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Abstract

The measurement of the luminosity 15 an important issue in every particle collider
experiment. This thesis studies the possibility of a measurerment of the relative huminosity
of the new proton-proton collider, the LHC, for the ATLAS experiment. The measurement
1= based on the readout of the high voltage return current of the electromagnetic section of
the forward calorimeter FCALL in ATLAS.

To investigate the proportionality between the FCAL1 HV currents and the luminosity
of the LHC, the participation at testbeams with a small prototype of the FCALL and the
analysis of the testbeam data is deseribed. These testheams took place at the U-TO proton
accelerator in Protvino, Russia. During the testbeams it was possible to vary the bheam
intensity and to nse this for a simulation of variable Ilnminosities.

The result is that the FCAL1L HV current depends linearly on the beam himinosity and
that this relative luminosity measurement is feasible in the ATLAS experiment with
non-linearities less than 0.5 %, both from a systematic and a statistical point of view.

Kurzfassung

Die Messung der Luminositat ist eine wichtige Aufeabenstellung in jedem Experiment mit
kollidierenden Teilchenstrahlen. Diese Arbeit studiert die Moglichkeit einer relativen Lumi-
nosititsmessung des nenen Proton-Proton Beschlennigers. dem LHC. fiir das ATLAS Exper-
iment. Diese Messung basiert anf der Auslese von nachgelieferten Hochspannungsstromen in
der elektromagnetischen Sektion des Vorwartskalorimeters FCALL des ATLAS Detektors.
Zur Untersuchung der Proportionalitat zwischen den HV-Strémen des FCALL und der Lumi-
nositit ist die Teilnahme an Teststrahl-Experimenten mit einem Prototypen des FCALL und
die Analvse der Teststrahldaten beschrieben. Die Teststrahl-Experimente fanden am U-70
Protonenbeschleuniger in Protvino, Bussland statt. Bel den Experimenten war es moglich
die Strahlintensitat zu variieren und das fiir eine Simulation variabler Luminositaten zu
nutzen.

Das Ergebnis besteht darin, dass die FCAL]L HV-Strime linear von der Strahl-Luminositat
abhingen und dass diese Messung der relativen Luminositiat im ATLAS Experiment mit
Nichtlinearititen unterhalb von 0.5 % miglich ist. sowohl vomn systematischen als anch vorn
statistischen Standpunkt aus.
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1 Introduction

A new particle collider, the Large Hadron Collider (LHC) at CERN!, will have its
first collisions with the so far highest center-of-mass energy at the end of 2008, It is a
proton-proton collider with a nominal beam energy of 7 TeV per proton beam. This way
the LHC experiments will be able to analyse unexplored conditions of matter as they
existed in the very early umiverse. A lot of fundamental questions can be studied with
the LHC like the search for Supersymumetry, the existence of extra dimensions or the
exarmmination of the Quantum Chromodynamics at high energy scales. But the best known
challenge of the LHC is the discovery of the Higgs-Boson. the last undiscovered particle of
the Standard Model of particle physics. The Standard Model predicts a scalar field which
exists evervwhere in the universe and is responsible for the masses of all fundamental
particles interacting with it. If this theorv is realised in nature, the LHC will be able to
produce quanta of this Higgs-field. the Higgs-Bosons. The discovery of the Higgs-Bosons
would be possible by measuring their decay products in the detectors of the LHC.

The measurement of the lhuninosity is important for every particle collider experiment.
The knowledge of the absolite lnminosity is necessary mainly for measuring cross sections
which is important to identifv a signal of new physics or the type of the discovery. A
relative huminosity measurement is important for an online information for the accelerator
control room on the one hand and for an offline analysis for a precise study of systematic
uncertainties like trigger efficiencies, reconstruction efficiencies and mis-tag rates on the
other hand. In electron-positron colliders like LEP? or PEP? the luminosity could be
measured very precisely via elastic electron-positron scattering processes. These so called
Bhabha events are theoretical well understood and by measuring their rate the absolute
lnminosity of the collider conld be inferred with a precision of better than 1 %.

At hadron colliders like the LHC no single process exists that would allow for the determi-
nation of the absolute ITnminosity over the full range of relevant huninosities .

This thesis describes the possibility of a measurement of the relative lnminosity of the
LHC for the ATLAS detector. This measurement 1s based on a readout of the high voltage
return current in the forward section of the liquid argon calorimeter of ATLAS. Therefore,
the electromagnetic section of the forward calorimeter FCAL is considered. The measured
relative lurmminosity has to be calibrated to absolute values with a different hominosity
monitor.

Since no measuremnents with colliding beams have been done at the LHC so far, the feasi-
bility of this luninosity measuring method was verified in a testbeam. The participation

'Conseil Européen pour la Recherche Nucléaire
?The Large Electron Positron collider was in operation until 2000,

FAn asymmetric et — & collider in Stanford, TTSA.
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at this testbeam at the U-T0 proton accelerator with a small prototvpe of the FCAL in
Protvino, Russia is described in this thesis. The analvsis of the data taken during the
testheam 15 explained and its results are discussed.

This thesis is structured as follows: In Chapter 2 an overview over the Standard Model
of particle physics 1s given. The LHC, its beam parameters and the ATLAS experiment
are described in Chapters 3 and 4. The configuration of the forward calorimter FCAL
of ATLAS and its electromagnetic section, the FCALL, are explained in more detail.
Furthermore, the other luminosity monitors of the ATLAS detector are described in
Chapter 4 and the advantages and disadvantages of the luminosity measuring method using
the FCALL high voltage currents are explained in Chapter 5. In addition, the high voltage
supply structure of the FCALL in ATLAS 15 described.

Chapter 6 describes the small prototvpe of the FCALL, the testbeam in Protvino and
the data taldng there. The analvsis of the testheam data and its results are explained in
Chapter 7. Some differences between the ATLAS FCALL and the FCAL]L prototype. the so
called FCALchick, used in the Protvino testheam are considered in the Chapters 6 and &,
The comparabilty between the results of the testbeam and the measurement in ATLAS 1s
discussed in Chapter 8. Finally, a conclusion 1s given and the already implemented readont
of the FCAL1 HV currents of all HV channels in ATLAS is described in Chapter 9.



2 The Standard Model

2.1 Overview

The best theorv, we presently have for describing elementary particles and their interactions
is the Standard Model of particle phvsics.

The Standard Model includes the three known families of quarks, the three known families
of leptons (see Table 2.1) and the three forces including their force carriers, the so called
gange bosons. These are the electromagnetic foree, the weak interaction and the strong force.

Farmily | Leptons | Quarks
Lst Ve !
e 8|
2nd o “
i 5
i t
Ard "
T b

Table 2.1: Particle famalies.

OQuarks and leptons are fermions with spin "a— and the gaupge bosons have spin 1. Ordinary
matter only consists of particles of the first family. The protons and nentrons forming
atomic nuclel are composed of 1- and d-quartks and are surrounded by electrons. Particles
of the second and third family dacay into particles of the first generation within fractions
of a second. Today these particles can only be produced by cosmic radiation or in particle
accelerators.

The Standard Model is constructed as a local gquantum feld theory and can describe all
known particles and their interactions with the exception of gravitation. For including
gravitation into a nnifying theory it is necessary to develop a quantum theory of gravitation,
which has not yet been done in a consistent way., Until today the Standard Model only
combines quantum mechanics with special relativity.

The best known force is the electromagnetic force, which is responsible for our view of the
macroscopic world. The force carrier or gauge boson of electromagnetism is the massless
photon coupling to the electric charge.

Radioactivity and particle decays can be caused by the weak interaction with its heavy W,
W~ and Z" gauge bosons. They are very massive, which is the reason for the very low range
of the weak force of about 107" m in contrast to the infinite range of the electromagnetic
force. An nnique attribute of the wealk interaction 1s the violation of parity. An observable
that changes its sign with space inversion 1s the helicity
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S
1= .
ERE

which is a product of an axalvector (spin) and a vector (momentum). An interaction

(2.1)

depending on helicity is not invariant under paritv transformation. Generally, an interaction
described by a spin 1 particle can have vectorial or axalvectorial character.

The electromagnetic interaction is purely vectorial and therefore it conserves parity. The
weak foree 15 a vector minus axialvector interaction and therefore only couples to left chiral
fermions and right chiral antifermions, which corresponds to maximmun violation of parity.
The charge of the weak interaction is the weak isospin 1", But in nature the electromagnetic
and weak interaction are combined to the electroweak interaction and the electrical charge
and the weak charge are related by the Gell-Mann-MNishijima relation

Y
Iy=Q— -

(2.2)

with Y being the weak hypercharge.

Neutrinos have a very small mass and participate only in weak interactions. The other
leptons e, j¢ and 7 carry electric charge in addition (see Table 2.2).

The same applies to guarks, but in addition they carry strong color charge and interact
via the strong force. The theory describes this third foree as quantum chromodynamics
(QCD), because its charges exist in three different types, the so called color charges red,
green and blue. Thev have the special property, that adding all three colors together gives 0.

IH

Particles ) f:rl' Y color charge | spin
1y, cp, tr +2/3 1 1/2 | +1/2 | +1/3 r.g.h 1/2
dy (ﬁ;‘ by, —1/311/2|-1/2|+1/3 r.g.h 1/2
U, Yyl Vg () /20 +1/2) -1 () 1/2
e (Ie.r_;‘ T -1 (1/2]-=1/2| -1 () 1/2
g R ti +2/3 1 0 0 +4/3 r.g.h 1/2
dp Sh bg —1/31 0 1] —2/3 r.g.h 1/2
e o R —1 0 (0 —2 (0 J.IH'IQ
Vo Vg Ve () 0 () () () 1/2

¥ () 0 () () () 1

q (0 0 (0 (0 8 ditferent 1

W +1 1 +1 () () 1

W= -1 1 -1 () () 1

Z° () 1 () () () 1

" () /2 —1/2 1 () ()

Table 2.2: Particles and quantum numbers. In addition for each quark and lepton an anti
particle with opposite charge erist. The Higgs-Boson given in the last row is a scalor and
responsible for the high mass of the gauge bosons W, W™ and ZY. The eight different color
charges of the gluon are combinations of the strong colors v, g, b and their anti colors ¥, 7,
b.

Here the force carrier is the glion which 1s massless like the photon.
Nonetheless, the strong foree only has a range of 107" m. becanse in contrast to the photon
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the gluon carries color charge itself and therefore interacts with other gluons. This leads
to a peculiarity of QCD., called confinermnent, which means that a color charged particle can
never exist as a free particle. It 15 always bound within a color nentral meson or baryon
consisting of multiple quarks and gluons, The color of the gluons 18 not one of the three
possible guark colors but a combination of them and their anti colors.

The more massive quarks of the second and the third generation decay thtough weak nter-
action into quarks of the first generation. The reason for this is, that mass eigenstates of
all physical quarks are a combination of the electroweak flavor elgenstates.

But it is possible to produce the quarks and leptons of the second and third generation, as
well as the gange bosons, in particle collider experiments and to measure their decavs.

2.2 Gauge Theories

A very successful way to formulate a theory is to do this as a gange theorv. Quantum
electrodynamic (QED) is a gange theory verified very precisely by experiments.

The principle of least action is a findamental principle of nature and leads to the Dirac
Lagrangian of a free particle with mass m

L = (in,d* — m)y (2.3)

with ¢+(7, t) being the wave function of a relativistic particle with mass m and charge g like
the electron. The wave function

(P ) — (7 ) = e () (2.4)

(y=comnst.) also describes the phyvsical system becanse @ itself s not a phyvsical observable,
but only its absolute square |1/[*. This transformation is called a global gange transformation
(identical at each space-time point) and is connected to the conservation of the electric
charge. The Lagrangian {2.3) 15 invariant under a global gauge transtormation. It is now
possible to expand this to a local gange transformation (not identical at different space-time
points):

(7 ) — (7 1) = () (2.5)
with arbitrary space-time dependence y (7, #). The Lagrangian (2.3) is not invariant under

a local gauge transformation:

Lp' = Wi —m) = e PG ) (i, 00 — m) e T (F
e T (1) (i, [N )b (7 1) + (i, 8 — m) £ L. (2.6)
The basic principle of a local gange theory is to restore the gauge invariance. This 15 done

bv introducing a new field A* with the following transformation bhehavior:

AM(F 1) — A™(F 1) = AP(F. L) — 0y (F. ). (2.7)
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and by replacing the normal derivative by the covariant derivative:

DF = G 4 ig AR (7 1), (2.8)

The field A* can be identified with the photon. The new lagrangian

L= tl."_'I{'.f-':r'lr,, DY — m)a) (2.9)

i invariant under local gauge transformations, when applyving simultaneously to (2.5), the
gange transformation of the field (2.7):

o ; P o . o
L5 = iy, D" —m)" = e "Nyfiy (0" 4 g AP ) — ml]e" 2.10
1 T / / T { /
e e T iy D) A e T I iy M E T — e T Iy (AY — O x) + m]e
The second term yields —f’._ff‘lx'@"’}'“q{ﬁ“ Ve and compensates the corresponding part in
the third term and it follows

eI oy, [+ g AY] — m)eh = e e X (i, DM — m)ep (2.11)

and with that

L= (i, D" — m)r = ' (i, D" — m)' = Lp. 2.12
! T

The phase transformed wave function ¢ is physically identical to b, becanse the local gange
transformation of the wave function 2.5 1s compensated by the gange transformation 2.7 of
the field A*. The requirement of local gange invariance forces the introduction of a new
feld that couples to the fermion field with a strenght proportional to the fermions electric
charge.

In addition the field A* has to be gauge invariant itself. The Maxwell-equations for the field
A" are

g, = v (2.13)

where 7% 1s the gange current and with

PR =gt A — gv A* (2.14)
follows
M AY — gt AR = g (2.15)

or
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OA” — 57 (09, A") = j°. (2.16)

This Maxwell-equations do not change under the gange transformation (2.7):

OAY — " (9,A"™) = O(A" — 8 y) — 3" (3,[A* — #"x])
— OA" = 33, A") — O x + 5 (3,9 y)
= OAY — (9, ") = . (2.17)

So A” is the electromagnetic field, too. Choosing the Lorentz-gange 9, A* = () the Maxwell-
equations simplifies to

OAY = 47, (2.18)

In a loecal gauge theory like QED it is possible to compensate a local gauge transformation
(2.5) by a gange transformation (2.7). The fields are thereby gange invariant.

2.3 Gauge Invariance in the Electroweak Interaction

It is known from experiment that the gauge bosons of the weak interaction the W=*- and
Z" bosons are massive. Due to the fact that QED is a gauge theory verified very precisely
bv experiment, one tries to formulate the weak interaction as a gauge theorv as well.

With a massive gauge boson of mass M the Maxwell equations (2.16) get an additional
mass term:

(O+ M*)A” — 3" (3,4") = ;" (2.19)
With the Lorentz gauge and a free field (7% = 0) the Proca equation for a heavy boson
follows:

(O+ M*)A” = 0. (2.20)

But with M # 0 the Proea equation (2.19) 1s not gauge invariant under the gange transfor-
mation 2.7:

DAY =" (3, A" )+ M2AY = DAY =" (8, A")+ M2 A" — M25"y = j"— M20"y # 7, (2.21)

. N . ] Ty .
becanse the last term does not disappear in case of M= # (). That means the Proca equation
(2.19) in Lorentz-gange

OAY + M2AY = j* (2.22)



18 2 The Standard Model

is not compatible with Equation (2.18), except if the right hand side includes a current of
the form MZAY that is switched on antomatically with the field A*. In experiments it was
possible to give an upper limit on the mass of the photon of M, < 6-107'% eV [12]. For
this reason it is assumed that the photon 1s in fact massless and the gange theory QED 18
realised in nature.

The theory of weak interaction 1s described via a SU(2) gange group leading to global phase
transformation.

W = U = 9% Ty, (2.23)

Here I = 7/2 are the generators of SU(2) and 7 can be represented the Panli matrices. The
unitary SU(2)-operation U 15 a rotation around the direction i with angle |y] in isospin
space. Generalising this to a local phase transformation leads to:

yf = X %b (2.24)

Here o and v are doublets of left chiral quarks and leptons and g is the coupling constant
of the weak interaction. In contrast to the case of QED, 7 is not a scalar, but a vector with
3 components and 3 fields W', W4 and W' instead of one field are needed. With that the
covariant derivative is:

T

=" +ig—- e 2.25
M =d" 4+ W 2.2

2
The gauge fields are closely connected to the W*- and Z" bosons and transform accordingly
to

_.|:ﬁ _—*___!.': ";_t L‘F__ffi-x _'.-.:‘ 2.
W — W = e — (X x W) 220

These field transformations have the same form as those for (QED as in Equation (2.7), with
the addition of the cross product. This term is necessary, because the three generators of
the SU(2) group T = (7. 7. T3) do not commute. That means this is in contrast to QED, a
non-abelian gange theory, This leads to interactions between the gauge bosons themselves.
With the gauge fields for the weak interaction one can write down the Maxwell-equations
for massless fields in analogy to QED:

s — ('j“({'j“'ﬁ’“] _— (2.27)

MNow for massive fields a model 15 needed to generate terms in the three currents
J'_.f'“=|[j'|“. i g8) of the tvpe —M*W*. Thus. the Proca equation for massive spin-1 bosons
would result.

The strong interaction (QQCD) 15 a non-abelian gauge theory as well. It is designed as a
SU(3) gronp with eight generators and eight gauge fields, the 8 massless gluons.
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2.4 The Higgs Theory

The Higgs theory [15,16] (by Peter Higgs) predicts a scalar (spin 0), electrical nentral field
o with weak isospin /" = 1/2. This field canses eurrents of the form j#() to act as mass
terrns in (2.27):

I:”-'T:'“ _{_j“(ﬁ“l?_.-p =__;",I'|! 'H-]I +I:TI’:“|{' ]‘ 2.28
L

Assuming || = constant, ¢ can be written as:

L () (T ) —:J%'f""i"'-”( 0 ) .
A= ﬁ(sﬂa(ﬁ ) +-f'c,:*.|(F-rfIl) o v+ h(7, 1) (2:29)

with & = constant and real being the vacmim expectation value and h{r.¢) the Higgs-field.
The isospinor on the right side corresponds to a scalar field with [ = —1/2. With this
Higgs-field it is possible to include the following currents by nsing the covariant derivative
(Equation (2.25)):

—

i - i T i ' ‘T c
1M(e) = w5 [D%e] = [D o] ). (2.30)

With this Klein-Gordon-currents for a spin 0 Higgs-Boson the field equations (2.28) are
gauge invariant. Now choosing the gange transformation in Equation (2.29) to have o =
o = @y = 0 (umtary gange) leads to g = v for the Higgs field (the other three degrees of
freedom are then absorbed by the 3 other massive gange fields).
Therefore the Lagrangian for the Higegs field can be written as:

L=T-V =000 — 1 ¢'e) — Me'o), (2.31)

in which the potential V' contains a mass term p?pfe and a term A(@'y) deseribing the
selfconpling of the Higgs field with strength A. With A > 0 and p® < 0 the potential V
takes the form shown in Figure 2.1, if g and A are constant.

With the choice @y = v, the minimmm of the potential 1s:

i 5 - T -
=24 205 =0 — pa® = - =, 2.32
pp — 1t 2Avs Pa oy = (2.32)

The potential itself 1s symumetrical around 0. but its minirmim s not at ¢ = 0. That means
a vacuum state # () is realised and the local gange symimetry is spontaneonsly broken, where
15 called the vacuum expectation value. It is connected to the experimentally measured
Fermi-constant (r by

, 3

T 20,

(2.33)

!
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Figure 2.1: The Higgs potential depending on the real- and imaginary part of o [2].

and caleulated to o = 246 GeV.

It is possible to test this theory and the existence of the Higegs field by producing a quantum
of this field, the Higgs-Boson, in a particle collider experimment and by measuring its decay.
With that one can measure the mass of the Higgs-Boson (after symmetry breaking) My =
v/ —2- pr# and with Equation (2.32) the parameter A would also be known.

The experiments performed at the Large Electron Positron Collider LEP were able to exclude
a Standard Model Higgs-Boson with mass My < 114 GeV at 95% confidence level [4]. In
addition it is observed that in the case of W*-scattering the theory is consistent only up to
a mass of approximately 1 TeV of the Higgs-Boson [18].

To observe a Standard Model Higgs boson with mass above 114 GeV oup to 1 '1TeV. a new
proton collider with the highest center of mass energy achieved so far, the Large-Hadron-
Collider (LHC), was planned and constructed to have its first collisions this year.

2.5 Importance of Luminosity Measurements

The Standard Model is surveved and confirmed very successtully by experiment to date.
For example the masses of the W*- and Z°-Bosons were measured very precisely in the
LEP (Large Electron Positron Collider) experiments: M+ = (80.42540.038) GeV [14]
and Mzo = (91.1875+£0.0021) GeV [14]. In addition the line shape of the Z"-Boson was
measured for example for the reaction channel [8]

= il — v /!
ete” — 2" — qq. (2.34)
Bv comparing this measurement with theory predictions for the sum of the neutrino cross
sectlons f;r{ff'f.'_ — Y — ) + f;r{ff'f.'_ —s 2 = V) + alete” — 2% — v
(missing cross section in the experiment) for a different number of nentrino generations, it
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Figure 2.2: Cross section of the reaction ete”™ — Z" — g as a function of the center of
mass energy. The theoretical predictions for two, three and four neutrinoe generations are
plotted [13].

is possible to measuare the mmmber of nentrino generations. The result is shown in Figure
2.2 and it can be seen that the experimental data confirmes exactly with the theoretical line
shape of three neutrino generations (the mass of a fourth neutrino has to be larger than
half the #"-mass). The conclusion is that there are only three generations of particles in
general, assuming only nentrinos with less than half the Z"-mass [7).

These measurements were only possible with a precise measurement of the huminosity, be-
caunse the cross section can be calculated from the measured reaction rates only by the
knowledge of the luminosity. The same way, by comparing the partial decay widths of the
Z" into quarks and into leptons it was possible to confirm the existence of exactly three
different strong color charges in (QCD. For this, only the knowledge of relative cross sections
and with it relative lnminosities was necessary.

The LEP experiments were able to measure the luminosity with a precision of (.05 % using
small-angle elastic e’ — ¢~ (Bhabha) scattering.

In high energy physics, the cross section 1s an important variable for comparing a theoret-
ical prediction with the experiment. For example a measurement of coupling constants of
the forces is possible only by measuring cross sections of particle reactions. And generally.
alwavs when one want to measure cross sections i a particle accelerator experiment. a
luminosity measurement 1s hundamental.









