
sensitivities for SM Higgs boson searches at 7 TeV collisions are updated in [43].

The Higgs decay into tau pairs plays an important role. It is expected to provide a large
significance for light Higgs bosons at the LHC exploiting the clean signature from isolated
leptons in the final state. The various decay modes of the tau lepton are covered by inde-
pendent analyses. The full hadronic mode, where both tau leptons decay into hadrons, is
challenging in the hadronic environment at the LHC. It requires an efficient and clean tau
identification. One approach is the kinematic reconstruction of hadronic tau decays intro-
duced in Chapter 2.
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1.2. The Large Hadron Collider

The LARGE HADRON COLLIDER (LHC) is the world’s largest particle collider. This supercon-
ducting particle accelerator was built at CERN, the European Laboratory for Particle Physics
[44], in the 27 km long circular tunnel, which formerly hosted the e*e™ collider LEP. Located
at the Franco-Swiss border near Geneva and about 100 m below the surface, a ring of 1232
dipole magnets stores two counter-rotating hadron beams - either protons or lead ions - and
collides them at four distinct interaction points. Around these points the LHC houses four
major detectors within huge underground caverns: ALICE (A LARGE ION COLLIDER EX-
PERIMENT [45]), ATLAS (A TOROIDAL LHC APPARATUS) [46, 47], CMS (COMPACT MUON
SOLENOID [41, 48]), and LHCb (LARGE HADRON COLLIDER BEAUTY [49]). The large exper-
iments ATLAS and CMS are general-purpose detectors designed to cover a broad range of
physics, whereas ALICE and LHCb are specialized to particular phenomena. The first two
are accompanied by smaller detectors - TOTEM (TOTAL ELASTIC AND DIFFRACTIVE CROSS
SECTION MEASUREMENT [50]) and LHCf (Large Hadron Collider forward [51]) - to study
forward particles, which are only slightly bend from their circular orbit. An illustration of
the LHC location and the arrangement of the experiments around the ring is depicted in
Figure 1.8. The construction of the storage ring and its experiments has been finished and
the first beams circulated in 2008. The physics program started with collisions at modest
energies in 2009.
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Figure 1.8.: Illustration of the CERN Large Hadron Collider. Left: Geographical location
of the LHC and CERN sites near Geneva (based on [52]). Right: Schematic view of the
LHC accelerator complex and its experiments (from [53]).

The LHC is designed to achieve proton-proton collisions with a center-of-mass energy of
Vs = 14TeV and a peak luminosity of £ = 10** cm~2s~!. The instantaneous luminosity £
depends on the frequency frey = ¢/27km = 10* Hz, the Lorentz factor 7, and AS = 4707,
the effective transverse beam area with ¢, ~ 16 ym

N}gnbfrev’)’r

L=
i
A7

(1.16)

This determines a list of beam parameters, which is discussed in [54]. Each of the two rings
are filled with n, = 2808 bunches containing N, = 1.15 - 10!! particles each. A nominal
bunch spacing of 25ns results in a beam current equal to 0.53 A and a stored energy per
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nominal beam of 362 MJ]. The beam energy of 7 TeV excludes the use of electrons (compared
to LEP) due to synchrotron radiation. The implied beam intensities exclude the use of anti-
protons as done at TEVATRON [37]. In order to bend the beams onto their circular orbit, a
magnetic field of 8.4 Tesla is provided by superconducting magnets at a current of around
11700 A operating at cryogenic temperatures of 1.9 K. These dipoles enclose two beam pipes
consisting of continuous vacuum chambers at about 10~1% Torr to avoid interactions between
the beam and gas molecules. The stored energy in the magnets amounts to 11 GJ. Before
entering the main LHC ring, the beams pass a segmented injector chain comprising Linac,
Booster, PS and SPS (see Figure 1.8). Protons are finally injected into the LHC at 450 GeV,
accelerated to their nominal energy, and stored up to 20 hours.

The LHC program is intended to analyze rare physics processes at unexplored energy scales.
These events of interest are hidden by a huge rate of inelastic, non-diffractive collisions with
a total cross section of about 60 mb. A comparison of the cross sections for different processes
at the Tevatron and the LHC is depicted in Figure 1.9. The second y-axis represents the event
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rate Neyent at an instantaneous luminosity of £ = 2 x 10 cm~2s7L. The event rate is defined
as the product of luminosity and cross section

Nevent = 0 - £ . (1.17)

The cross sections grow with rising center-of-mass energy /s of the primary hadron inter-
action as the parton density increases. At design luminosity the collision rate at the LHC
will reach 10° Hz. Cross sections of interesting processes like ¢; are restrained by 8 orders
of magnitude. One major challenge for the experiments is to identify such valuable events
within this polluted environment on very short time scales.
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The LHC has finished a period of data taking in 2010 and delivered pp-collisions with an in-
tegrated luminosity of more than 47 pb™~ ! at \/s = 7 TeV to the experiments. This enables the
first physics analyses at an untested energy regime. The first results have been published.

1.3. The Compact Muon Solenoid

The hadronic environment at the LHC influences the design of the accompanying detectors.
The large collision rate demands a fast response time of the detectors in the order of 20 ns.
To resolve up to 1000 charged particles emerging from a single collision, a fine segmentation
of the detectors is required. These detectors should cover the full solid angle around the
interaction region. They have to withstand the high radiation doses.

The two general-purpose experiments at the LHC aim for a complete detection and re-
construction of rare events within this challenging environment. One of the two is CMS,
the COMPACT MUON SOLENOID, located in Cessy, France. This thesis has been developed
within the CMS collaboration. Thus, only CMS is described here.

( ECAL ] [ HCAL ) (Magnet)

Return Yoke

( Muon Chambers

Figure 1.10.: Illustration of the CMS detector (based on [56]).

A schematic view of CMS is depicted in Figure 1.10. The detector is built around a supercon-
ducting magnet. This large solenoid ([57]) generates a field of up to 4 T. With its diameter of
15m, a length of 21 m, and a weight of about 14000 t, CMS is a compact detector compared
to ATLAS. The whole detector is centered around the nominal interaction point. It defines
the origin of the CMS coordinate system with the x-axis pointing towards the center of the
LHC and the y-axis vertically upwards. The z-axis completes a right-handed system pointing
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westwards along the beam pipe, parallel to the magnetic field. The azimuth angle ¢ lies in
the x-y-plane and the polar angle 6 is measured from the z-axis. It is often expressed in terms
of the pseudorapidity defined as 7 = — log [tan 8/2]. The cylindrical layout is divided into a
barrel region for small values of || and endcaps that cover the forward region of angles up
to |n| = 5.

Starting from the origin of this coordinate frame, the first sub-detector is the tracker. The fully
silicon-based inner tracking system aims to measure the trajectories of charged particles bend
by the magnetic field. The radius of the curvature determines their momenta. Moving fur-
ther outwards, calorimeters measure the energy of particles by reconstructing their energy
deposition in the traversed material. The scintillating electromagnetic calorimeter (ECAL,
[58]) is optimized for detecting the electromagnetic showers of photons and electrons within
its lead tungstate crystals (PbWO;). The subsequent hadron calorimeter (HCAL, [59]) de-
tects hadronic showers. It is a sampling calorimeter, which consists of plastic scintillator tiles
with embedded wavelength-shifting fibres and brass absorber. These sub-detectors are en-
closed by the magnet coil. Outside, four layers of muon chambers are integrated into the
iron return yoke of the magnet. Only muons are expected to reach the four layers of drift
tubes, cathode strip chambers, and resistive plate chambers ([60]). A detailed description of
CMS is given in [61].

All sub-detectors are linked to electronic read-out channels. To handle the enormous event
rate at the LHC (see 1.2) and to reduce the amount of data to be stored, the observed events
pass a complex trigger system. It will be discussed in 1.3.4.

The performance goals of CMS are driven by its primary physics tasks, which are extensively
described in [48]. CMS is optimized to explore physics at the TeV scale and to analyze the
mechanism of electroweak symmetry breaking. One major design goal is the complete cov-
erage of Higgs bosons over the entire mass range. As muons are involved in important decay
modes, this requires an unambiguous charge determination of muons, a relative momentum
resolution of Ap/p ~ 10 % at a muon momentum of 1 TeV/c, and a di-muon mass resolution
of about 1% (at 100 GeV/c?). The momentum resolution is achieved by combining the infor-
mation from the tracking system and the muon stations. The energy loss of muons in the
calorimeters is small. It is in the order of a few 100 MeV for the ECAL and a few GeV for the
HCAL. The ECAL has an energy resolution of o /E < 0.5 % and a di-photon and di-electron
mass resolution of 1% (at 100 GeV/c?). The HCAL, located within the magnet coil, has a fine
lateral segmentation of up to Ay x A¢p = 0.087 x 0.087 providing a good di-jet mass resolu-
tion. Its hermetic coverage up to || < 5 enables the reconstruction of the missing transversal
energy EMss,

The performance of the tracking system is discussed in 1.3.1. A description of the tau-lepton
algorithm can be found in Section 2.4.1. The detailed reconstruction of other physics objects
that are not essential for the current analysis are introduced in [48].

During the ongoing physics program, CMS has already collected pp and lead-ion collisions.
The integrated luminosity of the initial proton run is depicted in Figure 1.11. CMS recorded
43.17pb ™! from 47.03pb ! delivered by the LHC. Typical searches for the Standard Model
Higgs boson need an integrated luminosity in the order of inverse femtobarns.

This thesis prepares the search for a Higgs boson via a pair of hadronically decaying tau
leptons. The key aspects of CMS, on which this reconstruction is based are discussed in
more detail in the subsequent sections.
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Figure 1.11.: Total integrated luminosity delivered to and recorded by CMS during stable
beams at 7 TeV center-of-mass energy. Data obtained from [62].

1.3.1. The Tracking System

A vital task in the LHC physics program is the reconstruction of particle trajectories within
the tracking system. The CMS tracker is a cylindrical detector with 5.8 m in length and a
width of 2.6 m (see [63]). Its high granularity disentangles the large number of particles pro-
duced at the hadron collisions. The tracker provides an accurate momentum measurement of
charged particles. Its design changes according to the charged particle flux, which decreases
for larger radii. As shown in Figure 1.12, the detector is centered around the interaction point
and consists of several subsystems (nomenclature explained in [64]). Divided into barrel and
endcaps, it covers a polar angle up to |57| = 2.5.

The innermost part closest to the collision point has to withstand a charged particle flux of
108 cm~2s~!. To measure the impact parameter of tracks and to resolve secondary vertices
of primary particles with significant lifetime, it is located as close to the beam as possible.
Starting at 4cm from the beam axis, three layers of pixel detectors are placed. 66 million
pixels of 100 x 150 um? each provide a spacial resolution of about 10 ym in 7-¢ and 20 ym in
z. Atradii between 20 and 110 cm, 9.6 million silicon strips with sizes between 10 cm x 80 um
and 25cm x 180 ym cover an active area of 200 m?. This yields a single point resolution of
up to 23 ym in the r-¢ direction and 23 ym in z. The material is minimized to reduce the
interaction of particles in the tracker. A summary of the material budget is given in [48].

1.3.2. Track Reconstruction

From the signals collected by the CMS detector, particles are reconstructed (see 1.4.3 for a
general description of the reconstruction chain). An important part is the track reconstruc-
tion. The algorithm can be divided into the following five processes.

The first step determines the position of hits and their uncertainty from charge clusters in the
silicon sensors. The clusters are created from seed pixels and strips, which exceed a certain
charge threshold.
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Figure 1.12.: The CMS Inner Tracker in r-z-view (from [64]). Its layout in different subsys-
tems and the pseudorapidity coverage are shown. Segments represent detector modules.

In the second step, track seeds are generated from the obtained hits or from other detector
components. For a first estimate of all helix parameters of a track, a candidate has to have at
least three points assigned. The number of hits can be enlarged by temporarily forcing the
trajectory to originate from the beam line.

The pattern recognition defines the third step. It is based on a combinatorial Kalman filter
method [65] and rebuilds trajectories by iteratively adding compatible hits from successive
detection layers. The track is propagated through the whole tracker volume taking the mag-
netic field into account (the equations of motion are derived in Appendix A.1). The helix
precision increases with each iteration.

Several tracks starting from the same seed or different seeds resulting into the same track
can produce ambiguities. The fourth step resolves tracks sharing the same hits in favour of
the best quality trajectory.

During the final step, each trajectory is refitted using a least-squares approach, combining a
standard Kalman filter and smoother. First, a forward fit from the interaction point outwards
removes approximations and biases of the seeding (e.g. possible beam line constraints) and
accounts for the effects of energy loss and the deflection by multiple scattering. A second
smoother fit starts from the outside and propagates back to the innermost layer. This deter-
mines the best final estimates of the track parameters at the surface associated with each hit
and especially at the vertex.

This five-step tracking procedure is repeated iteratively. After each step, high quality tracks
are stored and their associated hits are removed. A new step of track reconstruction starts
with the remaining set of hits and looser requirements [64]. This iterative approach increases
the reconstruction efficiency of the first iteration by up to 5 %.

More detailed information on the CMS track reconstruction can be found in [48, 66].

Figure 1.13 demonstrates the performance of the track reconstruction of the inner tracking
system. On the left side the single track efficiency for pions is depicted as a function of pseu-
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Figure 1.13.: Track reconstruction performance of the CMS detector (from [48]). Left:
efficiency for pions. Right: Resolution of the transversal momentum for muons.

dorapidity. Depending on the particle momentum, one observes a rate up to 95% over a
broad #-region. For very large polar angles, the efficiency drops to about 70 %. The momen-
tum resolution for isolated muons is shown in the right plot. It depends on the particle’s
momenta and their pseudorapidity and improves from about 2% at || > 2.4 up to 0.7 % at
|7| = 0. The momentum resolution of pions involved in 3-prong tau decays is discussed in
Figure 2.28 in Chapter 2.

The resolutions of the transverse and longitudinal impact parameters dg and zg for single
tracks has been studied in [48]. For high momentum tracks, it is dominated by the hit res-
olution of the first hit in the pixel detector, whereas multiple scattering dominates at low
momenta.

1.3.3. Vertex Reconstruction

Vertices are reconstructed from groups of tracks. In every collision at least one primary
vertex should be identified. In addition, events may contain secondary vertices or tracks
with significant impact parameters to the interaction point.

Different algorithms are used for different types of vertex reconstruction. Most algorithms
include two steps, vertex finding and vertex fitting. The first combines vertex candidates
from tracks. The second optimizes the vertex parameters by constraining the associated
tracks to it. The CMS reconstruction uses two different vertex fitting methods. The first
one is the Kalman Filter [65], which uses a global least-squares minimization. It works best
for Gaussian distributed measurements and may include an update of the involved track
parameters. The second method, the Adaptive Vertex Fitter [67], is an iterative re-weighted
tit, which down-weights tracks according to their significant distance from the vertex. This
enlarges the robustness by decreasing the sensitivity to outlying or mis-measured tracks. The
performance of these techniques is compared in Table 6.5 in [48].

For the High Level Trigger (see 1.3.4), a primary vertex is created from re-weighting pixel
standalone tracks [68], whereas the offline primary vertex reconstruction derives the best
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parameter estimates from the fully reconstructed tracks. Its performance is summarized in
Table 6.8 and 6.9 of [48]. The spacial resolution improves with the number of tracks associ-
ated to the vertex and with their transversal momentum. Depending on the physics process,
it is in the order of 10 to 50 ym for the transversal plane and slightly worse for the z-axis.

On top of the default vertex purposes, one can think of a specialized vertex reconstruction for
exclusive decays. Chapter 2 introduces an approach to reconstruct tau-lepton decays based
on a kinematic vertex fit.

1.3.4. Data Acquisition and Trigger

The data acquisition and trigger system of CMS handles the large bunch crossing rate of up
to 40 MHz at the LHC (compare Section 1.2). It reduces the amount of data to a processable
and storable size in two steps.

First, the Level-1 (L1) system, based on custom-made electronics, reduces the rate to approx-
imately 100 kHz. This corresponds to a rejection factor of up to 107. Then the High Level
Trigger (HLT) system, implemented using commercial processors, further decreases the rate
to O(100) per second. In both steps vital decisions have to be made to discard a large fraction
of data while retaining the few collisions of interest.

The bunch spacing of 25ns is not sufficient to derive a trigger decision due to the required
computation time and the signal transit from the detector to the trigger electronics. A buffer
pipeline enlarges the time slot for event processing. The L1 decision considers primitives like
electrons, muons, photons, jets and missing transversal energy. It is derived from limited
detector information only and takes few microseconds.

The HLT algorithms run more sophisticated calculations accessing and combining the infor-
mation stored by the L1 using more complex topological calculations. These computations
performed in progressive series of HLT filters may take seconds and result in a reconstructed
event. Based on the physics priorities, the HLT provides a classification into various data sets
for further offline analyses. [69] gives a detailed review of the physics channels.

An entire description of the CMS trigger system and data acquisition can be found in [69-
71]. An update of the performance of the trigger paths for the initial data taking is given
in [72]. The efficiency of the paths required in the current analysis are listed in Table 3.3 in
Section 3.4.

1.4. Event Reconstruction Framework

Millions of detector channels are read out electronically. The signals are passed to an exten-
sive reconstruction chain to provide physics objects to the analyses. To estimate the perfor-
mance of these algorithms and to study the physics sensitivity to certain processes, a com-
plex detector simulation is needed. The simulation divides into the generation of particles
emerging from high-energy collisions, the simulation of their path through the detector ma-
terial, and the modeling of the detector response. The CMS collaboration integrates the full
simulation chain and the event reconstruction into the CMS software framework (CMSSW
[48]).

CMSSW is a C++ based framework designed around an event data model. It incorporates sev-
eral independent libraries like the data analysis framework ROOT [73] and the class library
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for high energy physics CLHEP [74]. Its primary goal is the development and deployment of
reconstruction and analysis software.

1.4.1. Monte Carlo Event Generation

Event generators in high-energy physics interface theory and experiment. Based on the
physics models, a collision between two incoming particles produces a set of outgoing par-
ticles. The rates and properties of events are generated with the Monte Carlo method [75].

CMSSW provides a large list of different event generators. General-purpose event generators,
like PYTHIA [76], HERWIG [77], or SHERPA [78] include various models of the hard and soft in-
teractions, parton distributions, initial and final state parton showers, multiple interactions,
fragmentation, and decays. Matrix element calculators, such as ALPGEN [79], MADGRAPH
[80], and MC@NLO [81], provide events at parton level as input to the multi-purpose gen-
erators. Particular particle decays can be described using distinct simulation packages like
TAUOLA [82, 83] covering tau-lepton decays.

In CMSSW the generated events are stored in the HEPMC event record [84]. Its tree structure
of particles and vertices reflects the evolution of the event. The convenient particle identifier
scheme of the Particle Data Group [85] is used as unambiguous particle nomenclature.

1.4.2. Detector Simulation and Digitization

The interaction of generated particles penetrating the detector is evaluated within CMSSW
using a full-scale GEANT4-based CMS detector simulation [86]. It combines a detailed de-
scription of the geometrical properties of every component and its material budget. The
simulation provides a map of the magnetic field and accounts for the electromagnetic and
hadronic interactions. The effects of primary vertices displaced from the nominal interaction
point are covered by different vertex smearing methods.

The simulation accounts for luminosity dependent pile-up collisions. Multiple interactions
within the same bunch and from the bunch crossing before and after a triggered event may
cover the signal collision. This pile-up contribution is simulated separately and merged into
the signal event [48].

The simulation step is complemented by the digitization. It simulates the detector’s elec-
tronic response and generates a dataset, which is intended to be as close as possible to the
real data detected with CMS.

1.4.3. Event Reconstruction

The same reconstruction algorithm is applied to the output of the Monte Carlo simulation
chain as to the real data. It provides the reconstruction of events to the level of candidates,
which can be used in the analyses. The independent algorithms for different types of parti-
cles or reconstruction objects are summarized in [48]. Vital parts for the current analysis are
discussed in 1.3.2, 1.3.3, and 2.4.1. CMSSW can easily be extended to user-defined reconstruc-
tion modules as discussed in Chapter 2.

The resulting event format consists of three major data tiers [87]. The full event (FEVT) stores
most of the intermediate products of simulation and reconstruction. The RECO format con-
tains the reconstruction output and allows for possible event reprocessing. The amount of
data can be reduced by extracting the information needed in particular analyses (AOD).
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The displacements of detector modules from their expected position causes large uncertain-
ties especially in the track reconstruction. These effects can be compensated with software
corrections. They are defined in several scenarios for the alignment and the conditions of the
detector. Their precision evolves in the course of the commissioning and is continuously op-
timized during data taking. The alignment of the silicon tracker is determined using optical
survey measurements, a laser alignment system, and track-based alignment algorithms from
cosmic rays [88, 89] until collision data is available. In CMSSW the scenarios are summarized
within global tags to be specified during the event reconstruction. These tags also contain
the current trigger menu for L1 and HLT.

1.4.4. LHC Computing Grid

The vast amount of data produced at the LHC exceeds the storage and computation capac-
ities of a single computation center. The CMS computing project relies on the Worldwide
LHC Computing Grid (WLCG) to distribute the data around the world (see [48, 87]). WLCG
is designed in several layers of data tiers providing resources for computation and storage.

The first layer is the Tier-0 at CERN, which stores the data collected by the CMS data acqui-
sition (discussed in 1.3.4). It performs the first offline reconstruction and provides a copy
to the subsequent Tier-1 centers. Here, physics analysis groups can access the reconstructed
data streams. The Tier-1 centers provide data to and receive data from all Tier-2 sites, which
are used for Monte Carlo production and end-user analyses.

CMSsW is distributed over the Tier’s computing elements. This enables the submission of
simulation or analysis tasks to the Grid to utilize its large resources. The private production
and the further processing of official datasets used in the current analysis (see Section 3.1)
are executed using the WLCG.






Chapter 2

Kinematic Reconstruction of Tau Leptons

The method described in this Chapter was developed in collaboration with Philip Sauerland.
It is also part of his thesis [90]. This Chapter is published as an internal CMS note [91]. The
kinematic tau algorithm is available to the CMS collaboration.

2.1. Introduction

The identification and reconstruction of tau leptons is a difficult task at the LHC. Due to
their short lifetime, tau leptons decay before reaching the first detector layer. Therefore, they
are solely detectable via their decay products. As tau-lepton decays incorporate neutrinos,
which are not measurable with the CMS detector, the full information of the tau-lepton mo-
mentum is not accessible. A common technique is to ignore the neutrino energy fraction and
approximate the tau flight direction by the visible decay products. Obviously, the precision
of the tau-lepton reconstruction is limited in this case. In order to improve the experimental
resolution and the reconstruction purity, one can utilize the specific decay topologies of the
tau lepton and apply a kinematic fit to the measured tau-decay products.

In the following Sections the development of a kinematic fit for tau leptons is described. To
begin with, the kinematics of multi-prong tau decays are introduced. This involves the kine-
matic calculation of the tau momentum as well as the derivation of kinematic constraints.
Furthermore, the least mean squares minimization with Lagrange multipliers is discussed,
which is the underlying approach of the kinematic fit. Afterwards, the newly developed
kinematic fit for 3-prong tau decays is described in detail. Quality criteria are introduced,
which aim to improve the tau-lepton identification and the suppression of background. Both
the efficiency of the workflow and the achievable resolution of the kinematic tau-lepton
parameters are tested with different tau-production processes via Monte Carlo simulated
events. Finally, the technical implementation of the kinematic fit in the CMS software frame-
work is described. The modularity of the whole procedure, its extensibility to additional
tau-decay modes, and its flexible integration in physics analyses are pointed out.

2.2. Kinematics of Multi-Prong Tau Lepton Decays

2.2.1. Tau Lepton Decay Topology

The tau-lepton mass of M; = 1776.82 4 0.16 MeV/c? enables a wide range of decay modes
[85]. These modes can be categorized by the number of charged particles, usually called
prongs, which are produced in a decay. Nearly 100 % of the total tau-decay width is made
up of two main classes: 1-prong and 3-prong decays. The former provide the largest con-

23
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tribution with a branching fraction of approximately 85 %. In nearly 15 % of all cases tau
leptons decay into three charged particles. In contrast to muons, decay products of tau lep-
tons are not limited to leptons only, but include hadrons as well.

In addition to their heavy mass, tau leptons feature a relatively long mean lifetime of T =
(290.6 +1.0) x 10~ sec. Considering for example electroweak processes like W* and Z° de-
cays at the LHC, tau leptons are produced with high momenta |p,| = O(100GeV/c). This
leads to large Lorentz factors v and non-negligible mean tau flight distances
ctBfy =87.11pum - |P-| = O(5mm).
M-

This is not sufficient to reach the first tracking detectors of the CMS experiment. As a result
tau leptons are not directly detectable. Nevertheless, modern tracking detectors are able to
resolve the tau flight distance. In case of the 1-prong decays, the distance is identified by
a large impact parameter with regard to the primary vertex, which is formed by additional
tracks deriving from the hard interaction. In 3-prong tau decays the particle tracks form a
secondary vertex, which is displaced to the primary vertex. The link between the production
and the decay vertex can be directly related to the tau flight distance.

Due to lepton-number conservation, at least one neutrino is produced in any tau decay. CMS
is not able to detect neutrinos. The measurable tau energy is reduced by their energy. This
affects measurements like invariant masses or missing transverse energy.

2.2.1.1. Tau Decay into Three Charged Pions and Neutrino

The largest contribution to the branching fraction of 3-prong tau decays comes from the
decay into three charged pions and a tau neutrino. This mode incorporates three resonant
processes, which add up to B(t — 371~ +v;) = By, + Byo + By = (9.324+0.07) x 1072 [85].

The dominant part is caused by the dynamic generation of an a1 (1260) resonance in the two-
body decay T — a1(1260) + v. The a; itself then decays into three charged pions. A possible
decay chain is realized via an additional p resonance like a; — p(770) + 7+ — 3 7=. The
p(770) has a short lifetime in comparison to the tau. Thus the production vertices of the three
charged pions are indistinguishable and are assumed to be identical.

The second process includes the production of a neutral kaon in the three-body tau decay
T — 7t + K%+ vy — 37 + v;. Because of the very long lifetime of the kaon, the two
charged pions produced by its decay do not originate from the same vertex as the charged
pion from the initial tau decay. Therefore, 3-prong tau decays via the a; resonance or via
kaons can in principle be distinguished by applying vertex fits to the three prongs.

The third and least dominant contribution is realized via an w(782) meson within the three-
body tau decay T — 7* + w(782) + v — 37T + v;. In contrast to the former process,
the intermediate w(782) is short-lived. This results in a joint production vertex of the three
prongs as in the a; case.

Neglecting the contributions from kaons and w mesons, the process via the a; leads to an
exclusive branching ratio of B(7 — 371% + v¢) = (9.00 +0.06) x 102 (excl. K%, w) [85]. This
value corresponds to nearly 97 % of the inclusive branching fraction stated above. As fur-
ther kinematic calculations assume that all three pions produced by the tau decay have
to originate from a common secondary vertex, we ignore the small contribution of Byo to
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B(t — 37* + vy). Furthermore, for reasons of simplification, we always identify the three-
pion system with the a; resonance and neglect the very small impact of the B,, part, which
is O (10*4).

One feature of the tau decay into three charged pions and neutrino is the absence of addi-
tional neutral particles besides the neutrino itself. That is to say, the visible energy of the tau
lepton EY' is directly correlated to the neutrino energy E,. Figure 2.1(a) shows the invariant
mass of the three-pion system 1,,. The distribution is constrained via two bounds. The lower
bound is three times the pion mass, whereas the upper bound is represented by the tau mass
and thus 3m,; < m,; < M;. In case of the lower bound, the 4; has the highest momentum
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(a) Invariant mass 1, . (b) Neutrino energy E;_in the tau rest frame.

Figure 2.1.: The invariant mass distribution of the three-pion system m1,, and the energy
spectrum of the tau neutrino E;;_ within the tau rest frame.

within the tau rest frame. Following the basic kinematics of a two-body decay, the energy
of the tau neutrino E;_is also maximal. Accordingly, the upper bound of the m,, spectrum
corresponds to a very small neutrino energy within the tau rest frame. The resulting energy
spectrum of the tau neutrino within the tau rest frame is shown in Figure 2.1(b).

2.2.2. Kinematic Calculation of the Tau Momentum

As shown above, the tau decay into three charged pions and neutrino (t — 37 4 v¢) can
be considered as a two-body decay into the a; resonance, formed by the three pions, and the
neutrino. The momentum of the tau lepton can be calculated from the a; parameters only.
The neutrino information is not needed in this case.

In the laboratory frame the decay can be written as
M= B -
M2 = (E;, +E,)*> — > neglecting the neutrino mass m, = 0

M%’ = (Eﬂ1 + |r_jT - ﬁm’)z - ﬁ”zf

2 = 1|3 2
M2 = (Ea + /% = 2|Fc || cos by + 72, ) — 7
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The Gottfied-Jackson angle 0; is defined as the angle of the a; w.r.t. the tau flight direction
in the laboratory system (see Figure 2.2). Solving for the tau momentum one obtains the
magnitude parametrized through the a; parameters and the Gottfried-Jackson angle:

—

[Pzl = |P<|(8y, ay, [Pan)

(m3 + M2) |Pa, | cos by £ \/(mg] +72) [(mgl — M%)2 —4M2p2, sineclz}
- @

2 (ﬂ’l%1 + ]_7%1 sin QG]2>

Figure 2.2.: The Gottfied-Jackson angle fg; is defined as the angle between the a; mo-
mentum and the tau flight direction in the laboratory frame.

The same expression can be derived from the tau rest frame as follows (quantities referring
to this frame are marked with an asterisk):

M2 =E¥ — 57, withp =0andm, =0

. M2 — m?
= Pl = 7T2MT = (2.2)
d Ej = ———1 . 2.
an ai ZMT ( 3)

A Lorentz transformation of (2.2) into the laboratory system yields again (2.1), which is plot-
ted for typical a; parameters in Figure 2.3.

2.2.2.1. Ambiguity

The square root in expression (2.1) leads to an ambiguity of the momentum magnitude. It
arises from two different configurations in the tau rest frame, which are indistinguishable
in the laboratory system. Either a lower energetic tau decays into an a4; under rather small
angles w.r.t. the initial tau flight direction, or the a; spans a larger angle towards a tau with
higher momentum. In both cases one measures the same a; momentum in the laboratory
system (Figure 2.4).
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Figure 2.3.: The calculated tau momentum for typical a; parameters (m,, = 1.2GeV/c?,
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Figure 2.4.: Ambiguity for the magnitude of the tau momentum. An observer in a
boosted system cannot distinguish between two different tau-decay configurations in
the tau rest frame: 1. A tau lepton with a rather low momentum decays to an a; under
a small Gottfried-Jackson angle 6. 2. A tau lepton with a higher momentum decays to
an a1 under a larger Gottfried-Jackson angle 6.
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This ambiguity vanishes if the square root in (2.1) is zero. This determines an upper bound
ocr™ for the Gottfried-Jackson angle that only depends on the 2; mass and momentum:

(mﬁ1 + ﬁgl) [(mil — M%)2 — 4M$ﬁg] sin GGJZ} =0

M2 — m?
= 02 (m. |7, |) = arcsin ———2 | 2.4
GJ ( a1 |pﬂ1‘) ZMT’pa1| ( )

Figure 2.5 shows some important dependencies of the Gottfried-Jackson angle and its maxi-
mal allowed value. All distributions show a common behavior of both variables over a wide
range. Significant differences between 6y and 6™ only occur for very large | cos 0¢;|. There

are no important deviations in the dependency on the tau boost || and the 4; mass.

One can show that the maximal allowed value 5™ is preferred. If one assumes the cosine of
the angle in the rest frame cos 6 to be equally distributed, the Lorentz transformation into
the laboratory system results in a ratio r = 0¢;/0g™ shown in Figure 2.6. For small angles
the ratio 7 is independent of the boost factor or the a4; mass.

This can be derived using (2.4) and (2.2):

Mz —mg  |Pa|

B 2Mr|ﬁa1| B |ﬁﬂ1|
and Pay, = ’ﬁﬂ1|Sin6G]

sin QIC?]aX(mﬂll ‘ﬁﬂl |)

As pg, , the orthogonal momentum component of the a; w.r.t. the tau momentum, is not
affected by the Lorentz boost and thus p,,, = py, , one obtains the ratio:

sinGG] . P;:u

sin O™ A
sin QG] .
= = sin O
singz O
and for small angles r = 6gy/0G ~ sinfg; . (2.5)

This dependency of the ratio r on the Gottfried-Jackson angle in the tau rest frame is shown
in Figure 2.7. The sinus function gives small values of r for decays, where the a; is emitted
under | cos 05| — 1.

2.2.2.2. Ambiguity Width

The deviation between the true tau momentum and the solution obtained by (2.1) is limited
by the width of the ambiguity. As shown in Figure 2.3, the difference between both calculated
solutions has a maximum for 6y = 0. The two solutions will be referred to as (+) or (=)
depending on the sign of the square root term. This maximal width w can be calculated as

w = |p-|(0,may, |ﬁu1‘)(+) — |P[(0, mq, ‘F_"alD(i)

(M% - mi) \/m . (M% - mgl) Eﬂl (2 6)

w = =
2 2
mal mul

The maximal ambiguity width only depends on a; parameters. Figure 2.8 shows the linear
rise of w for increasing 7; momenta and the asymptotic decrease for larger a; masses.
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r derive from large | cos 0&;|. The distributions are independent of the tau momentum
and the a; mass.
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Figure 2.8.: Dependencies of the maximal ambiguity width w. Left: Linear increase
(mq, = 1.2 GeV/c?). Right: Asymptotic decrease (p,, = 20 GeV/c).

2.2.3. Accessible Constraints

Modern detectors in high energy physics can only measure few parts of the tau decay into
three pions. Typically, the primary vertex, where the tau has been created, and the three
charged tracks from the pions can be reconstructed. In order to fully determine the tau-
lepton parameters and to improve the experimental resolution of the measured values, a set
of constraints can be applied to the decay. These restrictions add additional knowledge to
the measurement to minimize the number of unknown parameters.

Table 2.1.: Overview of the degrees of freedom (ndf) within the decay T — 371~ + v.

ndf parameters total
4.7  track parameters + masses +28
3-5 pion reconstruction —15
4-1 particle masses —4
3-1 path length (n—1) -3
1-1 invariant mass constraint ~ —1
4.2 -3 vertex constraint (2n—23) -5
1-2 parallelism constraint -2
-2

Table 2.1 summarizes the number of parameters to determine in case of the 3-prong tau
decay. An entirely determined decay requires the knowledge of 28 parameters in total. These
are one mass and five helix parameters per particle involved. The helix parametrization only
defines an infinite path without any start or end points. The absolute production vertex of
the associated particle can be added using the path length s along the helix. This results in
seven parameters for each of the four tau daughters.

The measurement of the three charged tracks provides five helix parameters each, and the
mass of the tau daughters is set to their nominal values. As all daughters have to origin from
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the same secondary vertex, the path lengths of these four particles are linked to each other.
Therefore, assigning one path length will determine the others. The six missing parameters
are obtained by applying three additional constraints:

The invariant mass of the four daughters is forced to be equal to the tau mass (Section 2.2.3.1).
A vertex constraint (Section 2.2.3.2) ensures that all daughters origin from a common sec-
ondary vertex. The tau flight direction has to be in parallel to the link between the primary
and the secondary vertex (Section 2.2.3.3). If all restrictions can be applied, one obtains a
fully bound systems, where the number of constraints exceeds the degrees of freedom.

These three constraint classes are discussed in more detail in the following Sections, and their
mathematical representations are given. According to the notation chosen in [92], constraints
are described as functions H(«) = 0, where a is the full set of parameters of all particles. Each
particle contributes with the parametrization &; = (x;, Vi, zi, Pxi, Pyis Pzis m;), where x;,y;,z;
defines the vertex position, p; are the momentum components, and ; is the mass of the
particle. The calculation considers the equation of motion of charged particles in a solenoid
magnetic field along the z-direction, which is derived in Appendix A.1.

2.2.3.1. Invariant Mass Constraint

A set of tracks can be forced to have a certain invariant mass M. From four-vector conserva-
tion one obtains the mass constraint Hys for the sum of n daughters of a decay:

Es%um = pgum + MZ
Hy(a, M) = E2, — Poun — M*> =0 . (2.7)

In this case M corresponds to the tau-lepton mass. psum denotes the sum of momenta of
all daughters propagated through the magnetic field (using equation A.2) to their common
vertex (x(?),y(®),z(?)), ie. the three prongs plus the neutrino:
n
Psum = |psum| = | ZPZ’
i=1

This constraint is a so called 1C-constraint. This means it reduces the number of degrees of
freedom by one.

2.2.3.2. Vertex Constraint

The vertex constraint Hy(a) is a 2C-constraint for each particle i assigned to the vertex
(x(®),y(),2(*)). These two equations correspond to the two planes defined by the bend of
the helix caused by the Lorentz force. They can be derived from the equations of motion
discussed in Appendix A.1. If the absolute reference point is unknown, the sum of the con-
straints is diminished by three. For n particles this results in a 2n —3 constraint.

Starting from (A.1) in Appendix A.1, the offset between the vertex and the reference point of
the particle is obtained:

Ay = y(v) —y= %Sinps—k %(1 — Cos ps)

Az:z(”)—z:&s:&c&
p a
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In order to eliminate terms of ps, the following equations are used, where pr is the transverse
momentum:

2
pxAx = % sin ps — @(1 — Cos ps)
2
pyAy = % sin ps + %(1 — COs ps)
2
Py = anpy sin ps + %(1 — cos ps)

2
pyAx = % sin ps — %(1 — Cos ps)
= sinps = puz(pxiAx + pyAy)
T
a
(1 —cosps) = p—%(pry — pyAx)

With these expressions the vertex constraints for the ith particle can be written as

a;

HV¢(OC) = pxiAyi — pyzAxi — E(Axlz + Aylz) =0 (28)
zi . — a;

Hyg(a) = Az; — % sin”! <pz(sz‘Axi + pyiAyz-)> =0 . (2.9)
! Ti

2.2.3.3. Parallelism Constraint

The parallelism constraint Hp ensures that the vertex link between primary and secondary
vertex is aligned with the resulting momentum vector j = Y.I' ; fi; of the decay daughters
at the secondary vertex. It is a 2C-constraint as it restricts two orthogonal angles. Following
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Figure 2.9.: Definition of the chosen angles (¢;,6,) and (¢s, 6).

the parametrization in [93], the common azimuth angle ¢ and the polar angle 6 defined
from the transversal to the +z-direction are chosen. One should note that this is not the
angle Ocys according to CMS conventions, which is zero for tracks along the +z-direction,
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but 0 = /2 — 0cms. To fulfill the constraint, the difference between the angles defined at
the primary vertex (¢, 6,) and the angles at the secondary vertex (¢s, 65) have to be equal.
As shown in Figure 2.9, one can express these angles in terms of the parametrization a:

Px dy

cos s = = cos P, = —
QD pT ¢P dT
cosfs = Pz cosf, = —
p Pod

The distance between the primary vertex vp = (X, ¥, 2p) and the secondary vs = (x,y,z)
is referred to as dx = x — xp (same for dy, dz), dr = |/d}+dj, and d = ,/d3 +d} + d2.
To simplify further calculations, the difference is calculated in terms of tan (x/2) instead of

comparing the angles itself. The tangent is well defined within the range of 6 and ¢ and
nearly linear for typical angles:

Hpg(a, vp) = tan 5 tan 5= 0
and Hpg(a, vp) = tan? — tanE =0

Using tan («/2) = (1 — cosa)/ sina and replacing the angles, one obtains the equations for
the parallelism constraint:

Hpy (&, vp) = de_ A | pxp_ PT _ 9 (2.10)
y Y
ds — dt el

d, Pz

Hpg(fx, Z)P) = 0 . (2.11)

The first constraint equation assumes that the curvature of the path of the tau lepton due to
the magnetic field is negligible for typical distances between the primary and the secondary
vertex. As an example, in the solenoid field of CMS a tau lepton with a transverse momen-
tum of 30 GeV/c will have a radius of curvature of 26 m. Assuming a typical tau lifetime, the
helix bend causes an angle between the initial momentum measured at the primary vertex
and the propagated momentum measured at the secondary vertex of O(50 prad). Compared
to the scale defined by the maximal allowed Gottfried-Jackson angle, this is a correction at
a percent level. According to the illustration in Figure 2.10 and with the equation of motion
of charged particles in the magnetic field (Appendix A.1), the angular correction ag can be
written as

as = o1/2 ,where sindr/2 = dia . (2.12)
2PT
Including ag within the parallelism constraint, the equation for the azimuth angle has to be
modified. The polar angle is not affected by the helix bend.
(Pp ¢s g 0

Hpy (&, vp) = tan7 - tan? - tan? =

_ _ \/4p% — a2d% — 2pr
dr—de | pe—pr VOO —0 (213)

= Hpg(a,vp) =
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Ya

Figure 2.10.: Illustration of the correction derived from the helix propagation through
the magnetic field.

2.3. Least Mean Squares Minimization with Lagrange Multipliers

A common mathematical approach to implement a kinematic fit with additional constraints
is the Least Mean Squares minimization with Lagrange multipliers (LMS) [94]. This algo-
rithm benefits from its sequential character. Each constraint is incorporated as a separated
term within the x? equation. This leads to a fast inversion due to factorized matrices and
enables an implementation of the minimization process independent of the particular con-
straints applied by the user. LMS will result in an analytical solution, if the constraints are
linear in the given parametrization. The application of LMS is limited to uncorrelated ini-
tial data and to hard constraints, where parameters are forced to match precise values. Soft
constraint only requiring quantities to lie within certain bounds cannot be incorporated with
LMS. A complete implementation of LMS into the CMS software framework is documented
in [93].

2.3.1. Basic Algorithm

Given a set of unconstraint parameters ay from n measurements with their initial covari-
ances V,,, the x? equation can be written as follows:

x> = (a—ag) V' (a — o)

In addition, one can define r constraints H(«) = 0 with H = (H;, Hy, ..., H;) (compare con-
straints defined in Section 2.2.3). If these constraints are not linear, they can be expanded
about a linearization point a 4:

0 = D(x—ay)+d (2.14)
Déan+d ,
OH, oH oH
oH, 0oH, | 2
where D) — dar Iz o and d = H(aa)
o, ot ... ol '
dx;  day  Oay H”(aA)
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These linearized constraints (2.14) can be added to the x? equation using a vector A of r
Lagrange multipliers:

x> = (a—ao) "V ' (a — o) + 2AT (Doa + d) . (2.15)
This equation can be minimized w.r.t. the parameters a and the Lagrange multipliers A:

x>

S =0 = Vo l(a—ag) + DA =0 (2.16)
2
and 8875\:0 = Déa+d=0

Solving these two equations yields a new set of constraint parameters, which depends on the
initial values:

& =wag— VyDTA (2.17)
where A = Vp(Déwy + d)
and VY = (DV,,DT)!

The difference dag = ag — a4 is the offset between the unconstraint parameters and the
linearization point. At this point the matrix D can be interpreted as a multidimensional
gradient pointing towards the maximal modification in the parameter space and is therefore
perpendicular to the equipotential surface generated by the combined constraints.

The minimized x? equation can now be written as a sum of r terms:
x> = AT(Déng+d) . (2.18)

This is one term per constraint. But, as the constraints are now correlated to each other
through Vp, the assignment of each term to one particular constraint is no longer possible.

2.3.2. lterations

The calculation above assumes that the Taylor expansion (2.14) around a4 is suitable. The
physical constraint has to be as linear as possible within the region of interest defined by da.
Deviations from this linearity will lead to a result where the constraints are not completely
fulfilled, thus H(«) — € = 0. The second line in (2.16) only assures that the linearized version
of the constraint is equal to zero, not the analytical one.

For sufficiently small € the recalculation of the whole algorithm using the last obtained set
of parameters « (see (2.17)) as a new linearization point can further optimize the minimiza-
tion. Typically after a few iterations, the linearization point is well established and the LMS
results in even smaller €. A criterion for how precise the analytical constraints are met by the
obtained parameters is the sum of all remaining deviations:

Coum = Z le;| . (2.19)

2.3.3. Unmeasured Parameters

The initial covariance V,, represents the weight of each parameter involved in the LMS pro-
cedure. The larger the uncertainty of one parameter, the larger is the flexibility of the fit in
modifying this quantity according to the given constraints.
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Therefore, this algorithm can even deal with unmeasured parameters. If one can find enough
restrictions to obtain a fully bound system where the degrees of freedom are at least compen-
sated by the number of constraints, initially unknown quantities can be determined by LMS.
As those new parameters have no finite prior uncertainties, they contribute to the covariance
matrix using the Huge Error Method, described in [94]. According to this method each un-
known parameter is treated as a measured one, which adds relatively large but finite errors
L to the covariance matrix. The scale of theses new errors has to be chosen w.r.t. the scale of
the measured errors to avoid a loss in precision due to the subtraction of large numbers.

It can be shown that in the limit of L — oo the Huge Error Method leads to the same result as
a direct but inconvenient calculation, which differs from the above algorithm and therefore
would require a completely independent framework. However, applying the Huge Error
Method allows to reuse the same calculation for both measured and unmeasured parameters.

2.4. Kinematic Fit of Tau Leptons on Monte Carlo Level with CMS

The standard tau-lepton reconstruction in CMS uses a generic approach to identify and re-
construct a large variety of tau-decay modes. In contrast to this, the kinematic fit of tau
leptons needs to be specialized for specific decay topologies. The developed fit workflow is
not intended to replace the standard tau-lepton reconstruction. It is designed as an add-on
to the regular tau-reconstruction chain.

This Section gives a short overview of the standard tau reconstruction, which is used as an
input for the kinematic fit. The logic of the kinematic fit and its application to 3-prong tau
decays is described in detail. The efficiency of the method and the resolution of the kinematic
tau parameters is shown. Quality criteria are introduced, which enhance the resolution and
improve the suppression of background processes.

The kinematic fit has been developed and tested using Monte Carlo simulated events of the
CMS detector. Throughout this Section the given numbers can depend on the version of the
CMS software framework. Unless otherwise indicated the utilized release is CMSSW_3_6_2.

2.4.1. Standard Tau Reconstruction at CMS

In the standard reconstruction chain there are currently two approaches for the identification
of hadronically decaying tau leptons. One algorithm is based on calorimeter clusters and
tracks (called CaloTau). The other one is based on the particles reconstructed by the particle-
flow algorithm (called PFTau). Because of its potentially superior performance, only the
latter will be discussed. Detailed information on both procedures and their comparison can
be found in [95].

The particle-flow reconstruction collects the information derived from all sub-detectors of
CMS and combines them to provide a global event description based on individually recon-
structed particles. The obtained candidates (called PFJet s) additionally require a minimal
transverse momentum. At least one charged hadronic candidate with pr > 5GeV/c has to
be assigned to the jet inside a matching cone of AR < 0.1 around the jet axis.

As depicted in Figure 2.11, two additional regions are defined: A narrow signal cone around
the leading candidate is intended to contain the collimated decay products from the boosted
tau decay. In a broader isolation annulus low activity is expected for well separated tau can-
didates. In the latter region charged candidates with pr > 1.0 GeV/c and photon candidates
with Er > 1.5GeV are vetoed.
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Figure 2.11.: Illustration of the defined cones within the particle-flow algorithm. The
discrimination between hadronic tau-jets and jets from quarks and gluons is achieved
by signal and isolation cones.

Depending on the size of the signal region, three different tau collections can be obtained.
The first one, called FixedCone, uses a cone size of AR < 0.07. A larger region of AR < 0.15
defines the second collection, called FixedConeHighEfficiency. In between of these
two values the third one, called ShrinkingCone, varies its size according to the transverse
energy of the reconstructed jet. The appropriate collection has to be selected for different tau
boosts and decay modes. For example, 3-prong decays of soft tau leptons are less collinear
and can exceed the signal region of the FixedCone tau algorithm. The larger cone sizes of
the two other collections will lead to a larger background contribution.

On top of these tau-candidate collections, a set of discriminators is defined to enrich the
reconstruction purity. Especially discriminators, which ensure the isolation of the particle-
flow candidate, are useful to suppress quark and gluon jets. Additional discriminators cover
the contamination of electrons and muons within the tau-lepton reconstruction. This higher-
level discrimination is described in [96].

2.4.2. Kinematic Fit Workflow

The kinematic reconstruction of 3-prong tau decays is done in several steps. The basic idea
is to take tau-lepton candidates, formed by the standard CMS particle-flow algorithm, as
the starting point of the kinematic fit. Furthermore, the algorithm requires the existence
of a primary vertex. It is crucial to note that the procedure solely depends on these two
requirements and nothing else. It is independent of further event variables like the missing
transverse energy. The application of the kinematic fit delivers a collection of kinematically
refitted tau leptons, which is a sub-sample of the original particle-flow tau candidates. In
contrast to the standard reconstruction, these refitted tau-lepton candidates incorporate the
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full information on the tau momentum and its decay vertex. As described in Section 2.4.3,
the fit quality can be evaluated via several unique variables.

Although not discussed here, the algorithm does not even have to start from particle-flow
tau candidates. This requirement can be reduced to at least three reconstructed tracks per
tau candidate. The user can utilize a custom tau-lepton identification and can easily deploy
the kinematic fit in various steps of a physics analysis.

The flowchart in Figure 2.12 illustrates the intermediate steps needed to perform the kine-
matic fit. In the following Sections the workflow is described in detail.

Primary Vertex Particle Flow Tau Candidates

(Select Tracks in Signal Cone)

l

Combine Track Triplets

(" )

0.4 GeV/c* < my,, < 2.0GeV/c?

C, = +1

. J

Triplet Collection per Candidate

repeat for each tau candidate

(Primary Vertex Renewal)

_________________________________
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Cleaned Primary Vertex | ————— CBest Triplet Selection) : § s
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: 5 S
! (Application of the Kinematic Fit) ! gg 2
1 IR =T

Kinematically Refitted Tau Leptons

Figure 2.12.: Flowchart describing the workflow of the kinematic fit.

2.4.2.1. Selection of Tracks within Tau Signhal Cones

The particle-flow algorithm provides tau candidates, which are divided into three classes,
as described in Section 2.4.1. As the kinematic fit algorithm will allow for applying new
discriminants against background contribution, it is reasonable to choose the collection with
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the highest initial frequency of tau candidates: the already discussed FixedConeHigh-
Efficiency collection. Especially the tau decay into three prongs benefits from the larger
signal-cone size, which is used for the creation of this tau-candidate collection.

Depending on the specific physics-analysis requirements, the accompanying particle-flow
discriminators can further distinguish these candidates. To be independent of the impact
of these requirements and to analyze the efficiency of this kinematic fit itself, none of these
discriminators are applied in the following discussions.

Once the candidates are obtained, the tracks located within their signal cone can be accessed
and are a priori considered to derive from the tau-lepton decay. As their number is not
fixed and at least three reconstructed tracks are needed for the kinematic refit of 3-prong tau
decays, the algorithm accordingly requires to find at least three tracks within this annulus.

2.4.2.2. Track-Triplet Combination

If more than three tracks are associated with one particle-flow candidate, all possible track-
triplet combinations are formed. Apparently, this step can lead to a multitude of track
triplets. As there is only one correct track triplet, it is convenient to get rid of most of the
wrong combinations as soon as possible. This is achieved by applying two constraints on
the track triplets. The first one is a check of the cumulated charge of the track triplet C,,.
This value is expected to be equal to +1 since the triplet represents the a; resonance. The
invariant mass of the triplet should loosely reside inside the kinematically allowed region of
the 3-prong tau decay. According to Figure 2.1(a) in Section 2.2.1.1, the bounds on the in-
variant mass are chosen to 0.4 GeV/c? < m,, < 2.0GeV/c?. Triplets, which do not fulfill both
requirements, are deleted, keeping a number of track triplets per particle-flow tau candidate
greater or equal zero for further processing.

2.4.2.3. Deletion of Triplet Duplicates

In this step the selected track triplets are considered within the over-all scope of the proton-
proton collision. Without loss of generality there can be more than one particle-flow tau
candidate per event. For each selected tau candidate there might also be more than one
track triplet, which survived the former processing step. It is possible that the tracks in the
different triplets are not disjoint. If there are identical triplets for some reason, the duplicates
get removed. This action is necessary to avoid double counting of tau-lepton candidates.

2.4.2.4. Primary Vertex Renewal

The standard reconstruction of the primary vertex considers all tracks available in one event.
As tracks produced by tau-lepton decays originate from secondary vertices, the primary ver-
tex resolution should increase by ignoring those tracks in the primary vertex reconstruction.
A new primary vertex is achieved by subtracting all tracks of the track-triplet collection from
the complete set of reconstructed tracks within the event. The reduced track collection is used
as input for the standard primary vertex reconstruction. In the rare case of a failing vertex
reconstruction, the entire event is not processed any further. If the primary vertex could be
built, it is reasonable to check its quality. Therefore, the algorithm requires at least three
tracks associated to the new primary vertex. Otherwise, a three-dimensional vertex position
is not achievable without additional constraints. There is a user-definable constraint on the
quality of the primary vertex reconstruction via the x? value of the fit.
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2.4.2.5. Selection of the Best Track Triplet

Up to this state of the procedure there is only an ambiguous association of tau-lepton candi-
dates and track triplets. This is due to the possibility of assigning several track triplets to one
particle-flow tau candidate. The following procedure is applied individually to each of the
track-triplet collections. At first, an adaptive vertex fit [67] is executed on the track triplets.
If the vertex fit fails, it is quite obvious that these three tracks do not belong to a single tau-
lepton decay and have been randomly selected by the triplet-combination mechanism. Thus
this triplet is deleted. As the adaptive vertex fit may disregard tracks while performing the
actual fit, it is convenient to look at the number of tracks, which are associated with the final
vertex. If this number is smaller than three, this track triplet is also excluded from further
processing.

The next step in the process depends on the number of track triplets, which passed the sec-
ondary vertex fit. If there is only one triplet left, these three tracks are identified as the three
charged pions from the 3-prong tau decay. The association of the initial particle-flow tau
candidate and this track triplet is unambiguous. Accomplishing the same uniqueness for the
case of several track triplets, which pass the secondary vertex fit, one needs to perform an
additional step.

In Figure 2.3 (Section 2.2.2.1) the maximally allowed Gottfried-Jackson angle 63 was in-
troduced. It is necessary that the measured Gottfried-Jackson angle f; is equal or smaller
than Og]ax. Otherwise, the constraints, which are used in the kinematic fit, are not satisfi-
able. The idea is to sort the remaining track triplets according to the significant movement
of their primary vertex, which is needed to maintain a tau-decay topology of 0y = 6™
Unfortunately, 0g; is very sensitive to mismeasurements of the primary and the secondary

Figure 2.13.: Positional uncertainties of the primary and the secondary vertex, and mis-
measurements of the track reconstruction. The Gottfried-Jackson angle 6 is highly sen-
sitive to variations of the tau flight direction within these uncertainties.

vertex position, thus it is not unusual that the Gottfried-Jackson angle exceeds its kinemat-
ically allowed region. In this case the tau candidate would normally be dropped. But, as
outlined in Figure 2.13, the tau flight direction can be varied within the positional uncer-
tainties of the vertices. This leads to a change of the Gottfried-Jackson angle and can in
principle once more establish a physical situation of 6y < 05" As long as this variation is
done within the uncertainties of both vertices, there is no reasonable objection against this

technique.
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For technical reasons it is convenient to vary the tau flight direction by a rotation of the
primary vertex around the secondary vertex, as shown in Figure 2.14. The rotational axis is
perpendicular to the plane formed by the a; flight direction and the link between the primary
and the secondary vertex. The rotation is done for all tau-lepton candidates until 6y = 6™
Even for track triplets, which form a tau-lepton decay with an initial 6y < g™, the primary
vertex is rotated as well. Afterwards, the significance of the distance between the initial and

Figure 2.14.: Variation of the Gottfried-Jackson angle 6g; due to the rotation of the pri-
mary vertex around the secondary vertex. The rotational axis is perpendicular to the
plane formed by the flight direction of the a; resonance and the vertex link.

the rotated primary vertex is calculated, as described in Appendix A.2. The track triplets are
sorted with respect to this value, and in conclusion the triplet with the smallest significant
movement is selected.

On an optional basis it is also possible to select the best track triplet via the goodness of the
already applied secondary vertex fit instead of the selection via the primary vertex rotation.

2.4.2.6. Application of the Kinematic Fit

The previous step ensures that exactly one track triplet is associated with each of the remain-
ing particle-flow tau candidates. Now that all requirements are complied, the kinematic
fit is executed for all present track triplets. The actual fitting algorithm is based on a least
mean squares minimization with Lagrange multipliers, as described in Section 2.3. For this
purpose it is stringently necessary to create a physically meaningful start situation. The mo-
mentum vector of the tau neutrino is calculated by following the instructions in Section 2.2.2.
As we take the already constructed rotated primary vertex as an input for this calculation,
the ambiguity for the neutrino momentum vanishes and there is just one solution left. In
principle, the hypothesis that all 3-prong tau decays realize a maximal Gottfried-Jackson an-
gle 0y is wrong. But, as illustrated in Figure 2.6 in Section 2.2.2.1, tau-decay topologies with
Oc; ~ 6™ are highly favored. That is why the former assumption is justified to a large
extent.

It is assumed that the tau neutrino and the pion tracks of the corresponding triplet have
a common origin. The vertex, which was calculated within the selection of the best track
triplet, is chosen for this purpose. The positional uncertainties of the vertex are assigned to
those of the four particles. The momentum and the uncertainties of the three tracks origi-
nate from the standard track reconstruction. As the neutrino is implemented as measured
particle within the kinematic fit, the Huge Error Method is applied, assuming large uncer-
tainties with respect to the calculated neutrino momentum. The masses of the three pions
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and the neutrino are set to their values published by the Particle Data Group in [85]. The
mass uncertainties derive from the same source. In case of the neutrino, we end up with a
block diagonal covariance matrix. The three resulting blocks correspond to the covariance
matrices of the vertex, the neutrino momentum and its mass. Correlations between these
blocks are not taken into account, thus off-diagonal blocks remain zero.

At this state of the workflow the start situation is completely determined, and the kine-
matic fit is now applied to all available tau-lepton candidates. The constraints, which are
used within the fit, are described in Section 2.2.3. Based on its linearized minimization tech-
nique (see Section 2.3) the fit can pass through several iterations. Due to the underlying fit
algorithm, each iteration can modify the kinematic parameters and the associated covariance
matrices of each of the involved particles. As shown in Figure 2.15, the average number of
iterations is small. There are two main reasons for the fast convergence of the fit. First of all,

Frequency
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Figure 2.15.: Number of iterations per decay used by the kinematic fit in case of a pure
T — 371* + vy sample.

the linearization of the applied constraints is a valid approximation in our case. Second, the
educated guess of the neutrino parameters models a kinematically allowed start situation
for the fit, which is already located in the region of the realized neutrino parameters.

The three pions and the tau neutrino are equally treated by the fit. This leads to a stepwise
modification of the particle momenta and masses, and to the deployment of a common ver-
tex of these four particles. The algorithm stops if either the maximally allowed number of
iterations or the targeted constraint sum is reached. The constraint sum, which is derived
in (2.19), is an overall measure of the fulfillment of the different constraints, thus character-
izes the goodness of the kinematic fit. Both convergence criteria are user-definable and can
be utilized to control the behavior of the kinematic fit.

2.4.2.7. Kinematically Refitted Tau Leptons

If the kinematic fit converges, it delivers a kinematically refitted tau-decay tree. This tree
consists of the tau lepton and its decay products. As already mentioned before, the tau
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daughters are refitted, too. The kinematic tau-lepton properties are calculated by summing
the refitted four-momenta of the three pions and the tau neutrino. The fitted vertex, which
is shared by the four daughter particles, is assigned to the tau lepton. It is important to
note that this vertex is the decay vertex of the tau lepton and not its production vertex as
in the daughter particle’s case. Instead, the rotated primary vertex is associated with the
tau-production vertex. All in all, we obtain a fully determined tau-lepton decay.

The user has direct access to a complete set of kinematic tau-lepton parameters. The same
is true for the refitted a;-resonance properties by summing the four-momenta of the three
pions. The initially unmeasured tau-neutrino attributes are available. In addition to this, the
tau-decay vertex is measured to a very high precision. According to (2.18) in Section 2.3.1,
the kinematic fit delivers a x* value, which constitutes additional information on the quality
of the refitted parameters. There are more sophisticated variables available, which help to
discriminate 3-prong tau decays. The derivation of these quality criteria is described in the
following Section.

2.4.3. Quality Criteria

The kinematic fit workflow itself provides a basic discrimination against events, which are
not containing 3-prong tau decays. The main discrimination comes from the preselection
when creating the consistent start scenario. The convergence of the kinematic fit has only a
smaller impact (see Section 2.4.5 for detailed numbers).

In addition to this intrinsic 3-prong-decay selection, the algorithm gives access to some new
observables, which allow for a more advanced discrimination. These additional criteria are
intended to be used as a universal tau discriminator. It should be independent of the tau-
production mechanism. Therefore, only rather loose criteria are required.

To cover a broad range of tau-production processes, the following signal-like tau sources
are tested: W — tvy, Z° — 11, Hr — 77 and H%pgr — t7. The indices GF and VBF
denote Higgs bosons from gluon fusion and vector-boson fusion. The Higgs mass in these
samples is chosen to be 145 GeV/c?. The behavior of the following distributions is stable for
a tested mass range of 115GeV/c?* < Mypo < 145GeV/c%. W+ and Z° represent the Standard
Model gauge bosons. In these event samples all tau leptons are forced to decay into three
charged pions and neutrino and are compared to jets from QCD events imitating the signal.
The QCD sample contains 2 — 2 processes with 30 GeV/c < pr < 80GeV/c. These events
are enriched by electrons, photons, charged pions, and charged kaons, which are above a
transverse energy threshold of Et > 20 GeV.

To estimate efficiencies we start from the official CMS tau trigger. To obtain a conservative
estimate only the following basic trigger requirements are applied: The event has to contain
either a single tau with a transverse momentum of more than 20 GeV/c or two tau leptons
with at least 15GeV/c each. A detailed description of these high-level triggers can be ob-
tained from [97]. A different choice of triggers will likely change the resulting tau leptons,
and the quality requirements will have to be adapted. The QCD-background events are
skimmed with respect to the tau-lepton triggers. They pass either the single-tau and/or the
double-tau trigger.

The final 3-prong tau discriminator uses six discriminants depicted in the following figures.
They are chosen to be as independent from each other as possible. The selection consists of
observables from the fit itself, the decay kinematics, and the resolved secondary vertex of the
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tau decay. The optimal values of the requirements are chosen by maximizing the product of
signal efficiency € and purity P = S/(S+B), where S and B denote the frequency of signal-like
and background-like decays.

For every observable the related distribution is shown with and without already requiring
the other five discriminants. The former will be referred to as stand-alone, the latter as
n—1 representation. This shows the impact of the other criteria on the given observable.
In each figure the distributions are normalized to an integral of one over the whole, not only
the visible range.

The first discriminating observable is the x?-probability of the kinematic fit. It is calculated
from the minimized x? (equation 2.18 in Section 2.3.1) and the degrees of freedom (Table 2.1).
It gives an estimate, how well the given decay is described by the assumed model. Quan-
titatively, it denotes the probability that an observed x? exceeds the minimized value by
chance, even for a correct model. Therefore, entries in the first bins of Figure 2.16 correspond
to tau decays with a poor quality as they have a too large minimized x2. If the probabil-
ity does not exceed 0.03, the corresponding tau candidates are discarded. In the left plot of
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Figure 2.16.: Quality criterion: x?-probability of the kinematic tau fit. Tau-lepton candi-
dates need a x2-probability > 0.03 to pass this requirement.

Figure 2.16 it is remarkable, that before applying any other criteria the vetoed region is dom-
inated by signal-like tau decays. Therefore, this stand-alone discriminant cannot enrich the
signal-over-background ratio, but ensures a minimal fit quality. In the n—1 representation
the situation is inverted (Figure 2.16(b)). Now, mostly QCD decays are rejected. The poorly
fitted signal-like decays, already discarded, fail other criteria.

The invariant mass of the hadronic part of the tau decay, the a; mass, provides a kinematic
criterion. Itis calculated from the measured tracks (pion masses are assumed). It has a resolu-
tion of about O (10 MeV/c?) (see Figure 2.28). The shape of the a; mass distribution is similar
for all true tau decays and is shifted to lower values in QCD decays (Figure 2.17(a)). This
behavior is not changed by the other criteria. Decays with masses smaller than 0.8 GeV/c?
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Figure 2.17.: Quality criterion: The invariant mass of the hadronic part of the tau decay
m,,. Tau-lepton candidates need an a; mass > 0.8 GeV/c? to pass this requirement.

are discarded. In addition to its strong discrimination, this requirement also improves the
momentum resolution of the final kinematic tau. As discussed in Section 2.4.6.1, the resolu-
tion suffers from light 2; masses. Depending on the aimed efficiency of a final analysis, this
criterion might be tightened to improve the purity.

An additional kinematic criterion can be derived from the ratio between the initial trans-
verse energy of the tau candidate measured by particle flow EFF and the final transverse
energy EX" obtained from the kinematic fit. As the neutrino is not included in EXF but added
during the kinematic fit, this ratio should always be smaller than one. This behavior of
E%F/ Ele“ is observed in the signal-like sources but not in all QCD decays, where this mass
bound is often exceeded (Figure 2.18). This results in a strong QCD suppression.

The kinematic fit algorithm starts from at least three tracks within the signal cone of the
corresponding particle-flow tau candidate (Section 2.4.2.1). The initial amount of these signal
tracks differs between 3-prong tau leptons and QCD jets. This is due to the fact, that a
QCD jet is expected to produce more activity in its vicinity than a tau decay. As shown
in Figure 2.19, requiring exactly three tracks reduces QCD decays.

During the kinematic tau reconstruction the initial primary vertex of the current event may
be modified by a rotation around the tau-decay vertex (see Section 2.4.2.5). The magnitude
of this modification should be compatible with the uncertainty of the primary vertex. There-
fore, one can calculate the significance of the separation between both versions of the vertex,
as described in Appendix A.2. The resulting significance between the rotated and the initial
primary vertex may not exceed two standard deviations. Both representations in Figure 2.20
demonstrate that for QCD jets the fit sometimes exceeds the allowed vertex rotation. These
QCD decays can be discarded.

An additional discriminant concerning vertices is the separation between the primary and
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Figure 2.18.: Quality criterion: Transverse-energy fraction of tau leptons reconstructed
with the particle-flow algorithm and the kinematic fit EX¥ /EX". Tau-lepton candidates
need to fulfill EXF /EX" < 1 to pass this requirement.
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Figure 2.19.: Quality criterion: Number of tracks within the signal cone of the corre-
sponding particle-flow tau candidate. The track count nggna) cone must be equal to three
in order to pass this requirement.
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Figure 2.20.: Quality criterion: Separation significance o between the initial and the ro-
tated primary vertex. Tau-lepton candidates pass this requirement if o < 2.

the secondary vertex. As discussed in Section 2.2.1, tau leptons have a significant lifetime.
Therefore, signal-like tau candidates are expected to have a longer flight length than typical
QCD jets. The tau-decay vertex is separated from its production point, whereas secondary
vertices from soft jets may have a larger overlap with the primary vertex. For a clean distinc-
tion a minimal significance of two standard deviations is required. As expected, the selected
region in Figure 2.21 is clearly dominated by signal-like tau decays. There is no large impact
when applying the other requirements.

Combining these six criteria, the resulting discriminator should not interfere with those al-
ready available within the particle-flow framework (Section 2.4.1). Thus, this new set of
discriminants is determined without any preselection obtained from the existing discrimina-
tors. The remaining overlap is depicted in Figure 2.22 for one representative tau source. The
signal and the background case is shown. A translation from the tested discriminator ID’s
into the official name is integrated within the left plot. In both cases the efficiency of a broad
range of common discriminators is hardly affected by applying the newly proposed 3-prong
tau selection.

The defined quality criteria provide a loose selection of 3-prong tau decays, which can be
implemented into the CMS tau framework as a stand-alone discriminator (see Section 2.5.3).
The efficiencies on several decay types are summarized in Section 2.4.5. For a distinct anal-
ysis concerning tau leptons from a particular production process, the discrimination can be
increased further by ignoring the source independence of the current set. Therefore, the dis-
cussed requirements can be tightened and additional quantities are available, such as kine-
matic observables and isolation criteria. Especially the transverse-momentum distribution of
the tau lepton is a strong discriminator for separating common signal-like tau sources from
QCD. In addition, it is only weakly correlated to the currently defined selection. But, this
distribution strongly depends on the production mechanism of the tau lepton. It is there-
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Figure 2.21.: Quality criterion: Separation significance ¢ between the primary and the
secondary vertex. Tau-lepton candidates pass this requirement if o > 2.
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Figure 2.22.: Overlap between the existing particle-flow discriminators and the newly
proposed 3-prong tau discrimination.
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fore unsuitable for analyses covering less energetic tau decays (e.g. SUSY cascades). Such
sample-dependent observables are not utilized in this universal discriminator.

2.4.3.1. Criteria Interrelation

In the process of finding an appropriate set of quality requirements, it is crucial to know
the level of interrelation between different criteria. In this regard the interrelation x;; of two
quality criteria i and j is a useful measure. We define it as

26 6i))

Kij = S with G (i ) = {L if P;(k) A Pj(k),

—1, else.

The normalization factor C is equal to the number of processed tau decays, which pass at
least one of both requirements. For all of these decays the sum of the coefficients d (i, j) is
calculated. Py, (k) is a boolean expression, which is true if a tau lepton k passes the corre-
sponding criterion m, otherwise it is false. Therefore, if two requirements provide the same
result for all tau leptons their interrelation is maximal, and Kij = 1. In contrast to this, if
both criteria never show the same result they are not interrelated, thus x;; = —1. Obviously,
K;; is always one. In case of real tau decays, the coincidences should be as high as possible,
whereas we aim to achieve low values for the QCD background case.

In Figure 2.23 the interrelation matrix is shown for the set of quality requirements, which are
described in Section 2.4.3. For the signal case the interrelations are high and they contrast
strongly with the background interrelation matrix.

(6) 7 40 40 48 100 (6) — -57 -70 -58 -56 -63 100

(1) = 100 60 44 66 57 (1) — 100 -57

\ 1 [ 1 i \ \ \ \ \ \ i
M @) @) (4) (®) (6) M () @) 4) ®) (6)

(a) Signal. (b) Background.
g g

Figure 2.23.: Interrelation matrix for the set of quality requirements for signal-like 3-
prong tau decays and background from QCD jets. The numerical values in the matrices
are given in percent. The numeration of the quality criteria corresponds to the scheme
used in Table 2.3 in Section 2.4.5.
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2.4.4. Monto Carlo Truth Matching

The six discriminators, discussed in Section 2.4.3, are chosen to distinguish QCD-like jets
from 3-prong tau decays. In addition, they enhance the matching purity for signal-like de-
cays. To determine how many reconstructed tau candidates can be associated with a true
tau lepton at the Monte Carlo generator level, the following definition is used: A whole tau
decay is declared as matched if all three charged daughters can be assigned to their corre-
sponding generator particles within an annulus of AR = /A¢? + Ay? = 0.01. Mismatches
in charge or transverse momentum (Apt/pr = 10 %) within this single-track assignment are
vetoed.
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Figure 2.24.: Monte Carlo truth matching based on AR assignment.

Figure 2.24(a) justifies the chosen size of the AR cone. It depicts the distance between the
measured tracks and their assigned generator counterparts. Whenever a matching is found,
the distance between the related objects is much smaller than the minimally required value.

Applying the quality criteria, as proposed in the last Section, increases the matching purity.
Figure 2.24(b) counts the number of tracks per tau decay, which can be assigned to a gener-
ator pion. Without using the quality discriminator there is a large contribution in the very
first bin where none of the tau daughters can be matched. These decays are suppressed by
the quality criteria. This results in a final matching purity for signal-like tau decays between
80 % and 90 % percent.

This purity gain can also be demonstrated by Figure 2.25. As an example, it shows two of
the six observables, which are used to define the quality criteria. The solid line contains
all tau decays, whereas the dashed one corresponds to the matched decays. Applying one
particular requirement discards regions, which are dominated by decays not assigned to a
generator particle.
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Figure 2.25.: Purity gain from the application of tau quality requirements.

2.4.5. Efficiency of the Kinematic Tau Lepton Identification

The efficiency of the kinematic fit as well as the purity of its tau-lepton identification are cru-
cial parameters, which determine the performance of the whole method. It is important to
know the behavior of the fit for different tau-production processes and background samples.
In Table 2.2 the efficiencies are listed for several tau-production processes and fake tau lep-
tons from QCD jets. The samples are equal to the ones used in Section 2.4.3. The efficiencies
in each row are not cumulative. The final row gives the cumulated number. For each re-
quirement further information can be found in the description of the corresponding module
in Section 2.5.

Table 2.2.: Event-based efficiencies of the kinematic fit for several tau-production pro-
cesses and fake tau leptons from the enriched QCD dataset. The cumulated efficiencies
are given in the last row of the table. The requirements are described in the associated
workflow modules in Section 2.5.

requirement event efficiency in %
w70 HGp HOpp QCD
() tauHLT 9.0 31.0 76.9 96.1 46.7
(b) valid primary vertex 96.8 93.8 99.4 98.4 100.0
(€)  Tsignal cone = 3 624 79.0 89.5 93.5 64.7
(d) wvalid track triplet 96.7 97.0 99.1 96.7 95.7
(e) converged fit 96.8 98.4 98.8 98.4 95.2
) Ay > 498 575  68.8 62.8 1.7
cumulated 25 124 44.8 51.6 0.4

expected cross sectioninpb 189 0.8 15-1073 20-10"* 1.5-10*

The first row in Table 2.2 covers the high-level trigger with the tau trigger paths described
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in Section 2.4.3. The di-tau samples are passing this trigger with a high rate of up to 96 %,
whereas single tau events from W+ bosons suffer from an efficiency below 10 %. The QCD
dataset is already preselected to achieve a reasonable efficiency passing the HLT. Another
fundamental requirement to reconstruct a tau event with CMS is a valid primary vertex.
Its quality depends on the x? of the vertex fit and the number of assigned tracks. Row (b)
requires at least three tracks and x?/ndf < 10. It has only a small impact on the inspected
samples. The next row corresponds to the module InputTrackSelector (Section 2.5.1),
which tests the initial particle-flow tau candidate to contain at least three tracks in its signal
cone. This relies on the successful reconstruction of three narrow tracks. This can fail even in
a clean single-tau environment like the W+ source, if the tau leptons are too low in energy.
The efficiency varies from 62 % to 94 %. Inrow (d) the ThreeProngInputSelector applies
some basic tests on the selected tracks and defines a triplet, which fits best to a loose 3-prong
assumption. After this preselection, valid tau candidates enter the kinematic fit, and row (e)
ensures its convergence. The fit can only fail due to very inconsistent start scenarios, which
is quite rare after passing all the previous modules. Therefore, one obtains a large efficiency
of more than 95 % in all samples. Finally, the tau leptons have to pass the quality criteria
defined in Section 2.4.3. Row (f) requires at least one tau lepton to pass this selection, which
leads to rather large efficiencies in di-tau sources like 70 or HY:p, medium rates of about
50 % for single-tau sources, like W=, and low frequencies of less than 2 % for QCD jets faking
a tau candidate.

Combining these numbers one obtains the cumulated efficiency of up to 50 % in the signal
case. The inspected QCD sample can be suppressed by nearly 3 orders of magnitude. This
translates to an expected cross section for the given tau sources. The W= — v, decay has
a quite large value of about 19 pb compared to Z° — 77 with less than 1pb. This can be
explained by the second tau lepton involved in the latter decay. Here, the branching fraction
of T — 37t + v; has to be taken into account twice. The same holds for both Higgs boson
decays. Their cross section is still 7 orders of magnitude smaller than the expected QCD
background.

Table 2.3 gives a detailed overview of the selection efficiencies of the quality criteria for signal
and background samples. In contrast to the previous event-based Table, single-tau decays
are counted here. The actual value of the specific discriminant is given in the first column
of this Table. The cumulated selection efficiency of the tau decays slightly depends on the
tau production mechanism. In case of a Hygg source, nearly 39 % of the 3-prong tau decays
pass these criteria, whereas the selection efficiency for the HGr source rises up to 53 %.

Table 2.3.: Decay-based efficiencies of the quality criteria for several tau-production pro-
cesses and fake tau leptons from QCD jets.

requirement decay efficiency in %

wt 70 H9%r HY%pr non 3-pion QCD
(1) x*probability > 0.03 928 870 915  90.6 92.3 92.5
(2) mg > 0.8GeV/c? 885 913 919 871 53.3 61.1
(3) EPF/EXn <1 95.1 802 968 777 81.0 44.2
() Msignal cone = 3 93.6 942 951 783 87.2 50.8
(5) o(PVrotation) <2.0 833 878 883 83.6 64.9 62.4
(6) o(PV-SV) >20 606 723 699 57.0 51.9 24.1

cumulated 46.6 450 54.8 39.5 18.5 1.2
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The column labeled with “non 3-pion” refers to tau leptons from Z° — 77 decaying ac-
cording to their Standard Model branching ratio. Here, the signal-like mode T — 37% + v;
is vetoed to estimate the effect of a wrong decay assumption. Within the remaining sam-
ple 18.5% of the tau leptons survive the quality selection. These are dominated by other
3-prong modes without pions. Therefore, the only error the kinematic fit commits by its
3-pion assumption is applying a wrong pion mass. In case of additional neutrals, this re-
sults also in a non-vanishing neutrino mass. These two effects lead to kinematic tau leptons,
which are very similar to those decaying into three pions and therefore pass the quality cri-
teria. If these ”3-prong+X”-modes including arbitrary numbers of neutrals are also ignored,
the resulting efficiency drops to approximately 1 %.

Finally, the last column of Table 2.3 covers fake tau leptons from quark and gluon jets. These
are highly suppressed and just 1.2% pass the quality requirements. All in all, the defined
quality criteria have a reasonable effect on the selection of 3-prong tau leptons while sup-
pressing QCD background to a high extent.

2.4.6. Resolution

The resolution of the different tau-lepton parameters «; is shown with respect to the gener-
ated truth and is always calculated as Awx; = afit — l.generator. The generator counterpart is
selected according to the assignment rules of Section 2.4.4. Figure 2.26 illustrates the angu-
lar resolution of the kinematically fitted tau-lepton momentum. The azimuthal angle ¢ and
the pseudorapidity 77 can be reconstructed very well. Both corresponding distributions peak

sharply at the generated value and show a symmetric shape.
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Figure 2.26.: Angular resolution of the kinematically fitted tau-lepton momentum. The
quality criteria of the kinematic fit are applied in these plots.

The transverse-momentum resolution of the fitted tau lepton is depicted in Figure 2.27. The
distribution for the z-component is independent of the tau source, whereas the transverse



2.4. Kinematic Fit of Tau Leptons on Monte Carlo Level with CMS 55

part differs between W* and Z° sources and tau leptons from Higgs decays. The latter yields
a symmetric distribution around zero but with a broader shape than the distribution for W*
and Z°. The systematical shift towards higher values in Figure 2.27(a) can be explained by
intrinsic effects, which are described in Section 2.4.6.1.
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Figure 2.27.: Momentum resolution of the kinematically fitted tau lepton. The quality
criteria of the kinematic fit are applied in these plots.

In addition to the full tau-lepton momentum, the resolution plots for the invariant mass M
and the transverse momentum pr of the a; resonance are shown in Figure 2.28. The narrow
Gaussian shape with a mean value of zero in both cases implies a very good agreement
between the generated parameter and the outcome of the kinematic fit. As the a; resonance
corresponds to the hadronic energy of the tau lepton, it can be directly measured by the
CMS tracker. One can estimate the impact of the initially unmeasured tau neutrino on the
resolution of the transverse tau momentum by comparing Figure 2.27(a) and 2.28(b).

Besides the reconstruction of the momentum components of the particles involved, the kine-
matic fit also determines the position of the tau-decay vertex. In Figure 2.29 the spatial reso-
lution of the fitted tau-decay vertex is illustrated in Cartesian coordinates. One should keep
in mind that this coordinate system is the one of the CMS detector, thus it is fixed and not rel-
ative to the tau-lepton momentum. Independent of the three space coordinates, the obtained
vertex resolution is represented by a peak without any systematic shift. However, the reso-
lution of the z coordinate is worse than for the transverse coordinates x and y. Nevertheless,
the fit is able to reconstruct the position of the tau-decay vertex to high precision.

2.4.6.1. Intrinsic Resolution

The resolution of the final tau parameters is the combined effect of the track reconstruction
and the application of the kinematic fit adding an unmeasured particle. The result is limited
by the secondary vertex and the derived Gottfied-Jackson angle ;. The current algorithm
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Figure 2.28.: Mass and transverse-momentum resolution of the a; resonance. The quality
criteria of the kinematic fit are not applied in these plots.
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is identical within numerical fluctuations. The quality criteria of the kinematic fit are

applied in these plots.
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starts from an approximated value 6™ (see Section 2.2.2). The initial value of the tau mo-
mentum is biased according to (2.1). This offset can be calculated as the difference between
the tau momentum obtained from the maximum 6g™ and the true angle 0¢;:

AT(By, May, ) = |Pel (07 May, |Par|) = [Pl By, may, | |) (2.20)
Replacing 6™ by using (2.4) in Section 2.2.2.1 and transforming fg; into the tau rest frame
yields an analytic equation At(cos 6, a,, pa,). This expression depends strongly on the
particular value of cos 6, as shown in Figure 2.30. For typical a; parameters it varies over a
broad range of about 40 GeV/c. The Lorentz transformation of cos iy results in an asymme-
try in the plotted distribution between the region corresponding to the positive square root
in (2.1) (labeled 7(*)) and the negative one (labeled ().
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Figure 2.30.: Dependency of the calculated momentum resolution of the tau lepton
AT(cos 9&]' May, Pay) W.LE. COS 9&1 assuming p,, = 40GeV/c and m,, = 1.2 GeV/c2.

The intrinsic error of the algorithm is estimated by always assuming f¢; = 0g™. One can
calculate the expectation value of (2.20) by

1
E(ma,, pa;) = (AT(c0s0G), May, Pay)) = /dcos 0 AT(cos 0¢y, may, pa;) P(cos0G) . (2.21)
-1

Here, IP(cos 6;) denotes the probability density of the Gottfied-Jackson angle distribution in
the tau rest frame. The integral is taken over the domain of cos 6. The resulting function
E(m,,, pa,) only depends on the mass of the a; and its momentum p,,, and can therefore
be measured to a high precision for a given density. Assuming a uniform distribution for
IP(cos 0¢;;), one obtains the behavior depicted in Figure 2.31. The mean error of the algorithm
vanishes with heavy a; masses and increases with growing p,,. The same holds for the
evolution of the one sigma region. The center value of both curves is consistently shifted to
one direction depending on the shape of IP(cos 6(;;).
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Figure 2.31.: Dependencies of the expectation value of the tau-momentum resolution
for uniformly distributed cos ;. The filled region represents the one sigma belt. Left:

assuming p,, = 40 GeV/c, Right: assuming m,, = 1.2GeV/c>.

Considering a more suitable distributed IP(cos 6(;), one can explain the conspicuous offset
of the transverse momentum in gauge-boson sources (Figure 2.27(a)). The calculated depen-
dencies in Figure 2.31 can be qualitatively reproduced in the generated tau decays. Even a
correction of this offset can be derived, especially for the linear increase w.r.t. the 2; momen-
tum. This does not only result in a corrected mean of the transverse-momentum resolution
but also affects its shape. After applying a roughly estimated correction function, one can
obtain a narrow Gaussian shape. The precise equation of this correction has to be adapted to
the particular tau-production mechanism. Also different event selections, e.g. by the high-
level trigger, modify the probability density of the Gottfied-Jackson angle distribution in the
tau rest frame and therefore change the dependencies.

2.5. Technical Implementation in the CMS Software Framework

The implementation of the kinematic tau fit, as described in Section 2.4.2, is distributed
over several components. The package consists of the Input TrackSelector, the Three—
ProngInputSelector, the KinematicTauCreator, the ThreeProngTauCreator and
the KinematicTauProducer. These modules are located in CMSSW/RecoTauTag/Kine-
maticTau. As illustrated in Figure 2.32, they need to be executed in a specific order. One
should keep in mind that this workflow is only valid for the kinematic reconstruction of 3-
prong tau decays. Additional decay modes can be added by developing appropriate selector
and/or creator modules. The implementation of these additional modules within the fit can
be done in the same way as for the 3-prong tau decays. The structure of the Kinematic-
Tau package is designed to be very flexible, allowing the user for example to specify the
collection of particle candidates or tracks, which shall be used as input for the fit.

The workflow is shown for 3-prong tau decays. It uses particle-flow tau candidates as the
input. While the particle-flow algorithm is executed via the PFTauProducer during the
CMS event reconstruction, the KinematicTau package needs to be subsequently executed
by the user. In the following Sections the different modules are discussed in detail.



2.5. Technical Implementation in the CMS Software Framework 59

(PFTauProducer)

PrimaryVertex PFTauDiscriminators PFTauCollection

(InputTrackSelector D

InputTrackCollection PFTauCollection

—— (ThreeProngInputSelector B —

PrimaryVertex TripletCollection PFTauCollection

4 )

L 5 KinematicTauProducer |

executes ThreeProngTauCreator

\derived from KinematicTauCreatorj

special use case for T — 3t 4+ vy

e e e e, e, e, e, —, — e, —,— e — e ————————

PFTauDiscriminators PFTauCollection

Figure 2.32.: Technical workflow of the kinematic fit. The specialized reconstruction of
3-prong tau decays is shown here.
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2.5.1. The InputTrackSelector and the ThreeProngInputSelector

The InputTrackSelector is used to select particle-flow tau candidates for processing.
This corresponds to the steps described in Section 2.4.2.1. There are several user-definable
switches. First of all, one can set the type of the PFTauProducer. The default for this
option is the fixed cone method. Second, the user can request a minimal number of tau can-
didates, which should be selected by this module. If this number is not reached by an event,
the return value of the InputTrackSelector is set to false, which results in the abor-
tion of the rest of the workflow for this particular event. In addition, the minimal number
of tracks within the signal cone of the particle-flow tau candidate can be specified. One-
prong and multi-prong decay modes can be efficiently disentangled by this value. Option-
ally, the user can choose to filter particle-flow tau candidates via a set of existing PFTau—
Discriminators. The output of the InputTrackSelector is a set of track collections
and a PFTauRef collection storing all particle-flow tau candidates, which are selected by the
module.

In contrast to the InputTrackSelector, the ThreeProngInputSelector is not inde-
pendent of the tau-decay mode, but specialized in 3-prong tau decays. This module im-
plements the steps and functionalities discussed in Sections 2.4.2.2 to 2.4.2.5. Therefore, it
receives the output of the InputTrackSelector, creates track-triplet combinations out of
the track collections, and deletes duplicates. In order to determine the best track triplet for
a particle-flow tau candidate, a primary vertex collection needs to be provided to this mod-
ule. Within this module the primary vertex is also renewed (see Section 2.4.2.4). The user
can choose to filter the new vertex by the minimal number of tracks, which are used for
the vertex fit and by an upper bound on the normalized x? value of the applied vertex fit.
If the new vertex fulfills these criteria, the ThreeProngInputSelector releases it to the
event stream. As for the Input TrackSelector there is a user-definable minimal number
of tau-lepton candidates, which should survive this module. All in all, the output of the
ThreeProngInputSelector consists of a primary vertex, a collection of track triplets and
a PFTauRef collection. The last one is stored to enable an unambiguous reference between
the initial particle-flow tau candidate and the selected track triplet.

2.5.2. The KinematicTauCreator and the ThreeProngTauCreator

The ThreeProngTauCreator derives from the KinematicTauCreator class, which is
implemented as a purely abstract base class. The KinematicTauCreator provides ba-
sic functionalities to interact with the underlying core of the kinematic fit. Furthermore,
the generic retrieval of the refitted tracks and the refitted tau lepton are realized by this
class. As these features are completely independent of a specific tau-decay mode, various
decay-specific refit strategies can be easily deployed within the KinematicTauProducer.
In principle, the execution of the kinematic fit by this class can be done at an arbitrary step
of a physics analysis and does not necessarily need to be performed by a special framework
module.

The ThreeProngTauCreator is a realization of the KinematicTauCreator, which fo-
cusses on the kinematic reconstruction of 3-prong tau decays. With the help of this class,
the physically correct start situation, which is needed by the kinematic fit, is established.
Therefore, as described in Section 2.4.2.6, a primary vertex rotation is applied to achieve
a tau-decay topology of 6 = 6. The tau neutrino is built as a virtual particle within
this process. Its momentum is calculated and initially the Huge Error Method is applied.
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Subsequently, all four tau-decay products are handed over to the core of the kinematic fit.
The kinematic fit is performed using a specific set of constraints, which is described in Sec-
tion 2.2.3, and finally delivers the refitted 3-prong tau decay.

2.5.3. The KinematicTauProducer

The KinematicTauProducer module is a convenient way to control the execution of the
ThreeProngTauCreator or any other realization of the KinematicTauCreator class
within the CMS software framework. The producer needs the output of the ThreeProng-
InputSelector module as input data. It requires a primary vertex, a track triplet for each
potential tau-lepton candidate, and the reference to the initial particle-flow tau collection.
Optionally, the user may specify parameters to control the convergence of the kinematic fit
(see Section 2.4.2.6).

For each event the KinematicTauProducer returns a PFTauCollection and two PF-
TauDiscriminators. The output of the entire workflow is a collection of refitted tau lep-
tons compatible with the initial particle-flow tau collection. However, one should keep in
mind that not every particle-flow tau candidate, which enters this workflow, actually results
in a refitted tau lepton. The PFTauCollection, which is produced by the Kinematic-
TauProducer, consists of the same entries as the initial collection. Only if the kinematic fit
succeeds in creating a refitted tau lepton, a particle-flow tau is created using the four-vector
of the refitted a; resonance. Accordingly, the vertex of the particle-flow tau is set to the re-
fitted secondary vertex. The cause for taking the momentum of the a; resonance instead of
that of the tau lepton is to achieve a comparability between the particle-flow algorithm and
the kinematic refit. As particle flow accounts for the visible tau energy (see Section 2.4.1), it
seems reasonable to choose the a; resonance, as it exactly represents this state. The param-
eters corresponding to the complete tau decay including the fitted neutrino information is
stored as an alternative four-vector.

The updated tau leptons can be selected from the PFTauCollection by a special PFTau-
Discriminator. The discriminator is true for a successfully refitted tau lepton and false
for all other cases. In addition to this, the user may discriminate the refitted tau leptons
on the basis of the quality of the kinematic fit. The return value of the according PFTau-
Discriminator determines if all of the quality criteria are passed by the tau candidate. A
detailed description of the applied quality criteria can be found in Section 2.4.3. It should be
noted that this PFTauDiscriminator corresponds to the set of loose quality criteria only.
In this way it can be efficiently used for a large variety of tau-production processes and thus
a wide range of tau-lepton energies.






Chapter 3

Higgs Boson Reconstruction from Hadronic
Tau Pair Decays

There are several analyses within the CMS collaboration searching for the Higgs boson in the
Standard Model and its extensions like the MSSM. The various decay channels are covered
independently. Analyses using tau leptons mostly rely on at least one leptonic tau decay. The
identification and selection of the isolated lepton in the final-state is a key signature of the
events. The analysis introduced in this Chapter complements these channels by studying the
SM Higgs decay into two tau leptons both decaying hadronically according to T — 371% + 7.
Their reconstruction utilizes the kinematic approach described in Chapter 2. The prospects
for a Higgs search in this channel are studied by a Monte Carlo analysis.

The experimental setup and the analyzed datasets are discribed in Section 3.1. After dis-
cussing the event topology in Section 3.2, the selection strategy is introduced in Section 3.3.
The behavior of the HLT is inspected in Section 3.4. The analysis objects are selected in
Section 3.5, from which the event selection is derived in Section 3.6. The final variable, the
invariant mass of the reconstructed Higgs boson, is analyzed in Section 3.7. The influence
from background contamination and other systematics is estimated in Section 3.8. Finally,
Section 3.9 gives the sensitivity of the analysis.

3.1. Datasets and Expected Event Rates

The Monte Carlo analysis is carried out for a center-of-mass energy of /s = 7TeV. The
datasets are generated with PYTHIA (version 6.4, using CTEQ6 [98]) and the event simulation
and reconstruction is done with CMSSW in version 3.6.2 (see Section 1.4.). The simulation
uses a magnetic field of 3.8T. The detector conditions are chosen according to a scenario
expected during the startup of the LHC operation, START36_v9. A realistic displacement
and smearing of the interaction point is considered.

3.1.1. Signal-like Processes

The two leading production mechanisms of SM Higgs bosons at hadron colliders are con-
sidered as signal processes. Separate datasets are generated for Higgs decays into tau pairs
from gluon fusion HGr — 77 (referred to as GF) and from vector-boson fusion Hygr — 7T
(referred to as VBF) in a private production. In both processes the branching fraction of the
desired decays is set to 100 %. The Higgs boson is forced to decay into a tau pair. Both
tau-leptons decay into three charged pions and a neutrino T — 37% + v7.

63
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Thus, every event contains the decay chain
pp — H® — 7" (3.1)
T v,

™ttt + v,

T — 7T 7T

Four different Higgs masses are chosen between 115GeV/c? and 145 GeV/c?. The range re-
gards the lower experimental exclusion limit and the onset of the Higgs decay into W= pairs.
The width of the Higgs boson is neglected. In the Standard Model it varies from about 3 MeV
to 11 MeV within the selected mass range [20].

Table 3.1 summarizes the datasets and the number of generated events. The last column
contains the expected cross sections of the whole decay chain 0gample according to

sample = 0(pp — H°) - B(H® — 77) - B(T — 31~ + UT)Z : (3.2)

The production and decay of the Higgs boson are discussed in Section 1.1.2. The values for
the Higgs properties at each mass point are calculated in [20]. For the decay T — 37+ + v;
the branching ratio is taken from [85].

Table 3.1.: Number of generated events and the expected cross sections of the analyzed
datasets. The Higgs cross sections and branching ratios are derived from [20].

rocess Mo/ GeV/c? enerated events cross section / pb
P H g P

GF 115 100 000 1.200 - 102
GF 125 100 000 8.43-1073
GF 135 100 000 5.11-1073
GF 145 100 000 2.55-1073
VBF 115 100 000 8.8-107*
VBF 125 100 000 6.7-107*
VBF 135 100 000 43-107*
VBF 145 100 000 23-107*
Z3pr - 1 000 000 6.3
QCD - 7.18 - 108 3.5-10°

There are no acceptance requirements applied during the generation. No pile-up or under-
lying events are simulated for the signal.

The polarization of the tau pair may be taken into account with the TAUOLA package. To esti-
mate the effects of the spin correlation, a small dataset is generated separately using TAUOLA.
A comparison to the PYTHIA samples shows no significant differences in the important dis-
tributions and efficiencies. To simplify the generation process, the TAUOLA package is not
used in the final samples.

3.1.2. Background Processes

Tau pairs from Z%-boson decays and hadronic jets from QCD multi-jet events are considered
as main background sources in the analysis.

The first background contains two signal-like tau leptons. Their invariant mass is close to
the expected Higgs mass. Off-shell Z° bosons are indistinguishable from a Higgs boson
produced by gluon fusion and have a comparable rate to the signal.
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Electroweak processes that result in a Z° boson accompanied by additional jets are not con-
sidered due to their small cross sections in the signal region. The Z° production via vector-
boson fusion provides the same final state as the VBF Higgs decay. The cross section is in the
same order as the Higgs signal [99]. The fraction of off-shell Z° bosons from this production
type is small compared to the signal.

QCD jets fake real tau signatures. There is a huge cross section for this process. It exceeds
other electroweak backgrounds such as tf processes by a large factor (compare Figure 1.9).

In a private production the background from Z° bosons (referred to as Z3pr) is generated in
the same way as the signal samples. Both tau leptons decay hadronically as T — 371 + 7.
The inclusive decay modes can be ignored as they pass the applied reconstruction with little
efficiency. The cross section is determined from PYTHIA by generating 10000 events with
Standard Model cross sections. The branching ratio into tau pairs is obtained from [85].

The QCD sample was introduced in Section 2.4.3. It is obtained from an official produc-
tion, Summer10, and is labeled as QCD_EMEnriched Pt30to80 there. The dataset is pre-
filtered at generator level to enhance the trigger efficiency. It is enriched by electrons, pho-
tons, charged pions, and charged kaons, which are above a transverse energy threshold of
Er > 20GeV. The filter efficiency is 5.9 %. Reconstructed jets are selected in the range
30GeV/c < pr < 80GeV/c. Lower energies are expected to fail the selection criteria dur-
ing the analysis. Higher energies have a cross section too small to contribute. The dataset is
referred to as QCD in the following.

The number of generated background events and the expected cross section of each sample
are given in Table 3.1. For the Z3pr sample the cross section of the decay chain is calculated
replacing H? with Z° in (3.2). The numbers for the QCD sample include the filter efficiency
in the generator.

3.2. Event Topology

Selection criteria are derived from the topology of the analyzed events. The features of the
signal-like decays originate from the Higgs properties described in Section 1.1.2. All distri-

primary vertex

4 secondary vertex
s

Figure 3.1.: lllustration of the Higgs decay into a tau pair. Both tau leptons are well
separated and decay into three charged pions.
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butions shown in this Section are obtained at generator level. They are scaled to the same
integral to emphasize their shape, not their absolute rate. Higgs decays from gluon fusion
and from vector-boson fusion show significant differences and have to be treated indepen-
dently.

Figure 3.1 shows an illustration of the signal decay. The short-lived Higgs bosons decay
instantaneously at their production point into pairs of tau leptons. Their average lifetime is
large enough to provide distinguishable decay vertices. The tau leptons cover a large solid
angle in the laboratory frame, which decreases for highly boosted Higgs bosons. The decay
products of both tau leptons are collinear in the r-¢-plane and well separated within the
detector.

3.2.1. Higgs Kinematics

The Higgs bosons from both production processes are uniformly distributed in the azimuthal
angle ¢ and differ in the polar angle 6. Figure 3.2 compares the pseudorapidity distributions
from GF and VBE. In both histograms there are no significant differences among the four
curves, which represent different Higgs masses. Higgs bosons from GF are produced with
large polar angles. The pseudorapidity reaches values up to |77| = 8 and has two separated
peaks at 7 &~ £5. The VBF process results in lower values || < 4. The maximum is between
-2< |yl <2.
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LQ FroT ‘ T T ‘ 1T ‘ 1T ‘ T T ‘ T T ‘ T T ‘ T 14 (\] FrT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TT
o C 7 o C ]
= 0.08 4 = C ]
3 F 1 %0.035 - -
C r 7 C [ i
S 0071 - g - ]
8 n ] g 0031 7
% 006 3 & c 1
C 7] 0.025 O -
0.05 - r ]
r ] 0.02 -
0.04 4 B ]
- ] 0.015 - 4
0.03 - - C ]
0,011 = 0.005 [ =
0 C |1 ‘ |1 ‘ [ ‘ Il \:7\4 ‘”\ L1 ‘ |1 ‘ |1 ‘ L1 \’i O i\ Il ‘ [ ‘ Ll ‘ L1l ‘ [ ‘ [ ‘ L1l ‘ [ ‘ [ ‘ Il \:

8 -6 4 2 0 2 4 6 4 3 2 1 0 1 2 3 4

S o

n

Figure 3.2.: Pseudorapidity distributions for Higgs bosons from gluon fusion (left) and
vector-boson fusion (right) for four different Higgs masses.

Both processes provide a similar distribution of the momentum magnitude (Figure 3.3) with
a decreasing tail beyond || ~ 1TeV. The GF distributions peak at small values, the VBF
curves at about | f| ~ 150 GeV/c. Combining the distributions of 77 and || yields the transver-
sal momentum component pr as shown in Figure 3.4. Higgs bosons from GF are produced
almost at rest w.r.t. to the transversal axis. At leading order they acquire no transversal mo-
mentum. The residual pr is caused by higher order corrections. The VBF process provides
a significant transversal momentum of up to a few hundred GeV. The distributions peak at
pr ~ 50GeV/c.
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Figure 3.3.: Magnitude of the momentum vector p = |p| for Higgs bosons from gluon

fusion (left) and vector-boson fusion (right) for four different Higgs masses.
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Figure 3.4.: Transversal momentum pr of Higgs bosons from gluon fusion (left) and
vector-boson fusion (right) for four different Higgs masses.
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3.2.2. Tau Pair Kinematics

The properties of the Higgs production determine the distributions of the tau pairs. The
opening angle between both tau leptons in the detector frame depends on the Lorentz boost
of the Higgs boson. Figure 3.5 depicts the transversal angle ¢ enclosed between both tau
leptons. Tau pairs from the GF process are almost back-to-back due to their low transversal
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Figure 3.5.: Angular difference between the two tau leptons from Higgs decays in the
transversal plane. Four different Higgs masses are shown for gluon fusion (left) and
vector-boson fusion (right).

boost. There are only few tau pairs with an angular difference below A¢ = 3rad. In the VBF
process the distribution peaks at large angles. It has a tail towards A¢ = Orad caused by
heavily boosted tau pairs. There is a small mass dependency for both production processes.
The angles between tau leptons from heavier Higgs bosons are less affected by the transver-
sal boost and exceed the contribution of light Higgs bosons in the region near A¢ = 7.

The angular difference in 7 has a maximum at zero for both processes and a falling slope up
to 7 =~ 3 for tau leptons from GF and up to # ~ 5 for tau leptons from VBE.

The combined distribution, AR = /A¢$? + Ay?, is shown in Figure 3.6. Tau pairs from GF
result in a narrow distribution with a sharp edge at AR = 7 and a tail up to larger values.
The VBEF distribution is much wider. It peaks below AR = 7t and the mean is shifted towards
lower values. Both processes show a slight mass dependence. The distributions for lighter
Higgs masses have a small shift towards lower values.

The different transversal Higgs momenta of the two production mechanisms cause a large
difference in the transversal momentum balance Aprt. As shown in Figure 3.7, tau pairs from
GF are almost balanced. The distribution is centered at zero and has a width of about 2 GeV.
The curves for VBF have large tails up to several 100 GeV.

3.2.3. Kinematics of Single Tau Leptons

The distributions for single tau leptons were introduced in Chapter 2. They cover the features
of the decay T — 371* + v; independent of the production process. Here, additional variables
are discussed that distinguish between production types.
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Figure 3.6.: Difference in AR between the two tau leptons from Higgs decays. Four dif-
ferent Higgs masses are shown for gluon fusion (left) and vector-boson fusion (right).
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Figure 3.7.: Balance of the transversal momentum between the two tau leptons from
Higgs decays. Four different Higgs masses are shown for gluon fusion (left) and vector-
boson fusion (right).



70 Chapter 3. Higgs Boson Reconstruction from Hadronic Tau Pair Decays

[JGF115 [ IGF125  GF135 [ |GF145 VBF115 | [VBF125 | VBF135 [ |VBF145
Q 018 T ‘ L ‘ L ‘ L ‘ T TT ‘ L ‘ L ‘ ] Q FrTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TT T
> " 1= - :
& r q S oo7f -
< 016~ - O 0071 ]
3 L -] > C ]
2 0.14 — i 8 0.06 — -]
[0} L ] (0] L -
=} r :7 3 [ -
8 0121~ I 8 005" -
- L - w T b
0.1 . u ]
N 1 0.04 -
008 - = : :
C ] 0.03 7
0.06 [~ ] r ]
[ ] 0.02F —
0.04— ] C ]
0.021- 3 0.01 E ]
0 ;~ = 43—;:‘"‘[;‘7:‘;;‘7 \’ L1 ‘ Ll ‘ | ‘ I | ;”i L ‘ \: ;\ L1 ‘ L1 ‘ L1l ‘ L1l ‘ L1l ‘ L1 ‘ L1 ‘ L1 \7‘7\77\77\‘37\7\77“ m :

10 20 30 40 50 60 70 0 20 40 60 80 100 120 140 160 180 200 220 240

P, / GeVlic P, / GeV/c

Figure 3.8.: Transversal momentum of tau leptons from Higgs decays. Four different
Higgs masses are shown for gluon fusion (left) and vector-boson fusion (right).

The transversal boosts of the Higgs bosons result in the distributions of the tau pr shown
in Figure 3.8. For the GF process one obtains the typical shape of almost unboosted two-
body decays. The upper edge is determined by half the mass of the decaying particle. It
varies from pr ~ 55GeV to pr ~ 75GeV. This behavior is not found in case of the VBE.
The large transversal boost exceeds the impact of the mass, which only slightly modifies the
position of the peak. Independent of the Higgs mass, the distributions have large tails to
higher momenta.

In both processes tau leptons are produced in the central region of the polar angle. As de-
picted in Figure B.3 of Appendix B.2, the 7 distribution is almost gaussian shaped and cen-
tered around zero. Its width is below 1.5 for both processes and all generated masses.

The opening angle of the 3-pion system decreases with larger tau boosts. The pion tracks
become more and more collinear. This can lead to reconstruction inefficiencies and especially
affect the higher boosted pions from VBE.

3.2.4. Kinematics of Quarks from VBF

In case of the vector-boson fusion, the Higgs boson is accompanied by the two initial quarks,
which emitted the vector bosons (see the second diagram of Figure 1.3). Typically, they are
only deflected slightly by the initial scattering and are detected as jets in the forward region.
Jet activity in the central part is suppressed as there is no color exchange between the initial
quarks.

The left part of Figure 3.9 shows the 7 distribution of the quarks, which peaks at # ~ £2.5
and has a minimum at zero. One expects only little overlap between the quark jets and the
tau leptons from the Higgs decay. The quarks are uniformly distributed in ¢. As the initial
quark momenta have opposite signs in p, the quarks are well separated after the collision.
The right part of Figure 3.9 depicts this separation in terms of AR. There are no entries below
AR ~ 1.
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Figure 3.9.: Kinematics of the quarks in vector-boson fusion. The pseudorapidity (left)
and the separation in terms of AR (right) are shown.
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Figure 3.10.: Kinematics of the quarks in vector-boson fusion. The transversal momen-
tum (left) and the invariant mass of the quark pair (right) are shown.
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The production process results in quarks with significant transversal momentum, which is
shown in the left part of Figure 3.10. The right part depicts the invariant mass of the quark
pair. The distribution peaks at 200 GeV and extends to masses beyond 1 TeV.

3.2.5. Background Kinematics

The topology of the decay Z° — 7 is very similar to the GF process. The Z° boson pro-
duction leads to a comparable distribution of the momentum components, especially pr.
The pseudorapidity is slightly shifted to larger absolute values. It shows two maxima at
n ~ £5.5. The distributions of the transversal momentum and the pseudorapidity can be
found in Figure B.4 of Appendix B.2.
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Figure 3.11.: Event topology of the Z°%-boson decay into tau pairs. The left figure shows
the Z%-boson mass. The right plot depicts the angle between both tau leptons expressed
in AR.

The major observable to distinguish between tau pairs from Z° boson decays and from GF
is the boson mass. The left plot in Figure 3.11 shows the mass distribution of the Z° boson.
Ignoring the experimental resolution, the maximum is significantly below the expected mass
region for Higgs bosons. Small tails with rates below one per mille reach this region.

The kinematic distributions of the tau pairs do not provide much handle to separate the GF
process. The angular differences in ¢ have a minimal offset towards lower values due to the
lighter invariant mass of the di-tau system. This affects the AR distribution in the right plot
of Figure 3.11. The left edge is even sharper as in the GF process and is shifted to AR ~ 3.

The absence of a significant transversal boost results in a pr distribution of both tau lep-
tons, which is limited by mo/2. The upper edge lies at pr ~ 46 GeV/c, which is below the
peaks of the GF distributions. This clean separation from the signal is reduced by the limited
resolution of the reconstruction.

The backgrounds from QCD are highly affected by the event reconstruction. The sample
contains jets that imitate the signal. There is no meaningful way to inspect the events at
generator level.
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3.3. Selection Strategy

The initial signal over background ratio S/B between the Higgs samples and the back-
grounds listed in Table 3.1 is about 107, An efficient selection has to be developed to
enhance this ratio. The selection is divided into several steps, which are summarized in
the flowchart in Figure 3.12.

Two independent but mostly parallel selections are defined, one for the GF and one for the
VBEF process. Both selections start from a common trigger path. First, the required objects
are reconstructed. These are tau candidates and, in case of the VBF selection, an additional
jet pair.

Both selections rely on the kinematic tau reconstruction described in Chapter 2 and apply the
quality criteria defined in Section 2.4.3. The selected tau decays are referred to as quality tau
candidates. They have to pass further requirements in the common step labeled as custom
tau selection (Section 3.5.1.1). The additional selection may be bypassed by fake jets from
QCD to increase the statistics of the background sample. This is valid under assumptions
that will be discussed in Section 3.5.2. The remaining tau decays are combined to pairs in
Section 3.5.1.2. If more than one pair is reconstructed, exactly one is selected for further
processing.

A separate jet selection collects jet candidates (Section 3.5.3) and delivers the best pair for
the VBF analysis. These jets are vetoed against the selected tau candidates. At this stage
exactly one pair of tau candidates and for the VBF one unambiguous jet pair is required.
This selection layer may be bypassed by QCD and 70 events.

The next step is different for the selection of Higgs decays from GF and VBF production. In
Section 3.6 two specialized selections are described that combine the collected objects and
apply further discrimination.

3.4. Event Trigger

The analysis relies on the trigger paths for events containing tau candidates. The trigger
requirements depend on the instantaneous luminosity. Here, trigger parameters intended
for £ = 8-10%° cm 25! are used. This luminosity corresponds to the scenario of early data
taking considered in the generated datasets.

Table 3.2.: Trigger requirements for single-tau and double-tau events.

trigger label HLT requirements L1 seeds

HLT_SingleLooseIsoTau20 Et >20GeV,a=5GeV, Ll_SingleTauJet20U
b = 0.025, c = 0.0075 or L1_SingleJet30U

HLT DoubleLooseIsoTaul5 E7>15GeV,a =5GeV, L1 DoubleTauJetl4U
b = 0.025, ¢ = 0.0075 or L1 DoubleJet30U

The HLT menu (see Section 1.3.4) provides a trigger for single-tau and for double-tau events,
HLT_SingleLooseIsoTau20 and HLT DoubleLooseIsoTaul5. Both dedicated tau trig-
gers require isolated tau jets with a minimum of transversal energy Et. The criteria and the
corresponding L1 seeds are given in Table 3.2. The parameters a, b, and c determine the
electromagnetic isolation. It is defined as Ieyy < a+b-Et+c- E%, where Igy is the energy
deposition in the ECAL collected in an annulus of 0.15 < AR < 0.5 around the jet axis. There
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Figure 3.12.: Sketch of the selection strategy. See text for description.
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is no pre-scale factor applied in both tau triggers. Every event meeting the requirements is
accepted. A detailed description of the applied trigger algorithms at L1 and HLT and their
expected performance can be found in [72].

Table 3.3.: Trigger efficiencies of the analyzed processes in percent and the recorded cross
section. The value for the QCD sample marked with an asterisk considers the pre-filter
at generator level.

HOqp HO%gp Z3pr QCD
mpp / GeV/c? 115 125 135 145 115 125 135 145 - -
HLT efficiency 60.5 67.1 723 76,6 932 946 954 96.1 287 46.7

crosssection /fb 73 57 37 20 08 06 04 02 18-10° *9.6-107

The analysis accepts events that pass at least one of the two trigger paths. The combined ef-
ficiencies for the inspected processes are summarized in Table 3.3. Small deviations from the
rates obtained in Table 2.2 originate from a larger statistics. The highly boosted tau leptons
from VBF pass the trigger at a rate of more than 93 %. The trigger efficiency of the GF pro-
cess varies between 60 % and 77 % depending on the generated Higgs mass. The additional
energy in the di-tau system from larger Higgs masses increases the average tau momentum.
The mass dependency has a higher impact on the less boosted tau leptons from GF. The
backgrounds are triggered at rates below 50 %.

3.5. Object Selection

Events passing the HLT paths are available to the offline reconstruction (see Section 1.4.3),
which creates higher-level objects and particle candidates. The analysis defines a selection
of objects that are needed to reconstruct the signal-like events. For the Higgs reconstruction
two tau leptons and for VBF two additional jet candidates are required. These objects have to
be identified among other candidates in the event. For both kinds of objects, the stand-alone
candidates are selected separately and are afterwards combined to pairs. Further quality
requirements aim to enhance the background rejection. Histograms in this section are each
normalized to an integral of one.

3.5.1. Tau Selection

The tau selection is divided into two parts. First an arbitrary number of single tau candidates
is identified within the events. Out of these candidates tau pairs with opposite charge are
combined. If more than one combination is possible, a criterion is defined to select one
unambiguous pair.

3.5.1.1. Single Tau Selection

The single tau selection regards only one distinct tau decay. Global event observables are not
considered. The analysis is based on the tau leptons reconstructed by the kinematic fit de-
scribed in Chapter 2. Tau candidates have to pass the quality criteria defined in Section 2.4.3
and are referred to as quality tau candidates. Events not containing at least one quality candi-
date are rejected. The efficiency of the analyzed samples is given in the first row of Table 3.5
and are already discussed in Section 2.4.5.

The remaining quality tau candidates are subjected to a tighter selection, referred to as cus-
tom tau selection. Again, the tau candidates are inspected, not the events. Further dis-
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crimination is achieved by additional requirements. The following plots are based on tested
decays, not events. Any number of quality decays per event is accepted. If the discussed
behavior of the signal processes is independent of the generated Higgs mass, only one mass
is shown in the plots.
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Figure 3.13.: Selection criterion: y2-probability of the kinematic tau fit as stand-alone
(left) and n—1 representation (right). Tau candidates must have a Xz-probability > 0.1
to pass this requirement.

Some of the quality criteria are tightened. The x2-probability of the kinematic fit is required
to exceed an increased value of 0.1. Figure 3.13 shows the corresponding distribution. The
left plot shows tau candidates that pass the quality criteria. It differs from Figure 2.16(b)
due to larger samples. The right plot contains decays that fulfilled all other requirements
of the custom tau selection. The depicted criterion is not applied (1—1 representation). The
distributions from real tau leptons are almost flat while the curve for the QCD sample shows
a nearly linear decrease with increasing x2-probability.

The transversal energy fraction shown in Figure 3.14 provides further suppression of fake
jets from QCD. The definition of this value was discussed in Section 2.4.3. The stand-alone
representation in the left plot corresponds to Figure 2.18(b). The signal-like tau decays peak
at about EFF /EX" ~ 0.75. QCD jets have a broad distribution up to EXF/EX" = 1, which is
the maximal allowed value. The initial requirement is tightened to EYF/ EXin = 0.95.

The other criteria of the quality discriminator are untouched.

The transversal momentum provides an effective rejection of QCD jets. Figure 3.15 depicts
the distribution for the visible part of the tau momentum. Due to a better resolution, the
a1 provides an improved discrimination compared to the tau lepton. Its transversal mo-
mentum distribution is depicted in Figure B.2 of Appendix B.2. The QCD curve shows a
rapidly falling slope. Real tau decays exhibit distinct maxima at larger values. Their position
depends on the boost and the mass of the tau mother. The larger the available energy the
broader the curve. In case of the Z° and the Higgs from gluon fusion, the boost is negligible.
In average, the 71 momentum corresponds to half the mass of the tau mother diminished by
the neutrino energy. The curve peaks at pr =~ 35GeV for the Z° and pr > 50GeV for the GF
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Figure 3.14.: Selection criterion: Transverse-energy fraction of tau leptons reconstructed
with the particle-flow algorithm and the kinematic fit EXY / EX™ as stand-alone (left) and
n—1 representation (right). Tau candidates need to fulfill EXF/EXM < 0.95 to pass this
requirement.

with a Higgs mass of m0 = 145GeV/c?. The same generated mass results in a slightly lower
maximum but large tails to higher values for the boosted tau leptons from VBE.

The mean of the curves shifts towards lower momenta with decreasing masses. This will
cause more overlap to the distribution from Z3pr and weakens the separation. Figure 3.16
compares all four generated masses for both production mechanisms. The impact on the
peak position is larger for the gluon fusion than in case of the large transversal boost of the
VBF process.

The custom tau selection requires a transversal momentum of pr(a;) > 35GeV. This mo-
mentum region is chosen to contain all signal peaks but to exclude a large fraction of the
QCD jets. The maximum of Z3pr is included. A tighter requirement is defined at a later
stage of the dedicated gluon-fusion selection.

The kinematic fit modifies the initial direction of the tau candidate by taking the neutrino
into account. This affects the orientation of the veto cone, which is defined on the particle-
flow candidate. The distribution in Figure 3.17 counts the multiplicity of charged tracks
niso Within an annulus of AR = 0.5 around the new tau direction ignoring the charged tau
daughters. If an additional track is found, the tau decay is rejected. True tau decays pass
this requirement with a rate larger than 70 %. The curve for QCD jets is broad. It contributes
with less than 15 % to the selected bin in both curves. The value is not affected by applying
the other requirements of the custom tau selection.

The efficiencies of the single requirements are summarized in Table 3.4. True tau decays
from the Higgs samples and Z3pr show similar values for the single requirements except for
the transversal momentum. This criterion is mass dependent and distinguishes the different
productions types of the tau decays. Fake jets from QCD are mainly rejected by the momen-
tum and isolation requirements. The cumulated efficiency is €custom (QCD) < 1%. The Z3pr
passes at €custom (Z3pr) & 30 % and the signal samples at €custom (H’) = 50 %.
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Figure 3.15.: Selection criterion:
and n—1 representation (right).

Transversal momentum of the a; as stand-alone (left)
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[JGF115 [ IGF125 | GF135 [ |GF145 [ JVBF115 [ IVBF125 _ VBF135 [ |VBF145
CT ‘ L ‘ T T 17T ‘ L ‘ T T 17T ‘ L ‘ T T T 1] 8 F L ‘ T 1T ‘ T T ‘ L ‘ T 1T ‘ T T ‘ T 1T ‘ T 1T ‘ T |
C ] > r b
0.08|~ =4 & 0.09F E
C ] 0 E E
0.07 3 > 0.08 =
C ] S C 7
0.06 - =R 007 e E
E B ] L 0.06F -
0.05 L Eol 3
B b 0.05 =
0.04 S E 7
. “ 0.04 -
0.03 H - ]
E g 0.03 =
0.021~ E 0.021~ =
0.01% - *; 0_01: ~ {
O:\ = 77‘; ‘ ] ‘ L ;\ L ‘ ] ‘ ] | \: O:r L ‘ [ ‘ ] ‘ - ‘ L1 ‘ ] ‘ L \j\ 77\ \:\77‘ :

10 20 30 40 50 60 70 20 40 60 80 100 120 140 160
p. / GeVic P, / GeV/c

Figure 3.16.: Mass dependence of the transversal 2; momentum. The four generated
Higgs masses are shown as n—1 representation for Higgs production from gluon-fusion
(left) and from vector-boson fusion (right).
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Figure 3.17.: Selection criterion: Track multiplicity within AR < 0.5 around the direction
of the kinematic tau as stand-alone (left) and n—1 representation (right). Both plots are
zoomed to contain 98 % of the tested decays. The three tau daughters are excluded. Tau
candidates are rejected if additional tracks exist in the annulus.

Table 3.4.: Efficiencies of the single tau selection. The numbers are given in percent of
the tested tau decays (not events). Events contain at least one tau candidate that passed
the quality discriminator of Section 2.4.3. Decays that pass all requirements are referred
to as custom tau candidates.

HOr HO%pg Z3pr QCD
o/ GeV/c? 115 125 135 145 115 125 135 145 - -
x%-probability > 0.1 91.1 91.1 91.0 911 91.0 90.8 909 911 910 859
ERF/EMn < 0.95 97.6 97.8 978 978 98.0 979 981 98.0 973 89.1
pr(a;) >35GeV/c 737 787 828 860 723 755 782 807 50.1 8.0
niso(AR <05) =0 733 730 729 729 730 735 729 728 744 125
cumulated 479 51.1 537 559 471 496 51.1 526 325 0.8
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The selection provides clean tau decays with high matching purity. The matching of tau
candidates to the generated decays is defined in Section 2.4.4. In all tested samples that
contain true tau leptons, the selected candidates can be matched to the generated tau lepton
at about 97 % probability.

Table 3.5.: Efficiencies of the single tau selection. The numbers are given in percent of
the tested events that contain at least one kinematically reconstructed tau candidate.

The custom tau selection, n{;$*™ > 1, is normalized to events that pass the quality tau
quality >1

selection, n,,

HOr H%pg Z3pr QCD
myo/ GeV/c2 115 125 135 145 115 125 135 145 - -
pduality > 669 67.6 684 686 604 614 622 623 625 1.6

tau

peustom > 534 566 594 614 530 554 569 584 367 08
cumulated 357 383 40.6 421 320 340 354 364 230 0.012

The decay-based numbers translate into the event-based values of Table 3.5 by requiring at
least one remaining tau candidate per event. The first row repeats the efficiencies from the
quality tau discriminator of Table 2.2 and adds the missing Higgs masses. Small deviations
arise from larger sample statistics. The second line summarizes the event efficiencies for
the custom tau selection. The cumulated value still excludes the trigger and reconstruction
inefficiencies. Signal-like tau decays pass the custom tau selection with a rate between 32 %
and 42 %. Jets from QCD are rejected with an efficiency of 1.2 - 10~%.

3.5.1.2. Tau Pair Selection

The pair selection can either start from tau candidates that pass the quality criteria defined
in Section 2.4.3, the quality tau candidates, or that survive the tightened requirements of
Section 3.5.1.1, the custom tau candidates. In both cases the remaining tau candidates are
combined into pairs if their total charge is zero.

Figure 3.18 counts the number of tau pairs at the two different stages of the single tau selec-
tion. For all processes only a negligible amount of events contains more than one tau pair.
In the rare case of an ambiguity, the pair that consists of the tau candidates with the smallest
normalized x? of the tau fit is selected. This criterion is found to have little impact on the
further event selection.

The efficiency of the custom tau pair selection is summarized in Table 3.6 starting from qual-
ity tau candidates. The charge control, which tests for a neutral pair, is denoted explicitly.
The samples containing real tau leptons pass this charge test with more than 98 % for the
quality tau selection. With increasing purity of the custom tau selection the rate almost
reaches 100 %. The charge of fake jets from QCD is randomly distributed. The efficiency
of the charge test is close to 50 %. The cumulated value and the expected cross section con-
sider all efficiencies of the passed selection chain. The selection efficiency of custom tau pairs
is at a few percent for the Higgs samples and below 1 % for Z3pr. The background from QCD
is suppressed by about 10~ !!. This exceeds the sample statistics, no generated events are left.
The numbers marked with an asterisk are conservative estimates that hold under certain
assumptions. They are discussed in the following section. The ratio between the smallest
signal and the largest background is in the order of 10~*. The QCD cross section is in the
same order of magnitude as the signal expectation.
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Figure 3.18.: Number of tau pairs per event that pass the quality selection (left) and the
custom selection (right). The events are pre-filtered to contain at least one quality tau
candidate.

Table 3.6.: Efficiency of the pair selection for quality tau candidates (first two rows) and
custom tau candidates (rest). The numbers are given in percent of the tested events.
The first row is normalized to events containing at least one tau candidate that passed
the quality discriminator of Section 2.4.3. The cumulated value and the expected cross
section ey consider all efficiencies of the passed selection chain. The values for the
QCD sample marked with an asterisk are valid under the assumptions discussed in Sec-
tion 3.5.2.

HOp H%gr Z3pr QCD
mppo/ GeV/c? 115 125 135 145 115 125 135 145 - -
n?;f“*yzz 240 241 248 247 207 212 220 221 200 0.4
total charge=0 99.6 99.6 99.6 99.8 981 984 984 982 996 57.7
peustom > 9 247 283 309 332 192 229 252 273 117 *6-107°
total charge=0 100 100 100 100 99.7 99.8 99.8 99.9 100 *60
cumulated 21 27 33 37 19 2.4 2.9 3.1 03 *2.107°

Oexp / tb 025 023 017 010 0.017 0.016 0.012 0.007 19.2 *0.08
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Events that contain at least one custom tau pair pass this stage of the selection. Quality pairs
are only used to estimate further selection efficiencies of the QCD sample.

3.5.2. Assumptions on Backgrounds

The size of the generated QCD sample is not large enough to investigate a selection that
provides the required background rejection. To estimate the suppression, a few crucial as-
sumptions are made. The reconstructed tau candidates in the QCD sample are jets that fake
the signal. They do not originate from the decay of a heavy particle but are randomly com-
bined to pairs. One expects little correlation between the two hemispheres. They can be
regarded as almost independent.

The first assumption is the absence of charge correlation between both tau candidates. In
the signal the tau pairs add up to a charge of zero. Fake tau leptons from QCD are each
uniformly distributed in charge. There is no correlation between the tau candidates in the
event. The charge test of quality pairs in Table 3.6 rejects almost half of the QCD events. This
charge veto can be bypassed to increase the statistics of the remaining sample by a factor of
about two.

Tau candidates emerge from independent kinematic fits and have to pass the quality require-
ments of Section 2.4.3. They only consider observables of the tau decay, not the whole event.
The efficiency to pass the the quality requirements is given in the first rows of Table 3.5 and
Table 3.6. The efficiency of the second quality tau is about half of the first one. If only the
single tau rate €(ny > 1) is measured, one can estimate the cumulated di-tau rate as

€(”tau Z 2) = GZ(ntau Z 1) . (33)

The custom tau selection also considers independent tau decays. Little correlation to the
rest of the event is expected. It rejects QCD jets mostly by the isolation and momentum
requirement. Figure 3.19 shows the momentum correlation between two tau decays that
pass the quality criteria. The visible 2; momenta within the events are compared. The signal
events from GF tend to be balanced. Fake jets from QCD exhibit no dependency between the
two momenta.

There are no remaining QCD events containing two custom tau candidates. The custom tau
selection of Section 3.5.1.1 is regarded as independent for both tau candidates. The rate of
the second hemisphere is conservatively estimated with (3.3). To combine to a neutral pair,
an additional suppression of 0.6 is considered, which is still a modest estimation.

One additional assumption only affects the selection of the VBF process. Two quark jets de-
rive from the production process. Their selection will be described in Section 3.5.3. It relies
on the rejection of jets that are to close to tau candidates. This induces a small dependency
between the tau and the jet selection. The impact can be determined by comparing the effi-
ciencies of the different jet selections in Table 3.9 and Table 3.10. The numbers of the signal
from VBF are compatible. The low rates of fake quark jets in GF and Z3pr are varied slightly.
As no strong dependencies are present, the efficiency of the jet selection that vetoes custom
tau candidates in the QCD sample is estimated by the jet selection concerning quality tau
candidates. The jet pair discrimination is assumed to be independent of the other require-
ments of the VBF selection. To estimate the QCD and Z° efficiencies of this selection layer,
the jet pair selection is bypassed.

The rejection factors of the dedicated event selections for GF are determined from quality tau
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Figure 3.19.: Kinematic correlation between the 2; momenta from both tau hemispheres.
The tau candidates passed the quality discrimination and originate from gluon fusion
(left) or QCD (right). The left plot is zoomed to match the right one.

decays in case of the QCD sample. The selection applies a tightened version of the a; mo-
mentum requirement, which is directly correlated to the custom tau selection. It is intended
to reject tau pairs from Z° decays and is bypassed in the determination of the QCD efficiency.
The resulting rate can be used to estimate the efficiency starting from custom tau pairs.

3.5.3. Jet Selection

The VBF selection requires two jet candidates in addition to the tau pair. Considering the
kinematics of the quarks involved in the Higgs production (Section 3.2.4), one expects two
jets with significant transversal momenta and a large invariant mass. The pair should be
separated in 77 and have little overlap with the tau pair in the central region. This behavior is
independent of the Higgs mass. Thus, only one curve is shown in the following distributions.

The analysis starts from particle-flow jets [95]. An iterative-cone algorithm clusters all parti-
cles derived from the particle-flow algorithm within an annulus of AR = 0.5. This approach
improves the jet efficiency and purity of basic jet algorithms based on calorimetry informa-
tion (referred to as calo jets).

A comparison of the transversal momentum resolution between both algorithms is depicted
in Figure 3.20. Both plots are obtained from the same dataset (10 = 145 GeV/c?) and show
the jets that are matched to the quarks from the VBF process within a cone of AR = 0.1.
The jet matching is defined in Appendix B.1. The distribution for calo jets peaks at about
Apt = —10GeV/c and has a tail below Apr = —50GeV/c. As the energy deposition in the
calorimeter is exclusively considered, the reconstructed momenta are shifted towards lower
values. The right curve from particle-flow jets has a mean close to zero and a smaller width
of about 7.5 GeV/c. A detailed comparison between both jet types can be found in [95].
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Figure 3.20.: Transversal momentum resolution Apr = pi¢ — p&™" for jets in vector-boson
fusion reconstructed with calorimetry information (left) and with the particle-flow algo-
rithm (right). The jets passed a soft pre-filter of pr(jet) > 5GeV/c.

3.5.3.1. Single Jet Selection

The jet selection is executed after a final pair of tau candidates is chosen. It is possible to
reject jets that do not originate from the signal quarks. The main criterion is the overlap with
the selected tau candidates. In addition to this tau veto, the jet candidates have to pass a
rather soft pr threshold.

For the signal one obtains the transversal momentum distribution of reconstructed jets de-
picted in Figure 3.21. The plot contains events that pass the HLT and the custom tau pair
selection of Section 3.5.1. Jets with a minimal transversal momentum of pr(jet) > 5GeV/c
and no further discrimination enter the left histogram. As tau leptons contribute to the jet
candidates, one expects four entries per event. The highest bin close to the threshold con-
tains almost no matched jets. The solid curve has a significant contribution from signal jets
beyond pr ~ 20GeV/c. A second maximum at about pr ~ 60 GeV/c is caused by tau jets.
Its position matches the peak of the momentum distribution of identified tau candidates
(compare Figure B.2 of Appendix B.2). After applying a tau veto, this second maximum van-
ishes. This is shown in the right part of the figure. The dashed curve for the matched jets is
marginally affected. To reject the fake jets with low momenta, a transversal momentum of at
least pt = 20 GeV/c is required.

The tau veto requires a separation of the jet candidates from the selected tau pair. The mini-
mal distance of the jets to both tau candidates is shown in Figure 3.22. The two plots depict
jets with (right) and without (left) applying the momentum requirement. Both distributions
show a large peak in the first bin, which contains tau jets instead of quarks. As the jet and the
tau algorithm define an annulus of AR = 0.5, matched jets start to contribute at this minimal
distance. The broad part of the distribution contains the quark jets from the production pro-
cess, which reach separation angles beyond AR = 4. The left plot includes low energetic fake
jets randomly spread over the distribution. They fail the momentum requirement and do not
enter the right plot. Here, the distribution clearly divides into jet candidates from identified
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Figure 3.21.: Transversal momentum of reconstructed jets from vector-boson fusion
above a threshold of pr(jet) > 5GeV/c. The events contain a custom tau pair. The dashed
curve corresponds to jets matched to the generated quarks. The solid line contains all jet
candidates. Left: without applying further discrimination, right: n—1 representation.
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tau leptons and from signal quarks. About 50 % of all reconstructed jets are contained in the
first bin, the other half in the rest of the distribution. Jets with a separation above AR = 0.5
are selected.

Single jets that pass the requirements have a large purity. About 97 % of the selected jet
candidates can be matched to the generated quarks.

The combination of tau veto and momentum criterion identifies the two quark jets in signal
events. The impact of these requirements on background events is analyzed in the following.
The signal samples and the Z3pr contain enough custom tau candidates to directly obtain the
efficiency of the jet selection, referred to as custom jet selection. For the QCD sample, one
can only determine the efficiency of a jet selection starting from quality tau candidates. This
quality jet selection can be used to estimate the custom jet selection using the assumptions of
Section 3.5.2. Thus, the following distributions consider events that contain tau pairs passing
the quality criteria.
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Figure 3.23.: Single jet selection in vector-boson fusion: Transversal momentum (left)
of jet candidates and tau veto in AR (right). The events contain at least one pair of
tau candidates that pass the quality discriminator of Section 3.5.1. Both plots give a
n—1 representation, each including the other requirement.

Figure 3.23 compares the signal from VBF to backgrounds from QCD and Z3pr. The fourth
curve shows the gluon-fusion process. It can be regarded as background in the jet selection
as it contains no quark jets. The left plot shows the transversal momentum distribution
including the tau veto (n—1 representation). The signal curve exhibits no relevant deviations
from the one obtained with the custom tau requirements (Figure 3.21). After tau jets are
vetoed, the distributions for GF and Z3pr include no further jets with significant momentum.
Both curves decrease exponentially. A fraction of about 1/1000 reaches momenta beyond
pr = 20GeV/c. Jets from the QCD sample result in a signal-like curve up to pr ~ 50 GeV/c.
For larger momenta the rate drops and a distinction from the signal is possible. The applied
momentum requirement of pt > 20 GeV/c could be tightened if further QCD suppression is
needed.

The right plot in Figure 3.23 depicts the distance from tau candidates for jets that pass the
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momentum criterion. Events from GF and Z3pr contain only the two tau jets in average and
contribute almost exclusively to the first bin. Beyond the required separation of AR = 0.5,
the curves for QCD and the signal are similar in shape and rate.

Table 3.7.: Efficiency of the single jet selection. The numbers are given in percent of the
tested jets (not events). Background events from QCD contain at least one pair of tau
candidates that passed the quality discriminator of Section 2.4.3. For the other samples
the tighter requirements of Section 3.5.1 are applied.

HOGF HOVBF Z3p1‘ QCD
Mo/ GeV/c? 115 125 135 145 115 125 135 145 - -
pr(jet) >20GeV/c 449 449 456 456 612 610 605 604 444 386
AR(t,jet) > 0.5 559 559 553 552 675 674 673 675 56.6 73.1
cumulated 08 07 08 08 287 284 278 279 1.0 14.5

The efficiency of the single jet selection is summarized in Table 3.7. It considers events con-
taining quality tau pairs for the QCD sample and otherwise custom tau pairs. The signal
from VBF and the fake jets from the other samples pass the stand-alone requirements with
compatible rates. In case of the backgrounds, the two criteria select almost disjunct sets of
jet candidates. Jets passing the first line are mostly tau candidates, which are vetoed in the
second line. Thus, the cumulated efficiencies drop to 1 % for samples not containing quark
jets. QCD events have a larger jet multiplicity, which results in a weaker separation of both
criteria. The cumulated efficiency is significantly larger. Jets from the VBF process pass the
single jet selection with about 28 %. The rate is independent of the generated Higgs mass.

The event-based efficiencies are discussed in the pair selection of the following section. The
values of Table 3.9 start from quality tau candidates and Table 3.10 from custom tau candi-
dates.

3.5.3.2. Jet Pair Selection

The single jet selection suppresses jets in the processes Z3pr and GF to a large extent. To
achieve a further rejection of QCD, the remaining jets are combined to pairs that have to fulfill
additional criteria. The pair selection is tested on events that either contain quality or custom
tau pairs. To include a sufficient statistics in the QCD curves, the following distributions
consider the quality tau selection. The GF curves are not drawn in the distributions in favor
of a second VBF curve. The lightest and the heaviest generated Higgs masses are shown.
This demonstrates the mass independence of the jet selection. More than one jet pair per
event can enter the distributions.

One efficient discriminator against QCD jets is the invariant mass of the di-jet system mgj et
As discussed in Section 3.2.4, the quark jets from VBF are expected to provide large masses
while small values are expected from fake jets. This behavior is not much affected by the
reconstruction and can be found in Figure 3.24. The left plot gives the stand-alone, the right
the n—1 representation w.r.t. the further selection of jet pairs. The shape of the signal and the
position of the maximum at mg; e = 200 GeV/ c? are close to the expectation in the right part
of Figure 3.10. Jet pairs from the heavier Higgs sample are slightly shifted towards larger
values. Jets that do not originate from a signal-like quark exhibit a peak at low masses with a
rapidly decreasing tail. The curves for Z3pr and QCD are similar. The jet selection requires a
minimal di-jet mass of 4;jet > 150 GeV. This is a rather soft criterion but provides sufficient
rejection of background processes.
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Figure 3.24.: Selection criterion: The invariant masses of jet pairs have to exceed mgj je; >
150 GeV. Jets that pass the quality selection of Section 3.5.3.1 are considered. Left: with-
out applying further discrimination, right: n—1 representation.
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Figure 3.25.: Selection criterion: Acoplanarity between the di-jet and the di-tau systems
cos(A¢) = cos(|Pgi-tau — Pdisjet|)- Jets that pass the quality selection of Section 3.5.3.1 are
considered. Left: without applying further discrimination, right: n—1 representation.
The selection requires cos(A¢) < —0.9.
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Single jets have no preferred orientation in ¢ and the angle enclosed by the jet pair in the
transversal plane is nearly uniformly distributed. But the sum of their momenta has to be
aligned with the tau pair. One can define the acoplanarity between the di-jet and the di-tau
systems as

COS(A(P) = COS(M’di—tau - dei—jet‘) . (3.4)

The distribution of this observable is shown in Figure 3.25. Jets from quarks of the VBF
process peak in the very first bin of the left histogram, which corresponds to an enclosed
angle between the two systems of A¢ > 2.7rad. In both representations the jets from QCD
and Z3pr backgrounds show flat curves that only slightly prefer values near cos(A¢) =
—1. The n—1 representation on the right contains only very little events of the generated
backgrounds. This causes large fluctuations, especially for the Z3pr sample. Jet pairs are
accepted by the selection if the acoplanarity holds cos(A¢) < —0.9.

Table 3.8.: Efficiencies of the jet pair selection. The numbers are given in percent of the
tested jet pairs (not events). The selection is tested on events containing at least one
custom tau pair. The efficiencies for the QCD samples are estimated by considering the
quality tau selection.

HOGF HOVBF Z3p1‘ QCD
mppo/ GeV/c? 115 125 135 145 115 125 135 145 - -
Mgijer > 150 GeV/c? 6.3 11.1 200 194 876 895 892 894 191 26.8
COS(A(P) < —=0.9 125 7.4 200 194 87.6 86.6 84.8 84.8 143 549
cumulated <01 <01 <01 32 800 805 780 785 438 14.5

The efficiencies of the jet pair selection are summarized in Table 3.8. Except for the QCD
sample, the custom tau selection is considered. The estimated values for fake jet pairs from
QCD are only valid under the assumptions discussed in Section 3.5.2. The signal jets pass
the selection at about 80 %. There is only a small variation for different Higgs masses. Jet
pairs from events with lighter Higgs bosons exceed the minimal di-jet mass with a smaller
efficiency but tend to be more balanced with the tau system. These two effects almost cancel
each other. The Z3pr and the GF process are suppressed to a large extent. There is only a
negligible amount of generated events left. The QCD events contain more jet pairs, which

may pass the jet pair selection. The obtained efficiency is conservatively estimated to about
15 %.

The jet pair selection can provide an arbitrary number of jet pairs per event. If more than two
jets pass the single jet selection, all combinations are tested. There is no charge requirement
to reduce the number of permutations as in the tau pair combination. The probability that
more than one jet pair fulfills the acoplanarity requirement is rather small. The remaining
number of jets per event is summarized in Figure 3.26 for all generated VBF samples. The left
part considers quality tau pairs, the right part custom tau pairs. In both cases the efficiency to
find more than one jet pair passing the selection is at percent level. Starting from custom tau
pairs, the amount of events with ambiguous jet pairs decreases with heavier Higgs masses.

This ambiguity has to be resolved. As discussed in Section 3.2.4, the quarks from the vector-
boson fusion tend to be separated in the detector. In the rare case of more than one remain-
ing pair, the one that has the largest separation in pseudorapidity between the two jets is
selected.
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Figure 3.26.: Number of jet pairs per event passing the jet pair selection. The events
contain at least one quality tau pair (left) or one custom tau pair (right).

Table 3.9.: Efficiency of the jet pair selection that vetoes quality tau decays. The numbers
are given in percent of the tested events. The first row is normalized to events containing
at least one tau pair passing the quality discriminator of Section 2.4.3.

HOp HO%gp Z3pr QCD
myo/ GeV/c> 115 125 135 145 115 125 135 145 - -
pauality > 5 1.3 1.2 1.3 1.1 740 737 728 732 13 272

jet
n§$§;§§z1 09 <01 23 73 829 829 80 86 43 220

cumulated 001 <1072 0.03 0.08 61.3 61.1 59.7 60.5 0.06 6.0

Table 3.10.: Efficiency of the jet pair selection that vetoes custom tau decays. The numbers
are given in percent of the tested events. The first row is normalized to events containing
at least one tau pair passing the custom requirements of Section 3.5.1. There are no
remaining events from the QCD sample. The efficiencies are estimated in Section 3.5.2.

HOGF HOVBF Z3p1‘ QCD
Mo / GeV/c? 115 125 135 145 115 125 135 145 - -
ncustom > 9 0.8 0.9 1.0 08 751 745 710 721 11 —

jet

pcustom > 7 <0.1 <01 <01 34 859 851 818 838 57 —

jet pair

cumulated <1072 <107 <1072 0.03 645 634 581 604 0.07 —
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Events with a remaining jet pair are selected for the VBF analysis. The event-based efficien-
cies are summarized in Table 3.9 and Table 3.10 considering quality or custom tau pairs. The
two selections show compatible numbers, which allows to estimate the rate of QCD jets as
discussed in Section 3.5.2. In each Table the first row counts the events with more than two
jets, the second requires a remaining pair. The signal samples pass the selection with efficien-
cies of about 60 %. The efficiency of QCD events is estimated with 6 % while backgrounds
from Z3pr are suppressed by 3 orders of magnitude. This additional background rejection of
the vector-boson fusion analysis is the major benefit compared to the gluon fusion.

In case of the VBF process, the jet pair selection provides a clean sample of signal-like jets.
Both jets of a pair passing the selection can be matched to the generated quarks with an
efficiency of 94.7 %. This value corresponds to the squared single-jet purity including a small
improvement by the pair selection.

3.6. Event Selection

All objects that are needed for the reconstruction of events from GF and VBF are selected by
the criteria described in the last section. They are now combined and further discrimination
of background processes is applied.

The dedicated selections for the two types of Higgs production are analyzed separately to
exploit the different topologies. There is only a negligible amount of signal events that pass
both selections. Thus, the distributions consider only one production type. In each selection
the samples with the lightest and the heaviest generated Higgs mass are plotted to reveal
mass effects.

As discussed in Section 3.5.2, the following QCD distributions are estimated without apply-
ing the custom tau selection. The generated Z3pr sample is large enough to consider the
custom tau selection. To analyze both background processes as accurate as possible, the fol-
lowing distributions are divided. The left part of each figure is based on the quality selection
and includes a curve for the QCD events, the right part applies the custom tau selection. This
allows for a direct comparison of the shapes in both histograms to estimate the impact of the
tightened tau selection. All distributions are normalized to an integral of one.

As far as the sample statistics are sufficient, the n—1 representations of the applied require-
ments have been studied to reduce correlations between the observables. In case of the QCD
process, the correlation can only be tested within the factorized selection layers. Little corre-
lation among these layers is assumed.

3.6.1. Selection of Vector Boson Fusion

The VBF selection benefits from the additional jet signature and the significant transversal
momentum of the Higgs boson. Both features provide strong rejections against backgrounds
from QCD and Z3pr. The jet selection is assumed to be independent of further criteria that
focus on the tau candidates. To enlarge the statistics of the background samples, the events
in the following distributions are not required to contain a selected jet pair.

The kinematic tau reconstruction modifies the primary vertex of the event. As described
in Chapter 2, the tracks assigned to the tau decay are eliminated from the primary vertex.
Due to the kinematic constraints, the production point of the tau lepton is changed. These
modifications are applied on both tau decays independently. Thus, the event contains two
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tau production points, which possibly differ from each other. The significance of the distance
between both vertices ¢(PV ™, PV") is calculated according to Appendix A.2. The vertices are
denoted as PV~ and PV" depending on the charge of the tau candidate.
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Figure 3.27.: Event selection for vector-boson fusion: Vertex significance between the ro-
tated primary vertices from both hemispheres considering the quality (left) and custom
(right) tau selection. The significance has to fulfill o(PV~,PV*) < 2.

The corresponding distribution is shown in Figure 3.27. Events that contain true tau decays
result in insignificant offsets between the vertices. This confirms the assumption that both
tau candidates originate from the same mother. The significance has a maximum at about
oc(PV~,PV") = 04. Jet pairs from QCD are slightly shifted to higher values. To obtain
unambiguous events with both tau candidates emerging from a common vertex, the signif-
icance has to fulfill ¢(PV~,PV*') < 2. This criterion provides no large suppression of the
QCD background but ensures the consistency of the reconstruction.

In case of the VBF process, the tau leptons from a Higgs decay are expected to enclose rather
small azimuth angles. As discussed in Section 3.2.2, this results in a characteristic separa-
tion in the (77, ¢)-plane. The distributions in Figure 3.28 express this separation in terms of
AR(t, 7). Fake tau candidates from QCD jets result in a broad curve with a maximum close
to AR = 3. The little boosted Z° boson decays into tau pairs that are almost perfectly aligned
in the transversal plane. The distributions with and without the custom tau requirements
exhibit a sharp peak near AR = 3. The signal curves are slightly affected by the tightened
tau selection. Especially the lightest generated Higgs mass is shifted towards lower values.
In both cases there is a negligible amount of signal-like events with a separation beyond
AR = 3.2. This defines the selected region. Events are accepted if the separation holds
AR(T,T) < 3.2.

Higgs bosons from vector-boson fusion are emitted into the central region while the Z°
bosons are produced with large pseudorapidities. This behavior is retained in the recon-
structed di-tau system. Figure 3.29 depicts the pseudorapidity # of the tau pair. The signal
has a maximum at zero and small tails beyond 7 = +4. Tau pairs from Z° bosons show a
minimum in the central region and peak at larger values. The custom tau selection has no
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Figure 3.28.: Event selection for vector-boson fusion: Separation of the tau pair in the
(1, ¢)-plane considering the quality (left) and custom (right) tau selection. The separation
has to fulfill AR(7, T) < 3.2.
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impact on this behavior. Events from QCD provide a broad curve around zero. The selection
rejects events that are not contained in the region of —3 <7 < 3.
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Figure 3.30.: Event selection for vector-boson fusion: Transversal momentum of the di-
tau system considering the quality (left) and custom (right) tau selection. The selection
requires p1* > 30GeV/c.

The significant transversal boost of Higgs bosons from VBF provides further discrimina-
tion against QCD jets and tau pairs from Z° decays. The transversal momentum of the
di-tau system pi° is shown in Figure 3.30. The signal curves have a maximum at about
ptt =~ 50 GeV/c and large tails to higher values. The shape and the peak position are almost
independent of the generated Higgs mass. Tau pairs from Z3pr have almost no transversal
momentum. The curves from the two different tau selections exhibit no significant differ-
ences. Selected pairs from QCD are not as balanced as the di-tau system from Z° decays and
peak at about p1" ~ 20 GeV/c. The distribution rapidly decreases towards higher momenta.
A major part of the backgrounds is rejected by requiring a minimal transversal momentum
of prt > 30GeV/c.

The major observable of the VBF selection is the invariant mass of the tau pair m,, which is
depicted in Figure 3.31. The sharp peaks of the resonances are affected by the limited resolu-
tion of the reconstruction. The maxima become broader and the distributions overlap. The
mass range that is dominated by the signals from true di-tau events is defined as the signal
region. Invariant masses between 80 GeV/ 02 < myr < 200GeV/c? are accepted by the selec-
tion. This range contains most of the signal events from the lightest to the heaviest generated
Higgs mass. It also includes the maximum from the Z° decay, which will be suppressed by
other requirements. The curve from the QCD background has a falling slope in the signal
region. A large fraction of this background is rejected. The details of the distributions will be
discussed in Section 3.7.

Table 3.11 gives an overview of the VBF selection. Except for the QCD sample, the efficiencies
consider the custom tau discrimination. The rates of the QCD background are estimated
under the assumptions of Section 3.5.2 and derive from the quality tau discrimination. The
jet-pair selection is bypassed for the backgrounds to enhance the statistics.
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Figure 3.31.: Event selection for vector-boson fusion: Invariant mass of the di-tau system
considering the quality (left) and custom (right) tau selection. Invariant masses between
80 GeV/c? < mer < 200GeV/c? are selected.

Table 3.11.: Efficiency of the VBF selection. The numbers are given in percent of the
tested events. Background events from QCD contain at least one pair of tau candidates
that pass the quality discriminator. For the other samples the tighter requirements of
Section 3.5.1 are applied. The jet pair selection is only considered for the signals from
VBE.

HO%gp Z3pr QCD
mpp / GeV/c? 115 125 135 145 - -
oc(PV-,PV") <2 98.8 985 98.1 985 987 886
AR(T,T) < 3.2 99.8 99.4 992 982 802 69.4
—-3<y<3 99.2 982 98.1 97.6 417 869
prt > 30GeV/c 96.3 950 943 953 0.6 454
80GeV/c* < myr <200GeV/c> 99.8 999 999 98.6 36.6 30.1
cumulated 948 926 915 904 1.1 57
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The signal from VBF passes the criteria with an efficiency of more than 90 %. The rate is
slightly mass dependent. A consistent primary vertex is found in almost 99 % of the events
that contain true tau pairs. The Z° decays are mostly rejected by an insufficient transversal
momentum of the di-tau system and too large pseudorapidities. The other requirements
are intended to diminish the backgrounds from QCD, which is suppressed to about 6 %. The
cumulated efficiency for the Z3pr process is one percent. The efficiency of the entire selection
chain, including the tau-pair and jet-pair selections, will be discussed in Section 3.6.3.

3.6.2. Selection of Gluon Fusion

The gluon-fusion process generates Higgs bosons in the central region of the detector that
result in a balanced di-tau system. There are no additional particles in the event. Only the
tau pair can be analyzed to discriminate against background processes.
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Figure 3.32.: Event selection for the gluon-fusion process: Vertex significance between
the rotated primary vertices from both hemispheres considering the quality (left) and
custom (right) tau selection. The significance has to fulfill ¢(PV~,PV") < 2.

The first selection criterion ensures the consistency of the event. The same observable as in
the VBF selection is used. The separation of the primary vertices deriving from the kinematic
reconstruction of both tau decays must not exceed a significance of ¢(PV~,PV") < 2. The
corresponding distributions are depicted in Figure 3.32. The signal events for the GF contain
true tau decays and show the same behavior as observed in Figure 3.27 for the VBF selection.
The background events pass the same selection as for the VBF selection. The curves are
identical.

The two selections share another common observable. The separation of the tau pair in the
(1, ¢)-plane provides a discrimination from backgrounds also for the gluon-fusion process.
In contrast to the vector-boson fusion, the tau pairs are barely boosted and almost perfectly
back to back in the transversal plane. Combined with the large pseudorapidities of the Higgs
boson (compare Section 3.2), this results in the AR distribution of Figure 3.33. The signal
processes show similar curves as the Z° decay. There is a sharp peak near AR(t,7) = 3
with a rapidly falling slope towards larger values. To reject jets from QCD, a region defined
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Figure 3.33.: Event selection for the gluon-fusion process: Separation of the tau pair in the
(1, ¢)-plane considering the quality (left) and custom (right) tau selection. The separation
has to fulfill 3.1 < AR(7,7) < 3.4.

by 3.1 < AR(7,T) < 3.4 is selected. The zoomed view of the right histogram reveals little
differences between the signal and the Z3pr curves. The shape broadens with increasing
mass of the di-tau system. The Z° peak has a steeper rise of the left edge. This provides a
small suppression of Z° decays.

Additional information can be extracted from the angle between the two tau leptons. Fig-
ure 3.34 depicts the cosine of the angle « enclosed by the tau pair. The full codomain is pop-
ulated. Tau pairs from GF exhibit a maximum near cos(«(7, 7)) = —1, which corresponds to
a balanced di-tau system in the detector frame. Tau pairs from background processes tend
to enclose larger angles. Both curves from QCD and Z3pr have a slight ascent to positive
values. These features are retained by the custom tau selection. A modest suppression of
background events is achieved by requiring cos(a (7, 7)) < 0.4.

A powerful discrimination is provided by the transversal momenta of the tau candidates. To
exploit the improved resolution, the momenta of the a; are considered. Sorting the pair with
respect to the pr of the 41 increases the discrimination. Figure 3.35 shows the distribution for
the a; with the larger momentum. With increasing Higgs mass the signal is more and more
separated from the background. The peak for the lightest generated Higgs mass is close to
the Z° peak. Requiring pma(a;) > 48 GeV/c rejects the bulk of the Z° peak but accepts a
significant fraction of signal events.

The QCD distribution has a broad maximum at low momenta and falling tails into the region
dominated by the signal. The custom tau discrimination already applied a soft momentum
requirement of pr(a;) > 35GeV. As the custom tau selection considers single tau decays, this
affects the pr trailing 2; and determines the left bound of the right plot. The discussion in
Section 3.5.2 reveals that there is little momentum correlation between the two hemispheres
in case of the QCD background. But to avoid a possible double counting in the estimation of
the selection efficiencies for QCD processes, the momentum requirement is bypassed here.
This is a conservative estimate accounting for the large uncertainties of this process.
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Figure 3.34.: Event selection for the gluon-fusion process: The angle a enclosed by the
di-tau system based on the quality (left) and custom (right) tau selection. The selection
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Figure 3.36.: Event selection for the gluon-fusion process: Weighted transversal momen-
tum of the di-tau system p1*/p3™ considering the quality (left) and custom (right) tau

selection. A ratio of p1*/p3"™ > 0.6 is required.

Further discrimination against events from QCD can be derived from the weighted transver-
sal momentum of the di-tau system p1*/p3*". The numerator corresponds to the transversal
momentum of the reconstructed Higgs boson, which includes the neutrino momenta. The
denominator sums all transversal track momenta of the event including the visible part of
the tau decays. To avoid correlation to the isolation requirement of the custom tau selec-
tion (see Figure 3.17 of Section 3.5.1.1), the sum ignores additional tracks within a cone of
AR(t,track) < 0.5 for both tau candidates. The distribution of this observable is depicted
in Figure 3.36. True tau decays contain the major part of the transversal momentum sum.
The signal events and the Z° decay provide a maximum close to one. Values larger than one
are possible due to the kinematic tau reconstruction. The custom tau criteria have no impact
on these distributions. The curve from fake tau candidates has a broad shape and peaks at
a ratio of about 50 %. The GF selection applies a soft requirement of pt*/p7™ > 0.6. This
rejects more than half of the QCD background and marginally affects the other processes.

As in the VBF selection, the final observable is the invariant mass of the di-tau system de-
picted in Figure 3.37. Again a signal region of 100 GeV/ 2 < mer < 200GeV/c? is defined.
The shapes of the signal curves exhibit no significant deviations from those obtained in the
VBF selection. A comparison of the invariant di-tau mass of all generated Higgs samples
will be discussed in Section 3.7.

A summary of the gluon-fusion selection is given in Table 3.12. As in the VBF case, the
efficiencies of the QCD process are estimated by events passing the quality tau selection.
The other Monte Carlo samples are large enough to apply the entire selection including the
custom tau discrimination. It is crucial to note that the momentum criterion labeled with
pP*(a1) is bypassed and not included in the cumulated value. This avoids overlap to the
custom tau selection (compare the assumptions made in Section 3.5.2).

With this conservative estimate, the QCD process can be suppressed below one percent.
Background from the Z° decay can be reduced to about 3%. Here, the main rejection is
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Figure 3.37.: Event selection for the gluon-fusion process: Invariant mass of the di-tau
system considering the quality (left) and custom (right) tau selection. The mass has to
fulfill 100 GeV/c? < mer < 200 GeV/c2.

Table 3.12.: Efficiency of the GF selection. The numbers are given in percent of the tested
events. Background events from QCD contain at least one pair of tau candidates that
pass the quality discriminator. For the other samples the entire selection chain includ-
ing the custom tau selection is considered. The requirement labeled with pF®*(a;) is
bypassed for the QCD background.

HOGF Z3pr QCD
mpp / GeV/c? 115 125 135 145 - -
oc(PV-,PVT) <2 98.9 99.0 99.1 989 987 886
3.1 < AR(1,T) < 3.4 873 856 838 825 828 139
cos(a(T,T)) < 0.4 82.0 853 846 855 722 674
pRaX(ay) > 48 GeV/c 56.6 72.6 80.0 875 6.3 -
Pt/ s > 0.6 99.6 99.6 99.9 99.6 99.0 429

100GeV/c? < mer < 200GeV/c?2 989 999 999 993 723 189
cumulated 41.0 559 598 62.7 29 0.5
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achieved by the momentum requirement. The signal events from GF pass the selection with
rates between 41 % and 63 %. The different generated Higgs masses directly affect the a;
momenta and dominate this mass dependence of the efficiencies.

3.6.3. Selection Summary

Two independent but mostly parallel selections have been introduced to reconstruct Higgs
events from either GF or VBF production. The individual efficiencies of the selection steps
are combined to a cumulated value in the following Tables. The first row considers the entire
selection chain starting from the HLT trigger. The second line depicts the corresponding
Cross section Oeyp, which combines the selection efficiencies and the initial cross sections from
Table 3.1. The last line gives the expected number of events N,,, for each analyzed process.
It is calculated using (1.17) as

Nexp = Oexp - £ - (3.5)

An integrated luminosity of £ = 30fb~' is assumed, which can be expected for the 2011 /12
run of the LHC.

Table 3.13.: Summary of the entire selection chain for VBF Higgs decays. The numbers
are given in percent of the tested events. The values for the QCD background are valid
under the assumptions of Section 3.5.2.

H%gr Z3pr QCD
mpp / GeV/c? 115 125 135 145 - -
cumulated efficiency 12 14 15 17 7-1077 6-10712
cross section / ab 103 95 65 39 0.05 0.21
exp. events@30fb~! 03 03 02 0.1 0.001 0.006

The selection of Higgs decays from VBF is summarized in Table 3.13. About 10ab of the
lightest generated Higgs mass pass the event selection. This corresponds to a cumulated
efficiency of more than 1 %. The heavier Higgs masses can be selected with up to 1.7 %. The
increasing reconstruction and selection efficiencies for heavier Higgs bosons is not sufficient
to compensate the smaller initial cross section. The backgrounds are suppressed below one
attobarn. The leading one is the QCD process, which is six times larger than the contribution
from Z° decays. The di-tau signature and the additional jet pair provide a clean remaining
sample. But the VBF suffers from a very small production cross section. With an integrated
luminosity of 30 fb~?, the probability is about 30 % to observe one event.

Table 3.14.: Summary of the selection chain for GF Higgs decays. The numbers are given
in percent of the tested events. The values for the QCD background are valid under the
assumptions of Section 3.5.2.

HO%r Z3pr QCD
mpp / GeV/c? 115 125 135 145 - -
cumulated efficiency 08 15 20 23 9:107% 2.107!
cross section / fb 010 0.13 0.10 0.06 0.55 8-1074
exp.events@30fb! 3 4 3 2 17 0.02

The situation is different for the GF selection in Table 3.14. The signal events pass the se-
lection with efficiencies between 0.8 % and 2.3 %. The stronger mass dependence compared
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to the VBF analysis is caused by the tight momentum requirement. A large part of the light
Higgs masses is rejected to suppress the background from Z° decays. The balanced di-tau
system of the GF process provides a large rejection of QCD events but an insufficient dis-
crimination of Z° decays. In contrast to the VBF selection, the selected sample is dominated
by background events. About 17 Z° events remain at 30 fb . The signal contributes with up
to four events.

The efficiency to select a Higgs decay from GF by the VBF selection is negligible. Within
the inspected datasets, no event is observed. The other way around, a few generated events
from the VBF sample pass the GF selection. Due to their small cross section, this gives no
significant increase of the expected number of signal events.

Table 3.15.: Matching purity P of the tau pairs obtained from the VBF and the GF se-
lection. If at least one tau decay has no matching, the whole pair is regarded as not
matched. The numbers for the VBF selection include the purity of the selected jet pairs.

HGp HOgr Z3pr
Mpo/ GeV/c? 115 125 135 145 115 125 135 145 -
Pyse / % - - - . 956 949 942 941 -
Pcr / % 981 972 96.6 96.7 - - - - 98.8

The matching purity P of the final selection is given in Table 3.15. For each process, it com-
pares the number of matched tau pairs nyatched to all selected pairs nggjecteq- If at least one
tau decay has no matching, the whole pair is regarded as not matched. The purity is defined
as

P = nmatched/ Ngelected - (36)

Both selections show a small mass dependence. Lighter di-tau pairs have a larger purity of
up to 99 % in case of the Z° decay. This is caused by the lower selection efficiency. The values
obtained for the VBF selection include the purity of the jet selection. This slightly decreases
the purity down to 94 %.

3.7. Invariant Mass of the Tau Pair

The event rates quoted in the last section refer to the entire mass region defined in the VBF
and the GF selection. The shape of the reconstructed spectrum is not yet considered.

Figure 3.38 depicts the reconstructed di-tau masses after the selections. Each histogram con-
tains two signal curves, the lightest and the heaviest Higgs mass, and the background distri-
butions. To compare with the expected event rates of Table 3.13 and Table 3.14, all curves are
normalized to an integrated luminosity of 30 fb~!. Both selections reject all generated events
of the QCD sample. No Z° events pass the VBF selection. To obtain a suitable statistic in
the selected mass window, the background contributions are modeled with shapes obtained
from earlier selection steps and normalized with the proper efficiencies. For both selections,
the QCD curve is obtained from tau pairs that pass the quality criteria only. In case of the VBF
selection, the Z° curve is modeled from custom tau pairs. This method induces uncertainties
on the shapes, but allows for a rough approximation.

The VBF selection efficiently suppresses the background, but no signal events are expected
with £ = 30 fb~'. The GF process can be isolated from QCD events but suffers from Z° back-
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Figure 3.38.: Invariant mass of tau pairs passing the event selection for VBF (left) and
GF (right). Two signal curves and the background processes are shown. All curves are
scaled to an integrated luminosity of £ = 30fb~'. The QCD background is modeled
by the curve obtained from quality tau pairs and scaled with the efficiency of the entire
selection chain. In case of the VBF selection, the Z3pr shape is obtained from custom tau
pairs.

ground. This background source covers the entire mass window. The rate slightly decreases
towards higher masses.

The remaining events contain off-shell Z° bosons. The background is irreducible. Figure 3.39
compares the reconstructed and generated di-tau masses within the selected mass window.
It shows a resolution of ¢(#reco — Mgen) ~ 15GeV. There is a systematic shift of 10 GeV
towards larger reconstructed values. It is mainly caused by the tight requirement on the a4
momentum. The scatter plot reveals only few remaining events near the nominal Z° mass.
Most of the selected tau pairs correspond to heavy Z° bosons.

To improve the discrimination, mass windows for every generated Higgs mass are defined
by a gaussian fit to the reconstructed mass peaks. The regions cover one standard deviation
around the central values. The fits for the lightest and heaviest Higgs mass are shown in
Figure 3.40 for both selections.

Table 3.16.: Resolution of the reconstructed Higgs mass from VBF and GF production
obtained from a gaussian fit. The number of events from signal s and background b are
counted within 4-1¢ around the fitted mean y for £ = 30fb ™.

HGr H%gr
Mgo/ GeV/c? 115 125 135 145 115 125 135 145
u/ GeV/c? 128 137 145 153 120 130 141 150
o/ GeV/c? 11 13 15 16 15 17 18 19
s 2 2.3 2 1.1 0.2 0.2 0.1 0.08
b 53 66 78 7 0.002 0.001 0.001 0.001
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Figure 3.39.: Di-tau mass of Z° decays from the GF selection. The generated Z° masses
scatter over the selected mass window (left). The mass resolution (right) obtained by a
gaussian fit is 0 (Mreco — Mgen) = 15GeV.
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Figure 3.40.: Fit of a gaussian distribution to the reconstructed di-tau mass for the VBF
(left) and GF (right) process.
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The results of the fits, the central value # and the width ¢, are summarized in Table 3.16. In
case of the GF process, the offset to the generated mass decreases for heavier masses. Light
Higgs bosons are affected by the momentum requirement. The impact on the VBF process
is lower due to the significant transversal momentum of the Higgs boson. Here, the offset is
about 5 GeV. For both production processes the width slightly increases with heavier masses.

The numbers of expected events that are contained in the mass windows are taken from
Figure 3.38. The signal s and the total background contribution b in the last two rows of
Table 3.16 are obtained. The significance of the signal will be discussed in Section 3.9.

3.8. Systematic Uncertainties

The results of the analysis are affected by systematic uncertainties. The main theoretical un-
certainties are introduced through the cross sections of the involved processes. The precision
of the Higgs cross section is in the order of 20 % for the production via gluon fusion and 3 %
for vector-boson fusion [20]. The Zo—decay rate o x B (ZO — TT) is known to about 4 % [100]
assuming lepton universality. This value will be measured precisely at the Z° peak. The tau
decay T — 37* + v is known to better than 1 %.

The largest experimental uncertainty arises from the estimation of the integrated luminosity.
The instantaneous luminosity is determined with an accuracy of 11 % during the initial data
taking period [101]. The real-time measurement relies on the forward hadronic calorime-
ters and the absolute normalization is based on Van-der-Meer scans [102]. With integrated
luminosities of 30 fb !, a reduction to less than 5 % seems feasible [103].

The kinematic tau reconstruction relies on the efficiency of the initial particle-flow seeds,
which is estimated with Z° — 77 decays to 9 % accuracy [104]. In case of the exclusive decay
into three charged pions, the efficiency is less affected by the dominant calorimetry scale
uncertainty. It is assumed to be 5%. The final observable, the invariant mass of the di-tau
system, depends on the kinematic tau reconstruction. It is expected to be little affected by
variations of the jet-energy scale and does not rely on global event variables like the missing
transversal energy. The kinematic tau reconstruction modifies the primary vertex for both
hemispheres. An unambiguous assignment from both tau leptons to a common primary
vertex reduces the impact of multiple vertices in pileup collisions.

The background contribution from QCD induces large uncertainties. The effective rate will
be experimentally determined from well defined control regions. In both selections, the im-
pact of the QCD background is expected to be small. Even an uncertainty of 100 % is tolera-
ble.

3.9. Signal Significance

There are different methods to determine the significance of the signal. It is defined as the
number of standard deviations an observed signal exceeds the background. Sophisticated
approaches like the CLs method [85, 105] consider the likelihood ratio of signal and back-
ground hypotheses. They improve the statistical interpretation by exploiting the shapes of
the expected curves.

Due to the small statistics of the selected sample, the significance S, is obtained by a simple
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counting method. It is derived from the Poisson distribution as

Se.. = \/2[(s+b)In (1 +5/b) — 5] (3.7)

with the number of signal events s and expected background b. In the Gaussian limit for
large s and b, this is equivalent to the simple ratio S = s/+/b.

The systematic uncertainties from Section 3.8 are taken into account as gaussian distribu-
tions. As a conservative estimation, the expected signal is reduced and the background is
increased by the systematic uncertainties.
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Figure 3.41.: The signal significance S with £ = 30fb ! (left) and the required lumi-
nosity for S = 1 (right) as a function of the Higgs mass in gluon-fusion production.
The dashed curve considers the entire mass window of the selection. The solid curve is
restricted to the peak regions from Table 3.16.

The resulting significance for the GF production with an integrated luminosity of £ = 30 fb™"
is depicted in the left part of Figure 3.41. Two curves interpolate the four analyzed mass
points. The dashed curve considers the whole mass window of the GF selection. The signif-
icance is below S., = 0.5. Restricting the mass window to the smaller peak regions defined
in Table 3.16 yields the solid curve. The significance increases up to Sci. = 0.8. The mass de-
pendence is mainly caused by the different cross sections and the width of the reconstructed
di-tau mass. As depicted in Figure 3.38, the few remaining events of the heaviest generated
Higgs mass are broadly distributed below the Z° distribution.

The right part of Figure 3.41 gives the luminosity as a function of the Higgs mass, which is
required to observe a significance of S, = 1.0. About 50 fb~! are needed for Higgs masses
of 115 GeV/c? and 125 GeV/c? assuming a constant signal-over-background ratio.

The VBEF process provides a much cleaner signal selection. But the cross section of the ana-
lyzed channel is not large enough to observe events with £ = 30fb™~'. A calculation of the
significance is meaningless.

The obtained result is limited by the statistical uncertainties. Some possibilities to enhance
the event rate are discussed in the following.
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3.9.1. Possible Enhancement

One important factor that limits the selected event rate is the branching fraction of the decay
T — 371% + v¢ of less than 10 %. It enters the signal cross section quadratically

% =o(pp — H°) - B(H® — 1) - B(t = 31* +v,)° . (3.8)

A reasonable way to increase the signal rate is to accept neutral pions in the tau decay. The
efficiency for this decay mode reconstructed by the kinematic fit of three charged pions was
already discussed in Section 2.4.5. Developing a dedicated fit for this additional decay mode
seems feasible. The combined branching fraction B(t — 37+ + v + X) =~ 15 % provides an
increase of the signal of

Uf{7§+X_B(T—>37Ti+VT+X)2N26 (3.9)
o B(t — 37% + ;) o '

An even larger increase will come from events where only one tau lepton decays via T —
37% + v + X. The second tau lepton decays as a hadronic 1-prong, which is illustrated
in Figure 3.42. The 1-prong tau decay cannot be reconstructed completely on its own, but

A ——

primary vertex

secondary vertex

Figure 3.42.: Illustration of the Higgs decay into a tau pair. One tau decays into a 3-prong,
the other one into a 1-prong.

with the assumption of a pt balance between the tau leptons. One has to study if looser
requirements on the 1-prong tau decay still provide a sufficient QCD rejection. The combined
branching ratio of hadronic 1-prong and 3-prong tau decays is about B(7 — had) = 65 %. It
leads to an enhanced cross section c¢hanced, The gain is

HO
O.enhanced )
s [2 B(t = 37" + vr + X) - B(t = had) — B(t = 37~ +v; + X) ] (3.10)
HO

-B(T—>37Ti—|—1/7)_2 ~ 20

The background contribution from Z° decays will increase with the same factor. It will be
the dominant background also for the VBF selection. The di-tau system from VBF is not
balanced in the transversal plane and the reconstruction may fail for this process. If it turns
out to be possible, the signal gain allows for a Higgs identification with a significance of
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more than 5 ¢ in the low mass regime. This value comes from the estimate in the left part of
Figure 3.43. The expected events for signal and background from Table 3.16 are scaled with
the calculated gain of (3.10) assuming a constant signal-over-background ratio.
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Figure 3.43.: Enhanced signal significance S.; with £ = 30 fb™! as a function of the Higgs
boson mass from VBEF (left) and GF (right). The selection accepts 1-prong tau decays
in one hemisphere. A constant signal-to-background ratio with regard to Table 3.16 is
assumed. The dashed curve considers the entire mass window of the selection. The solid
curve is restricted to the peak regions.

In case of the gluon fusion, the tau pair is well balanced and the proposed signal enhance-
ment seems achievable. In contrast to the vector-boson fusion, the sample is dominated by
background. The significance increases due to reduced statistical uncertainties. The right
part of Figure 3.43 gives the resulting significance for the gluon-fusion production. Light
Higgs masses exhibit a significance of more than 3 ¢. This is a conservative estimate as the
discrimination from Z° decays can be improved with a larger sample. Especially the require-
ment on the 2; momentum can be tightened.

An independent way to increase the significance is to improve the mass resolution. In case
of the GF selection, the true Z° mass is broadly distributed over the region of interest while
the width of the Higgs boson is negligible small. An improved resolution allows to collect
the same amount of signal events with less contamination from backgrounds. It has to be
investigated if a correction of the intrinsic resolution discussed in Section 2.4.6.1 is sufficient.
Additionally, a simultaneous fit of both tau decays can exploit the momentum balance to
increase the resolution.
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Summary and Outlook

The existence of Higgs bosons can be studied with the CMS experiment at the LHC. This
thesis prepares a search in the di-tau channel based on Monte Carlo simulations. Light Higgs
masses between 115 GeV/c? and 145 GeV/c? with the predicted cross sections of the Standard
Model are considered. The reconstruction of Higgs bosons in hadronic tau decays relies on
an efficient algorithm to identify the tau decay products within the hadronic environment.

A complete reconstruction of 3-prong tau decays based on a kinematic fit has been devel-
oped. The method’s robustness and the achievable resolution is tested on several different
tau-production processes. Its suppression of fake tau leptons from quark and gluon jets can
be enhanced by quality criteria. A set of loose requirements, which cover a broad range of
physics applications, has been defined. For 3-prong tau decays the efficiency is reasonably
high. The fake rate is reduced by 2 orders of magnitude.

The Higgs boson can be reconstructed from pairs of tau leptons that pass the quality criteria.
The event kinematics of the production processes, vector-boson fusion and gluon fusion, can
be exploited to provide further suppression of backgrounds. The rejection of fake tau jets
from QCD is estimated by a factorized selection. In case of the gluon fusion, the remaining
background is dominated by off-shell Z° bosons that decay into tau pairs. With an integrated
luminosity of 30 fb~! a signal significance of 0.8 ¢ can be achieved. It is limited by statistics.
Higgs bosons produced by vector-boson fusion are accompanied by two quark jets. Their
additional signature and the significant transversal boost of the Higgs boson make a clean
selection possible. Due to the small cross section, an integrated luminosity of about 100 fb™*
has to be collected to establish a signal.

Possible enhancement may come from additional decay modes in the kinematic fit of the tau
lepton. Accepting tau decays with one charged hadron in the final state increases the signal
rate by a factor of 20. The impact on the signal-to-background ratio has to be studied. A
constant ratio is expected, which increases the significance by a factor of 4.

To further enrich the signal from the gluon fusion, the suppression of Z° decays has to
be enhanced. An improved resolution of the di-tau mass directly affects the signal-over-
background ratio. It may be achieved by a simultaneous fit of both tau decays.

The efficiencies and systematic uncertainties derived in this thesis need to be tested with real
data. Especially the determination of the background rates and shapes exceed the precision
of the Monte Carlo simulation.
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Appendix A

Appendix on Kinematic Tau Reconstruction

A.1. Helix Propagation

In an assumed solenoid magnetic field B along the z-direction, the tracks of charged particles
are bend by the Lorentz force:

dpr - 03
ar B =my
= R=ypr/a

R is the radius of the curvature. The index T refers to the transverse component w.r.t. the
orientation of the magnetic field. The factor a depends on the electric charge of the particle g

and the strength of the field. Using the CMS convention, which defines distances in cm

GeV
cm-c”

and momenta in GeV/c, one obtains a ~ —3-1073¢gB

Ya

The equation of motion can be
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Figure A.1.: Propagation of a charged particle in a solenoid magnetic field along the z-
direction.

derived from Figure A.1. A charged particle with momentum py = (pxo, pyo, pz0) defined
at (xo,Yo,20) propagates through the field along the pathlength s = R towards (x,y,z).
The momentum is bend by the angle J not affecting the magnitude of the momentum vector
p = po = |Po|- A projection into the bend plane defines the transverse angle oy = %T =

0 %R = ps, where p = a/p is the signed transverse curvature. Rotating the initial values of
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spatial and momentum components around this angle dr yields the final equations:

Px0

Px = Px0COS PS — pyo Sin ps x:x0+75inps—%(l—cosps)
Py = Px0Sin ps + pyo COS ps y=1yo+ %(1 — cosps) + % sin ps (A1)
Pz = P=z0 Z:ZQ—FP;OS

Combining these equations and eliminating terms containing the angle 1 defines the mo-
mentum transformation depending on the position:

Px pxo —a(y —yo)
p=1| py | =| pyo+alx—xo) ) (A.2)
Pz Pz0

A.2. Vertex Link Significance

The significance of the three-dimensional link between two arbitrary vertices ¢, and 7, is a
measure of the vertex separation with regard to their positional uncertainties. The inaccura-
cies are represented by two 3 x 3-covariance matrices V* and V?. The vertex link @, is simply
defined as

Z_;ab = ﬁb - Z_ja

First of all, the similarity A? of the vertex link @,;, and the combination of the two covariance
matrices is calculated:

A2 =50 (V' + V) G
As the vertex link 7, is not normalized, we have to compensate for this by constructing

A

Oabs = |Z_jub |

The resulting variable o, can be identified as the combined uncertainty of both vertices
in the direction of the vertex link. The unit of o,ps corresponds to a physical length and is
always positive. The vertex link significance ¢ is a dimensionless scalar and can be derived
by relating the absolute uncertainty with the magnitude of the vertex link:

’ 51117 ‘
Tabs

g =

The quantitive value of ¢ is equal to the number of standard deviations, which separate both
vertices. Therefore, a vertex significance equal to zero corresponds to two vertices, which lie
on top of each other. Accordingly, large values of ¢ characterize well separated vertices.
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Appendix on Higgs Boson Reconstruction

B.1. Jet Matching

Reconstructed jet candidates are matched to generated quarks in three steps. First every
reconstructed object is assigned to the closest generator jet in the (77, $)-plane. Jets at gen-
erator level, referred to as gen-jets, are created by the same algorithms that are applied to
the reconstruction. All generated stable particles, except for neutrinos, potentially result in
a gen-jet. Their direction is expected to be closer to the reconstructed jets than directly com-
paring quarks to the reconstruction. As no maximal distance is defined, every reconstructed
jet is assigned to a gen-jet.

The gen-jets store a collection of the contained particles. This collection gives access to the
initial quark or gluon that initiated the decay chain. In a second step duplicate assignments
to the same generator particle are deleted. Only the closest pair in AR is accepted.
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Figure B.1.: Distance in terms of AR = /A¢? + An? between the reconstructed jets and
generated quarks from vector-boson fusion. Jets are reconstructed from calorimetry in-
formation (left) or by the particle-flow reconstruction (right). The plots are zoomed to
show 95 % of the assigned jets.

Figure B.1 depicts the AR distribution of the remaining assignments. The jets are obtained
from a dataset containing quark jets from vector-boson fusion. The expected kinematics
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of this process are described in Section 3.2.4. The jets already passed a soft filter, which
requires a minimum of transversal momentum, pr(jet) > 5GeV. The left curve derives from
a jet reconstruction from calorimetry towers, the right curve considers candidates from the
particle-flow reconstruction. In both cases an iterative-cone algorithm with an annulus of
AR = 0.5 is applied. The calo jets show slightly larger differences to the generated quarks
than the particle-flow jets. In both cases 95 % of the matched pairs satisfy AR < 0.12.

In the third step a maximal separation between the assigned objects is defined. According to
the AR distribution in Figure B.1 a reconstructed jet is regarded as matched if its distance to
the particle at generator level holds

AR(quark, jet) < 0.1 . (B.1)

Signal-like jets from the vector-boson fusion have a preferred pseudorapidity of 7 = £2.5.
In this forward region the maximal distance in the (7, ¢)-plane corresponds to a maximal
angular difference of AG < 1°. In events from vector-boson fusion each of the two quarks
can be unambiguously matched with an efficiency of 87.2 % to calo jets and with 89.6 % to
particle-flow jets. Excluding the reconstruction efficiency yields 93 % (calo jets) and 95 %
(particle-flow jets).

B.2. Basic Kinematic Distributions

This Section contains some distribution of basic kinematic observables. They are referred to
in Chapter 3.
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Figure B.2.: Transversal momentum of tau decays that pass the quality discrimina-
tion. The tau leptons arise from Higgs decays produced by vector-boson fusion (left)
and gluon fusion (right). The distributions are referred to in Section 3.5.1.1 and Sec-
tion 3.5.3.1.
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Figure B.3.: Pseudorapidity of generated tau leptons. The tau leptons arise from Higgs
decays produced by vector-boson fusion (left) and gluon fusion (right). The distributions
are discussed in Section 3.2.3

<\_) O 06 T T LI L L LI L T T 1T 1] Lr) 0 07 4‘ T 1T T 1T T 1T T 1T T 1T T T T T 1T T 1T ‘7
S 008f ] s ]
® r i > ]
[$] = -

[aV} = -
S 0.05 4 g 006 7
-~ L 4 =) L i
) r ] 8 r ]
e I 1 Loosf =
3 004 4 - ]
o L ] L ]
- L 1 0.04— -
0.03[ N - ]
r 1 0.03 1~ =
0.02 ] L ]
r ] 0.02 .
0.01 7 0.01} .

0 | ‘ J | ‘ L1l ‘ L1l ‘ | ‘ | ‘ Ll \7 0 ‘ [ ‘ [ ‘ [ ‘ [ [ ‘ . ‘ [ ‘ [ ‘

0 1 2 3 4 5 6 7 -8 -6 -4 -2 0 2 4 6 8
P, / GeV/c n

(a) Transversal momentum. (b) Pseudorapidity.

Figure B.4.: Basic kinematics of the generated Z° boson, which are discussed in Sec-
tion 3.2.5.
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