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1 Motivation

The Standard Model of particle physics describes interactions between particles which
are considered to be the elemental constituents of the (visible) matter in the universe.
One important sector of the Standard Model is the electroweak sector with the gauge
bosons γ, W± and Z0.

Todays electroweak theory is the result of the unification of electromagnetic in-
teractions with the weak interaction. Before the unification by Glashow, Salam and
Weinberg in 1961, there were two distinct types of interactions: The electromagnetic
interaction mediated by the photon (γ) - which is not only well known in high en-
ergy physics, but also in low energy physics - and the weak interaction, first known
from the decay of heavy nuclei through charged currents. Before the electroweak
unification the weak interaction was described by the Fermi theory, assuming a point
interaction and later by the V-A-theory including the parity violation observed for ex-
ample in the Wu-experiment in 1956 [13]. The theoretical structure of the electroweak
interaction is SU(2)L × U(1)Y yielding four fields called W1,W2,W3 and B. How-
ever, these fields emerging from demanding gauge invariance under SU(2)L×U(1)Y
transformations are not the physically observable fields, which are given by linear
combinations of the theoretical fields: W1 and W2 are combined to the two orthogonal
fields W± = 1√

2
(W1 ∓ iW2), representing the charged currents in the electroweak

theory. W3 and B form the photon field A = B cos θW + W3 sin θW , where θW
is the so called weak mixing angle or Weinberg angle. After identifying W± and
A as the known physical fields, we are left with a fourth orthogonal combination
Z = −B sin θW + W3 cos θW predicting a new gauge boson called Z0. While the
photon couples only to the the electric charge, the W± and Z0 also couple to electri-
cally neutral particles such as neutrinos. First evidence for the existence of a weak,
neutral current was found at CERN in 1973 in bubble chamber experiments through
νµe scattering [14].

Around 1965 the Higgs, Brout, Engler and others added the BEH-mechanism to
the theory giving W± and Z0 bosons a mass while leaving the photon massless, in
consistency with experimental measurements. The BEH-mechanism introduces a new
particle, known as the Higgs particle discovered in 2012 at the Large Hadron Collider
(LHC) by the ATLAS and CMS experiments [15], [16]. The discovery of the Higgs
boson and the measurement of its mass allows for the first time to overconstrain the
electroweak theory and test its validity.

Some of the basic relations between the parameters of the electroweak modell are at
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1 Motivation

Born level:
e = g sin θW = g′ cos θW , mW = mZ cos θW ,

GF =

√
2g2

8m2
W

, α =
e2

4π
,

mH = v
√

2λ =

√
8λmW

g

(1.1)

where g and g′ are the coupling strengths of fermions to the SU(2)L and the U(1)Y
part of the electroweak theory respectively. GF is the Fermi constant, mW , mZ and
mH are the masses of the W±, Z0 and Higgs bosons. The relations in eq. (1.1)
allow to choose four independent parameters and thereby fixing all others. A usual
choice is GF , sin θW ,mW and mH . Higher orders in pertubation theory give rise to
additional relations. Examples for higher order corrections to the mass of theW boson
are shown in fig. 1.1. While the Higgs loop correction to the mass of the W boson is
∼ logmH/mW , the correction due to the quark loops is ∼ (mu −md)

2, where mu/d

is the mass of the quarks in the loop, making the tb̄ loop the dominating one of the
quark loop corrections.

Figure 1.1: Feynman diagrams showing loop corrections to the mass of the W boson. While the di-
agram with the Higgs boson results in a contribution ∼ logmH/mW , the quark loop
results in a correction ∼ ∆m2, where ∆m is the mass difference of the quarks involved
and therefor dominated by the term ∼ (mt −mb)

2

Before the discovery of a new particle in 2012, which is now considered a Higgs
boson, precise measurements of the masses of the W boson and the top quark allowed
to impose constraints on the mass of a Standard Model Higgs boson, excluding mass
regions which had not been excluded yet by direct searches (c.f. fig. 1.2).
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Figure 1.2: mW and mt measurement results with exclusions on mH from direct searches (from ref.
[1])
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2 Template Method

Collider experiments usually do not allow for direct calculation of theoretical parame-
ters from the measured data. The template method allows to measure parameters using
event simulations for a finite number of assumed parameter values without limiting the
possible results to values used in the simulations. Given a physics parameterm is to be
measured, using theoretical predictions one produces distributions in some observable
d (for example transverse momentum pT , transverse mass mT or missing transverse
energy Emiss

T ) for different values of m each. In the next step an arbitrary function f
with parameters pj is fitted to the simulated distributions in the (m, d)-plane, determin-
ing values for the parameters pj . This function is then used to determine the physics
parameter m by fitting the obtained function to distributions in d obtained from data,
fixing the pj to the values extracted from the fit to simulations and allowing m to be
varied. An example for simulations using diffrent mt values is shown in fig. 2.1

Figure 2.1: Example for simulated distributions for the template method (from ref. [4])
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3 Mass of the W Boson

W bosons are produced at hadron colliders mainly through qq̄′ → W + X , where
X represents hadronic recoil and gluon initial state radiation (ISR). For precise mea-
surements the decay channel W → `ν is used, where the lepton ` is restricted to
be an electron or muon, resulting in a branching ratio of ≈ 22%. The exclusion of
tau leptons is due to the fact that tau leptons decay within the detector producing one
(τ → ντ + qq̄′) or two additional neutrinos (τ → ντ + ν̄``) preventing a precise
measurement. In addition the hadronically decaying τ leptons are hard to distinguish
from other hadronic activity in the detector (e.g. underlying event). In order to be as
independent as possible from theoretical models, the analyses presented in the follow-
ing measure mW using kinematic distributions: The template method is applied using
distributions in p`T ,mT and Emiss

T :

p`T = p` cos θ

mT =
√

2p`T p
ν
T (1− cos ∆φ)

Emiss
T =

∣∣∣∣∣∣
∑

i∈event
~piT

∣∣∣∣∣∣ = pνT

3.1 Measurement at the D0 Detector (2012)

The mass of the W boson was measured at the D0 detector using 4.3 fb−1 of
√
s =

1.96 TeV data recorded at the Tevatron collider at Fermi National Accelerator Labo-
ratory (Fermilab) [1]. For the analysis only the W → eν decay channel was used.

In order to achieve a high precision measurement, a precise calibration of the elec-
tromagnetic and hadronic calorimeter is required. To this end, the precisely known
mass of the Z boson mZ = 91 188 ± 2 MeV [3] is used. For the electromagnetic
calorimeter it is assumed that the measured energy Emeas is given by

Emeas = αEtrue + β.

The values for α and β are determined through fits to Z → ee events in the invariant
mass mee, the electron energy Ee and electron angular distributions. The hadronic
calorimeter is then calibrated using ηimb the projection of ~peeT +~uT onto the axis parallel
to ~e`1 + ~e`2 . ~uT is the (transverse) vectorial sum over all energy deposits except for
~peeT . A comparison of data and simulation of the dielectron invariant mass spectrum is
shown in fig. 3.1.

For the W → eν event selection the requirements peT > 25 GeV, Emiss
T > 25 GeV

as well as uT < 15 GeV and mT ∈ (50, 200) GeV are imposed, demanding sig-
nificant transverse momentum of the electron (peT ) and the neutrino (Emiss

T ), small
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3 Mass of the W Boson

Figure 3.1: Comparison of data and simulation of the dielectron invariant mass spectrum at the D0
detector (from [1])

hadronic recoil (uT ) and a reasonable transverse mass for a W boson decaying in the
transverse plane. The distributions of data and the fitted theoretical predictions in mT

and peT are shown in fig. 3.2. In addition the template method was also used for distri-
butions in Emiss

T , however this part of the analysis does not contribute to the combined
result. The combined result is

mW,D0 = 80.367± 0.013(stat.)± 0.022(syst.) GeV

This resulting uncertainty is clearly dominated by systematic uncertainties. A list of

Figure 3.2: Data and template fit for mT and peT distributions in W → eν events at the D0 detector
(from [1])

the contributions to the systematic uncertainty is shown in fig. 3.3. The most important
contributions are the calibration of the electron energy and for the Emiss

T analysis also
the modelling of the hadronic recoil on the experimental side and uncertainties on the
parton density functions on the theoretical side.
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3.2 Measurement at the CDF Detector (2013)

Figure 3.3: List of systematic uncertainties in the measurement of the mass of the W boson at D0. The
leading contributions have been highlighted (from [1])

3.2 Measurement at the CDF Detector (2013)

The second detector at the Tevatron collider that measured the mass of the W boson is
the Collider Detector Fermilab (CDF). In the referenced analysis compared to D0 only
data corresponding to an intergrated luminosity of 2.2 fb−1 at

√
s = 1.96 TeV has

been used. In contrast to the D0 analysis the CDF analysis also includes the W → µν
decay channel.

The momentum scale of the detector was calibrated using the well known reso-
nances J/ψ and Υ, decaying into two muons. The calibration was achieved through
a comparison of simulations with data. An energy scale calibration was extracted by
means of a likelihood fit to the peak in the E/p distribution in Z → ee decays.

The kinematic variables used in the CDF analysis are essentially the same variables
as in the D0 analysis. As an example the mT distribution in the W → µν channel is
shown in fig. 3.4

Figure 3.4: mT distribution for the W → µν channel at the CDF detector. The arrows indicate the
range used for the fit to data in the template method, the shaded area is the background
contribution extracted from the fit. (from [2])
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3 Mass of the W Boson

The CDF analysis achieves smaller systematic uncertainties for the lepton energy
scale, however the systematic uncertainties from hadronic recoil and PDFs are similar
to the D0 analysis. A list of sources of systematic uncertainties for the mT fit is shown
in fig. 3.5. The systematic uncertainty of the combined result is therefor comparable
to the statistic uncertainty

mW,CDF = 80.387± 0.012(stat.)± 0.015(syst.) GeV

Taking correlations between different experiments into account, the world average,

Figure 3.5: Systematic uncertainties in the CDF mT based analysis (from [2])

including earlier measurements at Tevatron and at LEP, is

mW = 80.385± 0.015 GeV

Figure 3.6: Comparison of different results for mW with combined values for Tevatron and world
average (from [3])
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4 Mass of the Top Quark

Top quarks are the only quarks known with a life time below the time scale for hadroniza-
tion. This makes top quarks the only quarks whose mass can be measured at collider
experiments in an unconfined state (i.e. before hadronization). The dominant decay
channel of top quarks is t → bW , where the analyses of tt̄ events are usually sub-
divided depending on the decay mode of the W bosons. The leptonic decay of both
W bosons WW → `ν`′ν ′ (dilep) occurs with a branching ratio of about 4% (again
excluding the decay to τ leptons), the semileptonic decay WW → `νqq̄′ (lep+jets)
features a branching ratio of about 29% and the third decay channel used for analyses
where bothW bosons decay hadronically (all jets) has a branching ratio of about 45%.
The most important step in the event selection is the so called b-tagging, assigning a
tag to jets originating from a b quark in t → bW decays. For the ATLAS detector
this is accomplished with a neural network exploiting the topology of the t decay. The
working point is chosen at an efficiency of 70% for the tagging of b-jets, yielding a
mistagging rate of about 1 in 130 light quark jets.

4.1 Analysis in the Dilepton Channel at ATLAS

The analysis presented in ref. [4] uses data corresponding to 4.7 fb−1 of
√
s = 7 TeV

collisions recorded by the ATLAS detector at the LHC. The event selection requires
exactly 2 b-tagged jets, high Emiss

T , exactly 2 oppositely charged leptons and at least
two jets in the central detector region, each with pT > 25 GeV. This strict event
selection strongly suppresses the main backgrounds originating from Z → `+`− and
associated (single) top production (see fig. 4.1)

Figure 4.1: Leading order Feynman diagrams for the associated production of a t quark and a W
boson (from ref. [12])

To determine the mass of the top quark, the template method is used with a kinematic
variable called m`b which is defined as follows: For each event there are two possible
combinations to match a lepton to a b-jet, each combination allowing to calculate two
invariant masses, the invariant mass of the matched lepton and b-jet system as well as
the invariant mass of the remaining ` + b-jet cobination. For each combination the
average of the two invariant masses is calculated, defining m`b as the lower one of the
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4 Mass of the Top Quark

resulting two averaged invariant masses. The simulated event distribution in m`b is
shown in fig. 2.1 for different assumptions of mt. The fit to data is shown in fig. 4.2,
resulting in

mt,dilep = 173.09± 0.64(stat.) GeV

with the quoted uncertainty being the statistical uncertainty obtained from the fit.
Leading systematic uncertainties originate from the modelling of hadronization and
underlying event on the theoretical side and from (b-)jet energy scale as well as b-
tagging on the experimental side, leading to a systematic uncertainty of 1.5 GeV.

Figure 4.2: Template fit to data in the ATLAS dilep analysis for the mass of the top quark (from ref.
[4])

4.2 Analysis in the Lep+Jets Channel at ATLAS

The lep+jets decay channel of a tt̄ pair features advantages compared to the other de-
cay channels, making it the most precise channel for the measurement of the mass of
the top quark. In contrast to the dilep channel it allows for full reconstruction, since
only one neutrino is involved1. This allows to actually reconstruct an invariant mass of
possible top quark systems. The all jets channel imposes difficulties in terms of combi-
natorics: While the lep+jets channel only has two independent matching combinations
(if exactly four jets are present, assign either of the b-jets to the two light jets originat-
ing from the hadronically decaying W boson), the all jets channel produces four jets
from light quarks where any combination of two light quarks jets can be matched to
one of the b-jets.

The ATLAS analysis presented in ref. [5] uses data corresponding to 1.04 fb−1 of√
s = 7 TeV colissions. The event selection requires two b-tagged jets, at least least

four jets in the central detector region, each with pT > 25 GeV as well as exactly one

1In case there is only one neutrino involved in the event its transverse momentum can be assumed to
be the missing transverse momentum. If one assumes furthermore that the W boson from which the
neutrino originated was on-shell, i.e. fulfilling E2 = p2 +m2

W , even the longitudinal momentum of
the neutrino can be (roughly) reconstructed.
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4.2 Analysis in the Lep+Jets Channel at ATLAS

lepton and Emiss
T > 20 GeV2. The analysis is subdivided into two subanalyses using

different analysis methods.

4.2.1 1D-Analysis

The 1d-analysis applies the template method in one dimension (i.e. as presented in
section 2). The variable used is

R32 =
mreco

top

mreco
W

wheremreco
i is the reconstructed invariant mass of the hadronically decaying top quark

and the correspondingW boson respectively. Using such a ratio leads to a (partial) can-
cellation of uncertainties of energy scales. For the matching of the two light quark jets
to a b-tagged jet a likelihood fit is performed for each event using the event kinematics,
choosing the combination with the highest likelihood to calculate R32. The likelihood
used is a product of transfer functions of energy deposits and momenta associated with
the event, Breit-Wigner functions for the reconstructed W and t candidates as well as
a weight introducing information from the b-tagging. The otained distribution together
with the theoretical prediction is shown in fig. 4.3

Figure 4.3: R32 distribution of data and simulation in the ATLAS 1d-analysis of lep+jets channel (from
[5])

4.2.2 2D-Analysis

The 2d-analysis also uses the template method to measure the mass of the top quark,
however instead of using a distribution in one variable, the analysis uses the event dis-
tribution in the (mreco

top ,m
reco
W )-plane. The (hadronic) top quark candidate is chosen

from the set of b + two light jet triplets by selecting the one with the highest trans-
verse momentum, with the restriction that the invariant mass of the light jet system is
between 50−110 GeV. The free fit parameters in the template fit aremt, JSF (jet en-
ergy scale factor) as well as nbkg (number of background events). Instead of reducing

2The exact event requirements are slightly different for the cases where the lepton is an electron or a
muon as well as for the different subanalyses. The full event requirements are listed in ref. [5]
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4 Mass of the Top Quark

the impact of the systematic uncertainty due to jet energy scaling as in the 1d-analysis,
the jet energy scaling is performed in situ. Thereby the 2d-analysis reduces the sys-
tematic uncertainty at the cost of increasing the statistic uncertainty due to the lower
number of events in each bin in the (mreco

top ,m
reco
W )-plane (compared to bins in R32).

The results of the subanalyses are

mt,1d = 174.4± 0.9(stat.)± 2.5(syst.) Gev mt,2d = 174.5± 0.6(stat.)± 2.3(syst.) GeV

The correlation between these two results is quoted in ref. [5] to be below 50% due
to different jet triplet selection and estimators for mtop. A breakdown of uncertainties
is shown in fig. 4.4, the combined result does not contain contributions from the 1d-
analysis. Hence the result fo the 2d-analysis is quoted as the final result.

Figure 4.4: Breakdown of uncertainties in the ATLAS lep+jets analysis. A correlation quoted as (1)
means full correlation between the analyses for each lepton channel, but no correlation
between different lepton channels. (from [5])

A comparison of results from different experiments and analysis channels is shown
in fig. 4.5, showing good consistency between the different results.

12



4.2 Analysis in the Lep+Jets Channel at ATLAS

Figure 4.5: Comparison of mt measurements and analysis channels. (from [7])
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5 Test of the Standard Model

In order to test the consistency of the electroweak sector of the Standard Model a global
fit has been performed in ref. [9], assuming that the boson found around 125 GeV at
the LHC in 2012 is the Standard Model Higgs boson. A comparison of the mt fit
with experimental results is shown in fig. 5.1. The fit included 19 parameters out of
which five were freely varying leading to 14 degrees of freedom. In order to obtain
a measure for the consistency of the Standard Model, the χ2 of the fit is compared
to a χ2 distribution for 14 degrees of freedom shown in fig. 5.2. In order to validate
the assumption of a χ2 distribution, a set of toy analyses is constructed by allowing
the experimental results to vary within their uncertainties. The resulting probability
(p-value) for the Standard Model describing the physical processes correctly is around
8% depending on whether theoretical uncertainties are included or not.

Figure 5.1: ∆χ2 of the electroweak fit as a function of mt with experimental results for comparison
(from [9])

While the motivation for precise measurements of mW and mt before the discovery
of the Higgs boson was mainly to find exclusions onmH , the focus has since changed:
In fig. 5.3 the predicted mW values as a function of mt are shown for the particle
around 125 GeV being the Standard Model Higgs boson or a (heavy, CP even) Higgs
boson in a MSSM. As can clearly be seen from the plot, it is not yet possible to exclude
any of the two possibilities. The experimental uncertainties of both mt and mW are
dominated by systematic uncertainties. Despite the absolute uncertainty of mt being
by far larger than the uncertainty of mW , for an exclusion of either of the two theories
an improvement in the mW accuracy is required. Due to the limitation by systematic
uncertainties this imposes a huge challenge for future experiments and analyses.
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Figure 5.2: χ2 distribution for 14 degrees of freedom together with the probability for encountering a
χ2 value larger than a certain value and toy analyses validating the assumption of a χ2

distribution

Figure 5.3: Comparison of regions for mW and mt in case of one Standard Modell (SM) Higgs boson
and in case of the Higgs boson being one of the Higgs bosons in a minimal super symetric
model (MSSM). The width of the MSSM band is due to additional parameters in the MSSM
(from [11])
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