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Abstract

In this experiment, we use ATLAS data, in order to determine the W= boson mass.
The experiment is carried out on two days.

On the first day, we use the event display of the program ATLANTIS in order
to identify different events in the detector. Here, we also looked at electron events
specifically and determined their energy-over-momentum ratio as well as photon
events to determine the conversion probability. Furthermore, we calibrated the
electromagnetic calorimeter with data from the process Z° — e~e*.

On the second day, we used simulated data and ATLAS data in order to determine
a gauge curve and the W boson mass, using the Jacobi peak method in the trans-

verse momentum spectrum of the electron by looking at the decay W+ — e+ (13)6.




Chapter 1. Theory

1 Theory

If not mentioned explicitly, the theory is based on the references [1] and [2].

1.1 Elementary Particles and the Standard Model

As far as we understand nowadays, most of the physics in our universe can be de-
scribed with the help of a few elementary particles, collected in the so-called standard
model, whose content is depicted in figure 1.1. Note here, that the gravitation is
not taken into account because it is weak compared to the other forces. One easily
verifies, that these elementary particles can be separated into fermions with spin %
and bosons with spin 1. The fermionic part is made up out of quarks and leptons —
also referred to as the matter content — whereas the bosonic part is made up out of
the vector bosons, mediating the electromagnetic-, weak-, and strong force between
the particles and the higgs boson. As indicated in the figure, there exists an anti-
particle for each particle, having the same mass but carrying the opposite charge.
The whole theory is consistent only as a field theory of quanta, i.e. a quantum field

theory.

Interactions in quantum field theories often rely on the principle of local gauge
invariance. One promotes a global gauge symmetry of the Lagrangian to a local
one and demands invariance, which in turn gives rise to the need of introducing
gauge bosons. The gauge bosons couple to matter in (non-&)abelian-gauge theories
and additionally to other gauge bosons in non-abelian gauge theories. Abelian and
non-abelian refers to the underlying symmetry group and its generators here.

For the standard model, one chooses the most convenient and successful choice
of an electroweak unifying theory, SU(3)c x SU(2)L, x U(1)y, where ‘C’ refers to
color, ‘L’ to left-handed, ‘Y’ to the hypercharge. The first group then implies the
existence of eight gluons and a coupling to particles carrying color, while the second
group implies the existence of three gauge bosons (W*, W° W~) and a coupling to

particles carrying weak charge. The third group gives rise to one gauge boson B
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Figure 1.1.: The matter and gauge content of the Standard Model. (Code created
in TikZ by Carsten Burgard, taken from [3], slightly edited for our
purpose).

yl4 \
that couples via the hypercharge Y’ :‘jQ — I3,Jwhere @) is the charge and I3 the third
component of the weak isospin. The particles are here assumed to be written down

as doublets or singlets under SU(2), e.g.

Ve U

e~ d
L L

or

el?_{a UR, dR

respectively for the first generation. The color-indices are suppressed, as obviously,
the quarks would consist of three different color-states. Note here, that right-handed
neutrinos do not exist in the standard model and ‘have to be’ included via an
extension as so-called physics beyond the standard model.

For reasons of consistency to experiments, the physical photon and Z° have to
be a superposition of B and W respectively, defining the Weinberg angle  as the
mixing angle for these. The gluons, as well as the W+ and W~ are consistent with
the physically observed bosons. Furthermore, the SU(3)q x SU(2)L, x U(1)y gauge
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group introduces three different couplings into the theory, which, after performing
the change of basis indicated above, represent the electric charge e as the coupling
constant of QED, the weak coupling and the strong coupling. With the help of the
formalism of quantum field theory, one can show that the coupling of QED increases
(decreases) with increasing (decreasing) momenta, while the strong coupling con-
stant increases (decreases) with decreasing (increasing) momenta. This leads to the
phenomenon of asymptotic freedom, stating that quarks behave like free particles
for large probed energies, while they only appear in colorless bound states, being
referred to as confinement. These color-neutral hadrons divide into mesons (¢g) and
baryons (gqq) and form so-called jets when they are emitted as bundles in scatter

or decay processes.

« Up to this point, the gauge bosons are massless. A mass term for these would
violate the gauge symmetry and is thus forbidden. Instead, one generates masses
via the higgs mechanism. The group SU(2);, x U(1)y is spontaneously broken to
U(1)em with the help of a complex higgs doublet (h*, h°) that acquires its vacuum
expectation value, e.g. (0,v). Note here that the four degrees of freedom from the
initial higgs doublet are reduced to one and those three missing degrees of freedom
are absorbed by three of the former massless gauge bosons — massive particles have
an additional longitudinal polarization in contrast to massless ones. Consistent with
Goldstone’s theorem, we get one massless gauge boson which we identify with the
photon and three massive, the (W*, W) and Z° Some important properties as
well as branching ratios of the Z° and W~ boson are collected in table 1.1 and table

1.2 respectively.

Property Z° boson W~ boson
electric charge [e] 0 -1
spin [A] i 1
decay width Ty [GeV] 2.495 + 0.002 2.141 + 0.041
mass [GeV] 91.1876 + 0.0021 80.403 £ 0.029

Table 1.1.: Properties of the Z° and W~ boson. The properties of the W+ boson
are identical to the W~ properties except for an opposite charge. Taken
from [1].

Masses for fermions can be introduced via Yukawa couplings, which couple the
higgs doublet to the fermions and give rise to mass terms after having the higgs

doublet acquire its vacuum expectation value.
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ZY boson W™ boson
decay BR [%] decay BR [%)]
e"et 3.363 4+ 0.004 € Ve 10.75£0.13
T 3.366 £ 0.007 [Ty 10.57 £ 0.15
R 3.370 £ 0.008 Ty 11.25 +0.20

jets 69.91 + 0.060 jets 67.60 £ 0.27
neutrinos 20.00 £ 0.060

Table 1.2.: The branching ratios of Z° and W~ bosons, taken from [1]. The W+
boson has the same branching ratios as the W~.

This is of course only a short summary and presumes that the reader has some
basic knowledge of those concepts. For more details, we can recommend the sum-
mary in [4, p. 161 et sqq.] on which this recap is partly based on. For a deeper

understanding of quantum field theory, we refer to [5].

1.2 Relativistic Kinematics

FEinstein’s equation gives a relation between energy and mass in the form
B =me,

A particle moving with the velocity v has the energy and momentum

E = ymc? and P=ymo,

where
1 v
1= —— and. =2

One also finds the relations

LD _ |l
= and ﬁ—E.

Transformations from one coordinate system to another are described by Lorentz

transformations.
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1.3 Luminosity

Having obtained the experimentally observed event rates for a process, one is in-
terested in calculating the cross section ¢. This can be done with the help of the
so-called luminosity L, which in turn only depends on the settings of the scattering

experiment and can be obtained by simultaneousl W&Wf another

process with known crosgmsectlon For the event rate dn/dt¢, we then have
(e, but 35 T
/2\):1"“ W dp‘j\ ‘ka/?\ (jl_n:o-.L’
Lie. :

or equivalently
0= / Ldt (1.1)

with the integrated luminosity £ = [ L dt.

1.4 LHC and the ATLAS Experiment

The Large Hadron Collider (LHC) is a circular proton-proton accelerator at the
CERN in Switzerland, where the protons originate from a hydrogen source and
(ﬂ.. —reach energies”‘gf\gwwwggﬁ@@mn. The LHC is installed 100m
‘(Jv;‘t e \>  below ground in the old tunnel of the LEP accelerator. After being injected and
WU{( “\\MV'WZ)S further accelerated in the LHC ring, the proton beams are supposed to reach energies
s - of 7TeV. Two of those beams then collide in a head-on collision at a so-called
AT(AS 18 & belng W (experlment) (A Tor01dal LHC ApparatuS). The energy
Y dete ilii}‘? ,in the center-of-mass frame is then Eqy = /s = 14 TeV. Other experiments at the
w@\b&d v / mentioned interaction points are called ALICE, CMS and LHC-b.
wherochoy

pi M 4_ ‘“C\;"% 1.4.1 Detector Components

PA | ‘ A

Modern detector systems usually use combinations of _drift chambers — to monitor
TN N

the track and to measure the momentum of charged partlcles — and calorimeters,

measuring the energy of charged and neutral particles.

The functionality of drift chambers is based on proportional counters, that is gas-
filled volumes with positively charged wires. An electron liberated by ionization of
an incoming charged particle will drift towards the wire. Due to the gain of energy

in the electric field, an avalanche of electrons and ions will be created, leading to a

o Aol
&W@ﬂx V7 Réz\ju{ A0
K-_k,:’\: '{L»L}{\J e.f.:‘.\ »
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signal on the wire. Using multi-wire proportional counters and assuming a constant
drift time, the trajectory of charged particles can be reconstructed by measuring the
time difference between entry of the particle and response of the specific wire. Ap-
plying a magnetic field, the particles momentum can be measured from the curvature
of the trajectory due to the Lorentz force.

In calorimeters, incoming particles deposit their energy via electromagnetic and
strong interactions, leading to particle showers producing a proportional signal.
They are often constructed in alternating layers of dense absorbers and active de-
tection devices like scintillators.

Electrons passing matter create a shower by the combined effects of bremsstrahlung
and pair production. Incoming or produced photons also lose their energy by Compton
scattering. Reaching a critical energy, where the energy loss by bremsstahlung is
equal to ionization, the shower stops. The radiotion length X, is an important
characteristic of these showers. It describes the mean distance where the incoming
electron only has 1/ e of its initial energy.

Incoming hadrons produce showers by inelastic nucleon collisions until the shower
hadrons are absorbed. The length of the shower is characterized by the nuclear
absorption length Ao, where the number of non-interacting hadrons is reduced to
1/e. The nuclear absorption length is much larger than Xj.

For the purpose of a better identification, detectors consist of an electromagnetic
calorimeter (ECAL) and thicker hadronic calorimeter (HCAL), guaranteeing that

the hadron’s energy is completely absorbed.

1.4.2 Particle Identification

For the identification of the produced particles, the different detector systems are
used.

Electrons (and positrons) can be observed in the tracking system and deposit their
energy completely in the ECAL. Photons can not be tracked but are also completely
absorbed in the FCAL. Hadrons only leave a small fraction of their energy in the
ECAL and form wide clusters in the HCAL. —* Atd hi@a L”: ﬁ‘pﬁm i X;*i«*e: (‘2{‘14&( &

Muons can be tracked, but do not form electromagnetic showers du to their

high mass. Therefore, they have to be detected in muon chambers, outside of the
calorimeters. Tauons decay either via 7+ — [+ (D)l (;)T or into hadrons and a neutrino

before leaving the beam pipe. The number_of hadronic j

ts is small here and thus
e
‘du W wweow

Bottom quarks have a long lifetime and form regular jets.7B hadrons (hadrons
AN

o

-

th ibility to identify the t [t 7
gws& Uity 01%6 auon, i}\,w.g,{

&

10
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containing bottom quarks) decay inside the beam pipe, such that the innermost
detector has to be adjusted for the identification., Top quarks decay into Wb
P U Sy e WS I i
before they can form a jet and can thus be identified by three jets or one jet and a
pair of lepton and neutrino.
Neutrinos only interact weakly and can not be detected directly. Here, the missing

transverse momentum is used. %’Qw‘ 0 ijl OL'Q{%\N\&&( DWLd Nﬂ@ul&%’%&d?

1.4.3 The ATLAS-Detector

sters

\ // i \\ y end-cap and
\ / o ! N\ forward calormeters

/ ¥ Pixel detector

: v i

i |

" Toroid magnets / 1 LAY glectromagnetic calonmetars

Muon chambsars Soleroid magnet | Transition radiation tracker

Semiconductor tracker

Figure 1.2.: Structure of the ATLAS-detector. Taken from http://science.
sciencemag.org/content/338/6114/1576. For the coordinate system,

see https://wiki.physik.uzh.ch/cms/latex:example_spherical_
coordinates.

The schematic structure of the ATLAS-detector is shown in figure 1.2. In the
following, the important layers are described from inner, surrounding the collision

point, to outermost.

The pizel,detector is a silicon pixel det ctor; designed to give information on the
) Q!de - wk ’gﬁmﬁmm,‘ué wciueg o .
primary mberaettons, especially on hadrons containing b-quarks. It is surrounded by
the semi-conductor tracker, consisting of silicon microstrips, followed by the trans-
ttton radiation detector, which is a d ift ghqﬁmber system measuring the particle’s
momenta and reconstructing the tracés.{\;l éi“s inner detector is enclosed by a solen-
oid, producing a magnetic field of 2 T parallel to the beam axis for the inner detector.
This is followed by the calorimeter system, starting with a presampler helping to
distinguish between single photons and photon pairs from 7° decays. Since muons
pass through the subsequent ECAL and HCAL, a muon chamber detects produced
muons.

11
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The coordinate system is defined as in ﬁgure 1.2. Instead of the polar angle 6,

one often uses the pseudo-rapidity . _. W(Ua /

e 0

1.5 The Parton Model and Hadronic Collisions

High-energetic proton-proton collisions can be explained by the so-called parton
model. In this model, the colliding particles consist of partons (quarks, antiquarks
or gluons) and the interaction between hadrons at high energies are explained by
inelastic reactions (called hard scattering reactions or hard events) between two
partons. The remaining partons move nearly unaffected and form the rest of the
event.

While naively, the proton consists of the so-called wvalence quarks ‘wud’ — each
carrying a third of the proton’s momentum — one also finds gluons inside the proton,
carrying a large fraction of the momentum. These gluons might split up into ¢ pairs,
making up the so-called sea quarks. The parton distribution function (PDF) of a
parton describes the fraction of the proton’s momentum carried by the respective
parton and has to be measured in experiments. A rule of thumb is the observation,
that about 1/6 of the total momentum is carried by the valence quarks.

In the following, we shall consider the hard scattering reaction ¢§ — gg with two

produced jets as an example (following [1]). The posmble Feynmap graphs of the

‘ reaction can be seen in figure 1.3. . %97 WU ‘{} v mn helevond "ﬁ“‘&%ﬁ
q
d q g
g
q q g

Figure 1.3.: Feynman graphs for the hard scattering process ¢ — gg, following [1].

As can be seen in figure 1.3, the quark of one proton interacts with an antiquark of
the other proton, where the antiquark is created from a gluon radiated off from a
quark. We will discuss this in detail for the Drell-Yan process in the next section.

For now, let us assume that the two partons taking part in the hard reaction carry

12
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the momentum fractions z4 and zp before the reaction. The four-momenta then
take the form

Ebeam *TA Ebeam TR
0 0
pa= and pPB =
0 0
Ebeam *Ta —Ebeam TR

1.5.1 The Drell-Yan Process

The Drell-Yan process is an example of a hard reaction not based on QCD but
QED. The Feynman graph is depicted in figure 1.4 and shows how a lepton pair is

produced by the fusion of a quark-antiquark pair. Here, it also becomes clear, how

VY

} Proton-Rest

p
=
o

p : Proton-Rest

Figure 1.4.: Feynman diagram for the Drell-Yan process pp — e"et, created in TikZ
following [1].

the antiquark is being created from the gluon-radiated off from one of the quarks.
Analogously, there also exists a weak Drell-Yan process with a gauge boson of the

weak interaction instead of the virtual photon.

1.6 Heavy Gauge Bosons

1.6.1 Heavy Gauge Boson at ATLAS

At the LHC, the heavy gauge bosons W* and Z° are produced by the interactions
shown in figure 1.5, where the left process is the most important one, the so-called

weak Drell-Yan-process. The gauge bosons mainly decay hadronically, which can not

13
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be distuinguished from QCD background at ATLAS. For the Z° boson, the channels
Z° - e"et and Z° — put arg well reconstructable and the ¢~e* channel will be
2R AN e ol efed meeyiuemont2

used for the calibration of the dgt\eyctor inlthis experiment.
Furthermore, the I/Vi boson can decay into a pair of lepton and neutrino. This
channel will be used to determine the W¥ mass. The indirect detection of neutrinos

will be discussed in the next section.

q W/Z ¢ W/z

<

W/Z
q q g g q

Figure 1.5.: Possible heavy gauge boson productions at LHC.

1.6.2 Indirect Evidence of Neutrinos

Since neutrinos only interact weakly, they can only be detected indirectly. Here, one
makes use of the fact that the total transverse momentum (in the zy-plane) is zero.
Thus, a non-zero total transverse momentum is an evidence for a weakly interacting

particle. If there is exactly one neutrino in the event, its transverse momentum is

D i

In general, the missing transverse energy Er is defined as

given by

Br=-> Fsinb 7, (1.4)

where E' is the i-th energy entry in the calorimeter with the polar angle ¢; and 7; |

the unit vector pointing towards the energy entry in the zy-plane. /

1.6.3 Jacobi Peak

To measure the W* boson mass, the Jacobi peak in the transverse momentum

distribution of the electron — produced by W+ — ei<13)e — is used. In the W+

14
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Figure 1.6.: The Jacobi Peak of the W boson. Taken from [6].

boson’s rest frame, the distribution of the electron’s transverse momentum is given
by
do do  2pr 1

buagiss *M N
dpr  dcosf* My, %Mlgv_p%’

(1.5)

where 6% is in reference to the incoming parton’s axis. Since the transverse mo-
mentum is not affected by boosts in the beam direction, its distribution in the lab
frame will only differ by do/dcos@*. Therefore, a pole at pr = My /2 can be
observed, the so-called Jacobi peak. This peak gets smeared by the W* boson’s
transverse momentum, its decay width and the detector resolution. This can be

seen in figure 1.6.

15
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1.7 Preliminary Tasks

7.2.2.A Which value does the momentum of an electron have in the decay of a Z°
boson Z° — e~e*, if the Z° is at rest?
Looking at the decay Z° — e~e™ in the rest frame of the Z° boson, we find the

four-momenta

My, P% + m2 %+ m32

e (<]

Pz = P - = N ) by = .
0 17 —p

Here, we have already used momentum conservation and the on-shell condition for

the electrons, i.e.
pz =p-+py and pi=E—p =m. (1.6)

Using momentum conservation once more, we find

MZ:2\/ﬁ2+mg

M2
15| = ‘/TZ —m2 = 45.595 GeV. \/

7.2.2.B How large is the momentum of tau leptons in the reaction e”et — 777+,

and thus

if the reaction takes place in the center-of-mass system (center-of-mass energy =
5GeV)?

Working in the center-of-mass system of the reaction e“et — 777+ and using
momentum conservation as well as the on-shell condition from eq. (1.6), we find the

four-momenta

VPR + m? VPR +m?

b1 = o 3 P2 = 5 )
p -P
¢ +mz2 V@ +m?2
pP3 = - ) P4 = -
q —-q

Here, p; and p, are referring to the electron and positron respectively, while p; and

16
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pa refer to the 7~ and 7. The center-of-mass energy is given by

s=(p1+p2)’=@3+ps)?=(5 GeV)?,

such that we find

and thus
S

7~ M2 =LT58GeV.

v

7.4.1.A As before, the analysis is based on ROOT trees. One of the tree variables is
ptw — the estimated transverse momentum of the W boson candidate. This variable
can be constructed from the other tree variables. Please think about how this could
be done. The tree variables are listed in section B.

Using momentum conservation for the decay W — eu,, it is clear that
pr’ = PF + By

The variables for the electron’s transverse momentum are el_px and el_py, while the
transverse momentum of the neutrino is given by the missing transverse momentum
ptmisx and ptmisy. The variable ptw seems to be the norm of that vector and can

thus be written as

ptw = sqrt((el px+ptmisx)**2 + (el _py+ptmisy)**2).

V4

7.4.1.B When fitting measurements to a linear function, the two parameters of
a best fit straight line are y-intercept and slope. The errors on these parameters
are typically correlated. Using these parameters for the error analysis will require
a treatment that takes correlations into account. For example the simplest form of
Gauss’ error propagation law requires that the errors are uncorrelated. Please look up
the correct form of the Gauss error propagation law in the presence of correlations.
You will need that for the final error on the W mass.

On the other hand, is it possible to minimize correlations by choosing an appropriate
coordinate system?

The propagation of errors for a function f depending on the parameters x =

17
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yd\

| ¥

T T—2Z

Figure 1.7.: Schematic procedure for the reduction of the correlation in a linear
regression. :

(®1,...,2,) is given by (cf. [8])
gy =J"2J, (1.7)

where ¥, is the covariance matrix of = (z1,...,2,) and J is the gradient of f.

In case of a linear function f = mz +n (= J = (x,1)") with covariance matrix

2
gl @
Eac = b ";n )
(o P e
the error on f is given by
0F =001 4+ 0 + 2001 (1.8)

Slope and y-intercept are highly correlated in general and thus have a non-
vanishing covariance oy,,, as can be seen from figure 1.7 (left). A linear regression
always intersects the point of (weighted) means (Z, ), so that a change in the slope
will lead to a change in the y-intercept and vice versa. This can be fixed by shifting

the z-coordinate by Z, see figure 1.7 (right). +/

7.5.1.A What is the minimum invariant 4-lepton mass, when the four leptons ori-
ginate from a Z° pair? Why do you find 4-lepton-events with invariant mass beneath
this threshold?

If the four leptons originate from a pair of real Z° bosons, their minimal invariant
mass would be 2Mz. But there are also events, where either one or both of the Z°

bosons are virtual, leading to a smaller invariant mass. \/

18
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7.5.1.B Consider a Higgs boson which decays into two Z° bosons. How does the
distribution of the J-lepton-invariant-mass look like?
The expected 4-lepton-invariant-mass distribution is a Breit-Wigner curve around

the Higgs mass. \V4

7.5.1.C Assume you have an ideal detector. What is the typical By if a Z° pair has
been produced and both Z° decay into electron or muon pairs? What Fr will you
expect when you have a real detector?

In an ideal detector, all energy is deposited in the calorimeter, thus yielding

Fr = 0. Real detectors have inefficiencies, leading to small values of . v

7.5.1.D The branching ratio of t — Wb is almost 100%. If you have a top anti-top
pair in an event, both particles decay instantly via t — bW . If both W bosons each
decay leptonically (W — lv), one finds two leptons in the event. What could explain
the occurence of four leptons in a tt event?

The b-quarks form B-mesons, which can decay leptonically or semileptonically. V4

7.5.1.E Do the following Gedanken-experiment: you create random integer numbers
between 1 and 200. You record the occurence of each integer in a histogram with 200
bins. After histogramming 20,000 numbers, you expect an average 100 entries per
bin. What s the statistical error for the number of entries in one bin? What is the
probability of finding a bin with 130 entries? How many of such 130 entries bins (in
average) do you expect to appear in 200 bins? In other words, what is the probability
to find a deviation of & standard deviations in one of the bins of the distribution?
The statistical error for the number of entries in one bin is VB = v/100 = 10. The
number of excess events is S = 130 — 100 = 30, giving a significance of S/ VB = 3.
This corresponds to a probability of p = 1—0.9973 = 0.0027 and is an approximation

to the precise result that can be obtained using the binomial distribution
129 k 20000—k
20000 1 1
'=1-— — 1 —— = 0.0022.
- ;( k ) (200) ( 200)

So in average, one expects N = 200p = 0.54 bins with more than 129 entries. A
simulation with 10000 randomly created histograms confirms the value from the
binomial distribution N = 0.44 = 200p’.
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2 Experimental Analysis

2.1 Experimental Setup

In order to be able to measure the W+ boson mass on the second day of the ex-
periment, we first familiarize with the graphic display of the program ATLANTIS
on the first day. Here, we look at simulated data (so-called ‘runs’), each containing
several events with only a single particle simulated in the detector. We analyze the
graphic display in order to be able to later identify particles in an unknown event.
Furthermore, we calibrate the electromagnetic calorimeter on the first day. This is
necessary, as the different detection modules of the calorimeter might vary in their
energy yields (or even be defect) and electrons alrea I,O.S.E energy before entering
the calorimeter. To this end, we use an e{lctron Mle data set and apply an
iterative energy calibration.

On the second day, we apply the found energy calibration onto ATLAS data for
the decay of a W boson. We look at the channel W* — e+ (ﬂ)e and use the Jacobi
peak method to determine the mass of the W= boson.

2.2 Part 1: Graphic Display of Particle Reactions

In the first part of this experiment, we use the program ATLANTIS in order to
graphically display particle reactions. With the help of ATLANTIS, tracks of elec-
trically charged particles in the inner detectors, gg\vjf?ﬁw ag éhe eneré?f disposal of
charged and strongly interacting particles in the ECAL and HCAL can be displayed.

To get started, one enters the following commands in a terminal

skitathena -r 12.0.7

java -jar atlantis.jar

and then loads a data set from ‘Files/Read Event’.
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2.2.1 Particle Identification

We successively load the five ‘learning’ data sets for electrons, muons, photons,
tauons and jets to take a look at some of the contained events. The desired data
sets do either carry the prefix ‘single’ or are called ‘dijets’ for the jet data set.

Starting with the electron data set, one event is generically shown in figure 2.1.

Figure 2.1.: Inner detector: P = —89.35GeV and Pr = —(50.87 & 1.34) CeV.
ECAL: E =86.5GeV and Er = 49.2GeV.

Looking at the cross section view in the upper left part of the screen, one clearly
sees the track of a particle (the electron, teal line) in the inner detector (black area)
and an energy disposal (yellow boxes) in the ECAL (green area). While there is no
energy deposited in the HCAL (red area) originating from the said particle, there is
some energy deposited in the upper left corner. This can either be ascribed to rests
of the foregone proton-proton collision or to other background effects. Same holds
true for the energy disposal in the hadronic calorimeter visible in the frontal view
at the bottom of the screen. Without zooming in, one expects the muon chamber
outside of the hadronic calorimeter in the cross section view. In our case, there
was nothing registered. The caption beneath the figure shows the momentum P,
as well as the transverse momentum Pr measured in the inner detector and the
energy F, as well as the transversal energy Er measured in the ECAL. Note, that
the momentum P of the particle in the inner detector and the energy in the ECAL
are approximately equal. We will discuss this in detail in 2.2.2. /
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Analogously, one finds figure 2.2 for the muon learning data set.

Figure 2.2.: Inner detector: P = 48.89 GeV and Pr = (41.96 £ 0.83) GeV. HCAL:
E =28GeV and Er = 2.2GeV. Muon Chamber: P = 44.77 GeV and
Pr =(38.11+ 1.33) GeV

We also see the expected track in the inner detector, but no energy disposal in the
ECAL because of the high mass of the muons (almost no bremsstrahlung). Instead,
there is some energy deposited in the HCAL. Characteristic for a muon, we see a
particle track in the muon chamber (outermost, blue area). Additionally to the
momentum and transverse momentum in the inner detector, the caption beneath
the figure gives the momentum P, as well as the transverse momentum Pr measured
in the muon chamber and the energies F and Er measured in the HCATL instead of
the ECAL. '

For the photon learning data set, we find figure 2.3.
What’s characteristically here is, that we do not see the track of a particle in the
inner detector, but measure an energy disposal in the ECAL. The energy deposited
in the HCAL does not belong to the photon event and there is also no track visible
in the muon chamber. The caption beneath the figure again gives an overview of
the relevant variables.

An example of an event from the tauon learning data set is shown in figure 2.4.
The particle track visible in the inner detector does not represent a tauon, but rather

another charged particle originating from the heavy and thus fast decaying tauon.
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Figure 2.4.: Inner detector: P = 15.2GeV and Pr = (5.99 & 0.15) GeV. HCAL:
E = 0.96GeV and Er = 0.39GeV. Muon Chamber: P = 12.34 GeV
and Pr = (4.77 £ 0.21) GeV.
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The deposited energy in the HCAL indicates that hadrons were involved in this
decay, while track in the muon chamber indicates the inyolvement of muons (in
consistency with the energy deposited in the HCAL in the muon learning data set).
The caption beneath the figure shows the overview of the relevant variables again.

The last event we are looking at stems from the jet learning data set and is

depicted in figure 2.5.

Figure 2.5.: Due to the large amount of particle tracks, we desist from giving the
values of the variables as usual. But for most of the events we looked at,
the energy deposited in the ECAL is smaller than the energy deposited
in the HCAL.

Clearly visible are the many tracks in the inner detector, stemming from the hadronic
showers due to the confinement of quarks. As quarks are charged particles, we
measure an energy disposal in the ECAL, as well as in the HCAL. We do not
measure a track in the muon chamber, as there are no muons in the event. For
this data set, we desist from giving the values of the momenta and energies in the
inner detector and calorimeters, as we would not be able to reasonably ascribe these
values to the corresponding particle tracks. What we can note here is, that there is
more energy deposited in the HCAL than in the ECAL.

Having discussed this part on the graphic display and identification of particles,

we get to the assignments. We chose to work on assighment 2 and assignment 4.
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2.2.2 Assignment 2 and 4

In assignment 2, we were supposed to load the electron learning data set from before
and determine the momentum of the electron track in the inner detector, as well as
the energy of the clusters in the ECAL for twenty events. Setting up a table, we were
then supposed to calculate the ratio of the cluster energy and electron momentum
and make a histogram of the result. Said table is depicted in table 2.1. We skipped

events where there was more than one track visible in the inner detector, as the data

set was supposed to only contain single electrons. (/

Event no. Momentum P [GeV] Energy F [GeV] |E/P|
1 —26.20 54.70 2.09
2 22.78 35.20 1.55
3 —244.34 223.20 0.91
6 66.67 78.30 1.17
8 129.82 162.90 1.25
9 —3.27 47.70 14.59
10 79.01 66.20 0.84
11 —95.93 78.70 0.82
12 37.40 30.60 0.82
13 —89.35 86.50 097
14 235.24 242.30 1.03
15 —105.14 105.30 1.00
17 —28.62 28.10 0.98
18 53.41 46.40 0.87
19 —32.92 64.30 1.95
20 105.64 80.80 0.76
22 93.52 82.10 0.88
23 —113.98 92.70 0.81
24 155.35 283.00 1.82
25 —36.40 33.80 0.93

Table 2.1.: The momentum of the electron tracks in the inner detector, as well as
the energy of the clusters in the ECAL and the calculated ratio of energy
and momentum for twenty events of the electron learning data set. We

skipped events with more than one track in the inner detector.

Making a histogram for the frequency of the ratios | E/ P| with the help of table 2.1,
we find figure 2.6 with an observable peak at |F/P| = 0.8. In the histogram, we left

out the event no. 9 with a large ratio, which we ascribe to either a measuring error

25



Chapter 2. Experimental Analysis

or a falsely assigned photon event. What one would expect is a peak at |[E/P| <1

because of the small energy loss in the inner detector. \/

| E/p of electrons | Stat.

Entries 19

10
Mean 1.13

Std Dev  0.4019

Figure 2.6.: The histogram for the ratio |E/P)|, created with the help of table 2.1.
Observable is the clear peak at |F/P| = 0.8.

In assignment 4, we were supposed to determine the photon conversion probability.
To that end, the single photon learning sample with a total number of 50 events
was used. Events with a converted photon are easily identified by visible tracks in
the inner detector.

The observed tracks came in a multiplicity of either one or two and deposited
their whole energy in the ECAL. It can be concluded, that the photons produced
electron-positron pairs, which is the most likely process to happen because of the

low e*

mass. In total, nine such events were found, which are listed in table 2.2.
Note here, that we did not keep the events without tracks, i.e. all event numbers
between 0 and 49 that are not listed did not show a track.

All photons were converted inside the beam pipe, the primary vertex could be
located in a range of ~ 100 um up to ~ 1 mm from the center. As an example, the
zoomed view of the graphical display for one event is shown in figure 2.7.

From table 2.2, the conversion probability of photons up to a range of a few mm
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Event no. #Tracks Energy [GeV] n Ann.
2 2 39.1 -1.0 ~ 1mm
5 1 285.6 -2.5 ~ 100 um
8 i 89.2 2.5 ~ 1l mm
22 2 123.0 1.8 ~ 1lmm
23 2 196.2 2.3 ~ lmm
28 1 97.8 -1.8 ~ 1lmm
29 1 162.5 252 ~ 1lmm
37 2 77.5 1.2 ~ 1lmm
47 2 212.0 2.1 ~ 1l mm

Table 2.2.: The found tracks and measured energies in the ECAL for the events
in the photon learning data set, as well as the corresponding pseudo-
rapidity n. As an annotation, we added the range from the center, where
the conversion took place.

Figure 2.7.: Typical photon conversion event with two tracks. The X and Y scale
in the upper-left is -1000 gm to -100 pm.
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can be estimated by
B ony v 018,

The appearance of just one track could be explained by an almost collinear
electron-positron pair that could not be resolved. It was expected that more en-
ergetic events or/and high |n| produce these collinear tracks, but a correlation as
tried to find in table 2.2 could not be found. /

2.3 Part 2: Calibration of Electrons

As a calorimeter consists of hundreds of modules with slightly varying energy yields,
the energy measurement has to be calibrated. Further reasons for the calibration are
systematic losses by inactive (defect) regions and energy losses by the electron before

entering the calorimeter (due to variable distances). For the energy calibration, we

JEESES

ﬂleasure the distribution of electron-positron pairs created in the decay process of a

gj\%ﬂﬁ Z° boson and make use of the data-analysis program ROOT to perform all fits and o
) ’ display the distributions. o \j\j?vi{ié";
We start by typing the following commands from the home directory in a terminal: ,%2,&% 3

source studentchoice WMASS VG@ﬁV@ ‘fQ“A”AQWG
cd ZeeFit »1:40 dota MAe ?
source setup.sh %}?f@&a ﬁﬁu@wmgéﬁﬁf
.L fitZee.C+ an Hou idm“i?’
fitZee.z :

These commands setup ROOT with the choice to measure the W* boson mass on
the second day and initialize a calibration object with the name ‘z’. This object will
be used for the calibration. Additionally, a so-called ‘tree’ has been created, which
contains information about electrons and positrons from the decay of Z° bosons and

can be accessed by e.g.

tree->Draw("Variable®, "Cut")

with the second input being optional. Using the method

z. Fit (")

we can fit the Z° peak to all e~et-pairs in the data set. Note here, that ROOT

chooses only part of the data set to perform the fit, which will be of importance

later as we have to use an iterative procedure to calibrate the energy measurement.

We are also able to only look at events passing a certain cut, e.g.
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z. Fit("el_eta<2.5 && el_eta>2.25%)

( oy

fitting the Z° peakxon’l’j/ ‘to the electrons in a range of 77 € (2.25,2. 5) Without

changing the calibration file, the distribution looks like depicted in figure 2.8, with
the mass of the Z° boson being below its nominal value of M, = 91.19 GeV and the

resolution being in the same range as the decay width of the Z° boson.

1600 MeeQ
T Entries 50000
1400/— 2 I ndf 656.3 /172
[ Prob 0
1200 :—_ Signal 9951 + 625
C Mass (89 ws +0.02
1000 _ Resol. 2 40,1"— 0.025
[» NBg 0.1291 = 0.0107
800 r Bg1 -5441 + 14.2
C Bg2 1.301e+04 = 1.611e+01
6001 Bg3 -9846 = 10.1
C Bg4 2406 = 5.4
400—
200—
i Eoit i | g q g | 5 | -
%0 70 80 90 100 110 120

Figure 2.8.: The distribution of the energy measured in the ECAL without changing

p Wiy ic o b rwpovfond >

the calibration file.

We focussed on the pseudo-rapidity 7 first. The distribution of this variable is

depicted in figure 2.9.

We divided the interval (—2.5,2.5) into subintervals of size |0.25| (with some excep-

tions in the regions with almost no events) and looked at the fitted Z° peak in these

regions using the fit command with cuts mentioned above. Having worked through

Mow ‘&Hfé

the whole interval for the first time, we find a factor for the energy correction in the Lt‘v‘f@u(\i}”)’*

different intervals of the pseudo—rapldlty n and the distribution as depicted in figur

2.10.

K{{h ae

We notice that the mass gives a better approximation of the nominal Z° bosons OIS A/ )\Q,“U\.

mass now, being slightly above this value.

The resolution improved shghtly‘ As

mentioned earlier, ROOT chooses only part of the data set to perform the fits, such

that after rerunning the fits for the same data set, we yet acquire a different Z°

boson mass. We thus repeat the procedure for the same intervals and once more

apply a correction factor for the energy measurement, arriving at 2.11.
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Figure 2.9.: The distribution of the pseudo-rapidity 7, created using the command

tree—Draw(el_eta).

el_eta

1600F= Mee0
C Entries 50000
1400— 2 1 ndf 655.4 /172
C Prob 0
1200 Signal  1.027e+04 = 6.375e+01
= Mass 91.24 = 0.02
1000 EN Resol. 2.376 = 0.025
L NBg 01713 + 0.0135
800|— Bg1 -3882 = 10.4
: Bg2 9431+ 11.9
600 — Bg3 -7222:75
- Bg4 1784 = 4.0
400—
200—
T 80 90 00 110 120

Figure 2.10.: The distribution of the energy measured in the ECAL with the first

~euts applied to the pseudo-rapidity in the calibration file.
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1600F= Mee?2
C Entries 50000
1400 %2 I ndf 632.8 /172
C Prob 0
12001— Signal  1.028e+04 = 6.349e+01
C Mass 91.22 = 0.02
1000 . Resol. 2.359 = 0.025
C NBg 0.02171= 0.00172
800 — Bgl  -2.849e+04 = 8.127e+01
= Bg2 6.929e+04 = 9.351e+01
600 — Bg3  -5.298e+04 + 5.880e+01
C Bg4 1.305e+04 = 3.153e+01
400—
200—
= i AT AN TR ISR SRR s
o 70 80 90 100 110 120

Figure 2.11.: The distribution of the energy measured in the ECAL with the second

~etits applied to the pseudo-rapidity in the calibration file.
CovteeNons

We see another improvement of the approximated Z° boson mass, being only slightly
. out of the error range of the nominal Z° boson mass. Furthermore, the resolution

tr WO N
{ erease slightly.

Turning to the azimuth angle ¢ now, we repeat the above procedure for this

variable, where the distribution of the variable is given in figure 2.12.

el_phi
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Entries 142288
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Figure 2.12.: The distribution of the azimuth angle ¢, created using the command
tree— Draw(el_phi).
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We divide the interval (—m, ) into subintervals of size |1|, because of the homogen-
eous distribution. Keeping the cuts on the pseudo-rapidity 1 and applying the first
cuts on ¢, we find figure 2.13.

1600 Mee0
C Entries 50000
1400 rin ¥? I ndf 622.7 /172
C Prob 0
12001— Signal  1.028e+04 = 6.465e+01
- Mass 91.17 = 0.02
1000 [T Resol. 2.357 = 0.025
s NBg 0.001497 = 0.000164
800~ Bgl  -4.075e+05 = 3.090e+03
C Bg2 9.908e+05 = 3.347e+03
600 = Bg3 -7.569e+05 + 1.673e+03
C Bg4 1.863e+05 + 1.588e+03
400—
200~
PR S SN T TR N SO ST N W A Bl e o L
%O 70 80 90 100 110 120

Figure 2.13.: The distribution of the energy measured in the ECAL with the first
cuts applied to the azimuth angle in the calibration file.

The approximated mass of the Z° boson now lies in the 1o confidence level of
the nominal Z° boson mass and the resolution increased slightly again. Doing the
calibration with ¢ for a second time, we find figure 2.14.
While the approximated mass did not change, the resolution slightly improved.

As a last step of the calibration, we focussed on the transverse momentum Py,
with the distribution looking like given in figure 2.15.
For the transverse momentum Pp, we divided the interval (0, 150) into subintervals
of different sizes (|20], [10], |5 and |inf|), depending on the amount of available
data. Keeping the cuts on the pseudo-rapidity 1 and the azimuth angle ¢, we apply
the first cuts on Pr to find figure 2.16.
Repeating this procedure and applying the second cuts, we find figure 2.17. For the
later course of action, we only use the first iteration on the transverse momentum
due to a decline in the resulting values for the second iteration.

Our final calibration file containing all the mentioned steps can be found in ap-
pendix A.

— vl vk Heodd U ‘?ﬁ 7 You thould é“végﬂf“d ez
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1600 MeeO
C Entries 50000
— ]
1400— »2 / ndf 620.6 /172
£ Prob 0
1200 r Signal 1.027e+04 = 6.338e+01
C Mass 91.17 £ 0.02
1000 r Resol. 2.356 = 0.025
C NBg 0.1568 = 0.0125
800— Bg1 -3905 = 11.3
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400—
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Figure 2.14.: The distribution of the energy measured in the ECAL with the second
cuts applied to the azimuth angle in the calibration file.
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Figure 2.15.: The distribution of the transversal momentum Pr, created using the
command tree— Draw(el_pt).
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MeeO
Entries 50000
1600(— 2 / ndf 576.6 /172
C Prob 4.204e-45
1400[— Signal  1.039e+04 =+ 4.280e+01
C Mass 91.22 = 0.01
1200— Resol. 2.291= 0.017
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n Bg2 1.1356+04 = 1.4576+00
800— Bg3 -8645 + 2.0
- Bg4 2126 + 0.9
600 =
400
200{—
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Figure 2.16.: The distribution of the energy measured in the ECAL with the first
cuts applied to the transverse momentum in the calibration file.

Mee0
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Figure 2.17.: The distribution of the energy measured in the ECAL with second cuts
applied to the transverse momentum in the calibration file.
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2.4 Part 3: Measurement of the W-Boson mass

Having familiarized with particle identifications in the ATLAS experiment and hav-
ing performed the calibration of the energy measurement, we are ready to conduct

the main part of the experiment. There are two possibilities to choose from, either

the measurement of the W boson mass or the search for new physics —beth-use real P Wl

ATEASdata. This choice had to be done on the first day already, as the calibration

we did depended on this choice. We decided to measure the mass of the W= boson. )‘Q})&“ ! JM

W masg

dole.

R/ f"‘/‘%"‘x =N

The analysis utilizes the decay modes W=+ — ei(ﬂ)e, where the W* boson might
be produced in association with one or several jets. This will lead to undesired QCD
background in the later measurements. We make use of the method explained in
section 1.6.3, i.e. find the Jacobi peak position in the electron transverse momentum
distribution to determine the W boson mass. Here, one has to consider effects like
the detector resolution, the W= boson’s transverse momentum and the Breit-Wigner
width of the W# boson, which all smear out the expected distribution. As a fit to
the full electron pr-distribution would be beyond the scope of this lab course, we
use a simplified procedure to determine the position of the peak. This simplified
procedure picks the el_pt value for which the histogram has half the entries com-
pared to the peak bin (the so-called half-mazimum point). It can be argued, that the
smearing effects mentioned above act symmetrically and leave the position of the
half-maximum point almost unchanged, thus making this point (located at My, /2)

a useful estimate of the Jacobi peak (cf. [1] for this paragraph). /

We have several simulated data sets for the process W+ — ei(ﬂ)e, as well as real
ATLAS data on hand for this part of the analysis. The simulated data sets assume
different masses of the W= boson in order to find a gauge curve of the nominal W+
boson mass against the half-mazimum point. Furthermore, we are provided a data
set for the process Z° — e~e™ to crosscheck our result of the gauge curve with the
well known Z° boson mass. The ROOT script we use ir 1n this part is able to ex-

B N
tract ‘the unwanted QCD background by usmg background data c obtalned frorn the

e I e N

\
ATLAS ex an lthract other background by using simulated data.
et | by st

i R S

Here one has to further normalize/ scale the QCD background, as the 1ntegrated

luminosities do not match the number of events in the data set.
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To begin the analysis, we use the following commands:

cd Wmass
.L Wenu.C+

Wenu w

These commands initialize a calibration object ‘w’ in a similar way to the calibra-
tion object for the Z° decays in the second part of the experiment. To verify the
calibration of the electron momentum derived on the first day of the experiment, we

successively use the commands

w.FitZee("")

w.FitZee("el_ eta>-1.0 && el_phi<1.0 && pos_phi>-1.0 && pos_phi<i.0")
w.FitZee("el phi>-2.0 && el_phi<2.0 &% pos_phi>-2.0 && pos_phi<2.0")
w.FitZee("el_pt>40.0 && pos_pt>40.0")

to find the graphs depicted in figure 2.18. These commands work similar to the fit
function in part 2 and use Z° — e~e* data from the ATLAS experiment to obtain
the Z° boson mass. We will describe such graphs in more detail when considering
the data for the W decay, for now the output in the fitbox shall be sufficient.

m_ee_ m_ee_el_eta<1.0 && el_eta>1.0 && pos_eta<1.0 && pos_eta>-1.0
o W =
2000| © ATLAS data # oty T = ¢ ATLAS data + Z:Lm"v -
2000 [[IBackground [IBackground & A
[ :
Eztoee 700|[llZ to ee AT
1800 ] % Lsvinon 09
E E B oo R
= E o1
1600~ 600~
14001~ 500~
1200~ E
1000~ A0
800 300~
600 =
E 200
400~ =
200F- 100
S e T .;IJ..ILLl-u.L s....x.lx o et B 3 O B £ R EL o,
%o 70 80 90 100 110 20 %o 70 80 90 100 110 T20
m_ee_el_phi<2.0 && el_phi>-2.0 && pos_phi<2.0 && pos_phi»-2.0 m_ee_el_pt>40.0 && pos_pt>40.0
s %0 900
© ATLAS data 555 « ATLAS data v St
* 2 10780
s00|[__]Background 800|[_}Background g S 29-m
ol 07465 - 00773
BBztoee BBztoee i o
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Figure 2.18.: The Z° — e~e* ATLAS data fitted with the calibrations found on the
first day and cuts on 7, ¢ and Pr.
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The obtained Z° boson masses are in good correspondence to the nominal value
Mz = (91.19£0.002) GeV (cf. [1]), and we conclude that the ATLAS data with the

calibration we carried out reproduces the Z° boson mass to a good approximation.

After these steps, we use commands of the kind

w.PlotW("Variable”, bin-number, lower boundary, upper boundarry, “cut

selection”)

in order to get ATLAS data of the desired variable plotted with a ‘stack plot’ from

simulated data. In the following, we inspected t

\I;eyobservables el pt, el _etiso,

njet, etmis and ptw, resulting in figure 2.19.
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Figure 2.19.: The ATLAS data with simulated stack plots for the variables el_pt,
el _etiso, njet, etmis and ptw.
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The ATLAS data is depicted as the blue dots, while the data from simulations is
represented as the yellow bars for the QCD background, the violet bars for non-QCD
background stacked on top of these and the green bars for the process of interest
W+ — ei(ﬁ)e further stacked on top of the other bars. Thus the name ‘stack plot’.
This will prove useful in determining the scaling factor for the QCD background, as

we will discuss in the next paragraph.

If the QCD background was normalized appropriately, the green bars stacked on
top of the yellow and violet ones in figure 2.19 should coincide with the blue data,
points from real ATLAS data to a good accuracy. To estimate the so-called QCD
scalefactor Sqcp, it is commendable to inspect a kinematic region with a lot of
QCD background and only a few events of interest (i.e. W+ — ei(ﬂ)e). In that
way, we can scale the simulated QCD background such that it coincides with the
measured ATLAS data. Thence, we inspect the variable ptw with cuts on njet —
the number of hadronic jets in the event. We start by looking at the constraint
njet==4 with only a few events remaining and iteratively go down to njet==0 with
‘only’ non-QCD events in it. Setting the QCD scalefactor to 0.43 with the command

w.SetQCDScaleFactor (0.43)

we find figure 2.20 for said histograms.

For n = 4,3,2 jets, the yellow bars from the QCD background clearly coincide
with the blue points from the ATLAS data. As expected when going to a lower
number of jets (n = 1,0), this is not the case anymore, as the events with the
reaction of interest W* — ei<ﬂ)e dominate over the QCD part. Instead, the stacked
plot of yellow, violet and green bars coincides with the measured ATLAS data to a
good approximation. This is further evidence that we found a good QCD scalefactor
for the given data. Still, one would expect an uncertainty on the QCD scalefactor.
To estimate this uncertainty, we slightly vary the QCD scalefactor and look at
the resulting diagrams for the variables el pt, el etiso, njet, etmis and ptw.
It turned out, that for an uncertainty of 0.03, the resulting diagrams were barely
distinguishable from each other. We thus estimate our final QCD scale factor to

Sqcp = 0.43+0.03 /

and find figure 2.21 upon replotting the observables from figure 2.19.

Note here that usually one would also have to find a signal scale factor, Wh1ch
e rear ”“"--——...

W/‘W
fortun )ﬁlgL Iready hasa good preset in our case.
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ptw_njet4

ptw_njet3
20F~ + ATLAS data 90F= + ATLAS data
18 [Jaco 75E. [Jaco
F [l Non-acD £ Il Non-QcD
18 Bl wtoenu 60f— Bl wtoenu
14 =
e 50
10 4of=
8- 30F-
6 E
E 20
4 E
oF + 10F
off 1 .l..+.|. L, . ;
60 80 100 1 140 0 20 40 60 80 00 120 140
ptw_njet2 ptw_njet1
RO « ATLAS data 1800 « ATLAS data
3ooi [Jacp B [Jacp
F |8 Non-acD E il Non-aCD
250: Elwtoenu 1200:_ Bl wtoenu
E H + 1000/~
200(— + =
E 800
150~ F
F 600[—
100 2
E 400~
50 200
F 4.4 B
h ot 0 r
o 00 0 ot o o fliinind 1 1
0 60 80 100 120 140 0 20 40 50 80 100 120 140
ptw_njet0
1 1
100 120 140

Figure 2.20.: The histograms for the observable ptw with the constraints njet==4,

njet==3, njet==2, njet==1 and njet==0.
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Figure 2.21.: The ATLAS data with simulated stack plots for the variables el_pt,

el _etiso, njet, etmis and ptw and an applied QCD scalefactor of
SQCD = (0.43.
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Chapter 2. Experimental Analysis

Having obtained an appropriate normalization for the QCD background, we turn
to the measurement of the W= boson mass and select a suitable data set. This data
set should contain only a small amount of (QCD) background. To that end, we define
suitable cuts on the data set, where it is important that the Pp-spectrum features
a prominent Jacobi peak. After trying out several different cuts, we decided for
the combinations el ptw < 25.0, njet < 1 and etmis > 20.0, leading to figure
2.22 for the distribution of the variable el_pt.

el_pt_ptwLT25 && njetLT1 && etmisGT20

e ATLAS data
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Elwtoenu
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4000
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2000
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Illlllll||IIII|III!|IIII|]I

Figure 2.22.: The histogram of the observable el_pt with an applied QCD scale-
factor of Sqop = 0.43 and the cuts el _ptw < 25.0, njet < 1, etmis
> 20.0.

The cut on el_ptw restricts the transverse momentum Pr of the W* boson to small
values, as a higher transverse momentum means the production of more hadronic
jets. The cut on njet further aggravates the restriction on the number of jets. The
cut on the missing transversal energy Er.mis cuts on the events with non-vanishing
missing transversal energy, i.e. with a neutrino leaving the detector. There was no
reason to further apply a cut like e.g. el_pt > 20 on the transverse momentum of
the electron, as the distribution of el_pt only starts at Pr 2 25 (see figure 2.22). In

order to fix the desired cuts for all subsequent fits, we use the following command:

w.SetCutSelection("el_ptw < 25.0 &% njet < 1 && etmis > 20.0%)
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The cuts determined above and the QCD-background scale factor are applied
onto Monte-Carlo generated simulated W+ — e+ (I;)e events with the W boson
mass assumed as MNC = 75GeV, 78 GeV, 79GeV, 80 GeV, 81GeV, 82GeV and
85GeV. A predefined fit in the range from 28 GeV to 60 GeV is used to determine
the position of the half-maximum (H M), where the results are shown in figure 2.23. \/

el_pt_njst<1 && elmis>20.0 && Pw<25.0 el_pt_njet<1 && etmis>20.0 8& ptw<25.0 el_pt_njet<1 B& otmis>20.0 && ptw<25.0 el_pt_njst<t && etmis>20.0 && ptw<25.0

g

TN R

Figure 2.23.: Half-maximum fits for different Monte Carlo masses and real ATLAS
data for the plot in the lower right corner. The fit is applied in a range
from 28 GeV to 60 GeV.

Due to the smearing effects mentioned in 1.6.3, this can be identified as the location
of the Jacobi Peak up to first order. The values for HM can be found in table 2.3.
The uncertainty on the real position of the peak is corrected by creating a gauge
m the half-maximum position to the mass of the W* boson in the
generated data.

In the following, the influence of the used methods is studied to define a systematic
error. Therefore, the used cuts, background scale factor and fit range are changed
slightly respectively. Then, the fit procedure is applied again, where the figures
can be found in the appendix, figures B.1-B.9. An error is estimated by taking the
difference of these values for HM to the values in table 2.3 for each mass and taking

the median afterwards because of its robustness to outliers.
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M€ [GeV] HM [GeV]
75 39.9510.05
78 41.50+0.05
79 41.9540.05
80 42.5340.05
81 43.1840.06
82 43.5240.05
8b 45.1340.06

Table 2.3.: Half-maximum position of the Monte Carlo generated data samples.
Only the statistical error on HM is shown, a common systematic er-
ror of 0.13 GeV must be added.

Table 2.4 shows the found differences. Errors from QCD background-scaling and
cuts on the number of jets are neglectable. From these values, a systematic error is

found by taking the arithmetic mean, yielding
(AHM)gys = 0.13GeV, (2.1)

which is now applied to all samples.

Changed Parameter Difference [GeV]
min 32 GeV 0.06
fit region min 25 GeV 0.05
max 50 GeV 0.1
P > 10GeV 0.14
! > 30 GeV 0.25
Y < 20GeV 0.19

Table 2.4.: The effect on HM upon changing the given parameters.

For the gauge curve, the values for HM £ (AH M )gar == (AHM )gys are plotted
against the masses of the MC dataset. Since the Jacobi peak position is proportional

to the mass, a linear function is fitted to the data.
My =m(HM — HM) +n (2.2)

H M is chosen to minimize the correlation between m and n. Figure 2.24 shows the

resulting gauge curve.
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Figure 2.24.: The resulting gauge curve for the W* boson masses of the MC datasets
against the HM. The red shaded area shows the error region of the fit
and the green line denotes the position of the ‘real’ W= boson.

The quality of the gauge curved is now checked by using the half-maximum method
for the Z% — e~e* sample, as seen in figure 2.25.

el_pt_njet<1 && etmis>20.0 && ptw<25.0
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Figure 2.25.: Determination of HM in the transverse momentum spectrum of elec-
trons in the decay Z° — eet.

The cut on the missing transverse momentum was adopted from the W* — e* (zj)e

events, but is wrong here as we do not expect a missing transverse momentum in
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e~ e’ pair production. A half-maximum value of
HMgz = (48.73 4 0.134¢a¢ & 0.135) GeV
is found and using the gauge curve eq. (2.2), we find a mass of
Mz = (91.93 & 0.615at £ 0.61y5) GeV = (91.93 £ 0.87,;) GeV.

Here, the statistic and systematic errors are calculated separately by gaussian er-
ror propagation, since the covariance between m and n is neglectable (0, ~
1077 GeV). As the value is in accordance with the literature value of M =
91.1876 £ 0.0021 GeV (cf. [1]) in one standard deviation, no further systematic
error is used.

With the measured value HM = (42.81 & 0.05g4a; £ 0.1345) GeV of the real W=,

its mass can be determined to be

My = (80.53 ﬁjd(mﬁ;ﬁ}t 0.284ys) GeV = (80.53 & 0.33,;) GeV.

s S %%@65 Wl | fogw did gou wlwbofe 4

Note here, that the value for HM is dependent on the choice of the fitrange, what
eventually leads to a large systematic error. Thus, the systematic error could be
reduced by performing a fit to the whole Pp-distribution, as suggested in [1]. The
value for H M is further remarkably dependent on the choice of the cuts on ptw and
etmis. An improvement on the systematic error regarding these values could not

be found by us. V[
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Chapter 3. Conclusion

3 Conclusion

In this experiment, we used the event display of the program ATLANTIS to identify
different events in the detector and determine the energy-over-momentum ratio from
electron events, as well as the photon conversion probability from photon events.
We found, that the energy-over-momentum ratio is £/P ~ 1.13 and the conver-
sion probability for photons P, cony = 0.18. We also calibrated the electromagnetic
calorimeter using electron data, such that we regard the varying energy yields of
the calorimeter, defect calorimeter modules and the variable distances the particles
travel before being measured. We found cuts on the variables el_eta, el_phi and
el pt such that we find the Z° boson mass Mz = (91.22 £ 0.01) GeV with a resol-
ution of (2.291 £ 0.017) GeV. Doing more iterations on el_eta, or choosing a finer
segmentation, one could achieve better results here. For our purpose, the achieved
accuracy was enough.

In the main part of this experiment, we measured the W+ boson mass using real
ATLAS data for the process W* — ei(ﬂ)e. To this end, we determined a scaling
factor for the QCD background in the ATLAS data to Sqcp = (0.43 & 0.03) and
cuts in order to eliminate QCD events as follows: el ptw < 25.0, njet < 1 and
etmis > 20.0. Afterwards, we used the Jacobi peak method for Monte Carlo gen-
erated data with differently assumed W¥ boson masses to create a gauge curve,
giving the dependency of the half-maximum point against the nominal W* bo-
son mass. For the real ATLAS data, we then found My = (80.53 & 0.164; +
0.284ys) GeV = (80.53 £ 0.3301) GeV for the W* boson and as a crosscheck My =
(91.93 £ 0.61gat £ 0.61y5) GeV = (91.93 £ 0.87,;) GeV for the Z° boson. These
values coincide with the literature values from [1] within one standard deviation,
being My, = (80.40 + 0.03) GeV and Mz = (91.19 4 0.002) GeV. The remarkable
dependence of these values on the fitrange, the values for the transverse momentum
of the W* boson and the missing transverse momentum yields a large systematic
error, which could further be improved by performing the fit to the Pp-distribution
as suggested in [1]. ( /
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A Calibration File ‘ElecCalib.C’

if (eta<2.5 && eta>2.25) energy = energy * 91.19/88.39 * 91.19/90.72;
else if (eta<2.25 && eta>2.0) energy = energy * 91.19/88.85 *

91.19/90.76;

else if (eta<2.0 &% eta>1.75) energy = energy * 91.19/90.51 =
91.19/91.58;

else if (eta<1.75 && eta>1.45) energy = energy * 91.19/89.59 *
91.19/91.27;

else if (eta<1.45 && eta>1.15) energy = energy * 91.19/89.4 %
91.19/91.06;

else if (eta<l.15 && eta>0.90) energy = energy * 91.19/89.39 *
91.19/91.12;

else if (eta<0.90 && eta>0.65) energy = energy * 91.19/89.57 x
91.19/91.09;

else if (eta<0.65 && eta>0.40) energy = emergy * 91.19/89.92 =
91.19/91.32;

else if (eta<0.40 && eta>0.15) energy = energy * 91.19/90.04 x
91.19/91.35;

else if (eta<0.15 && eta>-0.1) energy = energy * 91.19/89.96 =
91.19/91.34;

else if (eta<-0.1 && eta>-0.35) energy = energy * 91.19/89.98 %
91.19/91.36;

else if (eta<-0.35 && eta>-0.60) energy = energy * 91.19/89.98 x*
91.19/91.39;

else if (eta<-0.60 && eta>-0.85) energy = energy * 91.19/89.71 %
91.19/91.19;

else if (eta<-0.85 && eta>-1.10) energy = energy * 91.19/89.48 x*
91.19/91.13;

else if (eta<-1.10 && eta>-1.45) energy = energy * 91.19/89.45 *
91.19/91.08;

*

else if (eta<-1.45 &% eta>-1.80) energy = energy * 91.19/89.84
91.19/91.42;



Appendix A. Calibration File ‘ElecCalib.C’

else if (eta<-1.80 && eta>-2.05) energy =

91.19/91.38;

else if (eta<-2.05 && eta>-2.25) energy =

91.19/90.91;

else if (eta<-2.25 && eta>-2.50) energy =

91.19/90.34;

|

energy * 91.19/89.92 *

energy * 91.19/88.81 *

energy * 91.19/87.78 *

if (phi>2 && phi<3.5) energy = energy * 91.19/91.25 % 91.19/91.21;

else if (phi>1 && phi<2) energy = energy * 91.19/91.33 * 91.19/91.25;
(phi>0 && phi<l) energy = energy * 91.19/91.21 * 91.19/91.2;
(phi>-1 && phi<0) energy = energy * 91.19/91.2 * 91.19/91.17;
(phi>-2 && phi<-1) energy = energy * 91.19/91.25 * 91.19/91.16;
(phi>-3.5 && phi<-2) energy = energy * 91.19/91.2 * 91.19/91.18;

else
else
else

else

if
kil
if
il

if (pt>0 && pt<20) energy = energy * 91.19/89.48 * 91.19/90.12;
else if (pt>20 && pt<30)

else
else
else
else
else
else

else

if
if
i
aa
if
if
if

(pt>30 && pt<35)
(pt>35 && pt<40)
(pt>40 && pt<45)
(pt>45 &% pt<50)
(pt>50 && pt<60)
(pt>60 && pt<80)
(pt>80) energy =

energy
energy
energy
energy
energy
energy
energy

energy

energy *
energy *
energy *
energy *
energy *
energy *

energy *

91.19/91.

91.
91.
91.
91.
91.
91.
9.,

71

19/90.19 * 91.19/90.94;
19/90.57 * 91.19/90.95;
19/90.7 * 91.19/90.89;
19/91.25 * 91.19/91.1;
19/92.2 * 91.19/91.64;
19/92.05 * 91.19/91.81;
19/91.91 * 91.19/91.77;
* 91.19/91.74;
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B Figures
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Figure B.1.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
cut etmis>10 is set.
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Figure B.2.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
cut etmis>30 is set.
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Figure B.3.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
lower fit bound is set to 25.
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Figure B.4.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
lower fit bound is set to 32.
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Figure B.5.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
upper fit bound is set to 50.
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Figure B.6.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
cut ptw<20 is set.
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Figure B.7.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
cut njet<2 is set.
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Figure B.8.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
QCD scalefactor is set to 0.40.
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Figure B.9.: Half-maximum fits for Monte Carlo and real ATLAS data. Here, the
QCD scalefactor is set to 0.46.
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