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Abstract

Results obtained from a search for the trilepton signature ppf (with £ = e, or u) are combined
with two complementary searches for the trilepton signatures eef and eer and interpreted in the
framework of R-parity violating Supersymmetry. Pairwise, R-parity conserving production of the
supersymmetric particles is assumed, followed by R-parity violating decays via an LLE-operator
with one dominant coupling Ajgo. An LLE-operator couples two weak isospin doublet and one
singlet (s)lepton fields and thus violates lepton number conservation.

The data, collected with the D@ detector at the Fermilab proton-antiproton collider Tevatron,
corresponds to an integrated luminosity of [ £ d¢t = 360 + 23 pb~!. No event is observed, while
0.41 £ 0.11(stat) £ 0.07(sys) events are expected from Standard Model processes. The resulting
95% confidence level cross section limits on new physics producing a ppf signature in the detector
are of the order of 0.020 to 0.136 pb. They are interpreted in two different supersymmetry
scenarios: the mSUGRA and the MSSM model. The corresponding lower limits on the masses
of the lightest neutralino (X) and the lightest chargino (¥) in case of the mnSUGRA model are
found to be in the range of:

mSUGRA, ¢ >0: M(X?) 2 115-128 GeV  and M(XE) 2 215-241 GeV
mSUGRA, 1 < 0: M(X?) 2 101-114 GeV and M(¥{) 2 194-230 GeV,

depending on the actual values of the model parameters: mg, my/2, Ao, tan B, and p. The first
and second parameters provide the boundary conditions for the masses of the supersymmetric
spin-0 and spin-1/2 particles, respectively, while Ay gives the universal value for the trilinear
couplings at the GUT scale. The parameter tan 8 denotes the ratio of the vacuum expectation
values of the two Higgs fields and u, finally, represents the Higgs mixing parameter.

In the MSSM scenario the lower bound on the mass of the lightest chargino (for fixed neutralino
mass) is found to be in the range of:

M(x%) 2 205 GeV, for M(X9) = 30 GeV
M(XE) 2 232 GeV, for M(X?) = 200 GeV.

The parameters of the considered MSSM model are: My, My, M3, Ag, tan 3, u, and m4. The
first three parameters define the common masses of the superpartners of the U(1)y, SU(2)g,
and SU(3)¢ bosons at the electroweak scale, respectively. The following three parameters are
identical to those defined in the mSUGRA model above, while m 4 denotes the mass of the
pseudoscalar Higgs boson, present in the supersymmetric extension of the Standard Model. In
addition all sfermion masses are set to 1000 GeV.






Zusammenfassung

Die Ergebnisse einer Suche nach der Drei-Leptonen Signatur puf (mit £ = e, oder p) werden mit
zwei weiteren, komplementéren Suchen nach den Drei-Leptonen Signaturen eef und eer kom-
biniert und im Rahmen R-Partitdtsverletzender Supersymmetrie interpretiert. Eine paarweise,
die R-Paritat erhaltende Produktion supersymmetrischer Teilchen wird vorausgesetzt, gefolgt
von R-Parititsverletzenden Zerfillen mittels eines LLE-Operators mit der dominanten Kop-
plung Ajs. Ein LLE-Operator koppelt je zwei (s)fermionische Dublett- und ein Singulettfeld
des schwachen Isospins und verletzt so die Leptonzahl-Erhaltung.

Die Daten wurden mit dem D@-Detektor am Proton-Antiproton-Beschleuniger Tevatron des Fer-
milab aufgenommen und entsprechen einer integrierten Luminositét von [ £ dt = 360 + 23 pbL.
In den Daten wird kein Ereignis beobachtet, wihrend 0.41 + 0.11(stat) £ 0.07(sys) Ereignisse
aufgrund von Standardmodell-Prozessen und instrumentellem Untergrund erwartet werden. Die
resultierenden Grenzen auf den Wirkungsquerschnitt von Prozessen, die eine puf Signatur im
Detektor hervorrufen sind bei einem Vertrauensniveau von 95% von der Grofenordnung 0.020 pb
bis 0.136 pb. Diese werden in zwei unterschiedlichen phinomenologischen Supersymmetrie-
Szenarien, dem mSUGRA und dem MSSM Modell interpretiert. Die entsprechenden unteren
Massengrenzen auf die Masse des leichtesten Neutralinos (xV) bzw. des leichtesten Charginos
(X{) liegen im Bereich von:
mSUGRA, g > 0:  M(x?)
mSUGRA, ¢ < 0:  M(x))

115-128 GeV  und M(¥5)
101-114 GeV  und M(X7)

215-241 GeV

2
2 194-230 GeV,

2
Z
in Abhéngigkeit von den gewéhlten SUSY Modellparametern: mg, my /9, Ao, tan3, und p. Die
beiden ersten Parameter geben die Grenzbedingungen fiir die Massen der supersymmetrischen
Spin-0 und Spin-1/2 Teilchen vor, wihrend Ay den universellen Wert der trilinearen Kopplungen
an der GUT Skala definiert. Der Parameter tan beschreibt den Quotienten der Vakuum-
Erwartungswerte der beiden Higgsboson Felder und der letzte Parameter, u, ist der Higgs-
Mischungsparameter.

Im MSSM Modell ergibt sich fiir das leichteste Chargino (bei fester Neutralinomasse) eine untere
Massengrenze im Bereich von:

M(XE) 2 205 GeV, fir M(x?) = 30 GeV
M(XE) 2 232 GeV, fir M(x?) = 200 GeV.

Die Parameter des MSSM Modells sind: My, My, M3, Ap, tanB, u, und m4, wobei die er-
sten drei Parameter die entsprechenden universellen Werte fiir die Massen der Superpartner der
U(1)y, SU(2)r, und SU(3)¢ Eichbosonen definieren. Die folgenden drei Parameter entsprechen
denen des mSUGRA Modells, und m 4 beschreibt die Masse des pseudoskalaren Higgsbosons,
das in supersymmetrischen Erweiterungen des Standardmodells auftritt. Zuséatzlich werden alle
Sfermionmassen auf 1000 GeV festgelegt.
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Introduction

In your hands now, here’s my book,
between whose pages, if you look,

18 written verse on verse,

in language dry and terse,

about some tiny sparticles,

obeying mighty principles;

for instance supersymmetry,
possibly even with »ar-pe-ve«.

And while they’re not discovered yet
gauginos, sleptons, squarks and co.
are waiting in this splendid mess,
for someone finding them, I guess!

At all times physicists tried to better understand nature, always guided by the idea that it should
be possible to explain the inanimate physical world with only a few principles. Thus the ultimate
goal of all research in the realm of particle physics is the development of only »one« theory of
matter, the » Theory of Everything«.

Although it is still a long way to this Theory of Everything, the Standard Model (SM) already
represents a milestone in our understanding of nature. It not only describes three of the four
fundamental forces, but employs only two quantum field theories to do so. The symmetry group
of the SM comprises the SU(3)¢ of Quantum Chromodynamics (QCD) and the SU(2), ® U(1)y
to describe the strong and electroweak interactions. The latter are due to the weak and the
electromagnetic forces, which have already been unified in the Electroweak Theory. As all models,
the SM has been tested thoroughly over the last decades and with tremendous success. So far
all experimental results agree with the theoretical predictions within a few standard deviations.
This is even more astonishing, since it is known that the SM can only be a low energy effective
theory. At the latest, at the Planck scale (= 10! GeV) the fourth fundamental force, gravity,
has to be included into the description. At lower energies, e.g. energies that are accessible in
today’s experiments, gravitational interactions are negligibly small.

Now it is speculated, that at extremely high energies (=~ 106 GeV) all interactions could be
uniformly described by a single quantum field theory, such that at low energies (= 102 GeV) the
seemingly distinct electromagnetic, weak and strong interactions are only different manifestations
of a single overarching force. This consideration together with several open questions in the SM
give rise to new » Beyond the SM« theories. One very promising approach is the supersymmetric
extension of the SM. Supersymmetry (SUSY) predicts the existence of an additional particle
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for each SM particle, differing by half a unit in spin but otherwise sharing the same quantum
numbers. Since no supersymmetric particle has been observed so far, supersymmetry must be
broken, leading to different masses of the SM particles and their superpartners. Each particle is
characterized by a new internal quantum number, R-parity, defined as R, = (—1)38+L+25 (with
B being the baryon, L the lepton and S the spin quantum number), such that SM particles
have R, = +1 and SUSY particles R, = —1. Although most SUSY models assume R-parity
conservation in order to conserve the quantum numbers B and L, the underlying gauge symmetry
also allows R,-violating (R,) terms in the Lagrangian density.

So far no evidence for SUSY has been observed, resulting in lower bounds on the masses of these
particles. Cosmological observations, e.g. measurements of the relic density, or dark matter
searches, lead to further constraints, as do precision measurements of quantities sensitive to
higher-order corrections from possible SUSY particles. In 2001 the »hunt« for SUSY particles
passed from the Large Electron Positron Collider (LEP) to the Tevatron Proton-Antiproton-
Collider, where the second phase of data taking (Run II) started at a center-of-mass energy of
Vs = 1.96 TeV (compared to v/s = 1.8 TeV in Run I). Since the luminosity has also been
considerably increased, the Tevatron and its two experiments CDF and D@ allow to probe a
large new SUSY mass range.

In this work, the search for chargino and neutralino pair production in the hypothesis of R,-SUSY
is presented. Final states with at least three charged leptons with the flavour combinations uué
(£ = e, or pu) are selected. This already implies a very low SM background, since there are
not many processes which yield up to three charged leptons in the final state. The results
are interpreted in two different supersymmetric models: the minimal supergravity (mSUGRA)
scenario and a phenomenological Minimal Supersymmetric Standard Model (MSSM). In both
scenarios the lightest neutralino (x9) is assumed to be the lightest supersymmetric particle
(LSP).

Chapter one briefly reviews the theoretical foundations of the Standard Model and gives an
introduction to the theory and phenomenology of supersymmetry including R-parity violation.
In chapter two, some of the most important terms in pp collisions are discussed and an overview
of the Tevatron Proton-Antiproton-Collider, as well as of the D@ detector with all its important
subsystems is given. Chapter three focuses on the phenomenology of supersymmetric particle
production and possible R,-decays in pp collisions, studied with signal Monte Carlo samples
for mSUGRA and MSSM scenarios. The event selection and optimisation together with the
determination of Monte Carlo corrections for various quality criteria of the charged leptons and
the estimation of multijet background from data is discussed in chapter four.

Finally, in chapter five, the results are discussed and interpreted stand alone and in combination
with two other, complementary searches for the trilepton signatures eef (¢ = e, or u) [1] and
eet [2]. Two different SUSY scenarios are considered: an mSUGRA scenario and an MSSM
scenario without GUT-relation. A conclusion summarises the results and provides a brief outlook
of what could be achieved at the Tevatron with more luminosity and — later on — at the LHC.
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In the following natural units are used, unless noted otherwise. Within this system the reduced
Planck constant & and the speed of light ¢ are defined as: h=c=1.






Chapter 1

Theoretical Foundations

There is a theory which states that if ever anyone discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced by
something even more bizarre and inexplicable. — There is another theory which
states that this has already happened.

» The Restaurant at the End of the Universe«, Douglas Adams (1980)

The Standard Model of particle physics (SM) has been tested thoroughly over the last three
to four decades, up to energies of approximately 100 GeV, and so far an overwhelming number
of experimental results is in very good agreement with the theoretical predictions. Although
supersymmetric theories and the self-interacting quanta of non-Abelian gauge theories seem to
suggest that the traditional distinction between force particles and matter constituents might be
wrong and that both kinds should be treated in a unified way, it is imperative that any new,
more fundamental theory reproduces the SM as a low energy effective theory.

Before introducing Supersymmetry (SUSY) as one of the possible extensions of the Standard
Model, the basic theoretical concepts: gauge principles, local gauge invariance of the symmetry
groups in the SM and spontaneous symmetry breaking are briefly reviewed. These fundamentally
new ideas have led to the current quantum field theoretical formulation of the Standard Model,
and they are also a vital part of many of its extensions.

1.1 Gauge Principles and Local Gauge Invariance

In quantum field theories [3] all matter particles (fermions) are described by complex spinors 9 (x)
depending on the space-time coordinate x. Interactions between fermions are then introduced
by requiring the theory to be invariant under local (z-dependent) transformations U (z)

P(z) = P'(z) =U()y(z), (1.1)
with  U(z) = emp[—z' > oi-1i(z) Gj ] (1.2)

Only if the equations of motion remain invariant under the gauge transformations U(z), the
theory is said to be symmetric under U(z). The set of all unitary (UTU = 1) gauge transforma-
tions, describing one symmetry, form a group. In general the transformations are written as in

5
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Eq. (1.2) using n generators G;, which determine the algebra of this n-dimensional group. The
parameters «;(z) are real functions of = and specify the local transformation. If the commutator
of any two generators G, is a linear combination of these (Lie algebra):

n
GGk = 1Y fimGi (1.3)
=1
the corresponding group is referred to as a Lie group. The fjz; are the totally antisymmetric
structure constants, which vanish, if the generators commute; the group is then Abelian.

The equations of motion, e.g. the Dirac equation, contain not only the particle fields ¥ (z),
but also partial derivatives thereof, 9, = 0/0z*. An application of the above transformations
according to Equation (1.2) generates additional terms due to the transformations «;(z). In
order to satisfy the requirement of invariance under local transformations, the partial derivative
0, is extended to the covariant derivative D, (Eq. (1.4)), which contains n additional vector
fields Aﬂ(w) Later on, the vector fields AZL are identified with the vector bosons W¥*, v and
Z9 of the Standard Model mediating the interactions between fermions. These new vector fields
couple to the fermion fields with specific coupling strengths g (being free parameters), and in
this way they introduce interactions between the formerly free particles 1(z). The vector fields
themselves are transformed according to Eq. (1.5).

O - Dy =0u+iY g0; Al(v) (1.4)
7j=1
Al(z) - Alz) = Al(x) - g pai(@) = 3 fin anle) Al (), (1.5)
k.l

In a Lagrangian density used to describe a physical system, the interactions mediated by gauge
fields (gauge bosons) are expressed by field strength tensors F}, ()

n
Fl(z) = 0, AL — 0, Al — g ) fim AL AL (1.6)
k,l
The last term of the field strength tensor describes the self-interactions of the gauge field quanta.
It only exists if the group generators do not commute, i.e. if the group has a non-Abelian struc-
ture. Gauge theories containing non-Abelian symmetry groups are also called Yang-Mills theories
after C.N. Yang and R.L. Mills, who, in 1954 generalised the gauge invariance of electromag-
netism (Abelian U(1) symmetry) and constructed a theory based on the non-Abelian SU(2)
symmetry group to describe the isospin doublet of protons and neutrons [4].

1.2 A Brief Overview of the Standard Model

The Standard Model of particle physics is a renormalisable quantum field theory of the elec-
troweak and strong interactions, based on the symmetry group SU(3)¢c ® SU(2), ® U(1)y.

The electroweak theory (also known as GSW-theory) was developed in the period from 1961 to
1967, primarily by the work of S.L. Glashow, A. Salam and S. Weinberg [5], who were awarded
the Nobel Prize in 1979. For the first time, their formalism enabled a consistent, uniform de-
scription of electromagnetic and weak interactions, based on the gauge group SU(2);, ® U(1)y.

6



1.2 A Brief Overview of the Standard Model

The invention of the Higgs mechanism [6] in 1964, named after P.W. Higgs, solved the problem
of mass generation in quantised gauge theories and allowed not only for massive mediators of the
short-ranged weak interactions but also for massive fermions. Mass terms generated through the
particles’ interactions with a scalar background field, the new Higgs field, leave the Lagrangian
invariant under U(1)y and SU(2)y, transformations, contrary to manually inserted mass terms.

In 1964, M. Gell-Mann and, independently, Georg Zweig, postulated the quark model [7], where
the name quarks for the constituents of hadrons was coined by Gell-Mann through a reference to
the book Finnegans Wake, written by James Joyce. For his contributions concerning the classi-
fication of elementary particles and their interactions Gell-Mann was awarded the Nobel Prize
in 1969. Nowadays the quark model is part of the theory of strong interactions, Quantum Chro-
modynamics (QCD), which was developed in the following years by H. Fritzsch, M. Gell-Mann,
H. Leutwyler, D.J. Gross, F. Wilczek, S. Weinberg and many others [8]. Quantum Chromody-
namics is based on the symmetry group SU(3)¢, where the index C stands for »colour«.

D.J. Gross, F. Wilczek and D. Politzer found the phenomenon of asymptotic freedom [9] in 1973
and were awarded the Nobel Prize in physics in 2004. Asymptotic freedom refers to the be-
haviour of quarks at high energies, or correspondingly, small distances. For quarks bound inside
hadrons, the strong force between them is so weak, that they behave almost like free particles.
The opposite is true when the quarks move apart, i.e. the force becomes stronger with increasing
distance, what came to be known as confinement [10]. This property is widely believed to be
realized in nature, because it would take an infinite amount of energy to separate two quarks,
which, in turn, would explain why no free quarks have been observed so far. Also recent numer-
ical simulations in lattice QCD confirm, that a string-like flux tube forms between distant static
colour charges (quarks) leading to the phenomenon of confinement.

Renormalisability of quantum gauge field theories is fundamental, because it prevents unphysical,
infinite quantities in the theoretical description and thus ensures a unique relationship between
theoretically predictable quantities and measurable observables. Although renormalisability of
Abelian gauge theories (as is QED) was already shown in the late 1940s by S.-I. Tomonaga,
J. Schwinger and R.P. Feynman [11], who shared the 1965 Nobel Prize in physics, the proof
could not be extended to non-Abelian theories. It took about 25 years more, before M.J.G. Velt-
man and G. 't Hooft proved in 1971 that also non-Abelian gauge theories were renormalisable [12],
a work for which they, too, were awarded the Nobel Prize in physics (1999).

1.2.1 The Particle Content of the Standard Model

In general, two different kinds of particles are distinguished: Dirac fermions with spin 1/2 and
bosons with spin 1. While the first kind form the basic building blocks of matter, the latter are
the quanta of the gauge fields and mediate the interactions. Additionally, for every fermion, there
exists an anti-fermion, differing only by opposite signs of charge-like quantum numbers from its
yordinary « partner. All fermions participate in the Neutral Current electroweak interactions, but
only left-chiral fermion states (and right-chiral anti-fermion states) are involved in the Charged
Current electroweak interactions. A picture that has been emerging since 1957 when C.S. Wu
discovered parity violation in charged current weak interactions [13]. Thus, the left-chiral fermion
fields are grouped into weak isospin doublets — in analogy to the proton/neutron doublet in
nuclear physics, where proton and neutron are regarded as two states of a single nucleon. The
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fermion fields, %, can then be written as a linear combination of states with definite chirality
(handedness)', 9 = 11, + g, where the left-chiral fields are given by

Q/JZ = (Zﬁ) ’lﬁ(i = (ZZ) with 4 = 1,2, 3 fermion generations. (1.7)
The eigenstates of the down-type quarks (d') arise from the mass eigenstates d; by applying
the Cabibbo-Kobayashi-Maskawa quark mixing matrix Vexm: di = >, Vi;jd; [14]. Right-chiral
states (£, ug, dr) are assumed to transform as singlets under SU(2), transformations. Contrary
to the »coloured« quarks, leptons do not interact strongly because the gauge bosons of QCD
(gluons), only couple to »colour-charge«. As of now, three generations of fermions are known,
where each generation consists of two leptons, one charged and one electrically neutral lepton
and six quarks, three up-type and three down-type quarks (in red, green and blue). In Table 1.1
all SM-fermions are listed, together with their corresponding values of the conserved quantum
numbers: the electric charge /e, the third component of the weak isospin 73 and the weak
hypercharge Y, all of which are connected by the Gell-Mann/Nishijima relation Q@ = T3+Y,,/2,
in addition the SU(2)r and SU(3)¢ representations are given.

Name Fermion fields, 9 Qe Ts SU@3)¢, SU(2)r, U(1)y
Leptons L: (Ve) (V“> (VT> 0 +1/2 (1, 2,-1)
e /). L) T ) -1 -1/2
e: eR IR TR -1 0 (1,1, -2)
u c t +2/3 +1/2 1
: 3,2, 5
< (dl>L (SI)L (bI)L -1/3 -1/2 3.2.5)
Quarks u: UR CR tr +2/3 0 (3,1, 3)
d" dr s vy -1/3 0 (3,1, -3)

Table 1.1: The fermions of the Standard Model with their quantum numbers: electric charge @), third
component of the weak isospin T3, weak hypercharge Yy, and the SU(2)r, and SU(8)c representations.

The heaviest of the quarks, the top-quark, was discovered in 1995 by the CDF (Collider Detector
at Fermilab) and D@ 2 experiments at the Fermilab pp collider Tevatron [15] and the last lepton
to be discovered was the tau-neutrino (v;) found in 2000 by the DONUT (Direct Observation of
Nu Tau) collaboration which operated experiment E872 at Fermilab [16].

Neutrinos with right chirality are still assumed — at least as far as the theoretical framework of
the SM is concerned — not to exist. Nevertheless it is established beyond doubt that neutrinos do
possess mass. The deficit in the expected solar v,-flux was confirmed by several experiments [17].
More recent data indicate the existence of neutrino oscillations, consistent with two different
non-zero neutrino mass differences. Transformations of atmospheric and accelerator neutrinos,
assuming v, — v, oscillations, have been confirmed by Super-Kamiokande [18] and K2K (KEK

!Massless particles (e.g. photon) have absolute chirality (helicity), independent of the reference frame of the
observer, while the handedness of massive particles (e.g. electron, quark) depends on the observer’s reference
frame, i.e. they have relative chirality. A particle is right-handed (positive chirality), if its spin and momentum
vector point in the same direction; left-handed (negative chirality) if the directions of spin and motion are opposite.

? The name D@ originates from the naming scheme of accelerator sections at the Fermilab Tevatron.
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to Kamioka — Long Baseline Neutrino Oscillation Experiment) [19], respectively. In addition,
the solar neutrino data from SNO (Sudbury Neutrino Observatory) [20] show indications of v,
transformation. In the last years it has become increasingly clear, that the SM will have to be
extended in order to explain, or at least, accommodate these new experimental results.

1.2.2 Local Symmetry Groups and the SM Lagrangian

In Quantum Electrodynamics (QED) [11] the correspondence between the symmetry of the
underlying gauge theory and the physical interaction is easy to see. QED is based on the Abelian
symmetry group U(1), known as U(1)gp. There is only one generator, the electric charge Qy,
which couples the fermion fields to the gauge field, A,, identified with the photon. Photon
self-interactions are non-existent at tree-level, since the photon does not carry electric charge,
which is reflected by the choice of an Abelian symmetry group as the basis for the mathematical
description of electromagnetic interactions.

Analogously, the theory of strong interactions, Quantum Chromodynamics (QCD) is based on
the special unitary group SU(3)¢, with C' denoting colour. Each quark flavour forms an SU(3)¢
triplet, composed of red, green and blue eigenstates in a 3-dimensional colour-charge space. How-
ever, contrary to the photon, the eight generators of SU(3)¢, the gluons, carry colour charge
and thus the group has to be non-Abelian to account for the gluon self-interactions ( Yang-Mills
theory). This, and the fact, that the strong coupling constant ag = g2/(47) > amy leads to
a much richer structure of QCD compared to QED. It is assumed that, due to the confining
properties of the strong interaction [10], quarks and gluons only exist bound into hadrons, which
are colourless systems of either three quarks (gqq, baryons) or one quark and one anti-quark
(gq, mesons). Glueballs, states consisting solely of gluons, or bound states consisting of more
than three quarks or a quark and an anti-quark may also exist. Comparing QCD with the weak
interaction and QED, one would expect, that the former has an infinite range due to its massless
field quanta. In reality, however, its reach is limited to roughly the perimeter of a nucleon, which
is also related to the phenomenon of confinement. Colourless objects (pions, kaons) must first
be formed from the quarks before the strong interaction can be mediated across larger distances.

When it was first proposed to unify electromagnetic and weak interactions, in the early 1960s,
only charged weak interactions (Charged Currents, CC) were known. The symmetry group SU(2)
is the smallest Lie group providing three generators for the three interactions to be described,
two charged weak interactions and one neutral electromagnetic interaction. Unfortunately SU(2)
alone led to difficulties because the photon, mediating electromagnetic interactions, does not
distinguish between different chiralities of the fermion fields, contrary to what was observed for
the charged weak interactions. Glashow, Salam and Weinberg proposed to describe electroweak
interactions using the direct product of two symmetry groups, SU(2);, ® U(1)y as new gauge
group [5]. Although U(1)y is mathematically the same group as U(1)gas of QED, the physical
meaning is different. The new larger gauge group, now made up by four generators, the three
weak isospin operators T = (T}, Ty, T3) of SU(2), and the weak hypercharge operator Y, of
U(1)y, predicted an additional weak interaction, the so-called Neutral Current. For more than 10
years, the new theory was not fully accepted, because of the non-observation of Neutral Currents
and a theoretical difficulty due to the non-Abelian structure of the gauge group, since it was
believed, that non-Abelian gauge theories were not renormalisable. Finally, in 1971, Veltman
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and 't Hooft proved the renormalisability of Yang-Mills (non-Abelian) gauge theories [12] and
shortly afterwards, in 1973, Neutral Current interactions were observed using the Gargamelle
bubble-chamber [21] at CERN 3.

Thus the SM is based on the gauge group SU(3)¢ ® SU(2)r, ® U(1)y. All gauge fields with their
respective quantum numbers and SU(2)7, and SU(3)¢ representations are given in Table 1.2.

Field name Boson fields Q/e Ts SU3)¢,SU(2),U(1)y
U(1) gauge field B 0 0 (1,1, 0)
SU(2) gauge fields ~ W' W2 w3 (+1, —-1,0) (+1, -1, 0) (1, 3, 0)
SU(3) gauge fields G', G?, ... G® 0 0 (8,1,0)

Table 1.2: The boson fields of the Standard Model. Similar to the down-type quarks fields, the electroweak
gauge fields of SU(2)r, ® U(1)y miz to form mass eigenstates.

Mathematically, all the particles of the SM, fermions and bosons and their interactions are
described by a Langrangian density comprising four different contributions:

»CSM = »CFe'rmions + 'CYanngills + »CHz'ggs + »CYukawa- (18)

Here the fermion Lagrangian, Lpermions, contains terms describing the kinetic energy of the
fermions, as well as their interactions with the gauge bosons entering through the covariant
derivative given by Equation (1.10) below, (compare Eq. (1.4) in section 1.1).

‘CFermions = Z "ZL'L"YM D/A 'wL +Z 'J)Rifyu Du 'l/JR (1'9)
YL YR
with: D, = 8, — igs T°GS — ig TW, + ig Y, B,  (L10)
kinetic SU@3)¢ SU(2),, UQl)y

The first term of the covariant derivative corresponds to the kinetic term, while the second
term represents the coupling of the quarks to the colour charge operator T* of SU(3)¢ with
the coupling strength g, = 2,/7- g, where ag is the strong coupling constant. The last two
terms describe the electroweak interactions of the fermions, specifying their coupling to the
SU(2)r, weak isospin operator T = (T1,T»,T3) with the strength ¢ and the coupling to the weak
hypercharge operator Y,, with the strength ¢’. The matrix representations of the SU(2); and
SU(3)¢ generators are the Pauli matrices o; and the Gell-Mann matrices A,, respectively.

The Yang-Mills Lagrangian describes the kinetic energies of the various gauge fields and the
self-interactions of the corresponding bosons within each non-Abelian group
1 v 14 14
‘CYang—Mills = _Z[Gg GZV 4+ WH W,W + BH* B/w]a (1.11)
SUB)e  SUER) Uy

3Originally the acronym CERN meant Conseil Européen pour la Recherche Nucléaire, but nowadays the
laboratory is referred to as the European Laboratory for Particle Physics.

10
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with the following expressions for the field strength tensors, which predict the existence of tri-
linear and quadrilinear couplings.

G, = 0,GL — 0,G% — gy farGh GE SU(3)¢
W, = W, — 9, W, — gW, x W,  SU2)
B,, = 8,B, — 8,B, U(l)y (1.12)

The physical, observable boson fields W*, Z° and « are obtained by a mixing of the basic
SU(2)r ® U(1)y generators. This specific choice of linear combinations takes into account, that
the neutral electroweak bosons, A, (photon) and Z, (Z° boson) couple to all fermions, while
the charged weak gauge bosons Wﬁt only couple to the left-chiral fermions, i.e. to particles with

non-zero isospin T # 0.

1
+ _ 1 172
WH ﬁ (Wll' F ZWM)
A, By, cos 6, + Wj’ sin 6,,
Z, = —Bysinf, + Wl‘:’ oS Oy, - (1.13)

A direct consequence of requiring the

electromagnetic field A, to couple with the strength e

to the charged leptons, but not to the neutrinos, is the connection between the weak coupling
constants g, ¢’ and the electric charge e, expressed in terms of the weak mixing angle 6,,

g sinfy, = ¢’ cosf,, = e. (1.14)

Compared to the simple vectorial coupling of the photon, the couplings of the massive electroweak
bosons W+ and Z° to fermions are slightly more complicated, since they consist of two different
types, a vectorial and an axial-vectorial part. For the charged weak bosons this results in a
pure V-A structure, independent of the fermion’s charge (Eq. (1.15)), while the coupling of the
Z° boson depends on the charge of the fermion it couples to:

1

. g u 5
—1—= —(1— 1.15
. g L 1 5 . qv T3 — 2Qy- sin? 6y,
— — — th: 1.16
[LCOS 0o Y 2(gV gav’), wi { ga = Ty ( )

All vertex factors, i.e. the couplings of the gauge boson to the fermions, including those of the
photon and the gluons, are summarised in Table 1.3 in section 1.2.3, where the mass eigenstates
of the gauge bosons are listed.

For the description of the SM-particles and all their interactions the above ingredients would
be sufficient. Problems arise when the observed masses of the fermions and the massive vector
bosons W+ and Z° ought to be included in the theoretical framework. Mass terms for spin-1/2
particles (the fermions) have the form m ¢ = m (Yg+r + 11 v¥r), which does not transform
as a SU(2)r singlet as is required to retain the gauge invariance of the Lagrangian. On the
other hand, mass terms for the vector bosons Wlfc and Z° take the form m? W, WH, which is
not invariant under gauge transformations of the field W), hence, both such types of mass terms
cannot be part of a SU(3)¢ ® SU(2)r ® U(1)y invariant Lagrangian. An elegant solution is
provided by the Higgs mechanism, named after P.W. Higgs, who invented this mechanism of
mass generation in non-Abelian gauge theories [6], based on earlier work of Nambu, Goldstone
and in particular Anderson [22].

11
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1.2.3 The Higgs Mechanism

The main characteristics of the Higgs mechanism are the spontaneous symmetry breaking and the
subsequent generation of gauge boson masses. In case of the SM, this is achieved by introducing
a characteristic potential with a degenerate ground state, corresponding to a SU(2)r, ® U(1)y
rotation symmetry, into the SM Lagrangian, see also Figure 1.1. Choosing one specific state as

vacuum expectation value amounts to breaking this initial symmetry.

The mass terms of the gauge bosons are contained in the Higgs-Lagrangian Lp;49s mentioned
above, while the Yukawa Lagrangian Ly rqwe contains mass terms for the SM-fermions, which
are introduced by so-called » Yukawa couplings« of the fermions to the new scalar Higgs field
H(z). The Lagrangian density of Equation (1.8) remains invariant if an additional contribution

of the form
Liggs = (D, ®) DO — V(P) (1.17)

is added. The field ®(z) is a two-component complex scalar field forming a weak isospin doublet
with weak hypercharge Y, = 1:

o0-(3)- 5015

and the SU(2) invariant potential is of the form:
V(®) = u20'd + X (3T)?, (1.19)

with real parameters p and A. For stability reasons A . Im (o)

has to be positive, such that V' — oo for large values

of the ¢;, but the mass parameter p? may still be

negative. Due to the invariance of the Higgs potential
under SU(2);, transformations, for u? < 0, a whole

family of non-trivial minima exists: Re(g)
010 = L rplairel) — < (120
=5 (Pi+et+es+ei) = -5 (1.20)

The initial SU(2)r symmetry is broken spontaneously Figure 1.1: The Higgs potential.
as soon as a specific minimum is chosen as the vacuum

ground state. Local gauge invariance allows to choose the ground state such that the charged
upper component is eliminated and only a neutral scalar field remains. These considerations
lead to the choice ¢1 = w2 = @4 = 0 and w3 = v, resulting in the following expression for

the remaining complex scalar field ®(z), with corresponding vacuum expectation value (VEV)

0[@)0) = v =4/~

B(z) = %(Uﬁ{(x)). (1.21)

The remaining real field H(x) is identified with the one physical Higgs boson, while three of
the originally four degrees of freedom (Nambu-Goldstone bosons [22]) reappear only later in
the process of mass generation, where they form the longitudinal degrees of freedom of the
electroweak gauge bosons let and Z,. Substituting the above representation of the Higgs

12
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field into the Higgs Lagrangian (Eq. (1.17)) and expanding T W, of the covariant derivative
(Eqg. (1.10)) in a spherical basis* leads to the following Lagrangian density:

1 \2__ 1
Liigss = (59) W Wi (v+H)? + 2 (gWf — ¢'B*) (gW — ¢'B,) (v + H)’
1 I 2 A 4
+5 (0"H) (0,H) - & (v+ H) - S (v + H)". (1.22)

The first and second terms contain the mass terms of the electroweak gauge bosons, lec and
Z, (terms v?) and terms predicting tri- and quadrilinear couplings of the gauge bosons to the
new scalar Higgs boson (terms oc v H, or H? in the first line of Lpiggs).

Using the relations (1.13) to (1.14), the physical gauge fields are identified and the coefficients

in front of the terms o v? can now be used to infer their masses, leading to:
1 1
M2, = ZUQ g° M2 = 1 v? (g% + ¢'?) MAY2 =0. (1.23)

Although the absolute masses of the W+ and Z° bosons cannot be predicted, the above terms
allow to establish an important relation between the masses of the spin-1 gauge bosons:

M
W g = cos by . (1.24)

M; /P +g°2

Independent measurements of all three observables, My, Mz (Table 1.3) and the weak mixing

angle sin? 6,, allow for a stringent test of this theoretically predicted relation in the SM [23].

Since & is invariant under transformations of the sub group U(1) gas, the photon field A, which is
proportional to the orthogonal combination g B, + ¢’ WB, does not couple to the Higgs field, hence
the photon remains massless as required. Table 1.3 provides an overview of the mass eigenstates
of all SM gauge bosons, their observed masses (or upper bounds in case of the photon and the
gluons), the interactions they mediate and their vertex factors, i.e. their coupling strengths to
the fermions, respectively.

Boson name Interaction Observed mass Vertex factors
photon v, (A,) electromagnetic <6-10717 eV —ieQy*

Z% boson, (Z,) electroweak 91.1876 £ 0.0021 GeV  —iZ- Y (gv — ga7®)
W= bosons, (W) weak 80.425 + 0.038 GeV —i%'y“%(l —79)
gluons g, (G}) strong 0 (theo. value) —1 gs§'y/‘

Table 1.3: The gauge boson fields of the Standard Model represented in their mass eigenstates. Three
SU(2) degrees of freedom of the Higgs field are absorbed by the three electroweak gauge bosons W,
W= and Z°, which thus acquire their masses (from [23]). Only the ratio of the W and Z boson masses,
Mw Mz = cos b, is theoretically predictable, not the absolute values.

The remaining terms in the second line of Lgiggs (Eq. (1.22)) govern the dynamics of the physical,
scalar Higgs boson, its kinetic energy and its self-couplings (trilinear and quadrilinear couplings
are predicted by terms tri- or quadrilinear in H). Finally, the mass of the Higgs boson itself

YTW, = V2TTW,f + T-W, ) + T>W}, where T* = T1 + iT> represent the weak isospin operators.
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must be of the form %mQ H | since it is a scalar spin-0 particle. Thus, collecting all terms, where

only the field H? appears, leads to My = v/2XAv. Unfortunately the mass of the Higgs boson
can neither be predicted since both parameters of the potential, A and y are free parameters of
the theory. Only the vacuum expectation value can be estimated by comparing Fermi’s current-
current theory [24] of the [-decay with its electroweak formulation in the limit of negligible
momentum transfer (g% < MI%V, including the dependence of My, on v), which leads to:

Cr _ ¢ _ 1 — v? = o (246 GeV)?
V2 8ME 202  V2Gr
resulting in a VEV:  —= =~ 174 GeV. (1.25)

V2

Here, Gr = 1.16637(1) - 107> GeV 2 [25] is the Fermi constant, which has been measured very
precisely in muon decays.

With the introduction of the Higgs field not only the weak gauge bosons acquire masses, but also
the fermions interacting with the Higgs field. Mass terms for spin-1/2 particles are of the form
my f f, they are introduced via Yukawa couplings of the fermions to the SU(2);, Higgs doublet.
The Yukawa Lagrangian thus reads:

—%gfvff—%gffff]a (1.26)

with L, R representing left-chiral doublets and right-chiral singlets under SU(2);, ® U(1)y trans-
formations, respectively. The first term describes the fermion’s mass my = gfv/ V2, while the

Lyukawa = _gf[I_’@R'i_ R@TL] =

second term describes the fermion’s coupling to the Higgs boson with a coupling strength pro-
portional to the fermion’s mass, gs/ V2. Since the coupling constants, gy, are not predicted
theoretically or related to each other, they may differ for every fermion. This makes the fermion
masses, in addition to the mass of the Higgs boson itself, free parameters of the theory.

In summary, the Lagrangian of the SM, after the breaking of the electroweak SU(2); ® U(1l)y
symmetry (EWSB)- as introduced in the last section — can be written as follows

Loy = + LAP (au — ig, T°GY — igTW,, —{—z’g'YwBu) L (i)
+ Ry (8 — i, TG}, +ig'YuBy) R (i)
1
4 (GG, + WHW ), + BB, | (iii)
2
n ‘ (au — ig, T°GY — igTW,, + ig’YwBN) o ‘ V(@) (i)
v Ff — —=g T fH v 2
- —F= v — —= . \% .
\/igf \/ﬁgf

The first two lines of the Lagrangian describe the fermion dynamics, i.e. their kinetic energy and
interactions with the SM gauge bosons. All fermions thus interact with the gluons of QCD and
the neutral electroweak bosons, v and Z° (ii); left-chiral isospin doublets additionally interact
with the charged weak bosons W (i). In the third line (iii) the dynamics of the gauge bosons are
described by their respective field strength tensors. The fourth line (iv) contains the mass terms
of the electroweak bosons and the Higgs boson and furthermore describes their interactions, as

14
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well as the Higgs self-interactions. Finally, the first term in the last line (v), holds the fermion
mass terms (my), while the second and last term governs the interactions of fermions and the
scalar Higgs boson.

1.2.4 Open Questions and Limitations

As was already mentioned earlier, the SM can only be a low energy effective theory, because the
fourth fundamental force, gravity, is not included, since so far no consistent quantum field theory
of gravity has been found. Fortunately it is possible to simply neglect gravitational interactions
in the SM due to the weakness of the gravitational force, which is about 40 orders of magnitude
smaller than the electromagnetic force. This works well at relatively low energies, but ultimately,
at the latest at the Planck scale (Mp = \/g ~ 1.2-10* GeV), where quantum gravitational
effects become important, gravity has to be included into the description.

Another weakness of the SM is the so-called naturalness problem [26], referring to the large
difference between the electroweak and the Planck scale (Mp/Mgw =~ O(10'7)), for which the
SM provides no explanation. The naturalness problem is connected to yet another difficulty
of the SM, known as the hierarchy problem, which is a synonym for the high sensitivity of the
Higgs potential to quantum corrections. The effective Higgs boson mass is expected to be of
the order of 100 GeV, as suggested by fits to the electroweak precision data [27]| and the lower
limit of Mg > 114.4 GeV from direct searches performed at the Large Electron Positron collider,
LEP [28]. Like all masses in the SM, this effective value, My comprises the Higgs pole mass
plus radiative corrections of virtual effects from all particles coupling directly or indirectly to the
Higgs field. These corrections, which are quadratically divergent in the relevant energy scale,
enter into the calculation via fermionic loops and bosonic loops from scalar (spin-0) particles, as
shown in Figure 1.2 for one-loop corrections.

H, f coupling: —Af H ff H, S coupling: —\g |H|?|S|?
Figure 1.2: Corrections to the Higgs boson mass from (a) fermions, (b) scalar particles.

Assuming the SM to be valid up to a high energy scale, Ayy, the bosonic loops would lead to
a Higgs pole mass of the order of the ultraviolet cutoff (M2 ~ O(Apy). Although fermionic
loops may compensate this huge pole mass, such that the effective value is of the order of the
electroweak scale again (Mpy =~ O(100 GeV)), this would require an enormous fine tuning with
an accuracy of approximately 10734,

The »running« of the electroweak and strong coupling constants, g, ¢’ and g5, suggests their uni-
fication at a higher energy scale. However, when extrapolating their measured values to higher
energy scales, the inverse of the couplings do approach each other, with 1/¢' decreasing and 1/g
and 1/g, increasing with increasing energy, but they do not meet at a single point.

This specific problem of coupling unification is addressed by many of the currently considered
Grand Unified Theories (GUTs), most of which assume a supersymmetric extension of the SM
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as their low energy limit. A comparison of the situation in the SM with the one in a phenomeno-
logical supersymmetric model (MSSM) is presented in Figure 1.3 of section 1.3.1.

Massive neutrinos are also not described by the SM, although it is clear, that neutrinos do possess
mass. Recent data indicate the existence of neutrino flavour transformations, consistent with
at least two non-zero mass differences [18, 19, 20|. Nevertheless, the nature of their masses is
still entirely unclear, which is partly due to the smallness of their masses. In addition, it is
also unknown, if neutrinos are Dirac (7 # v) or Majorana particles ( = v). Future neutrino
oscillation experiments may be able to measure the mass differences (Am; and Amg) very
precisely, yet the only known process to distinguish Dirac from Majorana neutrinos is neutrinoless
double B-decay (Ovf3[) [29], and [30]. This process can only occur, if the neutrino is its own anti-
particle, so that a neutrino emitted by one nucleus is immediately absorbed by another nucleus.

The SM does not provide any explanation of dark matter or dark energy. These two compo-
nents are part of the Cosmological Standard Model (sometimes also abbreviated as ACDM , for
A Cold Dark Matter) whose parameters have been measured by the COBE satellite (COsmic
Background Explorer) [31] and recently more precisely by the WMAP experiment (Wilkinson
Microwave Anisotropy Probe) [32]. Among other results concerning the age or expansion rate
of the universe, the best fit to the data from measurements of anisotropies in the microwave
background radiation at high angular resolution suggests that the universe is made up of only
4% of ordinary, baryonic matter, followed by about 23% of dark matter and more than 70% of
dark energy, which corresponds to the cosmological constant A in Einstein’s field equations of
General Relativity. Einstein had originally introduced this constant term to allow for a static
universe — this was, what he later called his »biggest blunder«— and after the discovery of the
expansion of the universe® he completely removed A from his equations.

Since the accelerating expansion rate of the universe would require a non-zero vacuum energy,
the A term was reintroduced into the field equations. Unfortunately the measured value of A
is more than 30 orders of magnitude lower than the value predicted by the SM according to
quantum fluctuations alone [33].

At last it should be mentioned, that the predictive power of the SM is somewhat lessened by
the large number of free parameters. The 6 quark flavours and 3 charged leptons lead to 13
parameters for the fermion sector alone, 9 fermion masses, 3 mixing angles and one CP-violating
phase (Vogar). In case the neutrinos are not assumed to be massless, this number increases to 20,
since the 3 neutrino masses and their probable mixing angles and CP-phases, corresponding to
the Maki-Nakagawa-Sakata matrix (Vasns) [34] need to be accounted for, as well. Furthermore,
the strength of the three gauge couplings g, ¢’ and g; = 2y/mag, as well as the parameter Ogcp,
describing the CP violation in the strong interaction, need to be considered. In addition, the
Higgs boson mass and the field’s non-vanishing vacuum expectation value are also free parameters
of the theory. Thus the SM depends on, at least, 19 arbitrary parameters, or, alternatively, 26
parameters, if massive neutrinos are considered.

Some of the above problems and questions are addressed by supersymmetric extensions of the
Standard Model, of which the general aspects and two phenomenological models will be described
in the following section.

5In 1929 E. Hubble and M.L. Humason formulated their empirical Redshift Distance Law of galazies (now
known as Hubble’s Law), which is consistent with the solution of Einstein’s equations of General Relativity, for
an homogeneous, isotropic and expanding space.
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1.3 Introduction to Supersymmetry

First proposed about 30 years ago, in the early 1970-ies, by Y.A. Golfand, E.P. Likhtman,
D.V. Volkov and V.P. Akulov [35], Supersymmetry (SUSY) is one of the many extensions of the
Standard Model, designed to overcome some of its limitations. Supersymmetry postulates the
existence of a new particle, a so-called superpartner, for each fundamental SM-particle, differing
only by half a unit in spin, but otherwise sharing the same quantum numbers. Although, at first
sight, supersymmetry seems to complicate things by essentially doubling the particle content
of the model, it nevertheless promises to solve at least some of the numerous theoretical and
phenomenological problems of the SM, which have been discussed in the last paragraph.

Starting with a short motivation of supersymmetry, this section serves as a general introduction
into supersymmetry. After an overview of the particle content and the nomenclature of the new
supersymmetric particles, the underlying theoretical formalism and some of the basic concepts
are discussed, followed by a description of two exemplary phenomenological models: the minimal
Supergravity (mSUGRA) model and the Minimal Supersymmetric Standard Model (MSSM),
both of which are used to interpret the results of this search in the final chapter. This section is
primarily based on references [36, 37, 38, 39].

1.3.1 Motivating Supersymmetry

Although it is clear from the non-observation of any supersymmetric particles, that supersym-
metry itself must be broken, there are still powerful arguments favouring supersymmetric ex-
tensions of the SM. Most of these arguments require SUSY-particle masses of the order of
O(100 GeV — 1 TeV), which is even more desirable from an experimental point of view, since
these energy regimes are testable in part already at the Fermilab Tevatron or in the near future
at the Large Hadron Collider (LHC) or the International Linear Collider (ILC).

One of the strongest arguments for low scale supersymmetry, is the elegant avoidance of the
Higgs potential’s disturbing sensitivity to quantum corrections, which is achieved by the mere
assumption of a symmetry relating fermions and bosons. One-loop corrections to the squared
Higgs boson mass, Am%[, as shown in Figure 1.2, are proportional to:

A
fermion loops: Am? |)\f|2 [—2A%, + Gm% ln(%) _—
!
boson loops: Am? A A2, — 2m2 1 —AUV 1.28
ps: my X s [+Apy mg n(ms)+"']- (1.28)

These terms already suggest a relation between fermions and bosons due to the relative minus
sign of their respective higher order contributions to m? [38], [40] and [41]. The introduction
of two complex scalar partners for each SM-fermion, corresponding to their left- and right-chiral
states, with A = A\g = |As|? yields a systematic cancellation [42] of all of these higher order
contributions of bosonic or fermionic origin, such that the Higgs potential is stabilized against
radiative corrections. For one SM-particle this correction to the squared Higgs boson mass reads:

Am% =~ )\Q(m% — m%). (1.29)

So far, none of the predicted SUSY-particles has been observed experimentally, which leads to the
conclusion that SUSY must be broken, so that the masses of SM-particles and their superpartners
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differ. As can be seen from Equation (1.29) the argument of small corrections to the Higgs boson
mass weakens, if the mass differences between SM-particles and their superpartners become too
large. This is, why relatively »light« superpartners with masses in the 1 TeV range are preferred.

Another quite intriguing argument is the integration of gravity in the framework of quantized
gauge theories, which is possible in some supersymmetric models, i.e. Supergravity (SUGRA)
models. In these models, the SUSY-Lagrangian is required to remain invariant under local
transformations of supersymmetry, which naturally leads to the postulate of a graviton field,
corresponding to a spin-3/2 fermion, the gravitino. The SM-partner of this spin-3/2 particle
would then be the spin-2 graviton, as the gauge boson of gravity. Thus the required local
invariance under SUSY transformation, not only »allows«, but »necessitates« the inclusion of
gravity. In paragraph 1.3.5 the »minimal« Supergravity (mSUGRA) model, i.e. the one with
minimal particle content, will be discussed in more detail.

The possibility of gauge coupling unification at an energy scale of roughly 10'® GeV in super-
symmetric models (see Figure 1.3) nourishes the hope that the electromagnetic, weak and strong
interactions only seem to be different at the electroweak scale (= 100 GeV), but, in reality,
are only different manifestations of a single overarching force. So-called Grand Unified Theo-
ries (GUTSs) attempt to construct one Quantum Field Theory (QFT), with one »unified« gauge
coupling to describe this »one force« and thus, all known interactions.

Standard Model  (a)

=3 =3
6o Vg 60+
40 C 1/9 40 C
20F g, 201
I S S S (N SR SO ST SR NN S SR SR | I
0% 5 10 15 0

log;o [E/M]

Figure 1.3: The scale dependence of the inverse gauge couplings as a function of the logarithm of energy
in the SM (a) and the MSSM including threshold corrections of SUSY particles (b). In case of the MSSM
the unification of couplings can be achieved. (This figure was extracted from [43]).

Moreover SUSY models with conserved R-parity (see section 1.3.6) require the lightest super-
symmetric particle (LSP) to be stable. This would — at least for a neutral LSP — provide a
good candidate for cold dark matter [44], which may also explain the great interest in SUSY
models with conserved R-parity, though a more general model allows for small R-parity violating
(R,) terms, too. These terms must be small, since, although not theoretically forbidden, their
existence is severely constrained by the non-observation of proton decay [45].
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1.3.2 The Particle Content in Supersymmetric Models

As has already been mentioned, supersymmetry introduces a corresponding superpartner for
each SM-particle differing only by half a unit in spin, and, thus, effectively doubling the particle
content of the SM. All particles of the MSSM (Minimal Supersymmetric SM, see section 1.3.5)
are represented in supermultiplets in Table 1.4. Similar to the familiar multiplets of the SM,
there exist two different types: supermultiplets of chiral fields (®) and of gauge fields (V).

The names of the SUSY-particles are derived from the SM-particles’ names. A SUSY-partner of
an ordinary fermion, e.g. lepton/quark, is called sfermion, or slepton(Z) /squark(q), respectively.
The same convention is used for the single particle names, e.g.: electron — selectron (€), top-
quark — top-squark (%v), though the squarks are also often referred to as: stop, or sbottom. Each
sfermion is also labelled with an index L or R to indicate to which of the two chiral states of the
SM-particle (¢g, 91) the spin-0 SUSY-scalar belongs.

Supersymmetric spin-1/2 partners of the gauge bosons (W23, B and G) are known as winos
(Wl’g,g), binos (B) and gluinos (§), but there is no one-to-one correspondence between the mass
eigenstates of the SM gauge bosons (W, 4, Z% and those of the SUSY-partners. Although
names and symbols like, e.g. photino (3), zino (Z), are sometimes used, no SUSY-particles,
neither symmetry, nor mass eigenstates, are associated with them. Mass eigenstates of the SU(2),
and U(1)y bosinos are formed after EWSB and SUSY-breaking (see section 1.3.4), by mixing of
the respective symmetry eigenstates. Thus, winos, binos and the fermionic SUSY-partners of
the Higgs bosons, the higgsinos, mix to form so-called charginos (%fQ) and neutralinos (%?’2’3’4),

where increasing indices refer to increasing mass.

Chiral Supermultiplets @ in the MSSM

Names spin-1/2 (v) spin-0 (¢) SU@3)¢, SU(2)r, U()y
Leptons / Sleptons L (Ve, €]) (Te, €r) (1, 2,-1)
(x 3 generations) E eL €x (1,1, 2)
Quarks / Squarks Q (ur, dr) (ur, JE) (3,2, 1)
(x 3 generations) U uTR u* (3,1, —%)
D di, d* 3,1, 2)
Higgs / Higgsinos H, (H}f, HY) (H}, HY) (1,2, 3)
Hy,  (HY, H;) (HY, Hy) (1,2, -3)
Gauge Supermultiplets V in the MSSM
Names spin-1 (A) spin-1/2 () SU(3)¢,SU(2),U(1)y
U(1) boson / bino B B B (1,1, 0)
SU(2) bosons / winos 1% wt w? w3 Wl, W2, W3 (1, 3,0)
SU(3) gluons / gluinos G G, Gy, ... Gg G1, G, ... Gg (8,1,0)

Table 1.4: The chiral and gauge supermultiplets of the MSSM. One generation of (s)fermions and the
Higgs boson / higgsino doublets are presented as chiral supermultiplets. The convention of using left-chiral
Weyl spinors leads to the appearance of the conjugates for the right-chiral quarks and leptons in the chiral
supermultiplets.
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At least two Higgs supermultiplets are needed, because one A,
Higgs doublet with its associated higgsinos is not sufficient
to avoid triangle gauge anomalies, which in turn would inval-
idate the gauge symmetry of the SUSY-Lagrangian. These
dangerous anomalies are absent in the SM due to the already f

existing fermions, but they would appear in a supersymmet- Ay
ric theory because of the fermionic superpartners of the scalar . ]

) L ] Figure 1.4: Triangle anomaly.
Higgs doublet, the higgsinos. Since the latter must be a weak
isospin doublet, with weak hypercharge being either +1 or —1, they will in either case make
a non-zero contribution to the traces Tr[Y?] = Tr[T2Y], which should give zero for a gauge
anomaly free theory. To circumvent this problem and to ensure masses for up- and down-type
quarks and leptons after EWSB a second Higgs doublet is introduced, with opposite hypercharge
of its corresponding higgsino weak iso-doublet.

1.3.3 The Theoretical Formalism

Supersymmetry is, unlike the gauge symmetries discussed in section 1.2, no internal, but a
space-time symmetry able to transform a bosonic state |S) into a fermionic state |F') and vice
versa

Q|B)=|F), and Q|F)=|B). (1.30)

The Operator Q is thus an anticommuting complex spinor, whose hermitian conjugate, Q, is also
a symmetry generator. Analogously to the SM, Supersymmetry is based on the Poincaré algebra
(more exactly on an extension of this algebra [46]) defined on the four-dimensional Minkowski
spacetime. The SUSY-Lagrangian, as well as the SM-Lagrangian, is invariant under global
Poincaré transformations, i.e. under translations (P*) and rotations and Lorentz boosts (J*"),
which satisfy the following relations:

(PP = 0
[juV,Jaﬂ] — Z'(jlwégvﬂ + jvb’gua _ juﬂgva _ jl/aguﬁ)
[TH,P*] = i (PYg"* — PHg"™), (1.31)

where g, = diag (1,—1,—1,—1) is the metric tensor. In addition to the above equations, the
following commutators relate the supersymmetric and the Poincaré generators

[Qaapu] = [Qaapu] =0
[j/,u/aQa] = [j/,un Qa] = _'L’(o'w/)g Qb- (132)

while the following anti-commutators, where [4, B]- = AB + BA, define the relations among
the fermionic supersymmetry generators, @ and Q, themselves:

[Qme]— = [Qa,Qb]— =0
[Qu, Qb]- = 2(0")ab Py (1.33)
where 0y, is a 2 X 2 matrix given by o, = 1(6%0” — 6“0*), with o = (¢°,0%) and o’ are the

Pauli Spin matrices. Since supersymmetry is a spacetime symmetry, independent of the internal
symmetries, all its generators commute with those of the internal symmetries. It follows that
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1.8 Introduction to Supersymmetry

all particles of the same supermultiplet have the same quantum numbers, like electric charge,
weak isospin and hypercharge, colour, lepton and baryon numbers, etc. As can be seen from
Equations (1.32), the operator P? = P,PH, which corresponds to (mass)?
supersymmetric operators so that all particles in a supermultiplet should also have the same

, commutes with the

mass. At this very point it becomes clear, that supersymmetry cannot be an exact symmetry,
but must be broken at a higher energy scale.

The number of supersymmetry generators, i.e. pairs of Q, Q, define the number of supersymme-
tries, N, since there may be more than just one distinct pair of generators. However, for phe-
nomenologically viable, »ordinary« supersymmetry, one usually considers only the case N = 1,
because N > 1 would require more than four dimensions to allow for chiral fermions and parity
violation as observed in the SM.

A SUSY Lagrangian for a free chiral supermultiplet
Starting from the simplest possible Lagrangian of a single two-component Weyl fermion ()

and its corresponding scalar superpartner (¢), the basic concepts of SUSY transformations and

wZz
free

non-interacting particle, first introduced by J. Wess and B. Zumino [47], reads:

the role of additional scalar fields F' are discussed. The Lagrangian £ of a single massless,

»C?;:eze = £scalar + ‘Cfermion = _au¢* 8u¢ - iqu ot 8u¢ (1-34)

A simple SUSY transformation, changing the scalar field ¢ into some fermionic field 1,, requires a
slightly more complicated transformation of the fermion field, such that the action § = [ d*z L,
remains invariant under supersymmetry transformations.

scalar — fermion fermion — scalar
5¢p = e §ha = (ot )adud (1.35)
he 6¢F = et he 64 = i(eot)q 8y

where € is an infinitesimal, anti-commuting, Weyl object parameterising the SUSY transforma-
tions. This leads to the following transformed scalar and fermionic parts of the free Lagrangian:

0Lscalar = —€0"PO,¢* — €01 9, (1.36)
5£fermion = +€au¢ 8u¢* + 6T8N¢T a,lt¢
-9, («ﬂ’aﬁ%p 8,8* + e G* + etypt 8“¢) : (1.37)

As can be seen, the first two terms of 6L fermion cancel against the transformed scalar terms and
the remaining terms, — d,(. .. ), do not contribute to the equations of motion, which are obtained
from minimising the action S:

sSW2 — / d*z (6 Lscatar + 0L fermion) = 0. (1.38)

To ensure that the free Lagrangian and the chosen transformations really serve as a supersym-
metric theory, the commutator of any two transformations must also be symmetric. Applying
the commutator [de,, d¢,] to a scalar field ¢, and to a fermion field v, results in:

[0y, O] @ = ’t.(€20'“611- - elaueg)auqﬁ (1.39)
[0ers Ocy] Yo = i(eza"e]{ — elaﬂeg)aqua — iegaeJ{ ot o + z'elaeg a* oy (1.40)

21



CHAPTER 1: THEORETICAL FOUNDATIONS

where the operator 0, is a spacetime operator, corresponding to the generator of spacetime
translations, P,, of Equation (1.33). Obviously, the results of the commutator applied to a
fermion field (Eq. 1.40) and to a scalar field (Eq. 1.39), are only symmetric, if the »classical«
equations of motion 49y = 0, are satisfied and the last two terms thus vanish. This special
case is referred to as a theory being valid »on-shell«, contrary to the »off-shell« case, which
implies that a theory is also valid quantum mechanically.

Since supersymmetry should be valid off-shell as well as on-shell (closed algebra), another com-
plex, scalar field has to be introduced. This auxiliary field F', whose Lagrangian density is simply
Louz = F*F allows to close the supersymmetry algebra, but does not generate any kinetic terms.
To achieve a cancellation between the additional, off-shell terms of Lfermion, the auxiliary field
is transformed into a multiple of the equation of motion for the fermion field 1:

§F = ictah o,y

6Lous = i€ "0, F* — 0,9 5 e F 1.41
he OF* = —iduplate } . g (40

This requires to modify the fermion field transformations, too, by adding the terms e, F' and
el, F* to the respective transformations »fermion — scalar« given in Equation (1.35). These
modified SUSY-transformations then lead to additional contributions to 6L fermion, Which cancel
with the corresponding contributions of §F', except for a total derivative which is not relevant

for the action or the derived equations of motion. All in all the commutator of the modified, free

wZz
free

Lagrangian £ = Lscalar + Lfermion + Lauz can be written as follows:

[0, 0en] X = i(ego“e]{ - ela“eg)BHX, (1.42)

where X stands for any of the fields ¢, 9, F, or their respective conjugates. The introduction
of the auxiliary field F' can also be understood from a physics (and not only a mathematical)
point of view: effectively the complex, two-component Weyl fermion 1 has four real degrees of
freedom, while the complex scalar field ¢ has only two. On-shell the degrees of freedom of the
scalar particles match the two spin-polarisation of the fermionic states, but off-shell the scalar
field lacks two degrees of freedom. Thus, in order to adjust the bosonic and fermionic degrees
of freedom also off-shell, an auxiliary complex, scalar field F', had to be introduced. These three
fields and their conjugates now comprise a so-called chiral supermultiplet.

A SUSY Lagrangian for a free, massless gauge supermultiplet

The next ingredient to be considered, on the way to a complete SUSY-Lagrangian are gauge
bosons and their respective superpartners. Again a non-interacting, massless gauge boson, Ay,
with its fermionic partner, A%, are chosen for the gauge field Lagrangian:

Loauge = — %]—"ﬁy Frra _ i \taghD A 4 %D“ D® (1.43)
where D, and F, represent the usual covariant derivative and field strength tensor as introduced
in Equations (1.4) and (1.6), respectively. Especially the covariant derivative D, is required to
ensure local gauge invariance. The index a runs over the adjoint representation of the relevant
gauge group, i.e. a = 1,...8 for SU(3)¢, or a = 1,2,3 for SU(2)y and a = 1 for U(1)y.

In analogy to the scalar, auxiliary field F', a bosonic, auxiliary field, usually named D?, is needed
in the gauge Lagrangian to close the algebra off-shell. Once again, this is due to the different
number of bosonic and fermionic degrees of freedom. While the off-shell gaugino (A?) exhibits
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four real degrees of freedom, the off-shell boson (Af) has only three real degrees of freedom.
Like the scalar field F, the bosonic field D® has no associated kinetic term, which leads to
its cancellation on-shell. The corresponding SUSY transformations for all the fields of a gauge
supermultiplet (Af,, \*, D) are:

a 1 — a a—
04, = - 7 (eTou/\ + Af aue)
1 1
0N, = ——=(d!d"eX")o F, + —=€o D
2\/5( )Ot 7 \/i e
a _ _ g t=u a _ tazp
D = - (5" DuA — Dy ATt ) . (1.44)

Using these equations, the commutator of two infinitesimal SUSY transformations, applied to

any of the gauge-covariant fields X = F% , A% A¢ or D thus reads:

pw>
[0ey, 0c,] X = i(eza“e]{ - elo“eg)DuX. (1.45)

This ensures, that the supersymmetry algebra as defined in Equation (1.33) is realised also on
any gauge-invariant combinations of fields in the gauge supermultiplets (AZ, A%, D).

Adding interactions to the free chiral and gauge Lagrangians

Since the world of fundamental particles does not consist of free, non-interacting, massless par-
ticles, any phenomenological viable theory must also describe interactions between the different
particles. First the interactions between fermions and their scalar superpartners, i.e. among chiral
supermultiplets, are discussed and subsequently interactions between chiral and gauge fields are
included. According to [38] it can be shown, that the most general, renormalisable interactions
of chiral superfields can be written as:

. 1. .
i = — g Wiy + WF, + cc, (1.46)

where W#% and W* are functions of the scalar fields ¢; and ¢*?, with dimensions (mass) or, at
most, (mass)?. Since the free Lagrangian itself is already invariant under SUSY transformations,
certain conditions need to be imposed on the W% and W' to also guarantee the invariance of
ﬁfffﬁml under these transformations.

; 1 oW 1 6WY .
SLG = — 3 oor () (Withs) — 5 o E (€' i) (Withj) + he. (1)
— i W9 3, pi0 otet — i Wi, 0" + hc. (i)  (1.47)

Here the first line (i), permits constraining W% since the first term can only vanish if § W% /§¢y,
is totally symmetric under the exchange of the indices i, j, k (Fierz identity), and the second
term will only not contribute, if W% does not depend on ¢**, which entails that the whole term
vanishes due to the derivative with respect to ¢**. Both these arguments lead to

W4 = mi 4 kg, . (1.48)

where m% can be identified as a symmetric mass matrix for the fermion fields, since the relevant
term appears together with 4; 4. Similarly y** can be understood as a trilinear Yukawa coupling
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of a scalar field ¢y, and two fermionic fields 9; 1;. Further it is desirable that the terms in line (ii)
of Equation (1.47) become a total derivative and thus irrelevant for the action S or the equations
of motion. This is only realised, if the W* can be expressed as

. y 1 .
W' = mY¢; + > y'Ik bj bk, (1.49)
ij 82 6 Wsusy ) ;
from: WY 9,d; —W =0 | ——— | = 9, W",

where a so-called superpotential, Wsysy, has been introduced. This superpotential is solely a
function of the complex, scalar fields, as required by the above considerations of W% and W*

1 . 1.
Wsusy = Em” i pj + gy”k bidjdr (1.50)

Now only terms linear in the auxiliary fields Fj, or F** remain in the transformed Lagrangian
§ Lchiral -~ Al these terms cancel, if the classical equations of motion, e.g. 6‘91% = F*"+ W' =0

(and h.c.) are implied, because all auxiliary fields can be replaced by the scalar fields W;* and
W, leading to the single term WiWi*, which constitutes the scalar potential V (¢, ¢*).

So, the Lagrangian of massive, interacting chiral supermultiplets follows from the combination of
the free Wess-Zumino Lagrangian of Equation (1.34), (extended to describe a collection of free
particles 1; and ¢;), and the Lagrangian of interactions to:

Lehirat = —O0M¢* Oudpi — ip'' o Oy (i)
5 (Wi + Wi gtiphh) —wiwr ) (151)

where the index % runs over all flavour and gauge degrees of freedom and is summed over,
if repeated, according to Einstein’s sum rule. Line (i) describes the kinetic energy of all the
fermions and their corresponding scalar superpartners and line (ii) represents the mass terms
and trilinear couplings in terms of the scalar fields W% and W*.

The only missing ingredient for a complete SUSY-Lagrangian is the inclusion of gauge inter-
actions, i.e. interactions coupling the fields in the chiral supermultiplets to those of the gauge
supermultiplets. Since all necessary steps have already been mentioned, this is now relatively
straightforward. All partial derivatives 0, in the chiral Lagrangian of Equation (1.51) have to
be replaced by gauge-covariant derivatives D,

Oupi — Dudi = 0Oudi +igA,(Td);
6u¢i — ,Dud]i = 6;&'901 + igAZ (Ta"p)i (1'52)

In a next step, all interaction terms, involving D% and gaugino fields, that are not already
included in either the chiral or the gauge Lagrangian (Eq. (1.43)) have to be considered. Three
possible, renormalisable interaction terms exist

(¢* T ) \*, eyt T ¢),  and (¢*T"¢) A\*, (1.53)

where the T'* are the generators of the relevant gauge group, e.g. for the SU(2),, of the SM, T
would be the weak isospin operator T = (T}, T2, T3) introduced in the covariant derivative of
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the SM in Equation (1.10). These terms are added to the chiral and gauge parts of the total
Lagrangian Lgysy, which is then required to be real and to remain invariant under SUSY trans-
formations. This is achieved, if the SUSY transformation laws of the chiral fields are modified
accordingly, which means, that they cannot contain partial derivatives neither. Additionally an
extra term needs to be introduced into the transformation of §F;:

i = et
5a = (o' )aDydi + €a Fi
§F, = i " Dyth + V29 (T¢); elAT®. (1.54)

Using the new, modified transformation laws allows to infer the coefficients of the extra interac-
tion terms in Equation (1.53). Assembling now all the different pieces of the previous paragraphs
into one, i.e. combining the chiral Lagrangian of Equation (1.51) with the gauge Lagrangian of
Equation (1.43), and replacing all partial with covariant derivatives, the final SUSY-Lagrangian

emerges:

Lsusy = —D'¢* Dudi — iyp' 6" Dy (i)
oIy — it - MM iy (i)
- %yijk bitbjibe — %yfjk ¢*iptiyth, (i)

1 rin, » wiank L oaew ikn g 1 iin, o+ ck sl g

— g M"Y 4™ T — 5 Miny”™" 6% bk — 29" Y $idhid" 9 (iv)
- %f,‘j,, Fre — i xtogh D, A® (v)
—V2g [ (¢"T ) A" + A (T79) | (vi)
+9 (T ) D" + %D“ De. (vil) (1.55)

The first line (i) of Lsygy contains the kinetic terms of all fermions/sfermions and the higgsi-
nos/Higgs bosons, respectively. If the chiral supermultiplets are no gauge singlets, interactions
between the fermions/scalars and the vector gauge bosons arise also from the kinetic terms due
to the covariant derivatives and modified SUSY transformations, (Fig. 1.5). Mass terms for
fermionic and scalar fields appear in the second line (ii). The next two lines describe all possible
trilinear interactions of two fermion fields and one scalar field (iii) and between scalar fields alone
(iv). The last term of line (iv) even describes a quadrilinear interaction, where the coupling
strength is proportional to Yukawa couplings (Fig. 1.6). In line (v) the gauge bosons’ dynamics,

including their self-interactions are expressed in terms of the field strength tensors F2,, whereas

v
the interactions between gauge bosons and gauginos are governed by the second terrrit (Fig. 1.7).
Line (vi) describes a completely new kind of trilinear interactions involving gaugino, fermionic
and scalar fields (Fig. 1.8, left). Finally, line (vii) holds another quadrilinear interaction of four
scalar fields, (Fig. 1.8, right). Contrary to the one described by the last term of line (iv), this
new quartic interaction is determined by the respective gauge coupling (due to 7%) and not by

Yukawa couplings.
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Figure 1.5: Interactions between gauge bosons (A,) and fermionic or scalar fields of the chiral super-
multiplets, i.e. between fermions, or higgsinos () and sfermions or Higgs bosons (¢).
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Figure 1.6: Trilinear interactions between fermions and scalars, or of scalar fields alone; the rightmost

diagram depicts a quadrilinear interaction of four scalar fields. To obtain the correct Feynman diagrams
of the conjugate versions of the first two terms, all chiralities (arrows) have to be switched.

D T

g fabcfade AbuAcu AdAe gfabc AbNACV a Aa a Aa gfabc Ab )\a]‘o.ukc

Figure 1.7: Quadri- and trilinear interactions among gauge bosons (A) from the F,, F*¥-term and tri-
linear interactions of gauge bosons and gauginos (\) from X\t 4G#D, A%, second term in line (v), Eq. (1.55).
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Figure 1.8: Additional interaction, connecting a chiral scalar and fermion field (¢, 1) to a gaugino (\) of
a vectorial supermultiplet (left). This type of interactions may be interpreted as a »supersymmetrisation«

of the first two diagrams in Fig. (1.5). Another quartic interaction of four scalar fields (right), where the
coupling strength is determined by the gauge coupling (g).
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1.3.4 SUSY Breaking and the Higgs Sector

Despite numerous attempts to introduce spontaneous supersymmetry breaking analogously to
EWSB in the SM, which is achieved by a non-zero VEV of the Higgs field, no convincing mech-
anism has been found so far. The two most well-known proposals are probably those by Fayet-
lliopoulos [48] and O’Raifeartaigh [49], but both their models suffered from severe phenomeno-
logical difficulties. The predicted scalar partners were too light with masses even below the

SM-fermion masses.

Apart from their varying ability for predictions, all of the proposed mechanisms to spontaneously
break supersymmetry and thus generate masses for the SUSY-particles, require extensions of the
MSSM including new particles and interactions at very high energy scales. Since there is no
consensus as to how this should be done, it is easier to parametrise the possible effects of SUSY
breaking and introduce all of the soft breaking terms explicitly into the SUSY-Lagrangian, which
amounts to simply ignoring the question of »how SUSY is actually broken«. These terms are
called soft, because they should not re-introduce quadratic divergences into the higher order
corrections to the Higgs boson mass [50]. They must also be renormalisable and invariant under
gauge transformations, but they need not be invariant under the SUSY transformations defined
in Equations (1.44) and (1.54). The »solution« to deal with supersymmetry breaking is, to
assume that the breaking itself takes place in a so-called hidden sector, which is completely (or
almost completely) independent of the wvisible sector of the chiral and gauge supermultiplets. Two
main proposals exist:

GMSB: meaning Gauge Mediated Supersymmetry Breaking, where the soft breaking terms arise
from loop diagrams involving so-called messenger particles, which not only couple to the
SUSY breaking VEV, ( F'), in the hidden sector, but likewise — because they also possess
SU@3)¢ ® SU(2)r ® U(1)y interactions — to the the normal SUSY-particles of the visible
sector. In this scenario the scale of SUSY breaking can be estimated by:

F
msoft"’]é >

mess

(F)~10* —10° GeV, (1.56)

where mg,p = 1 TeV is the characteristic mass scale of the soft breaking terms, (F') is
the VEV of the hidden sector field responsible for SUSY breaking and M,,¢ss is the mass
scale of the messenger fields, which should be roughly equal to 1/( F'). Gauge mediation
with messenger particles, whose masses are well below the Planck scale (M,.ss < Mp),
generate an extremely light gravitino, O(eV-keV), which would become the LSP. Hence,
collider phenomenology assuming GMSB scenarios, is characterised by NLSP-decays into
the gravitino.

SUGRA: where the hidden sector communicates with the visible sector through gravitational
interactions [51], implying the successful inclusion of gravity into the supersymmetric gauge
field theory, which also gives rise to the model’s popular name »supergravity«. In SUGRA
scenarios the scale of SUSY breaking is approximately 10" GeV, which can be understood
in terms of:

F
Msoft ~ % - (F) ~ 10" GeV, (1.57)

with mges and ( F') as defined above and Mp being the Planck scale of ~ 10'® GeV. The

gravitino (G) which needs to be introduced in local supersymmetry to retain the invariance
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of the Lagrangian under local SUSY transformations, may thus be identified as » gauge«
particle of local SUSY transformations, similar to the gluons, which are the gauge particles
of the SU(3)¢ transformations. As long as SUSY is unbroken, the spin-2 graviton and
its superpartner, the spin-3/2 gravitino are both massless and thus possess only two spin
helicity states. According to the Nambu-Goldstone theorem [22], the spontaneous breaking
of a global symmetry always generates a massless particle with the same quantum numbers
as the broken symmetry operator. In the case of supersymmetry, the broken symmetry
operator is the complex spinor Q, which results in the Nambu-Goldstone mode being a
massless, neutral Weyl fermion, the goldstino. In local supersymmetry, the longitudinal
components of the goldstino are then absorbed by the gravitino, which thus acquires a
mass. This is also called Super-Higgs mechanism, since it is entirely analogous to the Higgs
mechanism of the SM responsible for EWSB and the masses of the gauge bosons. One
of the advantages of (minimal) SUGRA is the explanation of EWSB as a consequence
of radiative corrections from the evolution of masses and couplings from the GUT scale
(Mgur) to the electroweak scale (Mg ) via the Renormalisation Group Equations (RGE),
which is known as radiative EWSB. In contrast to GMSB-scenarios, gravity mediated SUSY
breaking yields gravitino masses of the order of O(100 GeV). Even if the gravitino is the
LSP, it will not play a significant role in collider physics, since it interacts with the coupling
strength of gravity. The NLSP will simply appear to be stable over usual detector distances.
In cosmology, however, a gravitino-LSP could be of substantial importance.

Fortunately, the exact breaking mechanism is largely irrelevant for the resulting phenomenology
and only the flavour-blind interactions, actually mediating the breaking, are important, as is the
associated scale of SUSY breaking (GMSB versus SUGRA scenarios). So, in general the soft
breaking terms are parametrised in the following way:

; 1 . . 1 ..
Lo =~ 3 M A — (m?); ¢t i — Em” ey

1

5 AR ¢ i i + hec. (1.58)

where the first term holds the gaugino mass terms, the second and third contain mass terms
for scalar particles, i.e. for sfermions and Higgs bosons, respectively, and the fourth term defines
trilinear scalar coupling terms. Assuming now the minimal particle content of the supersymmetric
extension of the SM, the notation introduced in Table 1.4 of section 1.3.2 allows to write:

Looft = — % (Ms§g + MoWW + MyBB) + h.c. (i)
—@Tmaé—zfmiz—ﬁm%ﬁj—ﬁm%f;—Em%ET (ii)
—m¥y, HyHy, — my, HiHg — (miy Hy Hy + h.c.) (iii)
(A QH, - DAqQH; — EAcLH,) + he (iv) (1.59)

The first line (i) of Ls,f contains the gluino (M3), wino (Mz) and bino (M;) mass terms, while
in the second line (ii) the mass terms of the squarks and sleptons are defined and line (iii) holds
the respective mass terms of the two (up- and down-type) Higgs bosons. Here appears also the
only bilinear term m?, H, Hy. Each one of the m#-matrices for the sfermions is a 3 x 3 matrix in
generation space, as are the trilinear coupling matrices, A;, governing the interactions between
sleptons/squarks and the Higgs bosons H, and Hy, in line (iv). As can be seen from the above
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terms, this Lagrangian really breaks supersymmetry, since all of the terms only involve scalars,
or gauginos, but not their respective superpartners, i.e. fermions (Higgs bosons) or gauge bosons.

Now, since SUSY-breaking has been arranged for with (radiative) EWSB following from it,
the Higgs sector, or more exactly, the conditions for a successful breaking of the electroweak
symmetry SU(2)r ® U(1)y are briefly discussed. In unbroken SUSY, the relevant part of the
scalar Higgs potential is given by

1
Wgnbroken — MQ (Hﬁ + H{%) 4 g (92 _|_g' 2) (HZ — Hg) (1.60)

With this kind of scalar Higgs potential, EWSB cannot take place, because of Wg > 0, which
leads to both Higgs field components equal zero (H, = Hy = 0). Contrary to this, in broken
SUSY, new terms are introduced into the Higgs scalar potential. These are the mass terms mp,,
mp, and the bilinear coupling m12

Wu = (p>+miy,) [ H)? + (uf +mi,) [H? — (miy Hy Hy + h.c.)
1
+ S (¢ +4¢'2)(H2 - H?). (1.61)

In combination with the m?, term, there is one linear combination of HJ and HY, that can have
a negative (mass)? term, which is expressed by the inequality

H, = (%
miy > (lul> +mE,) (s> +my,) = { H“ Eg; (1.62)
a = (y,)-

Only if this inequality is satisfied, has the SUSY Higgs potential a SM-like shape (mezican hat
as in Fig. 1.1), otherwise the minimum will be stable with H,, = Hy = 0 so that no EWSB can
occur. Similar to Equation (1.23), there exists a relation between v,, vg and Mz, the precisely
measured mass of the Z° boson:

2 g2 = o2y = 2 M2 174 Gevy? 1.63
Uu+vd_USM_W~( eV)*, (1.63)
Usually the ratio of the two VEVs of the Higgs fields is written as tanf = %‘f Requiring the
minimum of the Higgs potential %VE’&{ = %‘Zg = 0 to satisfy Equation (1.63) leads to the following
two conditions, which allow to eliminate two of the lagrangian parameters, namely m?2, and |u|

2 2 2 M3

|p|° +my, = miycotfB + > cos(23)

2 2 2 M7

lul” +my, = miytanf — (T) cos(2f3) . (1.64)

The Higgs scalar fields consist of two complex scalar SU(2),-doublets, which corresponds to
eight real degrees of freedom. After EWSB, three of the eight degrees of freedom are »eaten« by
the W+ and Z° bosons, and become their longitudinal spin polarisation modes, while five real
degrees of freedom and thus five real Higgs bosons remain. At tree-level, or leading order (LO),
the mass eigenstates are given by

2 2
M3 = miy, +m%1d—|—2,u2 = smTQlé) = M7% (MSSM parameter)
M. = M3+ M},
1
Mo o = 5 [M§+M§. ¥ \/(Mf1 + M32)? — 4 M2 M3 cos®(28) (1.65)
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These mixed mass eigenstates are: one CP-odd pseudoscalar A°, two charged Ht, H~ and
two CP-even neutral scalars H° and h?, where the capital letter denotes the heavier of the two
CP-even states. The Higgs mass spectrum is thus determined by only two parameters, which
are chosen to be the mass of the pseudoscalar, M4 and the ratio of the two VEVs, tan 8. The
Higgs mass equations given above are only valid in leading order, the real Higgs boson masses
receive substantial radiative corrections from SM- and SUSY-particles. Typically, the dominant
contribution comes from the loops of the most massive particle and its superpartner, i.e. from
top-stop loops [52] and increases with m} and logarithmically with Mspsy, the approximate
scale of the superpartner masses.

1.3.5 Phenomenological SUSY Models

So far, the theoretical models were generic supersymmetry models, but in what follows only
minimal extensions of the Standard Model will be considered. The particle content of such,
SM-based, SUSY-models is the one previously defined in Table 1.4 of section 1.3.2. The aim of
this subsection is to derive two models, that allow phenomenological predictions at low energies,
e.g. at a mass scale below 1 TeV.

Unfortunately the soft terms of Ly, introduce more than 100 additional parameters into any
generic SUSY Lagrangian. To reduce this huge number of free parameters to a manageable
number (phenomenology-wise), a set of simplifying assumptions — some arising from experimental
constraints — is applied. Most of the soft terms are already severely constrained, because they
involve CP-violation or flavour mixing to an extent ruled out by experiment [38]. Two of the
strongest constraints on FCNC-terms (Flavour Changing Neutral Currents) come from the non-
observation of 4 — e~ and from the neutral Kaon system (K° <+ K°). The former, with an
upper limit of 1.2 x 107! [23] on the BR(u — e7) severely restricts the off-diagonal elements
of the slepton mass matrices m$, and m% [53], whereas the latter (Kaon system) constrains
the mixing of the first and second generation squarks and corresponding CP-violating complex
phases [54].

All of these dangerous FCNC- and CP-violating effects contradicting experimental observations
are readily avoided, if the so-called soft breaking universality is assumed. This means that all of
the soft breaking parameters are required to be real, the sfermion (Z, ¢) mass matrices are assumed
to be diagonal in generation space [56] and the trilinear coupling matrices A; proportional to the
corresponding Yukawa couplings at the GUT scale. Under these conditions 22 free parameters
remain:

e 3 gaugino masses: M (bino), My (winos) and M3 (gluinos)
e 5 sfermion masses of the first two generations (mg,, mes,, Mz, , Mag, ng)

e 5 sfermion masses of the third generation (mz,, ms,, my,, Mg, , mzR)

the mass of the pseudoscalar Higgs boson M4

the mass mixing parameter of the Higgs doublets u

the ratio of the two Higgs VEVs: tanf = vgq/v, (or tanf = vy/v1)

6 trilinear coupling matrices (Ae, Ay, Ag, Ar, Ay, Ap)
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After SUSY-breaking, all SUSY-particles acquire masses as a consequence of either the newly
introduced direct mass terms, or couplings to the up- or down-type Higgs fields. Due to the
subsequent breaking of the electroweak symmetry, fields with different SU(2);, ® U(1)y, but
equal SU(3)¢ and U(1)gpr quantum numbers can mix. If the mass matrices are expressed in
terms of the SU(2);, ® U(1)y eigenstates, the slepton, as well as the squark mass matrices all
contain off-diagonal elements proportional to the masses of their respective SM-partners. Since
they are negligible in case of the first two fermion generations, this leads to quasi-degenerate
masses for the first and second generation sleptons and squarks. Only the superpartners of left-
and rightchiral fermions of the third generation mix, due to the relatively large Yukawa (y,, v,
yp) and soft (A, A, Ap) couplings, e.g. stau leptons: T, 7, — 71, T2.

Mixing is not only possible in the sfermion sector, but also in the gaugino/higgsino sector.
Here, neutral higgsinos (HJ, HJ) and gauginos (B, W?) mix to neutral mass eigenstates, the
neutralinos and likewise the charged higgsinos (H, , H;) and gauginos (W', W?) mix to the
charged counterparts, the charginos, as given below in their respective eigenstate bases.

M, 0 ~Mzsycg Mygsysg
Moo — 0 M, Mycycg —Myeysp in the neutral gauge-
X0 = —Myz sycg  Mgzeycg 0 —u eigenstate base:
My sysg —Myzcysg — U 0 (E’W?,’ﬁg,ﬁg)
0 0 M, V2 My sp
0 0 V2 My cg L in the charged gauge-
M)"(':I: = .
M, V2 My sg 0 0 eigenstate base:
VaMwes o 0 0 (W, 5, W, )

with the abbreviations s,, = sin 8y, ¢, = cos 6,,, where 6,, is the weak mixing angle (see Eq. (1.13)
and (1.14)) and sg = sin 3, cg = cos 3, where tan § = vg/v,, is the ratio of the Higgs fields’ VEVs.
The observable mass eigenstates, four neutralinos (X}, X3, X3, X3) and two charginos (X5, X3),
follow from diagonalising the above matrices, where increasing indices denote larger mass. As
can be seen from the matrices, the masses of neutralinos and charginos only depend on the
supersymmetric parameters My, My, u and tan 8. If the Higgs mixing parameter, u, is larger
than the U(1) and SU(2) gaugino mass parameters (M; and My, respectively), the W-H mass
matrices are almost diagonal. Consequently the lightest neutralino eigenstates are dominated by
wino and bino components and the lightest chargino is almost a pure wino [57|, which is why
this region is referred to as the gaugino region. In the opposite case, where u < M o and the
lightest neutralinos are rather higgsino-like, the region is called the higgsino region.

The gluinos cannot mix with the other gauginos (higgsinos), since they do not possess the same
SU(3)¢ and U(1)ga quantum numbers as the latter. Gluinos carry — in analogy to their SM-
partners, the gluons — colour charge; their mass terms are given directly by the soft breaking
term (— 3 M3gg) from line (i) in Equation (1.59).

To further reduce the number of free parameters in phenomenological models, supersymmetry
has to be embedded into more fundamental GUT models [55], which allow further assumptions
regarding the particle masses and their respective couplings.
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The Minimal Supergravity model - mSUGRA

Due to the apparent unification of couplings at a higher energy scale (see Fig. 1.3), e.g. the
GUT scale at ~ 10 GeV, further assumptions are made, leading to the following parameters

in mSUGRA:

e the gaugino masses M;, M and M3 are unified — common gaugino mass: my /o

all sfermion and Higgs boson masses are unified — common scalar mass: my

(Higgs boson masses: m%{u =m? — p? and m%]d = m3 — u? see also Figure 1.9)

all trilinear couplings are unified into one — common trilinear coupling: Ay

the ratio of Higgs fields’ VEVs — tan3  (as before)

e the sign of the Higgs mixing parameter — Sgn(u)

The inclusion of the Higgs boson masses into the common scalar mass mg allows to express the
mass of the pseudoscalar Higgs Mf1 and the Higgs mixing parameter 2 in terms of tan 8 and my,
so that only the sign of u is left free. The effective masses and couplings at the SUSY (= 1 TeV)
or the electroweak scale (= 100 GeV) are then »only« a consequence of radiative corrections
taken into account when running the RGEs from the GUT scale down to the electroweak scale.
Figure 1.9 from [58] illustrates the evolution of masses.

800 —
3 Evolution of sparticle masses
O 700} M 3 (gluino) i
g 600 [ 1B G ]
(@)] m:_\\::::\\
c - t RN
= 500 r B RN .
c T~ NG
3 \\\\_T>‘_,,,,,\,\,\,\,~\‘ ,,,,,,,,,,,
o 400+ “m, Tl TSl '__'_’_"_”_’j:::r:::.-:,-_.:::‘ ]
B e A
300 s -
Mo (wingr - 4— my,
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Figure 1.9: Typical evolution of sparticle masses in a SUGRA scenario, due to the running of the
Renormalisation Group Equations (RGE) from the GUT scale down to the electroweak scale, (This figure
was extracted from [58] and has been edited).

As mentioned already, the sparticle masses at the weak scale are obtained from the RGEs.
Simple relations can be derived for the gaugino masses and couplings, since the three ratios
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M;/g? (i = 1,2,3) should be independent of the renormalisation group scale (RG-scale), except
for small second order corrections. Hence, in the hypothesis that the gauge couplings unify at a
higher energy scale, the GUT scale, the following equation must be valid at any RG-scale below
the unification scale (Q < Qgur), where Qgur is the GUT, or input scale.

9 (Q)

M, M, M3 mq/9
Mi(Q) = — - M;(GUT) — — R 5 R R — / (1.66)
9; (Qaur) gi 95 93 géuT

In case of mSUGRA models, where only the sign of y is still undetermined, the above relations
expressed in terms of the weak mixing angle, are further constrained:

5
M =~ gtan29wM2 (=~ 0.5 M) (1.67)
My ~ 25 4in20, M, (~ 3.5Mp) (1.68)
(8%

Using the approximate Z-pole values for the electroweak and strong coupling constants « ~ 1/128
and ag ~ 0.118, as well as for the weak mixing angle sin? 8, = 0.2312, the above relations lead
to My : My: M3y = 1:2:7. Consequently, the gluino is expected to be heavier than the two
lighter neutralinos and the lightest chargino. Since, for most of the parameter space, u? is larger
than m,, (corresponding to the lightest neutralinos and charginos being rather gaugino-like),
the following relations between these lighter neutralinos/charginos and the gluino masses can be

derived:
erive .

2m(x}) = m(x3) = m(x7) =~ 3™(9)- (1.69)
The sfermion masses are related in a similar way, so that one can get a rough idea of the typical

mass spectrum in mSUGRA scenarios, as given in Figure 1.10.

my S my. < my L mg N Mg, < Mg, - (1.70)
Mass N
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~ = 0
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Figure 1.10: Schematic mass spectrum of all supersymmetric particles and Higgs bosons in mSUGRA
or MSSM scenarios with unified gaugino masses, scalar masses and trilinear couplings. (taken from [38])
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The Minimal Supersymmetric Standard Model — MSSM

Another phenomenological model, similar to the previously discussed mSUGRA model, is the
MSSM. This model is based on essentially the same assumptions, like a common gaugino mass
(my/2), a common scalar mass (mg) and a common trilinear coupling parameter (Ap). The main
difference between mSUGRA and the MSSM considered here, is the exclusion of the Higgs masses
(Mg, , Mg,) from the common scalar mass in the latter. This leads to two more continuous free
parameters, namely the mass of the pseudoscalar Higgs boson (My4) and the mixing parameter of
the Higgs doublets u, both of which are calculable from tan 8 and mg in mSUGRA, leaving only
the sign of y free. The ratio of the Higgs field VEVs, tan 3, is defined as in mSUGRA, such that
the MSSM is made up of six continuous free parameters: my,, mo, Ao, tan 8 and additionally
also M4 and p.

However, the specific phenomenological MSSM, in which the results of this search for supersym-
metry ought to be interpreted, is different in that the previously assumed unification of couplings
at the GUT scale is relaxed. This means, Equation (1.67) relating M; and M, is not expected
to be valid anymore, such that the neutralino and chargino masses are not related to each other.
This allows to cover a larger parameter space and set more independent lower limits on the
masses of the lightest chargino and neutralino states. Although relation (1.68) is still assumed
to hold, this model is referred to as no-GUT MSSM in what follows. (Due to the much higher
gluino mass (M3), relation (1.68) has no considerable influence on neither the topology, nor the
kinematics of the class of supersymmetric events studied here.)

Particle Names Spin Gauge Eigenstates Mass Eigenstates R,
Higgs bosons 0 H} HY HY Hj A" HE* HO A0 +1
€L, €r Ve same
Sleptons 0 br R Uy same -1
L TR Vr T T2 Ur
ur UR JL JR same
Squarks 0 ¢, Cr 3L Sr same -1
t tr by bg t f b by
Neutralinos 1/2 B® WO ﬁIg ﬁg XX XX -1
Charginos 1/2 wt H} ffl; X© X5 -1
Gluinos 1/2 g1, 9o, - .. g8 same -1
(Gravitino? 3/2 G same -1)

Table 1.5: Querview of the sundiscovered« particles in the mSUGRA and MSSM models. The mass
eigenstates are shown in comparison with the symmetry eigenstates. (*only in SUGRA scenarios)

Independent of the specific model, the (minimal) particle content in terms of the physical states
is the same in either mSUGRA, or the MSSM. For the not yet discovered particles, it is given in
Table 1.5, where the mass eigenstates are related to the gauge eigenstates. In the last column, the
R-parity quantum number is denoted. As will be explained more thoroughly in the next section,
this number allows to distinguish SM and SUSY-particles. The earlier distinction between chiral
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and gauge supermultiplets as in Table 1.4 is no longer possible, because of the mixing of chiral
higgsinos and gauginos into neutralino and chargino mass eigenstates.

1.3.6 R-parity and Its Consequences

Now, with the introduction of R-parity (R,) — or rather its violation [59] — another complication
is added to the overall picture... To start with, each particle, SM-particle or SUSY-particle, is
characterized by an R-parity quantum number defined as R, = (—1)3B-L)+25 " with B being
the baryon, L the lepton and S the spin quantum number. Hence, SM-particles have R, = +1
and supersymmetric particles R, = —1, see also Table 1.5 above. R-parity in supersymmetry
refers to a discrete symmetry which follows from the conservation of lepton-number (L) and
baryon-number (B). The most general R-parity conserving superpotential can be written as:

WRp = [7yu QHU - Byd QHd — E'ye LHd + ,U,Hqu. (1.71)

Since the notation is the same as in Table 1.4 of section 1.3.2, the superfields Q, L, H, and Hy
are the usual weak-isospin (SU(2)z) doublets, while U, D and E are SU(2)r-singlet superfields.
The bold face matrices yy, ya and ye are the 3 x 3 Yukawa matrices in generation space and
the last term pH,H; mixes the up- and down-type Higgs fields. Lepton and baryon numbers
are assigned to the chiral supermultiplets in the following way:

L; E; Qi Ui D, H, Hy
L: +1 -1 0 0 0 0 0
B: 0 0 +1/3 -1/3 -1/3 0 0

In models with exact R-parity, every interaction vertex must contain an even number of R,-
negative particles, i.e. SUSY-particles. Furthermore, the lightest supersymmetric particle (LSP)
is absolutely stable; due to its negative R, quantum number, it cannot decay into SM-particles.
On the other hand, all heavier SUSY-particles, once produced, will sooner or later cascade decay
into the lightest R,-negative particle, the LSP. For this reason, an electrically neutral LSP would
make a perfect candidate for dark matter required by cosmology.

However, neither B-, nor L-conservation is required by gauge or any other invariance. As has
been pointed out, minimal SUSY requires the presence of two Higgs SU(2)-doublets, H, and Hy.
Since H, has exactly the same gauge quantum numbers as the lepton doublet superfields L;,
the latter can replace the former in the R,-conserving Yukawa potential Wg, of Equation (1.71)
and the gauge invariance of the Lagrangian is retained. Another gauge invariant term, breaking
R-parity, is the baryon number violating term U; D Dy, and no theoretical consideration prevents
the introduction of Yukawa interactions involving three SU(2)-singlet fermion superfields. All of
these R,-terms are parametrized in the superpotential Wl}?p [60] and drafted in Figure 1.11.

1 _ _ 1 o
WRP = §>\zgk L; Lj E, + A;'jk L; Qj Dy, + ,uzL,Hu + EAQIJkUZD] Dy, (172)

~

~~

These additional terms in the superpotential not only allow single sparticle production, (resonant
production), but also the decay of SUSY-particles into ordinary SM-particles. The coupling
strengths are given by the Yukawa couplings A, X" and X", where \;j;, is antisymmetric under the
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exchange of the first two SU(2) indices, while )\;’]k is antisymmetric under the exchange of the
last two. Since the L-violating, bilinear term, u; L; H,, mixing lepton and Higgs superfields, is
usually rotated to zero, to eliminate direct bilinear R,-violation [61], a total of 45 new parameters

(LLE+ LQD +UDD = 9+ 27 +9) is introduced into the superpotential.

L; L; D;
Lj —=-eeee- O R
LLE: _ LQD: _ UDD: _
Ek ! Dk n " Dk
Aijk = —Ajik Aijk Aijk = ~Nikj

Figure 1.11: Interactions (LO) associated with trilinear R,-terms. The Yukawa couplings A, X' and X"
give the strength of the interaction, while L and E denote the weak isospin doublet and singlet (s)lepton-
fields and Q and U, D denote the respective doublet and singlet (s)quark eigenstates.

Originally, R-parity was introduced in 1978 by G.R. Farrar and P. Fayet [62] to account for
the experimental limits on B- and L-violation, especially the non-observation of proton decay.
However, it was questioned even earlier that the latter would require an absolute conservation
of baryon number [63]. The lower limit on the proton lifetime is 1032 to 1033 years, depending
on the assumed decay mode. It allows to set stringent limits only on the product (X' -A”) of
B- and L-violating couplings [64], see also Figure 1.12 (a). Hence, it is sufficient to require
only one type of trilinear JR)-coupling to be present at a time to adequately protect the proton.
The resonant production of sleptons at hadron colliders requires a coupling of the LQD-type,

(u - u u (d) X0 (37
o (m)
d u (d)
i N i )
¢ , dy, , 211 pr------ ——--e-
11k &~ L 11k
[ u et (D) d (d) Ky, (/‘2:)

(a) (b)

Figure 1.12: R-parity violating processes: (a) proton decay is possible, if LQD and UDD -couplings are
present at the same time and (b) resonant slepton production via the LQD-coupling Xy, ;.

of which an example is depicted in Figure 1.12 (b) for the A; coupling. This coupling allows
the production of second generation sleptons, i.e. smuon () or muon sneutrino (,); for a
more detailed description of this process and an analysis of the resulting final states, see [65].
Various other diagrams involving one or more A, X', or X/ couplings are possible. Apart from the
stringent limits on the simultaneous presence of LQD- and U DD-operators from proton decay,
other significant limits are extracted from measurements of rare decays, like, e.g. Kt — ntvw,
or BS,S — ete™ (uTu™), or b — s7v. Similarly, neutrinoless double S-decay (0v3(3) offers the
possibility to constrain single LQD-couplings or products of this type of couplings. Different
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couplings, primarily of the LLE, or the LQD-type can be constrained by measurements of the
mixing in the neutral Kaon system (K° <» K°), or the By (B,)-meson systems (BY < BY, or
B? ++ BY). Precise measurements of the electron electric dipole moment, where LL E-couplings
alone, or LLE- together with LQD-couplings can contribute to higher order corrections, also
allow to set bounds on the strength of these couplings or products of them. For a detailed review
of R,-SUSY and a complete compilation of (nearly) all possible combinations of couplings and
the corresponding upper bounds see [61]. Similar, but somewhat shorter reviews include [66]
and [67]. Another general motivation for investigating R,-models lies in their inherent ability to
explain small neutrino masses through the mixing of neutrinos with neutralinos as is detailed in

references [68] and [69].

In the following, the so-called R, weak limit [70] will be adopted, where the R,-couplings are
considerably smaller than the gauge couplings. Additionally, the single coupling dominance
hypothesis [59], [61] is employed, which essentially means that only one coupling has a significant
influence, while all other )-couplings are assumed to be either zero, or negligibly small.

1.3.7 Gaugino Pair Production and R,-decay of the LSP

In this thesis, a search for multilepton final states in pp annihilation is performed. Final states,
with at least two muons and one additional charged lepton, either an electron or a muon, are
interpreted in the hypothesis of R,-supersymmetry with the LLE-coupling Ai2o dominating
all other couplings [57]. Since LLE-couplings connect only (s)lepton, but no (s)quark fields,
resonant sparticle production is not possible at a pp-collider as the Tevatron (see section 2.2).
The production process thus conserves R-parity and, because the squarks and gluinos are assumed
to be heavier than neutralinos and charginos, the dominant production process is gaugino pair
production [71], [72]. In the gaugino region, where the gauginos contain mostly wino or bino
components, the production proceeds via the electroweak bosons (Fig. 1.13 (a)), while in the
opposite case — in the higgsino region — the gaugino couplings to squarks are larger, so that they
are predominantly produced via t-channel virtual squark exchange as shown in Figure 1.13 (b).

q X (X0 q w x°)
w* i
i 7
o M
7 (a) X (X°) 7 (b) x¥ X%

Figure 1.13: R-parity conserving gaugino pair production via (a) s-channel gauge boson exchange or
(b) t-channel squark exchange.

Due to the assumption of the R, weak limit, the heavier gauginos (xT2 and X%234) usually
cascade decay into the lightest SUSY-particle (LSP), which is assumed to be always the light-
est neutralino (X9). Since this lightest SUSY-particle cannot decay into any other sparticles
anymore, it must decay into SM-particles via the one R,-coupling, that was chosen not to be
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negligibly small, i.e. A122. The Feynman diagrams of all possible LSP-decays via Ajg2 are given
in Figure 1.14. Direct decays of the heavier gaugino mass eigenstates into SM-particles are also
possible, though suppressed due to the smallness of the JR,-couplings compared to the gauge

couplings.
po po
A122 A122
/,r’% /,r";_
X ¢ pt X # Ve

Ve N+
u-
A122
s
~0 Pid 1%
Xi H et
(c) )
Yu
e~ I
A122 )\122
v R
0 - v 0 T8 .
X1 H Vu X1 Vu

Figure 1.14: R-parity violating decays of the lightest neutralino (LSP) via the LLE-coupling A\j2o.
In the processes (a,b) two muons are produced, while (c,d,e) lead to an electron-muon final state.

The heavy neutralinos or charginos usually cascade decay (R,-conserving) into the LSP. If they
are sufficiently heavy, their decays into lighter sparticles are accompanied by either an electroweak
gauge boson or one of the five Higgs bosons h, H, HT or A, see Figure 1.15 (a). In case the
decay with associated bosons is kinematically not possible, they decay predominantly into a
fermion /anti-fermion pair and a lighter gaugino (three body decay) as illustrated in Figure 1.15 (b).
The heavy gaugino mass eigenstates may also decay directly into SM particles via the JR,-coupling
A192. Since the coupling is small, these direct decays are negligible for x3%, X9, and the two
charginos, but can account for up to 30% of the branching ratio of the second lightest neutralino,
X3, in regions with low gaugino mass parameter m; /2- The direct decays of heavier neutralinos
proceed in exactly the same way as for the LSP, leading to final states with puv, or pev,. For
completeness, the Feynman diagrams of the chargino direct R,-decays via Aigo are presented in
Figure 1.16. The resulting final states are pue (50%), ev,v, (25%), and pv,v,e (25%).
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Figure 1.15: R-parity conserving cascade decays of heavier chargino and mneutralino mass eigenstates.
In (a) the decay is accompanied by a gauge or Higgs boson; in (b) the gauginos decay into a fermion/anti-

fermion pair and a lighter gaugino, respectively.
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Figure 1.16: Direct JR,-decays of the lightest chargino via the LLE-coupling A22. The processes (a,b)
produce three charged leptons (pue) and processes (c,d) lead to a final state with two neutrinos and either
and electron or a muon. The charge conjugate processes are not shown explicitely.

With the above assumption of gaugino pair production, and a negligible contribution of chargino
direct RR,-decays, always two neutralinos (mostly the LSPs) decay R-parity violating via Ai2o.
This leads to at least four charged leptons in the final state, which are easily identified by
combining any two of the Feynman diagrams of Figure 1.14 into three different multilepton
signatures: puppu+X, pupe+X and puee+X. Although X may be comprised of hadrons only,
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it is likely that even more charged leptons are present, depending on the preceding cascade of
the heavier gauginos and on the actual SUSY mass spectrum.

However, since the X} can be very light, with a mass as small as ~ 30 GeV (in case of the
no-GUT MSSM, see section 1.3.5), its decay products, the leptons in the final state may have
only small transverse momentum (pr) and hence, are difficult to detect. For this reason, only
three charged leptons are required to be identified and the search is optimised with respect to
the two topologies pup and ppe. Although pee is a possible combination of three lepton flavours
from the Ajg9-coupling, (i.e. if one of the expected two muons is not detected), this one is not
considered here, since it is already covered by two other searches for multilepton final states
from R,-SUSY scenarios. Both of which have also been developed within the DO collaboration
over the last three years 73] and [74]. The former primarily investigates decays involving the
LLE-coupling Ajo1, which lead to the lepton flavour combinations eeee, eeey and eepp; similarly
to those of the Ajg9o-coupling considered in the present analysis. The latter search focuses on
the topology eer (with hadronically decaying tau leptons) of yet another LLE-coupling, namely
A133. Both analysis are able to recover potential inefficiencies, especially with respect to the uee
topology of the present analysis, and vice versa. This is precisely the reason, why the results
of all three analyses are combined for each one of the three couplings Ai21, A122 and Ai33, see
chapter 4.

1.3.8 Indirect Bounds On &, Couplings

In this last theoretical section the existing limits and their origins are reviewed. As R, interactions
can contribute to various processes, also at low energies through the exchange of virtual SUSY-
particles, bounds on R,-couplings can be derived from many measurements provided the data
agree with the SM predictions. Since this thesis is based on a non-vanishing A129 coupling, and
the two other already mentioned analyses from [73], and [74] involve the couplings Ai2; and Aiss,
respectively, the constraints on operators of the LLE-type are discussed in more detail.

The most stringent bounds on the LLE-couplings come from either Charged Current universality,
or the indirect limits on the masses of neutrinos. Charged (Neutral) Current universality is
nothing extraordinarily new, but just refer to the universality of the fermions’ couplings to the
W (Z) bosons as predicted by the SM. Hence, precision tests, such as measurements of the
electroweak observables Mz and sin#,,, the lifetime of the muon (Gg) or the CKM-matrix
elements allow to constrain only single LLE-couplings very well [66], [75]. The operator L; Lo Ej

Ve Dy
A2k
W~ ’,/’:
ML e Hr q €Rk e
A2k
(a) vy (b) Ve

Figure 1.17: The muon decay contributions to the Fermi constant Gr from (a) SM interactions and
(b) R,-interactions, involving the operator L1LsEy, i.e. coupling constants Aiay,.
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leads, for example, to additional contributions in the decay of muons, as shown in Figure 1.17,
and thus, also changes the Fermi coupling constant G, which is determined from precision
measurements of exactly this decay. The tree-level effective constant in the presence of an

V24’ V2
= 92 + 5 |)\12k|2 . (173)
8M2, " 8m2

€Rk

L1LyE), operator reads:

Gr

However, due to large radiative corrections, the tree-level relation for Gr cannot be used to
derive conservative constraints on any Ajgr coupling. A theoretical analysis using two different
renormalisation schemes is given in [61]. From an experimental point of view, one measures the
ratio (R;,) of the rates of tau-decay and muon-decay and the comparison of the measured value
with the SM-expectation then leads to an upper bound on the R,-coupling Ajo [75].
RMees — 71_‘(7— - “Vﬂ) <~ RSM = )\1219 < 0.07 (7’/715}3 )
T C(p — evp) T ’ 100GeV / °

The measurement of R, the ratio of tau-decay rates (1 — evev, and 7 — p,v;) analogously
allows to extract upper bounds on the Ay3; (A23x) couplings, which correspond to the LiL3E}
(LyL3E}) operators. Although this method already yields tight upper limits on the strengths
of possible A19x and A3 couplings, precision measurements of the CKM-matrix elements, in
particular V,4 allow to extract even more restrictive bounds on A19g, although processes in the
quark sector always involve also a coupling of the LQD, or the U D D-type [76].

Indirect limits on neutrino masses provide another pos-

sibility to constrain LLE couplings with the last two

SU(2), indices being identical. This is explained by a -~
possible slepton-lepton loop in higher order corrections /. \Ag (7)
to the electron neutrino mass [61]. In case of the two
couplings Ajo2 and Ai33, that are of interest here, the ,u}j (1)
bounds from the electron neutrino mass limit are the most

restrictive ones. Figure 1.18 shows the corresponding Figure 1.18: Higher order contri-

butions to the neutrino mass m(v.)
interactions can contribute to the electron neutrino mass. through R-parity violating interactions

Feynman graphs to illustrate how R-parity violating

All indirect upper bounds on the relevant LLE_’—couplings via either A\iaa or Aiss.
are summarised in Table 1.6.

Ry-operator Coupling(s) Indirect Bounds Process
L1L2E_'k A121, A122 < 0.05 (0.07) I’(l)gég:\), Vud (Rq—u)
L\ L3Ey M3z < 0.07 Ters) R,
L;LoEs 129 < 0.027/m(fir)/100 GeV m(ve) <1eV
L;LsEs 33 < 0.0016+/m(7r)/100 GeV m(ve) < 1 eV

Table 1.6: Indirect bounds on single R,-couplings of the LLE-type at the 20-level. Only couplings
relevant for this analysis (and the combination with [13], and [74]) are shown.
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Chapter 2

The Experimental Setup

An experiment is a question which science poses to Nature,
and a measurement is the recording of Nature’s answer.

Maz Planck (German Physicist, 1858-1947)

In order to search for new particles, or — more precisely — for new phenomena in particle physics,
experimentalists need, firstly, a powerful accelerator and, secondly, a large and very good detector
to identify and measure all the particles produced in a collision. In this case, the accelerator
is the pp collider Tevatron, at the Fermi National Accelerator Laboratory, (Fermilab in what
follows) near Chicago in the USA, and the D@ detector serves as the experimentalists’ eye.

However, before giving a more detailed description of the accelerator and the detector, the first
section of this chapter serves as an introduction to some general aspects of pp collisions and gives
definitions of the most important terms in hadron collider physics. The second section contains
a description of the different components of Fermilab’s accelerator chain [77, 78] and the third
section focuses on the D@ detector and its various sub-systems [79, 80, 81]. All photographs are
taken from reference [82].

2.1 General Aspects of pp Collisions

A common term used in collider physics is the luminosity £, relating the instantaneous interaction
rate at which a specific type of event occurs (R) and the cross section (o) for the considered
process:

_dN _ . 2.1
R o Lo (2.1)

The instantaneous luminosity £ is also a measure for the intensity of the two beams and their
mutual penetration. It is therefore useful to express the luminosity in terms of machine param-

_ o Nemns g (o1
L=7 27 (02 + 02) F(ﬁ*)’ (22)

where f denotes the revolution frequency of the bunches (NN, in either beam), n, (n;) are the

eters:

number of protons (antiprotons) per bunch, and A.sf = 27 (012, + 0]23) is the effective area of the
reaction with o, (05) being the widths of the Gaussian shape of the p (p) bunches, respectively.
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An additional form factor F', dependent upon the bunch length (0;) and the amplitude function
at the interaction point (8*), corrects for the bunch shape. The beta function is a measure of the
beams width and is tuned such that the luminosity is high at the collision points in the accelerator,
where experiments are located. This ensures high event rates and allows experimentalists to
precisely measure the properties of rarely produced particles. The instantaneous luminosity is

2

measured in cm~2s~!. Integration over time of the above equation (2.1) for the rate R, yields

the number of events N for a specific process
N = /L dt-o. (2.3)

The quantity [ £ dt is referred to as integrated luminosity and usually denotes the amount of

2 or rather

data collected by a high-energy experiment. Since cross sections are measured in cm
in pico barn! (107!2 barn) or even femto barn (10~!° barn), the usual dimension of the integrated
luminosity are inverse barns. The number of events produced (N) by a process with the cross

section 1 pb (1 fb) can be denoted by the equivalent integrated luminosity of N pb~! (N fb~1).

A major difference between an electron positron collider, like LEP (Large Electron Positron
collider) at CERN, and a hadron collider, like the pp collider Tevatron at Fermilab, is the
fact that the former collides elementary, point-like particles (at least as far as we know today)
and the latter collides rather complex particles (protons and antiprotons), made up of various
partons (quarks and gluons). This poses an additional problem in the description of the collision
process, since the initial momenta of the partons are not known. In case of an electron positron
collider, the centre-of-mass energy +/s relates directly to the momentum, or more exactly to the
momentum transfer (Q), of the colliding particles, whereas the connection between /s and @Q?
is more complicated in hadron collisions.

Usually a proton is pictured as consisting of only three quarks (u, u, d), but in reality the proton is
a much more complex object, where the usual three quarks only appear as a somewhat more pro-
nounced feature, the so-called »valence« quarks. Apart from that, a »sea« of quarks and gluons
exists within the proton. Differing numbers of quarks (and/or antiquarks) of any of the six quark
flavours and a number of gluons g comprise this sea and are continuously created and annihilated.
P fq (z1) Each of these constituents, or partons, may carry a dif-
ferent fraction z (also called Bjgrken z [83]) of the to-
tal momentum p of the proton, see Figure 2.1. Thus

q the available centre-of-mass energy of the quark-(anti)-
quark collision is given by V8 = /ziz2s, where z;
7 and zo denote the fraction of momentum carried by the

two colliding partons inside the (anti-)proton. How-

ever, to be able to theoretically calculate properties
of hadronic collisions and to describe them properly

p fq (z2)

Figure 2.1: Feynman diagram of the
proton-antiproton reaction pp — 2 jets.

in Monte Carlo simulations, these momentum fractions
need to be known. Although it is — according to Quan-
tum Mechanics — impossible to know the ezact state a
parton is in, e.g. its precise position and momentum, it fortunately is possible to define the
probability to find a certain parton in a certain state. This probability approach, known under
the name parton density function (PDF) will be described in the following.

'One barn corresponds to 1072* cm? and is the usual dimension for cross section measurements.
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2.1 General Aspects of pp Collisions

2.1.1 Parton Density Functions (PDF)

Parton density functions (f,, with @ = ¢, g, ¢g) are parametrisations of parton states inside
particles such as the proton or antiproton. They are experimentally determined with high accu-
racy and are a measure for the probability to observe a parton (quark or gluon) with a certain
momentum fraction in the intervall [z, x + dz] of the (anti-)proton momentum p. The sum of
all the different parton momenta must equal the (anti-)proton momentum:

Z/O o fo(5)ds = 1. (2.4)

The leading order cross section for a proton-antiproton interaction as illustrated in Figure 2.1
can then be calculated using Q? = (pq + pg)?. The differential cross section for the hard scatter

follows as: i dé
ag _ g
TQQ(PP%X) x Z/dm/dwz fq (1) fq (z2) aQ? (2.5)
q
where % is the differential cross section of the sub-process qq’ — 2 jets. A summation over all

partons of a proton leads to the structure functions Fj(x) and Fs(x) used in the description of
deep inelastic scattering:

2 Fi(z) = Fy(z) = z- Zeg-fq (z). (2.6)
q

This description, however, is not complete since the gluons inside a proton or antiproton have to
be taken into account as well. A quark with the momentum fraction z, participating in the hard
scatter may stem, for example, from a gluon with a momentum fraction y, which annihilated
into a quark-antiquark pair. Hence, additional contributions from sub-processes such as g — ¢q,
q — qg, or g — gg need to be considered, which result in a modification of the structure functions
of the proton

(z Q2
Ze z) + Ag(z, Q%)) (2.7)

Although it is possible to calculate the QQ—dependence, i.e. the evolution of Agq(z,Q?), the
absolute scale of the correction can only be determined experimentally. The complete evolution

of quark and gluon densities in the proton are given by a set of differential equations, the so-called
DGLAP? equations [3, 84]:

d gi(z, Q%) _ O (@) ld_y_ Py g5 (2) Pyg(2) Qj(yaQQ)
d InQ? ( 9(z, Q%) ) a qm Z/x 4 ( Fyq (2) Pyq(z) ) ( 9(y, Q) ) (28)

J

with z = 7 and ¢(z,Q?), g(z,Q?) being the different parton density functions f,, for the quarks
and gluons. The factors FP,g, with o, 8 being either a quark or a gluon, denote the probability
to observe a parton « with a certain momentum fraction z, that originated from another parton
B with a momentum fraction y.

Experimental data at high energies, mostly from the two HERA-experiments H1 and ZEUS?, pro-
vide valuable knowledge of the proton structure functions Fs, necessary for all experiments with

DGLAP: derived from the names of the main authors: Dokshitzer, Gribov, Lipatov, Altarelli, and Parisi.

3H1 and ZEUS (greek: Search to Elucidate the Underlying Symmetry) are two multi-purpose detectors at the
Hadron-Elektron Ring Anlage (HERA) located at the Deutsches FElektronen-Synchrotron (DESY) in Hamburg.
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CHAPTER 2: THE EXPERIMENTAL SETUP

protons or antiprotons in the initial state. The phase space covered by cross section measurements
of inclusive deep inelastic scattering at HERA ranges from small Bjgrken z at low momentum
transfer (Q?) to large = at Q? values larger than the squared masses of the electroweak gauge
bosons. Figure 2.2 shows an H1/ZEUS compilation of measurements of the proton structure
function Fy(z, @?) over a tremendous phase space region: (a) in dependence of Q2 for different
values of the momentum fraction z and (b) in dependence of z for Q?> = 7 GeV.
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Figure 2.2: Measurements of the proton structure function Fs(z,Q?) in dependence of (a) the mo-
mentum transfer squared (Q?) for different x and (b) the momentum fraction x for a fized momentum
transfer squared of Q% = 7 GeV. The scaling violation, i.e. the Fy-dependence on Q2 for small values
of the Bjprken x, is clearly visible. (Compiled by the HI and ZEUS collaborations [85, 86] and including
measurements of other (fized target) experiments.)

In Figure 2.3, the parton distribution functions f(z) for valence quarks, sea quarks and gluons, as
extracted from H1 [85] and ZEUS [86] data, are compared to those obtained from a fit using the
CTEQ6.1M [87] set of PDFs. This set, provided by the CTEQ* [88] collaboration, contains PDF
parametrisations calculated at next-to-leading order (NLO). Further details on the measurement
of F(z) and the extraction of PDFs from H1 and ZEUS data can be found in [85, 86, 89, 90, 91].

4CTEQ: Coordinated Theoretical-Experimental Project on QCD
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xf (x

Figure 2.3: Distributions of the u and d valence
quark, sea quark, and gluon densities at a momentum
transfer squared of Q> = 10 GeV? as extracted from
the H1 PDF 2000 fit (yellow/red) and the ZEUS-
S NLO QCD fit (green/black), respectively. The fits
from the two HERA experiments are also compared
to the distributions obtained from a fit with the recent
CTEQ6.1M [87] set of PDF's (blue), which makes use
of next-to-leading order PDFs.

xg(x0.05)

2.1.2 Hadronisation and Additional Partons

The quarks and gluons produced in the hard process do not exist as free (coloured) particles,
but form colourless states, called hadrons. These are generally split into two subgroups: baryons
consisting of three quarks or antiquarks (gqq, or §Gg) and mesons, made up of a quark and an anti-
quark (gq). The actual process, how quarks, antiquarks, or gluons hadronise cannot be calculated
perturbatively and has to be modeled. Similar to the parton density functions parametrising the
state of partons inside particles, hadronisation functions exist, which parametrise the »real« pro-
cesses by which a parton »transforms« into a hadron. More exactly, the hadronisation functions
Dg(x), determine the probability with which a quark g becomes part of a hadron h carrying the

quark’s momentum fraction .

Although it seems complicated enough to deal with the partons instead of the particles and use
two different parametrisations to describe the occurring processes, there are even more compli-
cations in real life. In addition to the products of the hard scattering process, more partons may
be produced by initial or final state radiation (ISR, FSR), where partons (quarks or gluons) may
be emitted before or after the hard interaction. These extra partons also need to be taken into
account during the hadronisation process.

2.1.3 The Underlying Event, Multiple Interactions, and Pile-Up

The underlying event is a collective term for all particles from a single pp interaction that do
not originate from the outgoing partons of the hard interaction (including final state radiation).
In other words, particles stemming from multiple parton interactions, like interactions of the
spectator quarks, which are also called beam-beam remnants being the breakup of the proton
and antiproton, or from initial state radiation. These inelastic interactions are mostly soft,
characterised by low momentum transfers, but they nevertheless can leave a signature in the
detector system.

47



CHAPTER 2: THE EXPERIMENTAL SETUP

Another complication is the possibility of multiple particle interactions per bunch crossing (i.e.
more than one pp interaction). The occurrence of overlap events is — as every event rate —
proportional to the instantaneous luminosity. To estimate the average number of additional
interactions per beam crossing Njp;, Equation (2.1) has to be modified by the number of particle
bunches per beam and the time it takes for one such bunch to complete a single revolution. The
Tevatron with a circumference of L =~ 6.3 km, a revolution time of T} = % ~ 2.1-107% s and
proton and antiproton beams with NV, = 36 bunches each, is used as an example.

— £lo'- l-Tb
Ninel:;\nfiz

= with £=20-10* cm?s7! — Ny =~ 0.8. (2.9)
Doubling the average instantaneous luminosity, not only leads to higher rates of the desired
events, but always also doubles the average number of overlap events, or multiple interactions.
The real difficulty, however, is the enormous cross section for this type of events. It is approxi-
mately ;e = 70 mb, which is at least three orders of magnitude above any cross sections for
interesting processes, such as diboson, or top-antitop (¢) production. Figure 2.4 provides an
overview of cross section curves for several SM processes in pp collisions. The two cross section
curves for the production of a SM Higgs boson with a mass of My = 150 GeV, and alternatively
a mass of Mg = 500 GeV, are also included. All cross sections are shown as a function of the
centre-of-mass energy, with the CM-energies of the Tevatron and the future LHC indicated by
the dashed lines.

Another complication is added by a detector effect, called pile-up. It denotes remnants from
previous collisions, either from the hard interaction, from the underlying event, or from multiple
interactions. These remnants might be residual charge (energy) depositions in the calorimeter,
that have not yet been read out or faded away.

2.1.4 Common Variables and Definitions

Apart from the luminosity £, the characteristic quantity of a collider is the centre-of-mass energy
v/s. Tt is invariant under Lorentz transformations and represents the maximum available energy
for the production of particles from colliding beams. Assuming a »head-on« collision of two
identical particles, the centre-of-mass energy is given by

Vs = V(B1 + E)? — (py + pa)? . (2.10)

In collider physics, the corresponding centre-of-mass reference system is widely used, since in
this coordinate system the common center of mass of the particles involved in a hard interaction
remains at rest, which is usually not the case in the laboratory system. Also, only particles with
a rest mass mg of at most the centre-of-mass energy E = mgc®> = /s can be produced. The rest
mass of a particle is referred to as the invariant mass (Mjy,). Assuming the new particle decays
into a certain number n of known particles, one can calculate the invariant mass of this system
of n particles as

Minv = \/(El +E2+“‘+En)2 - (ﬁl +13'2+"'+ﬁn)2- (2'11)

For example, an up to then unknown resonance (peak) in the invariant mass distribution of
these n particles would reveal the new particle.
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proton - (anti) proton cross sections

lo ;I IIII T T T T IIIII EI T T T T IIII E T T I; 10
o [ i i iy
10° ¢ o, i i 3 10
7 [ : : 447
. Tevatron LHc 310
10° ¥ 5 : 110°
: ; N
10° £ 110 ¢
F Oy g ] ©
10" £ 5 410" 8
: ; 3 S
10° F 1100
r : ] |
10° ¥ i 4100
=~ . F =
2 10 F 310 2
N—r E H 3
o 100 . " / ] 100 B
= 0, (E;" > 100 GeV) | 3 2
10" f / o {0 %
102 £ : 4 10°
10° E o, 4 10°
10* 1 10"
10° é_ oHiggS(l\/IH: 150 GeV) _é 10°
s [ e
10°F  o0,,,(M,=500 GeV) 5 10
10'7 _I IIII 1 1 1 1 IIIII . 1 1 11 IIII 1 1 I_ 10'7
0.1 1 10

Vs (TeV)

Figure 2.4: Querview of the cross sections for several processes as a function of the centre-of-mass
energy. The total pp (pp) cross section (041, top) is orders of magnitude higher than cross sections for
interesting but rare processes, like, e.g. tt or W production. Predicted cross sections for the production of
a Higgs boson of My = 150 GeV and My = 500 GeV are also indicated. It is approximately of the order
of 1-100 fb ot the Tevatron centre-of-mass energy of \/s ~ 1.96 TeV. The CM-energy of about 14 TeV
of the future LHC is also indicated. In general, the cross sections for new physics processes, like SUSY
particle production, especially chargino/neutralino pair production, are of the order of 1 fb to 1 pb, i.e.
similar to the indicated production cross section for a Higgs boson of My = 150 GeV. (This figure was
taken from [92] and has been edited.)

Coordinate System
In a right-handed cartesian coordinate system, the z-axis is defined to be parallel to the beam
axis, while z and y define the transverse plane, perpendicular to the beam axis. In case of the

49



CHAPTER 2: THE EXPERIMENTAL SETUP

D@ experiment, the utilised coordinate system has its origin at the nominal interaction point in
the geometric center of the D@ detector. The z and y axes are chosen to point away from the
center of the Tevatron ring and upwards, respectively, while the z axis is parallel to the beam
line and agrees with the direction of the proton beam. The usage of polar coordinates (r, ¢, 7),
however, is much more common. Here, ¢ is the azimuthal angle and the pseudorapidity 7 is
defined as

n=—In (tan g) ; (2.12)

where 6 is the polar angle. For detector related measurements the polar angle (Oget, Mdet)
is measured from the geometric center of the detector (z,y,z) = (0,0,0) and with respect
to the positive z-axis. On the other hand, for physics measurements, the origin is usually
changed to coincide with the interaction vertex, so that the polar angle is measured from
(z,y,2) = (0,0,v,) # (0,0,0). With this latter definition, the origin might of course change
from one event to the next. The pseudorapidity 1 (or nget) is used because it is invariant under
Lorentz transformations, whereas the polar angle 6 is not and changes due to a relativistic
Lorentz boost along the z-axis. The azimuthal angle ¢ is Lorentz invariant due to its definition
in the transverse plane.

Quantities in the transverse plane

Another commonly used variable is the transverse momentum pr, or the transverse energy Er, of
particles. Due to the unknown longitudinal component of the colliding partons, the momentum
fraction = as defined in 2.1.1, a meaningful »momentum« balance can only be established for
the two components p; and py, in the transverse plane perpendicular to the beam axis. The
same holds for the transverse energy, or for this reason the missing transverse energy Fr, which
is not really missing energy, but due to particles, which escaped the detector, i.e. neutrinos or
SUSY-neutralinos that interact only very weakly with any material. However, not the complete
»missing« energy can be inferred, but only the transverse component:

all all
Er = (Z ﬁT> — Z ﬁT with: pT = \/p% +p§, (2.13)
i=1 FsS Jj=1

15

where IS/FS denote the initial/final state, respectively. The incoming particles, do not have
significant momentum components other than in the z direction, so that the second term, the
sum of transverse momenta of the incoming particles vanishes.

Particle Distances

To correctly describe the spacial distance between two objects in the detector (energy depositions
or tracks) it needs to be defined in a Lorentz invariant way. The angular distance in the transverse
plane, given by the difference between the azimuthal angles of the two objects Ay = 1 — @9 is
Lorentz invariant. Similarly, a Lorentz invariant spacial distance is commonly defined by:

R = V(Ap)® + (An)?, (2.14)

where ¢ is again the azimuthal angle and 7 the pseudorapidity.
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2.2 The Accelerator Chain at Fermilab

The Tevatron is a proton-antiproton (pp) collider, located at the Fermilab site about 80 km west
of Chicago in the USA. Figure 2.5 provides an aerial overview of the 27.5 km? large Fermilab
area with the Tevatron and the Main Injector as the most prominent features, respectively.

Main Injector
& Recycler

=7

_,,_,',;-/,.’ ; ‘\(- A

Figure 2.5: Aerial view [82] of the Fermilab site, featuring the Tevatron (middle-right) and the Main
Injector (left). The main office building, to the left of the Tevatron collider is called » Wilson Hallx.
It is located near section A0 of the Tevatron, while the CDF experiment (highlighted in light-blue) resides
at the collision point B0, and the DO experiment (highlighted in orange) is located at D0, as its name
already implies. Section C0, between the two multipurpose detectors CDF and D@ was to become the
site of the BTeV experiment, which was canceled in February 2005. Section FO0 holds the radio frequency
system (RF-system) powering the Tevatron’s accelerating cavities.

The Tevatron circumference is roughly 6.3 km and two oppositely directed beams of protons
and antiprotons, accelerated to 980 GeV each®, are brought to collision to produce high energy
reactions at two designated points in the accelerator. One such point is B0, the site of the
CDF experiment, the other collision point is D0, the location of the D@ experiment. Since both
particle beams have an energy of roughly 980 GeV, the centre-of-mass energy of the Tevatron
is v/s = 1.96 TeV in its second phase of data-taking, the so-called Run II. This seemingly huge
amount of energy corresponds to »only« ~ 3.14-10~7 J, which is approximately the kinetic
energy of an 0.2 gram ant, crawling at a speed of 5.6 cm/s. This tiny amount of energy only
becomes enormous if one takes into account that it is released in the collision of partons (quarks
and/or gluons), whose size is less than 1- 10718 m, i.e. more than 100 million times smaller than
the distance between two crests of a wave of visible light [93]. This also explains why experimental
particle physics and high energy physics are used as synonyms, although it is not the energy itself
that is high but only the energy density. To resolve anything at such tiny distances and thus to

5One electronvolt (1 eV = 1.602-107'° J) is the energy gained by an electron accelerated through a potential
difference of 1 V, whereas the two beams of the Tevatron are accelerated through a potential difference of some
980 billion Volts.
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test physics there, one needs probes of extremely short wavelengths and this is precisely what is
achieved by accelerating matter (antimatter) to extremely high energies.

After the shutdown of the Large Electron Positron (LEP) collider at CERN at the end of 2000,
the hunt for the Higgs boson, or particles predicted by Beyond the SM theories, passed from
CERN to Fermilab. Currently the successor of LEP, the LHC (Large Hadron Collider), is being
constructed at CERN. The LHC will be a proton-proton collider with a centre-of-mass energy
of v/s = 14 TeV. However, since the construction and commissioning of the accelerator and
its associated detectors will not be completed before 2007 and data-taking is scheduled to start
at the end of 2007, beginning of 2008 at the earliest, the Tevatron will be the world’s most
energetic particle collider until then. After a very successful Run I, from 1992 to 1996, during
which the last and heaviest quark, the top quark had been discovered, a five year shutdown
followed. During this period not only the Tevatron, but Fermilab’s whole accelerator chain was
upgraded, as were the two experiments, CDF (Collider Detector Facility) and D@. In early 2001,
the Tevatron finally resumed operation at a roughly 9% higher centre-of-mass energy compared
to Run I. The number of bunches of protons and antiprotons in the Tevatron had been increased
as well (from previously 6 to 36) and the beam intensities are many times higher than the Run I
intensities. This led to a considerably higher instantaneous luminosity, with peak luminosities
of 1.6 — 1.7-10%? cm~2s~! achieved at the end of 2005, beginning of 2006. Table 2.1 provides
an overview of some of the parameters of the Tevatron and the Main Injector, while Figure 2.6
shows the average peak luminosity (a) and the intergrated luminosity (b) up to February 2006.

Parameter Value
Circumference: Tevatron (Main Injector) 6.28 (3.32) km

Max. beam energy: Tevatron (Main Injector) 980 (150) GeV
Bunches per beam (p X p) 36 x 36

Bunch spacing 396 ns

Protons per bunch (n,) / transverse emittance (ep) 23.0-10° / 20 7 mm-mrad
Antiprotons per bunch (n;) / transverse emittance (g5) 5.8-10'% / 15 7 mm-mrad

The emittance is a measure of the distribution of transverse positions and angles of the beam particles.

Bunch length (rms) 0.37 m
Interactions per crossing (average) 1.7
Antiproton production rate 15.0-101° p/h
Average peak luminosity: in 2002 2.0-10%! cm 257!
in 2003 3.2-10%" cm™%s™!
in 2004 5.8-103! cm %5t
in 2005 9.4-10% cm™%s7!

Table 2.1: Some of the most important parameters of the Tevatron (and the Main Injector) and, in the
bottom part, the average peak luminosities from 2002 until 2005.

Figure 2.7 presents a schematic overview of the different accelerator systems, most of which are
briefly described in the following, while Figure 2.8 is a close-up aerial overview of section A0 and
thus of the »smaller« machines at Fermilab: linear accelerator, Booster and Antiproton Source.
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(b) Integrated Luminosity
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Figure 2.6: (a) The development of the »peak« luminosity (i.e. the luminosity at the beginning of a new
store at the Tevatron) with time; from fall 2001 until January 2006. (b) The integrated luminosity over
the same time period. The different colours indicate so-called » Fiscal Years«, starting in October.
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Figure 2.7: Schematic overview of Fermilab’s accelerator chain. Protons start as negative hydrogen
ions from a Cockcroft-Walton generator and are then successively accelerated by the LINAC, the Booster
(H~ ions become protons), the Main Injector and the Tevatron. Antiprotons, however, are first produced
by firing 120 GeV protons onto a target right before the antiproton facility, consisting of the Debuncher
and the Accumulator. When enough antiprotons have been accumulated, they are also transferred to the
Main Injector, accelerated to 150 GeV and injected into the Tevatron. Here, the proton and antiproton
beams are finally accelerated to 980 GeV, corresponding to a centre-of-mass energy of \/s = 1.96 TeV.

Figure 2.8: Aerial overview
of the smaller accelerators at
Fermilab, which are at the be-
ginning of the chain.  The
LINAC, just right of the main
office building (Wilson Hall),
the Booster synchrotron (mid-
dle) and in the background
the Antiproton Source, with
its characteristic triangular
shape.
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2.2 The Accelerator Chain at Fermilab

Pre-Accelerator (Cockcroft-Walton)

The high energetic particle beams of the Tevatron start from a small bottle of pure hydrogen,
located inside an electrostatic Cockecroft-Walton pre-accelerator, see Figure 2.9 (a). A magnetron
creates negative hydrogen ions (H ™), which then travel through a potential difference of 750 kV
along the accelerating column of the Cockcroft-Walton generator. The necessary high DC voltage
of the latter is produced from a circuit of rectifiers and capacitors to which a relatively low AC
voltage is applied. Figure 2.9 (b) illustrates this principle of voltage multiplication for a simple
four stage cascade voltage multiplier.

(a) C C (b)
US®

[
i It

Ml .
IIC4 4Us

Figure 2.9: The Fermilab accelerator chain starts with
a Cockcroft-Walton generator (left), accelerating H™ ions
to 750 keV. The necessary high DC wvoltage is produced
from a circuit of rectifiers and capacitors to which a low
AC voltage is applied as shown schematically above for a
four stage cascade voltage multiplier.

Linear Accelerator (LINAC)

In a next step, the H~ ions are accelerated in a two-stage linear accelerator. The first stage
consists of five drift-tube cavities and takes the H~ ions to 116 MeV, while the second stage
consists of seven side-coupled cavity modules accelerating the beam to 400 MeV. In the first
part, acceleration is achieved by coupling an oscillating electric field (radio frequency (RF),
f = 201.25 MHz) into the LINAC cavities, which are cylindrical, electrically-resonant steel
tanks, that are clad with copper on the inside. The length of the drift-tubes inside the cavities
is chosen such that the electric field points in the accelerating direction, when the hydrogen
ions traverse the gap between two drift-tubes, but are protected from the phase change of the
sinusoidal varying electric field, when it points in the backward direction and would exert a
decelerating force on the particle bunches. During this time the H~ bunches are shielded in the
interior of the copper drift-tubes, where they drift in the absence of electric fields. Hence, the
H~ ions will always see a positive gradient and get a boost in energy and velocity with every
gap crossed.

However, the H™ ions have to be fed into the RF-cavities in a bunched form and at the correct
time to enable them to complete the acceleration cycle. This poses another problem, since the
pre-accelerator outputs a continuous supply of H~ ions, so that this H~ beam has to pass through
a so-called electrostatic Chopper. This device »chops« out 42 ps long pulses of the continuous
H~ beam at the frequency the LINAC uses. Each of these pulses goes through a Buncher,
which slows down particles arriving early in the RF-cycle with a decelerating voltage, and vice
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(c) LS LS Loy Figure 2.10: The first stage LINAC
gap drift-tube cavities accelerate the H~

_>| «— drift—tube ions to about 116 MeV. One of the
water-cooled steel tanks is shown from

t:j ::] t:::] t::::} t:: outside (a), and inside (b), with the
copper drift-tubes clearly visible. The

L L L L principle of acceleration is schemati-
n-1 n n+l n+2 cally illustrated in (c).

versa speeding up those arriving later, thus creating a bunch ®. These bunched beams, where the
H~ ions occupy smaller phase space areas as in the previous pulse are then transferred to the
LINAC, where they have to fit in so-called buckets” of phase space. These are defined, stable
regions in the longitudinal phase space, where a beam may be captured and accelerated. Ideally,
the RF-system is timed such that the bunches arrive synchronized with the radio frequency. The
bunch center should coincide with the crest of the RF-wave, so the H~ ions essentially ride on
the crest of an electromagnetic wave.

The second stage, side-coupled cavity modules operate at 805 MHz, where each module has
16 accelerating and 15 coupling cells and is powered by its own RF-source, which amounts to
seven 12 MW, 805 MHz Klystron RF power supplies. The accelerating gradient for each module
is about 7.5 MV/m, which is three times that of the drift-tube cavities in the first stage of
the LINAC. Additionally the 2"¢ stage, side-coupled cavities allow the particle bunches to be
accelerated over the whole length of each cavity and not only in the gaps in between. This is,
because each individual cell is a separate accelerating cavity coupled to other cells in the module.
Thus, one module is not only one cavity (as the drift-tube cavities), but rather several separate
cavities powered by the same RF-source by coupling. When a bunch enters the first cell, the
field is in the accelerating direction. As the bunch travels through and into the next cavity, the
fields shift phases, such that when the bunch enters the second cell, the field there is now in the
accelerating direction, while the field in the first cell is in the decelerating direction. Since there

A bunch is a group of particles characterised by a large momentum and small time (or phase) spread.

"A bucket’s width gives the maximum phase (or timing) error a particle may have, while still being able to
complete the whole acceleration cycle. Correspondingly, a bucket’s height is a measure for the momentum error.
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Figure 2.11: In the high energy section of the LINAC, side-coupled cavities (a) accelerate the H~ ion
bunches to 400 MeV. In (b) the principle of a coupled accelerator is depicted; see text for details.

is no beam present in the first cell to see this decelerating field, no particles are decelerated.
The field shape in the side-coupled cavities is optimized by so-called mose comes, which create
stronger and more concentrated fields, that accelerate the bunched beams more efficiently than
the uniform fields across the gaps in the drift-tube part. From the LINAC, the negative hydrogen
ions can go to any of three destinations: two are dump lines that allow for measurements of either
the momentum spread or the transverse emittance, and the third line goes to the Booster.

Booster

The Booster is the first circular accelerator, a rapid cycling synchrotron, where protons are ac-
celerated from 400 MeV to 8 GeV. It consists of a series of magnets arranged around a circle of
about 475 m circumference. More exactly, the Booster is made up of 24 identical cells, referred
to as the magnetic lattice. Each cell consists of two horizontally focusing quadrupole magnets
(F-magnet), two horizontally defocusing quadrupole magnets (D-magnet), one long (OO) and
one short (O) straight drift section, such that »FOFDOOD« is the repetitive lattice. Contrary to
the magnets in the following Main Injector, all Booster magnets are so-called combined function
magnets, which bend the beam and focus it either horizontally or vertically (horizontal defocus-

ing). The usage of alternating gradients to keep the proton bunches tightly constrained inside

Figure 2.12: Illustration of strong focusing via quadrupole magnets with alternating focal planes, i.e.
horizontally focusing / vertically defocusing and vice versa.
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the vacuum chamber of the beam pipe is usually referred to as strong focusing (Figure 2.12) and
is very similar to alternating concave and convex optical lenses.

Compared to the Booster’s circumference of only 2.2 us, the LINAC pulses are rather long
(40 ps). This means, that the LINAC beam has to be injected continuously into the Booster
(multi-turn injection) without kicking out the protons that are already inside the Booster. This
is the reason, why negative hydrogen ions instead of protons are accelerated up to the Booster.
The H™ beam, due to its opposite charge, can be »merged« into an existing proton beam, right
where the H~ ions enter the Booster. Before reaching the next magnet, though, the merged
beam of protons and hydrogen ions is passed through a thin carbon foil, where the weakly bound
electrons are stripped of the H~ ions to leave bare protons. Since the foil is very thin, the high-
energetic protons are not affected at all. An additional advantage of the multi-turn injection
system is the increased beam intensity in the Booster. The Pre-accelerator, the LINAC and the
Booster together comprise what is known as the proton source.

Main Injector / (Recycler)

From the Booster, the 8 GeV protons are transferred to the Main Injector, another synchrotron
with a circumference of approximately 3.3 km, i.e. slightly more than half the circumference of the
Tevatron and about seven times the one of the Booster. The tunnel of the Main Injector actually
houses two separate rings (Figure 2.13): the Main Injector (lower ring), which can perform a
multitude of operations and the Recycler, a storage ring for 8 GeV antiprotons (upper ring). The
»rings« are not really circular, but rather made up of arcs and straight sections. Contrary to
the Booster magnets, the Main Injector uses separate large dipole magnets populating the ring
segments to bend the beam, while special focusing / defocusing quadrupole magnets are utilised
to keep the beam restricted to the beam pipe; the resulting repetitive lattice is »FODO«. The
straight sections in between are used for a variety of specialized functions, usually involving beam
transfer. The Main Injector has 18 accelerating cavities and can accelerate beam as fast as every

— — LI 1

Figure 2.13: (a) A section of the tunnel housing the Main Injector (bottom ring, blue dipole / red
quadrupole magnets) and the Recycler (upper ring, green magnets). (b) One of the 6 m long (blue) dipole
electromagnets used in the Main Injector before installation.

2.2 us. As already mentioned, the beam does not form a continuous stream, but is bunched.
Since the Main Injector is much larger than the Booster, 84 bunches are required to fill all of the
available RF slots (buckets) around the circumference of the Main Injector; the total sum of the
bunches, i.e. all available buckets, constitutes a batch.
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Although there are several different modes the Main Injector can be operated in, only the collider
mode will be described here, since this is the one that generates the two colliding beams of protons
and antiprotons in the Tevatron. The Main Injector accepts 8 GeV protons from the Booster,
or 8 GeV antiprotons from the Antiproton Source and accelerates the 8 GeV protons to either
120 GeV, or 150 GeV, depending on their destination. If the Main Injector is used to inject
protons (antiprotons) into the Tevatron, its final beam energy is 150 GeV; if it is used to supply
protons for the further production of antiprotons, the final energy is 120 GeV. Additionally,
the 150 GeV proton and antiproton bunches delivered to the Tevatron must be »superbunches,
i.e. more intense than any individual bunch that can be accelerated by the Booster. To meet
this requirement, the Main Injector coalesces 7-11 Booster bunches into one superbunch, before
transferring them to the Tevatron.

Antiproton Source: Target, Debuncher and Accumulator

Before actually introducing the Recycler and what it does, the Antiproton Source [94] is de-
scribed in more detail. A bottleneck in the operation of a proton-antiproton collider is the
time needed to accumulate the required number of antiprotons, this is why the performance of
the antiproton production facility greatly affects the quality and the duration of stores in the
Tevatron. Antiproton production is inherently inefficient; for every million protons on target,
typically only about 10 to 20 antiprotons can be captured and stored. Fermilab’s Antiproton
Source is comprised of a target station, two triangular shaped »rings« called the Debuncher and
the Accumulator and the transport lines between those rings and the Main Injector.

Antiprotons are created at the target station by firing 120 GeV protons from the Main Injector
onto a nickel /copper target (= 1.3 cm thick) encased in a titanium sheath to hold it together.
Downstream of the target, negative secondaries are focused with a lithium collection lens and
are momentum selected (8 GeV) by a pulsed magnet. Off-momentum and/or positively charged
particles are absorbed in a beam dump. Most of the non-p secondaries decay away during
their travel to the Debuncher and another large part is lost during the first few turns in the
Debuncher. Only a tiny fraction of antiprotons with the appropriate energy survive and are
actually debunched and cooled, before they are sent on to the Accumulator.

The Debuncher

The Debuncher captures the antiprotons coming off the target and the Accumulator stores (or
accumulates) them. Both, the Debuncher and the Accumulator are synchrotrons with a mean
radius of approximately 90 m and are divided into six sectors. The Debuncher has a simple
»FODO« lattice, with a total of 19 quadrupole and 11 dipole magnets (see also Figure 2.16).
The Accumulator, however, uses a much more complicated lattice structure, since special ar-
rangements of quadrupoles are needed towards the three straight sections in order to create
regions with low or high dispersion. In addition to dipoles and quadrupoles, both machines use
various other magnetic devices, e.g. sextupole (octupole) magnets, as higher order correction
elements. This multitude of systems and devices also explains the peculiar triangular shape,
chosen to accommodate the necessary, up to 16 m long, straight sections.

After capturing the 8 GeV antiprotons from the target, the Debuncher allows to exchange their
small time with their large momentum spread (%) via bunch rotation and subsequent adiabatic
debunching. Bunch rotation is an RF manipulation, in which RF cavities are phased such that
particles at the leading edge of a bunch (higher momentum particles) are decelerated, while the
trailing particles are accelerated, whereby the momentum range of the particles in a bunch is
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Figure 2.14: Schematic illustra-
tion of bunch rotation and sub-
sequent adiabatic debunching of
the antiproton bunches arriving
at the Debuncher. FEssentially,
the large momentum spread 1is
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reduced. In a second step, the beam is adiabatically (slowly) debunched over about 60 ms by
lowering the RF voltage accordingly. As illustrated schematically in Figure 2.14, the antipro-
tons are injected into mismatched (much larger) RF buckets in the Debuncher and thus rotate in
these large buckets. After a short time, when the bunches have rotated about 45° in phase space,
the RF voltage is rapidly decreased to match the large buckets to the smaller, rotated bunches.
Then the RF voltage is adiabatically decreased, during which the bunches rotate another 45°.

Two additional beam-cooling® systems act on the ¢
beam to further increase the particle density. Both

are transverse systems, reducing the horizontal and '

vertical emittances of the beam (its physical size) by \

betatron cooling based on the method of stochastic

cooling?, which was developed by S. van der Meer Amplifier

in the late 1970s precisely to increase the accumu- Correction

lation of antiprotons for their usage in the pp col- "
lider SPS (Super Proton Synchrotron) at CERN. In '
1984, S. van der Meer was awarded the Nobel Price

in Physics for this work, together with C. Rubbia, Kicker ‘el
)

who led one of the experimental collaborations that

discovered the W and Z bosons. Stochastic cool- Figure 2.15: Illustration of betatron stochas-
tic cooling to reduce the transverse beam size

ing [95] consists in picking up an error signal from
(horizontal and vertical emittance).

the circulating antiprotons on one side of the ring,
amplifying it, calculating the appropriate correction and applying this correction to the antipro-
ton beam on the other side of the ring. As shown in Figure 2.15, the pickup and kicker are
designed such that a particle passing the pickup at the peak of its oscillation will cross the kicker
with zero position error, but with an angular deviation proportional to its displacement at the
pickup. If the betatron phasing and the kicker response were perfect, the trajectory of the particle
would be corrected to that of the ideal, central orbit. After debunching and stochastic cooling,
the horizontal and vertical transverse emittances are reduced from approximately 207 mm-mrad

®Initially, the particles in the beam occupy a wide range of energies and behave very randomly, which is
considered »hot« in analogy to gases. The final, more coherent beam, where particle movements perpendicular
to the beam propagation are much smaller, is referred to as »cold« beam.

9The name is due to the stochastic nature of the beam, where particles move at random w.r.t one another.
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to less than 77 mm-mrad, which makes it much easier to transfer the antiprotons from the
Debuncher to the Accumulator, which has a very limited momentum aperture at injection.

The Accumulator

Just before the next pulse arrives from the target the antiprotons are extracted from the De-
buncher and injected into the Accumulator, see Figure 2.16. The Accumulator storage »ring«
collects successive pulses of antiprotons from the Debuncher over the course of several hours or
even days. A process known as momentum stacking is used to accumulate (or stack) antiprotons.
When a beam pulse from the Debuncher is newly injected, the Accumulator RF system is used to
decelerate the beam initially. The lowered energy results in the particles circulating in an orbit
of smaller radius. They eventually get onto the so-called stack tail, where the antiprotons can
be captured by the stack tail momentum cooling system, which is based on stochastic cooling,
similar to the systems used in the Debuncher. The stack tail momentum cooling system slowly
sweeps the beam away from the edge of the tail and decelerates it towards the densest portion of
the stack, the core. This process takes about 30 minutes, after which the core cooling systems,
i.e. up to six additional, stochastic cooling systems act on the beam. Two momentum cooling
systems control the momentum spread and keep the antiprotons from hitting the low momen-
tum aperture, and two betatron cooling systems (one horizontal and one vertical) keep the beam
emittances minimized, at approximately 27 mm-mrad in both planes.

Accumulator Longitudinal
Stack Profile

central
orbit

Intensity (log scale)

injection/
extraction
orbit

higher energy lower energy

Figure 2.16: (a) The Accumula-
tor (inner ring) and the Debuncher
(outer ring) share the same tunnel.
(b) Close-up view of two Debuncher
magnets: dipoles are blue, quadrupoles
red. From both photographs the FODO
lattice of the Debuncher, with dipole
magnets in the drift spaces (0) is clearly
visible. (c) Schematic illustration of the
momentum stack profile in the Accumu-
lator, with the core at low energy / mo-
mentum and the stack tail extending to-
wards higher particle energies.

Before the advent of the Recycler, this process continued for hours or days with the stack growing
in size until the maximum accumulator intensity was reached or the Tevatron needed to be refilled.
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Now, with the Recycler operational, the antiprotons are transferred to the Main Injector and
from there to the Recycler, as soon as the maximum beam intensity in the Accumulator is
reached. The antiprotons are then stored in the Recycler, so that a new stack of antiprotons
can be built using the Debuncher and Accumulator. For the transfer of antiprotons to the Main
Injector, a special RF system is used, whose frequency corresponds to the revolution frequency
of the dense antiproton beam in the core. The RF voltage is slowly increased and a portion of
the beam is adiabatically captured into four buckets and is then slowly moved through the stack
and accelerated onto the extraction orbit. Exactly four RF buckets are used because the transfer
is accomplished by means of a bucket to bucket (synchronous) transfer, requiring that the bunch
structure of the extracted antiprotons is compatible with the Main Injector RF bucket structure.

Although neither the Debuncher, nor the Accumulator accelerate the beam (at least not in the
common sense), both machines are crucial for the production of antiprotons at a sufficiently
high rate, simply because it takes hours to build up a suitable stack to use for colliding beams
and thus to efficiently operate the Tevatron.

Recycler

The Recycler, which resides in the same tunnel as the Main Injector (see Figure 2.13, upper ring),
is used to store antiprotons from the Accumulator to allow for a higher production and stack
rate in the latter. The Recycler has no special features except for the usage of mostly permanent
magnets, contrary to the electromagnets utilised in the other accelerators and storage rings at
Fermilab. Until the fall of 2005, the Recycler only used stochastic cooling as described in the
context of the Debuncher and Accumulator functionality. Since then a second type of cooling,
so-called electron cooling, is additionally used in the Recycler and enables it to store even more
antiprotons at a higher beam density.

Electron cooling [96] is based on the exchange of energy in elastic collisions between a beam of
»cold« electrons and the »hot« antiproton beam. The electrons interact with the antiprotons,
cooling the beam and reducing the spread in longitudinal momentum: antiprotons travelling
too fast are slowed down when bumping into electrons, and slow antiprotons are sped up as
they are hit by faster electrons.

At Fermilab, a 20 m long section of the Recycler is used for electron cooling. A continuous
»cold« beam of 4.3 MeV electrons, where the electrons have approximately the same velocity
as the average velocity of the antiprotons, mixes with the »hot« 8 GeV antiproton beam. As
a result a smaller beam size and higher particle density of the antiproton beam is obtained.
With the successful implementation of electron cooling, it could be demonstrated in summer
2005 that the increased number of antiprotons stored in the Recycler, not only leads to a higher
antiproton production rate in the Accumulator, but in turn also increases the luminosity of the
Tevatron collider [97]. Momentarily, a typical number of stored antiprotons is of the order of
2-10'2; the design goal is to store and cool up to 6-10'? antiprotons in the Recycler.

Tevatron

The Tevatron is the largest of the Fermilab accelerators, with a circumference of approximately
6.3 km. Like the other circular accelerators encountered so far, it also is a synchrotron and is not
a perfect circle neither. The »ring« is divided into six sections labeled A through F. Each sector
starts with a section called the zero location, which are long straight sections with specialized
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functions. A0 contains the proton/antiproton colliding beam abort kickers, at B0 and D0 the
collider detectors CDF and D@ are located, respectively, CO holds another proton abort line, E0Q
contains the so-called scrapers (to remove circulating protons, but not antiprotons, after the end
of a collider store), and F0, finally, contains the eight accelerating RF cavities, as well as the
transfer lines to and from the Main Injector. In colliding beams mode the RF cavities operate
in two groups: the first group (cavities 1, 3, 5, 7) accelerates antiprotons and the second group
(cavities 2, 4, 6, 8) accelerates protons.

The magnetic lattice of the Tevatron is the same as for the Debuncher and the Main Injec-
tor; alternating horizontally and vertically focusing quadrupoles with drift spaces in between
(FODO). Each drift space is actually occupied by four of the large 6.4 m long beam bending
dipole magnets. Contrary to all other accelerators operated at Fermilab, the Tevatron uses
cryogenically cooled superconducting magnets to bend and focus the high-energetic proton and
antiproton beams. The magnets are made of a niobium/titanium alloy, cooled to 4.2 K by liquid
single-phase Helium to ensure the superconductivity of the material. Due to the superconducting
magnets, higher field strengths are possible, at the cost of an extensive cryogenic system and a
sophisticated magnet protection system.

P gap

36 bunches grouped into:

3 bunch trains, evenly-spaced,
separated by 2617 ns,

12 bunches per train,
separated by 396 ns

protons

Figure 2.17: Schematic illustration of the bunches and bunch trains circulating in the Tevatron, with
protons circulating clockwise, antiprotons counter-clockwise. The three large bunch trains with 12 bunches
(p, P) each are separated by 2.617 us and the bunches in a train are spaced 396 ns apart. The gaps in
between the p (p) bunch trains are either used for synchronisation or beam abortion.

In colliding beams mode, the Tevatron is loaded with 150 GeV protons and antiprotons, which
are ramped to 980 GeV and are then brought to collision at two points in the ring, BO and DO,
which are the nominal interaction points within the CDF and D@ detectors, respectively. Filling
(or loading) the Tevatron with 150 GeV protons and antiproton is done as follows: As soon
as a sufficiently large antiproton stack has been built, the transfers to the Main Injector and
subsequently to the Tevatron are initiated. First, the necessary number of protons is loaded into
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the Tevatron. Protons are accelerated through the complete proton chain, the Pre-accelerator,
the LINAC and the Booster. Only about 7-10 proton bunches (of the 84 available) are extracted
from the Booster, accelerated to 150 GeV, coalesced into one superbunch and then injected into
the Tevatron. This procedure is repeated 36 times in a row until 36 coalesced superbunches
are circulating clockwise in the Tevatron. In a next step, four groups of about 7-10 antiproton
bunches from the Recycler (or the Accumulator) are transferred to the Main Injector, accelerated
to 150 GeV and coalesced into four superbunches. After extraction to the Tevatron, this process
is repeated nine times, resulting in 36 antiproton superbunches circulating counter-clockwise
in the Tevatron. The 36 proton and antiproton superbunches are grouped into three »bunch
trains«, that are evenly distributed in the Tevatron ring, see Figure 2.17. Given the even spacing
of the bunch trains of about 2.6 us, and the 396 ns separation of the twelve bunches in one train,
a bunch crossing takes place approximately every 580 ns on average. The longer gaps between
the trains allow to abort the proton or antiproton beam in case of potential danger to either the
superconducting Tevatron magnets or the two large detectors.

Upon completion of the filling process, the Main Injector and Antiproton Source return to
antiproton production and stacking, respectively, and the Tevatron ramps to 980 GeV with all
of the coalesced proton and antiproton bunches. As soon as a stable situation is established in
which the two counter-rotating beams produce proton-antiproton collisions, the two experiments
start taking data. This situation is known as a (36 x 36) store and it usually lasts for about
20-30 hours, depending on the initial luminosity. When the luminosity decreases too much to
be useful — or, in a less favourable scenario, if a component failure causes the beams to be lost —
the store is ended and the Tevatron prepared for new beam.

Finally, the beam profile at the D@ inter-

s 04 ‘H‘w L L R L
e B A g. R .
c o i1l action point is shortly described. The re-
z 02F . ‘ R .1 E
é 2 'f]. *rﬁq"h ' iﬁ i _"H 1 gion in which interactions can take place
8 of oo ﬁ| ﬁ r .. 3 has a spread in z direction of approximately
% 02: toe I - 28 cm, but is much smaller in the trans-
s02 ‘ ‘ | 7 verse plane (0, ~ 25 um, oy =~ 20 pm),

04— L o \156‘ ——5, thus forming an elongated ellipsoid.

b 038

i I o ‘?u‘n‘m‘m‘] er“ Figure 2.18 illustrates the spread of the
= - el ‘ . ; - beamspot in the transverse plane over time,
g 06r L ‘ 18 Vo & t‘ |t f""l 7 where the variations are of the order of 250-
§05: b *} HL *h ‘w 1 300 um. If these store-to-store variations
% i Tﬁ“ * ¢ oY I [+ It 1 exceed approximately 100 pm, they have to
304 | ‘ " 7 be taken into account in the programming
> L -

A “‘ s of the fiber track trigger (CTT).

191 192 193 194 195 196 197

Run number x 103 In the present analysis, the z component of

Figure 2.18: Beam positions in the transverse plane as the primary vertex is required to lie within

a function of the data-taking period. +60 cm, relative to the nominal interaction

point at z = 0, see also chapter 4. This

corresponds to roughly two sigma of the spread of the interaction region in the z direction and

ensures that the tracks lie within the fiducial volume of the inner tracking detectors, so that
reliable tracking can be guaranteed.
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2.8 The D@ Detector

2.3 The DO Detector

Most detectors of colliding beam experiments follow the same general »onion skin« layout as
illustrated in Figure 2.19 [98]. In the innermost region, closest to the interaction point, is the
tracking system, designed to measure the trajectories of passing particles in three dimensions.
Usually, the tracking system is immersed in a magnetic field, which additionally permits to
determine the momentum of charged particles via their bending radius.

muon
Tracking Muon Champérs

Detector

Magnet
Figure 2.19: Schematic view of the »onion

photon
\ )’t

skin« layout of a usual colliding beams de-

_ ) tector in the (r, p)-plane, with the beam azis
Ele%r;g}?ngqgteélrc S~ gg%ﬁnmeter going into the paper. The different detection
/ systems are wrapped around the interaction

E\/ region as concentric cylinders. Tracking de-

eIectron% qi jets, tectors with very little material constitute the

hadrons innermost detection systems, followed by the

denser calorimeters and muon chambers.

A calorimeter constitutes the next layer and allows to measure the energy This device is typically
»thick« enough to absorb the energy of all incident particles (charged and neutral) with the
exception of only weakly interacting particles, such as muons or neutrinos. In contrast to the
thick calorimeter, tracking detectors contain as little material as possible to minimize their effect
on the particle trajectory and the loss of particles prior to the calorimeter. The outermost
layer consists of the muon system, which is usually made of tracking detectors interspersed with
layers of denser material to absorb energy. The presence of neutrinos, the only Standard Model
particles that are usually not detected in collider experiments, can, however, be inferred from
a momentum imbalance in the total measured momentum perpendicular to the beam, i.e. the
transverse momentum (pr) or the transverse energy (ET).

The D@ detector, one of the two large multipurpose detectors located at the Fermilab Tevatron,
follows this general layout as can be seen from Figure 2.20. Like the accelerators, the detector
was upgraded in the five year period from 1996 to 2001, to take advantage of the higher centre-
of-mass energy and luminosity the Tevatron is now able to provide. During the first phase of
data taking, Run I, the D@ experiment did not have a magnetic field in the inner detector
region. This, and the fact that radiation damage was evident there, are the main reasons why
the old tracking system was completely replaced. Other major improvements include a new
forward muon system, the addition of a forward proton detector (FPD) for diffractive physics
and a considerable upgrade of the trigger and readout electronics, as well as the data acquisition
(DAQ) system, which became necessary due to the large reduction in bunch spacing, from 3.5 us
(Run I) to 396 ns (Run II). In the following the subdetectors and their interplay are briefly
described (stand: September 2005).
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Figure 2.20: Longitudinal cross section of the D@ detector after the upgrade for the Run II. The
coordinate system is defined with x pointing away from the center of the Tevatron and y upwards. The
z-azis is parallel to the beam axis and corresponds to the direction of the protons (taken from [80]).
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2.8 The D@ Detector

2.3.1 The Central Tracking Systems

In the very center of the detector lies the 2.37 m long beam pipe, whose outer radius is about
1.9 cm. The thin pipe with a wall thickness of approximately 0.51 mm is made of beryllium and
is surrounded by the tracking system, whose innermost components have a radius of 2.6 cm. The
complete system consists of a silicon microstrip vertex tracker (SMT) in the innermost region,
and a scintillating fiber tracker (CFT), both of which are located within a 2 T axial magnetic
field of a solenoidal magnet as shown in Figure 2.21.

| Intercryostat
‘ Detector

Scintillating Fibers (CFT) Silicon (SMT)
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T | A
T Y \ \
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Figure 2.21: Schematic illustration of the inner tracking system in the (y,z)-plane. Depicted are the
two tracking detectors, SMT (green) and CFT (black), located inside the 2 T solenoid (blue hatched).
For completeness also shown are: the two luminosity monitors (dark red) at high |z| (section 2.8.4), the
central and forward preshower detectors (light violet), and the four intercryostat detectors (ICD, black).

The two tracking detectors allow for a precise location of the primary interaction vertex with a
resolution of less than 15 um in the the (r, ¢)-plane for particles with a transverse momentum of
at least 10 GeV at || = 0; along the beam pipe in z direction, the resolution is approximately
35 um. Given the high resolution of the vertex position and the strong magnetic field, precise
measurements of lepton transverse momenta (pr) are possible. Calorimeter measurements of
jet transverse energies (Et) and missing transverse energy (Ir) are also improved due to the
possibility to calculate cluster centroids much more precisely. In contrast to Run I, this also
allows to calibrate the electromagnetic calorimeter using F /p for electrons, where E is measured
in the calorimeter and p in the tracking detectors. The SMT, as well as the CFT provide
information to the trigger system. Since the scintillating fibers can be read out very quickly,
the CFT provides a fast and continuous readout of discriminator signals to the first level trigger
(Level 1). Upon a Level 1 accept, the tracking information is sent on to Level 2, where also
SMT tracking information is handled. The SMT is mainly used to trigger on displaced vertices
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from b-quark decays. Finally, upon a Level 2 accept all information is sent to the Level 3 trigger,
which receives further CFT readout, based on the CFT’s digitised analog signals in addition to
the sole discriminator information available to Level 1 and Level 2. (For a detailed description
of the DO trigger and data acquisition (DAQ) systems, see chapter 2.4.)

Silicon Microstrip Vertex Detector: SMT

The SMT detector covers a pseudorapidity range of —4.0 < n < +4.0, which roughly corresponds
to the full calorimeter coverage. Since the interaction region is quite large, about 25 cm in the
z-direction, i.e. along the beam pipe, the SMT was designed from two different types of modules,
barrels and disks, so that the tracks are in general perpendicular to the detector surfaces over the
complete n-range. Six barrel modules, intespersed with three disk modules, occupy the central
region, while an assembly of different disk modules is used in the forward region, see Figure 2.22.

1.2m

Figure 2.22: (o) Isometric drawing of the SMT detector,
with barrel/disk assemblies in the central region and a pure F-
and H-disk design in the far forward regions, at |z| ~ 43 cm.
(b) A photograph of a spare F-disk component with 12 double-
sided silicon sensors (wedges) mounted back-to-back on the
support structure.

Barrel modules are located at |z| = 6.2, 19.0, 31.8 cm, measured from the middle of each barrel.
The central disks, or F-disks, terminate each barrel on the high |z| side and three more F-disks
follow on either side of the barrel/disk assembly in shorter intervals of about 5 cm. The F-disks
are thus located at |z| = 12.5, 25.3, 38.2 cm, and at |z| = 43.1, 48.1, and 53.1 cm. In the
far forward regions (|z| > 100 cm), two large-diameter H-disks are installed. Their centers are
located at |z| = 100.4, and 121.0 cm, respectively.

Each barrel module is made of four layers, which in turn hold the silicon modules installed on so-
called »ladders«. Layers 1 and 3 consist of 12 ladders each and layers 2 and 4 of 24, giving a total
of 432 silicon modules in the barrel modules alone. All four layers have axial strips, measuring
the (r, p)-coordinate, while layers 1 and 3 use small angle stereo sensors, tilted by 2° w.r.t. the
axial strips, and layers 2 and 4 use full 90° stereo sensors to allow for a 3D-vertex reconstruction.
The F-disks (H-disks) are made up of 12 (24) double-sided silicon sensors, so-called wedges, each
of which consists of two single-sided »half« wedges mounted back-to-back on each disk. Each
side of a full wedge, (i.e. down- or upstream), is read out separately. There are 144 full F-wedges
and 96 full H-wedges, which — together with the 432 barrel sensors — results in a grand total of
912 readout modules with 792,576 channels. Depending on the location of the interaction vertex
and the direction of flight in between four to eight hits are expected in the SMT.
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2.8 The D@ Detector

Central Scintillating Fiber Detector: CFT

The scintillating fibers of the CFT are arranged into doublet layers (2 x 128 fibers per layer) and
mounted on eight concentric support cylinders, occupying the radial space from 20 cm to 52 cm
from the beam axis, see Figure 2.23. While the six outer cylinders are 2.52 m long, the two
innermost CFT cylinders are only 1.66 m long to accommodate the four forward H-disks of the
SMT detector, see Figure 2.21 for comparison. The outermost cylinder covers a pseudorapidity
range of up to |n| = 1.7. Two doublet layers with different orientations are supported by one
cylinder. One layer, called z-layer, is aligned along the direction of the beam axis, the second
layer is slightly tilted with respect to this axis. Layers, where the fibers are oriented at a stereo
angle of ¢ = +3° are called u-layers, those where the angle is negative, ¢ = —3°, are denoted v-
layers. An alternating fiber doublet orientation (zu-zv) is used to provide the best possible track
coordinate measurement of the passing particles. Hence, starting from the innermost cylinder,
this results in the following pattern: zu — zv — z2u — 2v — zu — 2v — zu — 2v.

Figure 2.23: CFT doublet layer, consisting of 2 x 128 scintillating fibers glued to plastic grooves, which
in turn are mounted on the support cylinders.

Each fiber has a diameter of 835 um and is in between 1.66 m and 2.52 m long. Together with
the clear waveguide fibers of the same diameter and a length varying from 7.8 m to 11.9 m a
total of 200 km of scintillating and 800 km of clear fibers are used in the CFT detector. Due
to the small fiber diameter, the CFT has an inherent resolution of approximately 200 wm, if the
actual location of each individual fiber is known with a precision no less than 50 wm. Further
details about scintillating fiber detectors can be found in [99].
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Figure 2.24: (a) Photograph of a VLPC on a dime to provide a feeling for the smallness of this device.
Clearly visible are the eight individual silicon pizels (1 mm diameter) on the left and the contact pads and
electronic circuits on the right. (b) Typical LED calibration spectrum of a single VLPC for an axial CFT
fiber. The data is shown as a histogram and the solid line corresponds to the fit.
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The scintillating fibers are read out via clear fiber waveguides carrying the scintillation light to
visible light photon counters (VLPCs), which transform the light into electrical signals. Since all
readout electronics are located about 6 m below the central calorimeter cryostat of the detector,
highly effective photodetectors became necessary, because of the long way and the small diameter
(hence only few photons) of the scintillating fibers. The VLPCs, which are impurity-band silicon
avalanche photodetectors, not only satisfy this requirement, but even allow the detection of single
photons [100]. The only drawback is that they have to be operated at 9 K, but they provide
a fast response and a very high quantum efficiency (~ 75%) and are, additionally, capable of
functioning in a high background environment. Figure 2.24 shows (a) one of the tiny VLPCs on
a dime and (b) a typical LED spectrum obtained with a single VLPC for an axial CFT fiber.

The alignment of SMT and CFT is better than 10 wm, leading to a track resolution of roughly
20 um as can be seen in Figure 2.25 (a,b), showing axial residual distributions using tracks with a
minimum transverse momentum of 3 GeV. The residuals are calculated as the distance between
one SMT hit and a fit of all SMT and CFT hits excluding the hit in question. A simulation of the
resolution assuming perfect alignment yields about 16 pm, compared to the actually achieved
20.2 pm. For the transverse momentum of charged particles traveling through the entire tracking
system, this translates into a resolution of:

APT ) 002 (

_ T )2 _, pr= 50 GeV  — Apr= 5 GeV (10%)
GeV

2.15
GeV pr =100 GeV — Aprp =20 GeV (20%). (2.15)

Figure 2.25 (c) provides a schematic overview of the arrangement of CFT and central preshower
(CPS) detector, although it should be noted that the CPS is farther away from the CFT layers
than shown in the illustration.

<5=‘38.5um Figure 2.25: Auxial residual distributions using tracks with
200 | pr > 3 GeV are shown (a) upon initial installation and
(a) (b) after software alignment of the SMT and CFT barrel de-
tectors. (c) Schematic view of a 4.5° CFT/CPS sector.
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The CFT provides discriminator signals from the axial doublet layers to the Level 1 trigger for
a fast hardware trigger based on the number of track candidates above certain pr thresholds
(minimum threshold of 1.5 GeV). These Level 1 track candidates are also used by the Level 2
trigger; only Level 3 makes use of the full CFT readout information.
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Solenoidal Magnet

The complete inner tracking system as described previously is immersed in a 2 T axial magnetic
field of a superconducting solenoidal magnet [101]. The solenoid consists of two layers of
superconductor to ensure the needed linear current density. To achieve a highly uniform field
inside the magnet bore, a narrower conductor is used at the ends of the coil allowing for a
higher current density there. Both types of superconductors are made of Cu:NbTi in the ratio
1:34:1 and stabilised with pure aluminum. Although the solenoid provides a high central field,
it neverless is rather thin in terms of radiation lengths. The whole magnet, coil and support
cylinder, only amounts to ~ 0.87 X for particles at normal incidence (|| = 0). The complete
tracking system, including the solenoid thus presents only a total of about two radiation lengths
of material for particles at normal incidence, increasing to about four radiation lengths at large
angles (|| > 2). The operating current of the solenoid is 4.75 kA, its cooldown time is less
than 40 hours and the time needed to energize it is about 15 minutes. The complete system
was designed to safely and reliably operate over a twenty-year lifetime, to withstand up to 150
»warm-up cool-down« cycles, about 2500 energisation cycles and at least 400 fast dumps.

Central and Forward Preshower Detectors: CPS / FPS

The preshower detectors have been installed primarily to enhance the spatial matching between
tracks and calorimeter towers. They function as a small calorimeter (hence the name preshower)
and also as tracking detectors. Due to their fast energy and position measurements, the preshower
information is included in the Level 1 trigger. The central preshower detectors (CPS) are located
in between the solenoid and the central calorimeter and cover the region || < 1.3, while the
forward preshower detector (FPS), attached to the inner faces of the end-cap calorimeter cryostats
cover a pseudorapidity range of 1.5 < |n| < 2.5. Both detectors (CPS and FPS) are made from
triangular strips of scintillator, which are interleaved to avoid dead regions. Depending on the
region where the strips are being employed (central /forward), the layout geometry as shown in
Figure 2.26 differs slightly.
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Figure 2.26: Layout geometry of the CPS and FPS triangular scintillating strips: (a) in the CPS
employed in the central region and (b) in the FPS for the forward detector regions.

The preshower detectors and the CFT share the same readout technology via VLPCs. Already
the CFT alone requires 76,800 individual channels of readout, which, combined with another
22,564 channels for the central and forward preshower detectors, amounts to roughly 100,000
VLPC readout channels. The design or functionality of the CPS/FPS is not further described
here, since both detectors have not yet been in use for most of the data-taking period considered
in this work. A more detailed description can be found in [102] for the CPS and in [103] for the
FPS detectors.
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2.3.2 The Liquid Argon Calorimeter

The DO calorimeter was designed to provide precise energy measurements of electrons, photons
and hadronic jets and to aid in their respective identification. It also allows the measurement of

the transverse energy imbalance in events and can detect muons as minimum ionizing particles
(MIPs).

The calorimeter is a nearly compensating sampling calorimeter with uranium absorbers immersed
in liquid argon, which serves as the active medium. It is not fully compensating, but the e/7
response ratio is close to one, ranging from about 1.11 at 10 GeV to about 1.04 at 150 GeV. The
calorimeter is divided into three parts: the barrel, or central calorimeter (CC) covers the region
up to |n| S 1 and two end calorimeters (EC) in the forward regions at the north and south ends of
the detector (ECN/ECS) extend the coverage up to pseudorapidities of || ~ 4. Each calorimeter
part is enclosed by a separate cryogenic vacuum vessel as can be seen from Figure 2.27. In order
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Figure 2.27: Isometric view of the central and the two endcap calorimeters. Fach calorimeter is con-
tained in its own cryostat, which maintains the temperature at approximately 90° K.

to provide hermetic coverage over the large range of pseudorapidities and because of the separate
vacuum vessels for the three calorimeters a fourth component, the intercryostat detector (ICD)
has been installed, located in between the central and end-cap cryostats. The ICD will be briefly
described after the liquid argon calorimeters.

Each calorimeter is divided into three different sections, the electromagnetic calorimeter, the
fine hadronic and the coarse hadronic calorimeter. Closest to the interaction point is the finely
segmented electromagnetic section, followed by the fine and then the coarse hadronic section.
While all three calorimeters use liquid argon as active medium, different absorber plates (type
and thickness) are used. For the electromagnetic section thin plates (3 to 4 mm) of nearly pure
depleted uranium are used, whereas the fine hadronic sections contain 6 mm thick plates made
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2.8 The D@ Detector

of uranium-niobium (2%) alloy. The coarse hadronic section do not contain any uranium, but
use instead thick (46.5 mm) plates of copper (CC region) or stainless steel (EC region).

All three calorimeters function in the same way. Particles traversing the calorimeter loose their
energy gradually by interacting with the different materials (showering). Electrons, photons, and,
in part, tau leptons produce electromagnetic showers, which are usually confined to a few layers
in the first, electromagnetic section of the calorimeter. Hadronic particles interact primarily with
the nuclei of the absorber materials and produce large hadronic showers, called (hadronic) jets.
Either shower leads to an ionisation of the liquid argon. To collect the resulting charge, the
electrons (ions are usually too slow to be considered) are drifted towards copper plates. The
necessary electric field in the liquid argon gaps between the absorber plates is established by
grounding the latter and connecting the resistive surfaces of the charge collecting signal boards
to a high positive voltage (typically =~ 2 kV). As a result, the electrons drift in about 450 ns
across the 2.3 mm gap. A simple schematic view of a calorimeter unit cell is given in Figure 2.28.

Liquid Argon Gaps

Absorber

Figure 2.28: Illustration of a calorimeter unit  Plates
cell. Electrons drift in an electric field across
the liquid argon gaps to be collected at the signal
boards. The dimensions are given in mm and

Signal
Board

are typical for the electromagnetic section of the
calorimeter; the absorber plates are thicker in the
fine and coarse hadronic sections. ! |

| Unit Cell

Several calorimeter cells at approximately the same 7 and ¢ are ganged together in depth to
form a single readout cell. These readout cells form semi-projective towers, whose imaginary tips
would meet at the nominal interaction point in the geometric center of the detector at r = z = 0,
see also Figure 2.29.

The tower dimensions roughly correspond to An x Ap = 0.1 x 0.1, which reflects the transverse
sizes of particle showers. Electromagnetic showers are about 1-2 cm wide in the transverse plane,
while hadronic showers are mostly a factor of 10 wider, i.e. about 10-20 cm. In the electromagnetic
section there are four separate layers (EM1-4) of different thickness, corresponding to 1.4, 2.0,
6.8, and 9.8 Xy in the central region and to 1.6, 2.6, 7.9, and 9.3 X in the forward region.
Detector components in front of the calorimeters as seen from the interaction region (SMT,
CFT, the solenoidal magnet and the preshower detectors) account for another approximately
4.0X, in the central region for particles at normal incidence (|n| = 0), and for slightly more,
44Xy, in the EC region at |n| = 2. The third electromagnetic layer is segmented twice as fine
as the other layers, because electromagnetic showers, originating from particles of intermediate
energies (= 30 — 100 GeV) develop their maximum there.

The fine hadronic section of the central calorimeter is subdivided into three layers (FH1-3),
which are 1.3, 1.0, and 0.8 A4 thick, where A4 is the hadronic interaction length. The coarse
hadronic section consists of a single module (CH) of roughly 3.2 A4. Although the fine (coarse)
hadronic calorimeters in the forward regions are subdivided into two (three) cylindrical modules,
the general layout is the same as for the CC hadronic sections. Similarly to these, the fine

73



CHAPTER 2: THE EXPERIMENTAL SETUP

'Central Calgfimeter ’ (77— End Caiorimefer/ s ) /,J 2
adronic , / N\ e

'r‘\ -

\ \ V/\/;//\ ‘/\\\\\\\\\\ ciU,ter PR
o

.0

Electro- 2
magnetic

.4

.6

.8

.0

.2

S 3.7

— T =) R

Figure 2.29: Schematic illustration of one quadrant of the calorimeters showing the semi-projective
tower geometry. The shading indicates which groups of cells are ganged together for signal readout.

hadronic end calorimeters are divided into 4 layers of approximately 1.0 A4 and the coarse
hadronic part consists of a single readout cell of about 4.0 A4. At n = 0 (CC region), the
hadronic and electromagnetic layers of the calorimeter account for a total hadronic interaction
length of 7.2 A4, while it is 10.3 A4 at the smallest angle in the EC region. Table 2.2 provides
an overview of the dimension and thickness of the different calorimeter sections.

Layer dec | dec Layer dee / dec Layer  dcc / dec
EM1 1.4/ 1.6 X, FH1 1.3/ 114 —

EM?2 2.0 / 2.6 Xo FH2 1.0 / 1.1 A4 -

EM3 6.8 / 7.9 X FH3 0.8/ 1.1X4 -

EM4 9.8 / 9.3 X, FH4 /11X -

EM (all) 20.0 / 21.4 X, FH (all) 3.1 /4.4 A4 CH 3.2/41)4

Table 2.2: Querview of dimensions and thickness of the different calorimeter layers in the central region
(CC) atn = 0 and in the forward region (EC) at n =~ 2. Electromagnetic, as well as hadronic readout cells
(calorimeter towers) are segmented in Anx Ap = 0.1 x0.1, with the exception of the third electromagnetic
layer (0.05 % 0.05), and the very forward region of |n| > 3.2 with a coarser granularity.

The calorimeters themselves have not been changed since Run I, so that the most accurate
description can still be found in [79]. However, the complete readout electronics have been
exchanged to maintain the good signal-to-noise ratio from Run I, in a much more challenging
environment with higher luminosity and a much higher bunch crossing rate; the frequency is a
factor of 3.8 higher compared to Run I. In order to achieve this goal, two entirely new readout
components have been installed for Run II: charge preamplifiers on top of the cryostats and
baseline subtractor (BLS) boards below, where access is significantly easier. In a first stage the
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2.8 The D@ Detector

signals from single calorimeter cells are transported to a feedthrough port, which is the interface
between the cold and warm region of the calorimeter cryostats, and on to the charge preamplifiers
located as close as possible to the feedthrough ports on top of the vacuum vessels. From there,
the amplified analog signals are transported to the BLS boards below for signal shaping, removal
of low frequency noise or pile-up, and storage. Finally, if the Level 1 trigger decision is made
after about 4 us and the event is accepted, the analog precision signals from the BLS boards are
transmitted to analog/digital converters and from there they enter the data acquisition system,
so that the precision readout from the calorimeter can be used for the Level 3 trigger decision. In
addition, the trigger makes use of faster shaped analog sums of the calorimeter signals, so-called
trigger towers of An x Ap = 0.2 x 0.2, which are picked off to provide inputs to the trigger
Levels 1 and 2. Coarse hadronic sections do not contribute to any trigger decisions.

The energy resolution of the calorimeters (electromagnetic and hadronic) can be parametrised
AE\? N? S?

— = c?. 2.16

( 7 ) (B/GeV)2 T E/Gev T (2.16)

The first term AE/GeV = N describes a fixed contribution, attributable to electronic noise and

independent of the energy of the incident particle, the second term AE/GeV = S-/E/GeV
is of statistical origin and describes fluctuations in the energy depositions and the third term,

as follows:

finally, AE/GeV = C-(E/GeV) is due to systematic uncertainties in the energy calibration of
the calorimeters. The first term dominates at extremely low energies, where the particle energy
is close to the invariably present electronic noise of a few hundred MeV and the last, systematic
term becomes dominant at high energies, e.g. in the electromagnetic calorimeter for particles of
roughly Er =~ 40 GeV. The different parametrisation constants have been measured separately
for the electromagnetic and hadronic sections, resulting in:

Incident particle Electromagnetic AFE Hadronic AFE

of energy F N =02 §=0.23, C =0.004 N=50 =10, C=0.1
50 GeV AE =2.6 GeV (5.2%) AE =10.0 GeV (20%)
100 GeV AE = 4.6 GeV (4.6%) AE =15.0 GeV (15%)

Table 2.3: Querview of the different resolution parameters in the electromagnetic and hadronic sections
of the calorimeter. All parameters are taken from [104].

Intercryostat Detector: ICD

The location of the ICD with respect to the liquid argon calorimeters can be seen in Figure 2.29.
It is attached to the exterior surfaces of the two EC cryostats and provides scintillator sampling
in the region 1.1 < |p| < 1.4. A series of scintillating tiles enclosed in light-tight aluminum
boxes is used as active material. Fach tile is about 1.3 cm thick and divided into 12 subtiles, of
which each covers an area of approximately An x Ay = 0.1 x 0.1 as the cells of the liquid argon
calorimeters.

The subtiles are read out via wavelength shifting fibers, which carry the signals to photomultiplier
tubes housed in special electronics »drawers« below the ICD and the calorimeter cryostats, in
an area where the residual magnetic field is low.
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CHAPTER 2: THE EXPERIMENTAL SETUP

2.3.3 The Muon System

The muon system is divided into separate systems, the central system based on proportional
drift tubes (PDTs) covers a pseudorapidity region up to || < 1 and the forward system, which
uses mini drift tubes (MDTs) extends the coverage up to |n| < 2. The complete Run I forward
muon system [79] was removed during the five year shutdown before Run II and replaced by the
new MDTs and trigger scintillation counters. For certification studies of the muon resolution,
comparing data with simulated Monte Carlo data, see reference [105].

The Toroidal Magnets

One very prominent feature of the D@ muon system are the toroidal magnets, which account
for about 65% of the total weight (=~ 5000 tons) of the detector. They were already present
during Run I, allowing for a good momentum measurement in the muon system, since this was
not possible with the central tracking detectors due to the lack of a magnetic field (the solenoid
was installed between Run I and Run II). The toroidal magnets, illustrated in Figure 2.30
(Fig. 2.20), are divided into a central, 109 cm thick, square »annulus« and two end toroids,
which are =~ 156 cm thick plates with a 183 cm square hole in the middle centered about the
beam pipe. The inner surface of the central toroid is at a distance of 318 cm from the beam line.
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Figure 2.30: Technical ‘drawing of the toroidal magnets. (a) The central toroid, build from the two
C-shaped pieces and the central beam, indicated by the thick lines, uses twenty coils of ten turns, five coils
on either side, four at the bottom and siz at the top. (b) One of the two end toroids with eight winding
of eight turns each (four on either side). The hole in the upper part of the end toroids is a remainder of
the Run I accelerator bypass of the former » Main Ring«.

It is constructed from three parts: one center-bottom section, a 150 cm wide (and about 7.6 m
long) beam, fixed to the detector platform, provides a base for the calorimeter vessels and the
central tracking system, and two C-shaped sections, movable perpendicular to the center beam,
facilitate the access to the inner detector parts (Fig. 2.30). The two end toroids are located at
about 4.5 m < |z| < 6.1 m from the center of the detector. Both magnet coils are operated in
series, at a current of 1500 A, which is about 40% lower than during Run I, but still enables
a stand-alone momentum measurement. The primary muon momentum measurement is now
done with the central tracking system of the SMT and CFT detectors. While the momentum
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2.8 The D@ Detector

measurement of the muon system still improves the resolution for high momentum muons
(pr > 150 GeV), the lower operating current and magnetic field in the toroids allow for a
low-pT cutoff in the Level 1 muon triggers and a cleaner matching of muon track segments with
the inner tracks measured with the tracking detectors. The polarity of the toroids is reversed
regularly (approximately every two weeks) between stores to avoid a bias. Similarly, the polarity
of the solenoid in the central tracking system is also alternated periodically, ensuring that the
detector takes approximately the same amount of data in each of the four possible configurations
of the magnetic field.

The Proprotional Drift Tubes in the Central Region

The central region PDTs are arranged in three layers: layer A is located inside and layers B
and C outside of the toroids. The B/C-layer PDTs and the bottom A-layer PDTs consist of
three planes of drift cells, while the remaining A-layer PDTs are made of four planes. Due to an
uninstrumented region in the bottom part of the detector, only about 55% of the central region
is covered by three layers of PDTs, but close to 90% are covered by at least two layers.

The drift tubes are made of rectangular aluminum :
. - Vernier cathode pads\

tubes and are quite large, compared to the MDTs, — : A ‘ ‘ :

typical sizes are about 2.8 X 5.6 m?. A drift chamber x X / \ X X

is usually 24 cells wide and contains either 72 or 96 =

cells, with each cell being 10.1 cm wide. At the cen- y « \ 5 )
ter of each cell is the anode wire, which, together with ‘ ‘ ‘ | | |
Vernier cathode pads located above and below it, pro- ‘ ‘ ‘ ‘ ‘ ‘

X X X X
vides information on the hit position along the wire. ‘ ‘ ‘ . /
P— N
The PDT chambers are mounted such that the anode 101 cm Anode wire

wires are oriented along the primary B-field direction __ o )
Figure 2.31: Schematic illustration of the

. . o cell configuration in a PDT chamber.
dinate. Two wires within a plane are always ganged

to enable accurate measurements of the bend coor-

together at one end of each drift chamber and are read out at the opposite end. As can be seen
from Figure 2.31 the typical three-plane PDTs are setup with a relative transverse offset between
the planes, so that the left-right drift-time ambiguity can be resolved.

The drift gas used in the central muon wire chambers is Ar-CH4-CF4 with a ratio of 84% argon
(Ar), 8% methane (CHy), and 8% tetrafluoride (CF4) and the operating high voltage is 2.3 kV
for the cathode pads and 4.7 kV for the wires. This configuration leads to a drift velocity of
approximately 10 cm/us over a maximum drift time of about 500 ns. For filtering and removal
of contaminants the gas is circulated through the drift chambers of the muon system at a rate
of 2 liters per minute, corresponding to an average exchange rate of roughly 3 volumes per day.

For each hit in the PDTs, the electron drift time, the charge deposition on the Vernier pads,
and the difference in the arrival times (AT') of the signal pulses on two of the combined wires
are recorded. The hit position along the wire is determined from a combination of the charge
deposition and the arrival time difference of the signal pulses. Using the method of charge
division, the pad signal resolution is about 5 mm, and the drift distance can be determined with
a resolution of approximately 1 mm. The resolution of the arrival time measurement AT largely
depends on where the muon passes through the drift cell, since the accuracy of the measurement
degrades with increasing signal propagation delay. If the muon passes on the far side of the
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CHAPTER 2: THE EXPERIMENTAL SETUP

readout electronics, the resolution is about 10 cm. Since both signal pulses travel roughly equal
distances (about one wire length) and arrive at about the same time, the resulting time difference
measurement is accurate. On the other hand, if the muon passes the cell on the near side (w.r.t.
the readout), one signal pulse arrives almost instantly and the other has to travel two wire
lengths. Due to this longer propagation time, the dispersion in the signal is increased and thus
leads to a degradation of the resolution, which is only about 50 c¢cm in this case.

Proportional

Envelope Cover Spacer

’ﬁ Comb f Wire |
/

Figure 2.32: (a) Exploded view of the muon
wire chambers: the central proportional drift
tubes (PDTs) and the forward mini drift tubes
(MDTs). (b) The photograph of the A-
layer MDTs was taken right before sroll-in«
(from [106]). Clearly visible are the eight MDT
octants of the A-layer. (c) Schematic illustra-
tion of a single MDT tube.

An exploded view of the muon wire chambers, central PDTs and forward MDTs, can be found
in Figure 2.32 (a). The wire chambers are used for precision measurements of the coordinates
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and, in part, for triggering, while the scintillation counters are mainly used for triggering.
Both detectors contribute to the background rejection. The wire chambers allow to reduce the
background from random hits due to hot wires or even single hot chambers by measuring track
segments over two or three layers of the muon system and the scintillation detectors provide
timing information for the reduction of out-of-time background like cosmic muons.

The Mini Drift Tubes in the Forward Regions

The mini drift tubes (MDTs) in the forward region are a major part of the Run II detector
upgrade. They were chosen to replace the Run I small angle muon system (SAMUS), since
their electron drift time is much smaller, keeping in mind the higher bunch crossing rate in
Run II. Nevertheless, the MDTs still provide a good coordinate resolution. Additionally, they
are more radiation hard, which is related to the utilized material, but in part also due to the
finer segmentation and thus lower occupancy.

Similarly to the PDTs, the MDTs are arranged in three layers (A, B, and C), where layer A
is again inside the end toroids and layers B and C are on the outside. As can be seen from
Figure 2.32 (a,b), each layer is divided into octants and made up of three planes (B/C-layers) or
four planes (A-layer). A single mini drift tube is made of extruded aluminum combs and consists
of eight cells, covering an area of 9.4 x 9.4 mm?, see Figure 2.32 (c) for details. In contrast to the
rather slow drift gas mixture used in the PDT system, the MDT system uses tetrafluoromethane
(CF4-CHy, with 90% tetrafluor and 10% methane). This mixture is fast, non-flammable and
exhibits no radiation aging, which is very important in the high radiation forward regions. As a
result, the drift time for tracks incident at 90° is at most 40 ns and for tracks inclined at 45° it
is about 60 ns. The operating high voltage scheme used for the MDTs is also different from the
one for the PDTs, a negative high voltage of -3.2 kV is applied to the cathode, while the anode
wires are grounded at the amplifier to which they are connected.

The limiting factor in the coordinate resolution of the MDTs is the measurement of the signal
arrival time, which is measured with an accuracy of 18.8 ns w.r.t. the beam crossing. This is
due to the fact that each amplifier-discriminator board contains 32 channels and outputs logical
differential signals that are send to the digitising electronics. This solution was chosen to reduce
the cost of the otherwise large number of about 50,000 time-to-digital converters. Drift times
are also recorded for the MDT system, although, contrary to the arrival times, they are not used
for triggering, but serve only as input to the data acquisition system (section 2.4).

Multiple scattering in the toroids represents the limiting factor for the momentum resolution
of the forward muon spectrometer. The digitisation in time intervals of 18.8 ns leads to a
factor of two worse coordinate resolution of the MDT system (= 0.7 mm per hit), compared
to the resolution achieved in test beam measurements. This translates into an overall mo-
mentum resolution of approximately 20% for muon momenta below 40 GeV and using the
forward muon system in a stand-alone mode. The resolution for particle momenta up to
100 GeV is determined by the central tracking detectors, but for higher momenta the muon
system can improve the momentum resolution. Particularly important is the forward muon
spectrometer for tracks at pseudorapidities |n| > 1.6, since these will not traverse all layers of
the central fiber tracker anymore. Particle momenta of about 50 GeV are measured with an
accuracy of 20% (central region), for those in 1.6 < |n| < 2.0 the resolution is approximately 35%.
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Central Region Scintillators: Cosmic Cap/Bottom and A-¢ Counters

The central scintillation counters are installed on the top, sides and bottom of the central C-
layer PDTs (called cosmic cap and bottom counters) and on the inside of the central A-layer
(called A-¢ counters). In Figure 2.33 (a-c) an exploded view of the scintillation counters and
two photographs of the central and forward C-layer muon scintillation detectors are provided,
similarly as for the wire chambers in Fig. 2.32. All scintillation counters are mainly used for
triggering purposes and to discriminate against cosmic ray background or backscatter from the
forward regions.
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Figure 2.33: (a) Exploded view of the muon scintillation detectors: the central top, cosmic cap and
bottom counters, and the A-layer A-p counters, as well as the forward counters. (b) Central C-layer and
(c) forward muon scintillation counters photographed with the detector in rolled out position.
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Although all scintillation counters are made from Bicron 404A scintillator and are 1.3 cm thick,
their overall design depends on the location. The 240 central cosmic cap and 132 cosmic bottom
counters are rather similar rectangular counters, 63.5 cm wide and in between 207 cm and 287 cm
long. The cosmic cap counters, at the top and the sides of the D@ detector are positioned with
their width along the z direction and their length along ¢. The wavelength shifting fibers glued
to the scintillators are read out via two 10 or 12-stage photomultiplier tubes (PMTs) mounted
directly on the counters. The light yield varies depending on the distance from the phototubes
and on the location of the hit w.r.t. the scintillator area. For hits near the PMTs, typically 30
photoelectrons are produced per phototube and for hits close to the distant corners this number
drops to about 18 photoelectrons per PMT.

Apart from minor improvements in the placement and arrangement of the wavelength shifting
fibers, the cosmic bottom counters differ only in one aspect from the cosmic cap counters. Con-
trary to the cap counters, the bottom counters are positioned with their width along ¢ and their
length along the z direction. This orientation leads to a better matching in the ¢ corrdinate for
track segments measured with the muon system and tracks measured with the central tracking
system, especially the CFT trigger. The counters are about as long as their respective PDTs are
wide and the counter width is approximately 4.5° in ¢ to match the CFT trigger segmentation.
The nearly constant width in ¢ is achieved by using three different widths of scintillators: 40.0,
47.0, and 56.8 cm, where the narrowest counters are placed at the center of the detector sides
and the widest at the corners, respectively. Although Figure 2.34 actually shows an end view of
the A-¢ counter arrangement, the general layout of the differently sized scintillators also applies
to the cosmic cap and bottom counters.

The 630 A-p counters, placed on the inside of the A-layer PDTs, are the scintillation counters
closest to the interaction region (directly after the calorimeter) and thus provide a very good
possibility to trigger on, identify muons, and to reject out-of-time backscatter. For high-pr
single muon triggers and low-pr dimuon trigger, the in-time hits on the scintillation counters
are matched with tracks measured in the CFT on trigger Level 1 already. The A-¢ counters are
also the only detector element to provide a precise time stamp for low-pr muons, that cannot
penetrate the iron toroids and thus do not reach the B or C-layer counters.

As can be seen from Figure 2.34, the segmentation of the A-¢ counters in ¢ is nearly constant
with each scintillator covering about 4.5° in ¢ similar to the cosmic cap and bottom counters.
This segmentation was again chosen to match the CFT trigger segmentation and is implemented
by usage of three differently sized scintillators of 23.1, 27.5, and 36.7 cm width. The are placed
analogously to the C-layer cosmic cap and bottom counters, i.e. from the narrowest at the center
towards the widest at the corners of each detector side.

Since the A-¢ counters, which are the innermost scintillation counters of the muon system, have
to operate in a residual magnetic field of about 20-35 mT, due to the toroidal and solenoidal
magnets, they are enclosed in magnetic shields. These shields have a diameter of 48 mm and are
made of 1.2-mm-thick p-metal'® and 6-mm-thick soft iron!!. The shields reduce the perturbing
effects of the residual magnetic field on the phototube gain to less than 10%.

ONickel-iron alloy (77% nickel, 15% iron, plus copper and molybdenum) with a high magnetic permeability, p.
The material is very effective at screening static or low-frequency magnetic fields.

1S0ft iron loses its magnetism as soon as the current stops; it is said to form a temporary magnet.
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Figure 2.34: Schematic end view of the layout of the A-p scintillation counters. A nearly constant
azimuthal coverage (indicated by the dashed lines for seven counters) is achieved by the usage of three
different sizes of scintillation counters. The inlet shows an enlarged view of four such counters.

The timing resolution of the A-¢ counters is approximately 2 ns and varies due to photoelectron
statistics, variations in the z position of the interaction vertex, and variations of the amplitude
and hit position along the length of the scintillation counter. On average a muon signal produces
about 50-60 photoelectrons per A-¢ PMT with small variations of +7% depending on the
location of the signal, close to the center or the ends of the counter.

Forward Region Scintillation Counters

The forward scintillation counters are located on the inside of the forward A-layer MDTs and
the outside of the B/C-layer MDTs (see Fig. 2.33). They are usually referred to as forward
or pixel counters. In analogy to the forward wire chambers, the three layers of scintillation
counters are divided into octants, each containing 96 counters. As for the central counters, the
p-segmentation is 4.5° and matches the CFT trigger sectors, as can be seen in Figure 2.25 (c).
The largest counters cover an area of about 60 x 110 cm? and are placed in the C-layer, which is
the outermost layer. A typical intermediate counter size is 24 X 34 cm? and the smallest counters
are only about 17 x24 cm?. Since nearly 5000 counters were needed for the forward muon system,
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the counter design had to be optimised w.r.t. the cost, while still providing a good time resolution
and amplitude uniformity over the length of a counter to ensure a high detection efficiency and
good background rejection. The quantum efficiency of the photomultipliers is about 15% for
photons of 500 nm wavelength and their gain is approximately 10.

As the central A-p counters on the inside of the A-layer PDT, the forward counters are located
in regions with residual magnetic fields, so that the phototubes need to be shielded. For the A-
layer forward counters, the used magnetic shields are identical to those used for the A-¢ counters,
because the highest fringe fields of up to about 30 mT are expected there. For the remaining
forward counters, located on the outside of the B/C-layer MDTs, the magnetic shields are made
of only 3-mm-thick soft iron instead of 6-mm-thick, the thickness of the y-metal remains constant
at 1.2 mm and the diameter is also unchanged. The residual effect is less than 10% for magnetic
fields up to 35 mT (shields with 6-mm-thick soft iron) and thus comparable to the reduction
achieved for the A-¢ counters.

The time resolution is better than 1 ns and the detection efficiency is very close to 100% for all
counter sizes. In tests with cosmic muons the average number of photoelectrons was found to
be about 60 for the largest counters and roughly thrice as many for the smallest counters. The
signals are read out via wavelength shifting bars attached to the PMTs, amplified and then sent
on to the Level 1 trigger system. After digitisation in the scintillator front-end time-to-digital
converters (TDCs), with 1.03 ns time bins, the amplitude and time information is passed to the
Level 2 trigger and data acquisition systems.

Additional Shielding

Background interactions producing hits in the muon layers can contribute to the early aging of
the muon system. During the upgrade for Run II, additional shielding was installed in the for-
ward regions close to the beam pipe with the goal to reduce all three possible sources significantly:

e Scattered proton/antiproton fragments interacting with the calorimeter or beam pipe can
lead to background in the central and forward A-layer elements;

e Proton/antiproton fragments interacting with the Tevatron magnets or other beamline
elements can produce hits in the B/C-layers of the forward muon system;

e Beam halo interactions from the Tevatron tunnel can lead to background in all layers of
the forward muon system.

The shielding consists of three rectangular pieces with layers of iron (41 cm), polyethylene
(15 cm), and lead (5 cm) enclosed in steel structures. It surrounds the beam pipe and starts at
either of the two end calorimeter cryostats, goes through the end toroids, and extends out to
the wall of the DO collision hall (see Fig. 2.20 and Fig. 2.33 (c)). Iron was chosen as the elec-
tromagnetic and hadronic absorber due to its relatively short radiation and interaction length
of Xo = 1.8 cm and A4 =~ 16.8 cm, respectively and its rather moderate cost. Lead serves
as gamma ray absorber and polyethylene is a good absorber of neutrons, because of its high
hydrogene content.

With the added shielding, the goal to reduce any non-collision background has been accomplished,
so that, together with the usage of radiation-harder detector components, i.e. the MDTs in the
forward regions, a long-term, reliable operation of the muon system is ensured.
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2.3.4 The Luminosity System

This system allows to determine the Tevatron luminosity at the D@ interaction region, measure-
ments of the beam halo rates (proton and antiproton beam) and a fast determination of the z
coordinate of the hard interaction vertex. Two dedicated luminosity monitors are installed at
either side of the D@ detector, at z = 135 cm from the geometric center in front of the endcap
calorimeters, see also Figure 2.21. Both these devices consist of two arrays of twenty-four wedge-
like plastic scintillation counters, that are read out via photomultiplier tubes (see Figure 2.35).
The counters are 15 cm long and cover an area of 2.7 < |n| < 4.4 in pseudorapidity.

Figure 2.35: (a) Schematic view of one of the luminosity monitors. The filled (red) circles indicate the
locations of the photomultiplier tubes. (b) The inside of a luminosity monitor before installation.

The rate of coincidence of the two monitors is used to determine the luminosity £ from the
average number of inelastic pp interactions per beam crossing Njy,e; (compare Eq. (2.9))

g= I Nine (2.17)

Oinel

where f is the beam crossing frequency and o;,¢ the effective cross section of the luminosity
monitors. The latter takes acceptances and efficiencies of the monitors into account. Usually
Nipner is greater than one, which underlines the importance of correctly taking into account
multiple pp interactions in a single crossing. This is achieved by counting the fraction of beam
crossings with no collisions at all and using Poisson statistics to infer the average number of
inelastic collisions Nj,e;. One difficulty of this approach is the necessity to distinguish »real« pp
interactions from beam-halo background interactions. To ensure sufficient background reduction,
precise time-of-flight measurements of particles at small angles w.r.t. the beam axis are made.
The resolution of the scintillation counters is about 200-300 ps, where the dominant contribution
is due to the variation of the length of the light paths of particles hitting different locations
on the counters. Under the assumption, that the incident particles on the luminosity monitors
come from a real pp interaction, the z position of the vertex is estimated via the time-of-flight
difference: zy = §(¢t- — ), with £_,, being the time-of-flight measured for particles striking
the luminosity monitor at z = +/ — 135 cm. To ensure the selection of beam-beam collisions
and not beam-halo or other background interactions, zy is required to be below |zy| = 100 cm.

The luminosity is measured in units of luminosity blocks, which are short time periods of 60 s or
less, and each luminosity block is indexed by a luminosity block number (LBN). The luminosity
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block number increases monotonically throughout the data-taking period and is incremented
under various circumstances (see section 2.4). The period of one luminosity block is chosen short
enough, so that the instantaneous luminosity is effectively constant over the time of one lumi-
nosity block, ensuring that the uncertainties introduced by these time »slices« remain negligible.

2.3.5 The Forward Proton Detector: FPD

The forward proton detector (FPD) [107] measures protons and antiprotons scattered at small
angles of the order of O(1 mrad). These particles do not hit any other parts of the DO detector
and it is rather difficult to measure/trigger these diffractive events. In Run I, diffractive events
could only be tagged using rapidity gaps, regions of the calorimeter without particles.
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Figure 2.36: (a) Overview of the gen-
eral layout of the FPD position detectors
at various distances from the main D@ de-
tector. (b) One FPD castle installed in the
Tevatron tunnel.

Since the particles are scattered at such small angles, the detector consists of a series of momen-
tum spectrometers spread along the beam line as shown in Figure 2.36. Accelerator magnets are
used together with position detectors operating only a few millimeters away from the beam axis.
Due to this small distance to the beams the FPD position detectors have to be moved out of the
beam line during injection of protons or antiprotons into the Tevatron. The position detectors
are located in remotely controlled, stainless steel containers (Roman Pots) [108] allowing for
operation outside the ultrahigh vacuum of the accelerator but still close to the beam line. In
total, there are 18 Roman Pots arranged in steel chambers (castles) at six different locations, or
distances of the main DO detector (see Fig. 2.36).

Before moving on to the trigger and data acquisition systems, two photographs of the entire D@
detector in open configuration at the end of the Run II upgrade period are presented.
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Figure 2.37: (a) The large forward part with the outer C-layer scintillators is moved away (upper right
side), so that the end calorimeter and the central toroids (red with yellow-brown windings) are visible.
The central toroid is also moved apart laterally as can be seen at the space above the calorimeter cryostat.
(b) Clearly visible are the central and south end calorimeter cryostats, the central toroids and on the
inside the A-p scintillation counters of the muon system.
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2.4 The DO Trigger and Data Acquisition System

Due to the increased luminosity and high bunch crossing (high interaction) rate of the upgraded
Tevatron, the trigger and data acquisition systems [109] needed to be enhanced, too. Since it is
not possible to write all of the detected events to tape, or to even read out the entire detector
with its huge number of readout channels every 396 ns, a real-time, three-stage trigger system is
used to select only interesting events for storage and thus for further physics analyses. Figure 2.38
provides a simplified overview of the closely related D@ trigger and data acquisition systems.

Detector L1 Buff L2 Buff
Data 1.7MHz utters 2 kHz uliers 4 kHz L3 Level 3 [50Hz [Online
— DAQ I Trigger Host

: L L1 : L L2

6 1 Accept v 1 Accept *
Level 1 l Level 2 l Tape
Trigger ! Trigger ! Storage

Trigger Framework «—— | COOR

Figure 2.38: Overview of the integrated D@ trigger and data acquisition systems.

The data rate at Level 1 (L1), the interaction rate, is about 1.7 million events per second
(1.7 MHz). This huge rate has to be reduced to about 50 Hz (i.e. 50 events per second), because
this is the limit with which the events can be written to tape.

The first stage of the D@ trigger system consists of a collection of hardware trigger elements,
belonging to specific detector subsystems: the calorimeter (L1CAL), the combined fiber tracker
and preshower detectors (L1CTT), the muon system (LIMUO), the forward proton detector
(LIFPD) and the luminosity system. All of these provide digitised information to the trigger
framework (TFW). As can be seen from Figure 2.38, all information of a specific bunch crossing is
pipelined, i.e. stored in FIFO (first-in-first-out) buffers, which serve to minimise the experiment’s
deadtime. All subsystems must send information, which is to be taken into account in the
L1 decision, to the TFW within 3.5 us from the corresponding bunch crossing. The trigger
framework uses fast algorithms implemented in field programmable gate arrays (FPGAs) to test
up to 128 specific Level 1 trigger terms, whose logical »or« determine, whether a given event
is accepted and passed on to Level 2 (L2). With a latency of 3.5 us the TFW can issue a L1
decision every 396 ns; this is referred to as timing-in. In case the L1 decision is positive and the
event accepted and passed on to Level 2, about 10 us are needed to read out the entire silicon
tracker (SMT), whose information is used in the second trigger level, along with information of
the central fiber and preshower detectors. The calorimeter precision readout for Level 3 (L3)
takes longer but is only started upon an L2 accept. The first trigger level reduces the event rate
to roughly 2 kHz (L1 accept rate). All 128 trigger terms and other resources are programmed
from COOR via text-based commands and interpreted by the trigger control computer, which
in turn configures the trigger framework [110]. The second stage, L2, comprises custom-built
VME (VERSA Module Eurocard) electronics and embedded microprocessors (again associated
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with the different subsystems) to provide further information to a global processor, the so-called
L2Global. This specialised device uses individual objects, as well as object correlations in physics
signatures and across different detector subsystems to construct the final L2 decision. The L2
system reduces the 2 kHz accept rate of L1 further by approximately a factor of two, resulting
in an L2 accept rate of 1 kHz. (Originally, Level 2 was designed to handle input rates of up
to 10 kHz.) A block diagram of the first and second trigger stage is given in Figure 2.39. The
functional principle and the different abbreviations are explained throughout the text.
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Figure 2.39: Block diagram of the L1 and L2 trigger systems. The L1 and L2 trigger decisions are
communicated to the front-end boards by the trigger framework (TFW) via the SCL, which also dis-
tributes the master clock timing signals to all of the 128 geographic sectors of the D@ detector to ensure
synchronisation with the Tevatron bunch crossings.

Candidate events passed by L1 and L2 are sent on to a farm of specialised Level 3 (L3) mi-
croprocessors, where sophisticated algorithms further reduce the event rate to about 50 Hz, so
that it can be written to tape. This fully programmable software trigger uses complete, i.e. fully
reconstructed, physics objects and relationships between these objects (variables like invariant
masses, rapidities or Ag-separation between two objects) and in this way allows to enrich the
physics samples, while still providing a large reduction in the rate. Only the events passing all
three triggers stages, i.e. about 50 events per second, are recorded to disk and latter written to
tape. As can be seen from Figure 2.38, events awaiting an L2 decision or transfer to the L3 farm
are also pipelined, similar to the information gathered by the first level trigger elements. Dead
time due to full L2 FIFOs and/or an L3-busy signal is very rare. An L3-busy signal is issued, if
all L3 processors are working on event data (or data logging) and are unable to receive another
event from Level 2. The majority of the trigger dead time arises from the approximately 10 us
needed for the SMT readout.

The central coordination package (COOR) controls and coordinates all aspects of triggering and
data acquisition (DAQ). It interacts directly with the supervising systems for all three trigger
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levels, which are the trigger framework (for L1 and L2) and the DAQ-supervisor (for L3). Upon
an L2 accept, the data acquisition system ensures the data flow of the fully digitised events from
the L2 FIFO buffers to the L3 farm nodes. This system, including the mutual interplay between
COOR and the DAQ supervising systems is described in section 2.4.3.

2.4.1 The Level 1 Trigger

This trigger stage is based entirely on hardware and firmware. It examines every bunch crossing
and decides if the event is worth to be looked at in more detail by the second and third level
triggers. For triggering and data acquisition purposes the detector is divided into subsections,
which are served by a single serial command link (SCL). Typical geographic sectors are for
example the front-ends of the detector subsystems. The trigger framework, besides receiving
triggering information from all 128 geographic sectors and determining if an event passes Level 1
or if it is rejected, also sends an L1 accept (followed by an L2 accept or reject) to all of these
sectors via the SCL, which is the only fast communication line between the front-end boards and
the TFW. Additionally, it allows to prescale certain triggers too copious to pass events without
rate reduction and provides scalars to count the triggers and monitor live crossings, which are
those bunch crossings, where all L1 trigger elements are idle and able to fire. The master clock
(MC) provides the timing signals necessary to synchronise all trigger and readout electronics
with the Tevatron bunch crossing periodicity.

As illustrated in Figure 2.39, the central track trigger (L1CTT) is connected to the scintillator-
based tracking detectors: the central fiber tracker (CFT) and the central and forward preshower
detectors (CPS, FPS), described in section 2.3.1. The L1CTT comprises three subsystems, the
CFT/CPS axial, the CPS stereo and the FPS systems. While all of these subsystems provide
information on tracks and/or preshower clusters for the L2/L3 readout, only the first two par-
ticipate in the L1 trigger decision. Fast discriminator data is used by the L1CTT to reconstruct
charged particle trajectories and provide information for the L1 trigger terms. The more detailed
data, stored by the LICTT electronics, are also used as seeds by other trigger systems. Lists of
seed tracks are sent to the LIMUOQO and L2STT systems, while track and cluster information are
sent to the L2CTT and L2PS preprocessors.

The calorimeter Level 1 trigger system (L1CAL) is connected to the calorimeter readout and
looks for energy deposition patterns exceeding programmable thresholds on transverse energy
deposits. The inputs are electromagnetic and hadronic trigger tower energies summed in depth
(one layer) and transverse coordinates (An x Ap = 0.2 x 0.2). To enable a fast trigger decision
on L1 and L2, the finer segmented precision readout of An x Ay = 0.1 x 0.1 is only used in the
third trigger level. The fast analog signals are converted to transverse energies on input, have
the pedestals subtracted and the energy scales adjusted. In case of electromagnetic trigger terms
(for electrons and photons) only the transverse energies of the 1280 electromagnetic towers are
examined, while for hadronic trigger terms (jets), the sums of the electromagnetic and hadronic
tower energies (1280 EM+H) are compared to the programmed thresholds.

The Level 1 muon system (LIMUO) uses hits from the muon wire chambers, as well as from the
muon scintillation counters and seed tracks from the L1CTT to look for muon-like patterns. It
is divided into three subsystems, the central, north and south (forward) regions, each of which is
further divided into octants to reflect the geometry of the PDT and MDT wire chambers. Two
types of trigger elements, scintillator triggers and wire triggers, are used for each region. The for-

89



CHAPTER 2: THE EXPERIMENTAL SETUP

mer matches scintillator hits with central tracks (CFT/CPS information) and the latter matches
single scintillator-confirmed track stubs of one muon wire layer with the two or three other muon
layers, depending on the region. The LIMUO makes use of FPGAs for the combinatorial logic
of about 60,000 muon channels and up to 480 L1CTT seed tracks per bunch crossing.

The FPD trigger element (L1FPD), connected to the forward proton detector, searches for coin-
cidences between the hit signals of both position detectors in any of the nine FPD spectrometers
(see Fig. 2.36). For single diffractive triggers, events are selected in which at least one of the
outgoing beam particles left the interaction region intact. Analogously, coincidences between
FPD spectrometers on both sides of the D@ interaction region are used for the elastic diffractive
trigger terms to trigger on events in which both of the outgoing particles are still intact.

2.4.2 The Level 2 Trigger

As mentioned above, the second trigger stage not only triggers on individual objects, such as
tracks, muon track segments or calorimeter clusters, but in a global stage (L2Global) also on cor-
relations between these object. To this end, the Level 2 preprocessors (called L2beta processors)
collect data from the L1 trigger system and from the detector front-end boards, combine the
data into physics objects (i.e. muons, EM-objects, like electrons or photons and jets) and also
across detector subsystems to examine event-wide correlations in all of these objects. Based on
the Level 1 decision and additional script-controlled L2 trigger criteria the L2Global processor
selects events, which are then tagged for full readout and send to Level 3 for further analysis.

The L2STT performs pattern recognition in the SMT data, while the L2CTT uses track list
inputs from the L1CTT and from L2STT, which in turn receives information from L1CTT and
the SMT barrel front-ends. Each list corresponds to a different p-region of the L1 track trigger
system. The lists are concatenated and sorted according to the transverse momentum (pr), while
also being refined using additional information from the L2 readout, which was not available at
Level 1. Two azimuthal angles are determined for each track: g, w.r.t. the beam axis and pgns3
w.r.t. the third, finer segmented calorimeter EM-layer, which differs from g due to the bending
of tracks in the solenoidal magnetic field. Different isolation criteria are also evaluated for each
track to enhance the trigger capabilities for tau-leptons [74]. The final, pr-sorted list of tracks
is sent to L2Global to form part of the L2 trigger decision.

The L2PS treats the central and forward preshower detectors separately. CPS cluster centroids
are compared to provide transverse coordinates (n and ¢) for clusters matching in three layers.
The presence or absence of CFT trigger tracks associated with either CPS axial or stereo clusters
is tagged and the resulting transverse coordinates are binned to match the calorimeter trigger
towers of Anx Ay = 0.2x0.2. Similar functionality is provided by the FPS, which is, in addition,
the only source of forward tracking available before the L3 software trigger.

At L2 (L2CAL), the calorimeter trigger towers match the cell geometry of An x Ap =0.1 x 0.1,
which means that each processor uses Et data from 2560 trigger towers. There are two algo-
rithms, the electron/photon and the jet algorithm. The first one starts from an Ep-ordered list
of EM towers with Et > 1 GeV and combines, for each predefined seed tower, the largest of
the neighboring towers with it to form an EM-cluster. Of these clusters, the EM energy fraction
of the leading and next-to-leading trigger towers and the amount of total ET in a 3 x 3 tower
array around the seed tower are used for background reduction. The final list of electron/photon
candidates is sent to L2Global, where certain trigger criteria are applied as previously defined by
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the trigger menu (or trigger list). The second algorithm for jet identification first clusters 5 x 5
groups of calorimeter trigger towers centered around a seed tower, with at least Er > 2 GeV.
The highest ET jet of overlapping candidates is kept and the Er-sorted lists are reported to
L2Global, which applies predefined trigger requirements to the jets.

The L2MUO preprocessors use more precise timing information and calibration [111] for improv-
ing the quality of the muon candidates found at Level 1. The input consists of the LIMUO
output and data from about 150 front-end modules of the muon system, PDT/MDT wire cham-
ber readout, as well as timing information from the scintillation counters. In order to keep the
total execution time of the algorithms independent of the actual number of hits in the wire cham-
bers or scintillation counters, eighty DSPs (digital signal processors) are used in parallel. Each
DSP is used to find muon track segments in a small detector region, and the L2beta processor
builds integrated muon candidates from the stubs found by the DSPs. Every L2 muon candidate
contains the track pp measurement and transverse coordinates (n, ¢), as well as different quality
and timing information.

In the L2Global processor the information of the different L2 worker processors is gathered and
the current trigger criteria applied. A separate L2 script is used for each L2 trigger condition,
which has to be satisfied in order for the L2 trigger to fire. Each script is, in turn, associated
with a specific L1 bit, allowing the L2Global worker to check which L1 bit fired to decide which
L2 script(s) it has to run on the data. Depending on the specific L1 trigger decision mask
prepared by the trigger framework for each accepted event, the L2Global worker executes the
necessary L2 scripts, makes a trigger decision and returns this decision to the TFW. The exact
trigger requirements are specified in the trigger list that can be changed (i.e. downloaded to the
TFW and to L2Global) as frequently as every new run'?. The L2 scripts are built from different
filters, relying on tools, to provide flexible functionality. The tools apply selection criteria
to the various preprocessor objects, decide which of these objects should become global L2
objects, and build a specific L2Global object type of these. In addition, the tools can correlate
different preprocessor objects: for example an EM-object from L2CAL and a track object from
L2CTT/L2PS, referring to the same electron candidate. After the tools finish processing and
produce a list of L2Global objects, the filters impose the current trigger requirements on the
objects and generate a new list of objects. The final decision is made by the L2 script, which
simply looks if the minimum number of objects satisfying the trigger conditions was found in
the event.

2.4.3 The Level 3 Trigger and Data Acquisition

The Level 3 trigger is a high-level, fully programmable software trigger, intertwined with the
D@ data acquisition system; both are referred to as L3DAQ in what follows. Controlled via the
COOR package, as the L1 and L2 systems, L3DAQ handles the transport and distribution of
the readout data from the detector to available computing nodes of the L3 filter farm. The L3
farm consists of 274 computing nodes, running a Linux operating system and using the TCP /IP
protocoll for communication and data transfers. Single board computers (SBCs) in each VME

127 run is a variable period of data-taking within a store, typically in between two to four hours. It is
characterised by the use of the same trigger list, defining a certain set of trigger conditions and prescale factors.
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crate read out the different VME modules and send the data to one or more of the L3 farm nodes
as specified by the Routing Master (RM). Up to 63 VME crates may be read out per event. On
each farm node runs an event builder process (EVB), that collates the various fragments into
complete events and places them into shared memory buffers, where the L3 tools and filtering
processes can work on the events. Since the EVB process has to know whether a certain event
is complete or not, i.e. if it should receive fragments from 20, 40 or all 63 crates, it receives an
expected-crate list from the Routing Master. In return, the EVB routinely informs the RM of
the number of available buffers. In case there are too few free buffers, the RM can instruct the
trigger framework to disable triggers, allowing the farm nodes to catch up with the processing of
events. If the event is accepted by the third level trigger, the event data is sent to the online host
for storage and/or distribution to various online monitoring applications. The combined data
rate is approximately 10 MB/s, which corresponds to a 50 Hz L3 accept rate of events with a
typical size of 200 kB. Figure 2.40 provides an overview of the information and data flow through
the L3DAQ system.
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Figure 2.40: Schematic view of the information and data flow through the L8DAQ system. The different
abbreviations are explained throughout the text.

The L3 trigger performs a fast event reconstruction, so that its decision to reject or accept
a given event is based on the complete physics objects and relationships between them. In
principle an arbitrary number of L3 trigger conditions may be defined in the trigger list. The
limiting factor, however, is the execution time for testing each event sent to L3. The trigger
list is a menu of various L1, L2 and L3 trigger requirements with programmable parameters.
It is downloaded to the TFW, L2Global and the L3 Supervisor usually at the beginning of
a store and might be changed as frequently as for every run. Analogously to L2, tools and
filters perform the main work: unpacking raw data, locating hits or track segments, forming
clusters, applying calibrations and reconstructing physics objects: electrons/photons, muons,
taus, jets, vertices and missing transverse energy, Jr. The L3 terms of the trigger list govern the
input of programmable algorithm parameters (reference sets, containing precise definitions of the
different physics objects) to the tools. The algorithms implemented in the L3 tools are similar to
the offline algorithms, though they are not identical, due to a trade-off between execution time
and the actually performed reconstruction and/or correlation of physics objects by the online
algorithms. On average, the processing time per event is about 300 ms.

The distribution of event data to the different filters and tools is handled by a special interface
of the L3 framework, the ScriptRunner. At the beginning of each run, ScriptRunner initiates
the parsing of tools and filter scripts. During data-taking, it processes any errors and handles
the output of the tools and filters, sends filtered data to the datalogger, and stores monitoring
information and error messages, which are reported at the end of each run and upon request.
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Four different tools are available for physics object reconstruction and correlation of objects:
the L3 tracking tool, the L3 jet and electron tool, the L3 muon tool, and the L3 Fr tool. In
addition, higher level filters are used to find relationships between physics object candidates
and to select/trigger on, e.g. multiparticle (multijet) invariant masses, or the scalar sum of
the transverse energies of all jet candidates (Hyp-filter). A general feature of all L3 tools and
filters is their ability to correlate data or object candidates of different detector subsystems and
thus use all available information for a certain physics object. The L3 muon tool for example
uses scintillator hits and track segments of all three layers of the muon system to find muon
tracks in three dimensions, and additionally it can also call subordinate tools, making use of
the inner tracking system and the calorimeter. In this way, the L3 muon tool can match tracks
measured with the inner tracking detectors to muon tracks measured with the muon system, and
use vertex constraints from the L3 tracking tool to further improve the momentum resolution of
L3 muon candidates. The matching of muon tracks to paths of minimum ionizing particles in
the calorimeter enables L3 to distinguish between isolated and non-isolated muons. For further
details on the algorithms implemented in the L3 tools, the reader is referred to [80].

All tools cache their results to expedite possible multiple calls within the same event and, upon
accepting the event, write the L3 object parameters to the corresponding event data block. The
Level 3 trigger reduces the L2 output rate of 1 kHz to 50 Hz for recording to disk and later
storage on tape.

The architecture of the online system and, separately, the flow of the event data from the
L3 filter farm to its final repository on tape is illustrated schematically in Figure 2.41. The
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Figure 2.41: Schematic illustrations of (a) the physical architecture and (b) the data flow of the online
host system. The darker shades in (a) indicate the use of many computing nodes for one process.

online host system (see Fig. 2.41 (a)) comprises the L3DAQ), various monitoring applications
(Examines), the SDAQ system (secondary DAQ processes for calibration and/or commissioning)
and interfaces to the Fermilab mass storage system ENSTORE [112]. The entire online system
is built around a single, fast ethernet switch. Upon accepting an event, the data is sent from
the L3 nodes to collector processes, directing the event data to the datalogger and a part of it
additionally to the distributor. The first one saves the data to a disk array for buffering and
generates metadata information in file format to facilitate the storage in the SAM (Sequential
Access via Metadata) database [113]. The DLSAM (datalogger SAM) processes represent the
interface to the SAM/ENSTORE mass storage facility. They monitor the buffer disk array at
D@ and take care that the data are sent regularly to the final repository, a robotic tape system,

93



CHAPTER 2: THE EXPERIMENTAL SETUP

located in the Fermilab Feynman Computing Center, about 3 km away from the D@ detector.
The second process, the distributor provides event data in near real-time to various online
analysis and monitoring applications, the Ezamine processes.

The Luminosity System

The luminosity data acquisition system, referred to as LDAQ), is a stand-alone system running
on the online computer cluster. The system is designed to collect, measure, verify and mon-
itor the luminosity delivered to the D@ experiment and that is used by physics analyses. It
not only connects to the DO trigger and DAQ control systems: COOR, the trigger framework
(section 2.4.1), and L3DAQ), ScriptRunner and datalogger (section 2.4.3), but also delivers infor-
mation to the accelerator control system (ACNET). The data from many different sources are
correlated, loaded into a database and used for luminosity calculations.

As mentioned already in section 2.3.4, the luminosity is measured in units of indexed luminosity
blocks of 60 s duration or less. The indices (LBNs) increase monotonically throughout Run II
and are incremented upon store transitions, run transitions, or using special commands, and
normally every 60 seconds. To simplify the luminosity calculation, different Level 1 triggers are
grouped together, so that they share the same dead time. The luminosity is determined sep-
arately for each of these trigger groups, taking into account the instantaneous luminosity and
the usually different trigger dead-times between different groups. Further details on the D@
luminosity measurement can be found in reference [114].

Figures 2.42 and 2.43 on the following two pages show two stores. The first one (Figure 2.42)
shows store number 4400, taken September 24-25, 2005, which lasted about 26 hours, as an
example for a good data-taking efficiency and very few problems. The initial instantaneous
luminosity (peak luminosity) was 116+ 103° cm?s 1. The luminosity profile is given by the dashed
pink line, and the L1/L2/L3 accept rates are shown as solid black/blue/red lines, respectively.
Also indicated are the L1/L2-busy rates (dashed grey and brownish lines), where the L1-busy
rate amounts to about 4-5%. Cyan coloured spikes correspond to short periods of L3 disables,
usually requested by the routing master when the L3 farm has run out of buffering capacity.
Clearly visible are also the beginning and ending of runs, marked by numbers and characterised
by the steps in the trigger rates, which then start falling again exponentially with decreasing
luminosity. The second example (Figure 2.43) shows store number 3980, taken February 13-15,
2005. The initial instantaneous luminosity, about 40% lower than in the previous example, is
71-10%° cm?s !, and the store lasted for approximately 36 hours. As can be seen, the first three
runs suffered from considerable problems, indicated by the large number of cyan-coloured spikes
(L3 disables) due to a wrong version of the reconstruction code running on the L3 farm.

2.4.4 Online Monitoring of the Detector and Data Quality

Online Detector Monitoring

The DO experiment uses extended EPICS (Experimental Physics and Industrial Control Sys-
tem) [115] for monitoring and slow control purposes. The EPICS system has been adapted and
extended to meet the special needs of the D@ detector controls [116]. The support for new device
types was extended and the significant event system (SES) for global event reporting, as well as a
centralised relational database was added to the set of EPICS software building blocks. The SES
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Figure 2.42: The luminosity profile (dashed pink line) and the L1/L2/L3 accept rates (solid black/blue/red lines, respectively) for the physics store number
4400, taken September 24-25, 2005. The whole store lasted about 26 hours and the initial instantaneous luminosity was 116 - 103° cm?s~'. At high instantaneous
luminosities a run (indexed by numbers) is usually ended after about two hours; later in the store, when the instantaneous luminosity has decreased and triggers
need not be prescaled by large factors, runs last for about four hours. Between the srun end« and »run start« commands, new trigger prescale factors are
usually downloaded to the trigger framework. The prescales are adjusted to the continually decreasing instantaneous luminosity as can clearly be seen towards
the end of the store, where the L1 and L2 accept rates increase again, although the luminosity is significantly reduced compared to the beginning of the store.
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Figure 2.43: Physics store number 3980, taken February 13-15, 2005 is shown, where considerable problems were observed during the first three data-taking
runs. The initial instantaneous luminosity was 71-10%° ¢cm?s~!. For the meaning of the different lines and colours, see the caption of Figure 2.42. The large
number of L3 disables (cyan coloured spikes) during the first three runs was due to a wrong executable version of the reconstruction code running on all nodes

of the L3 trigger filtering farm.
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system keeps track of the overall alarm state of the detector and if it receives alarm messages,
compromising the data quality, it automatically pauses the current data-taking run.

Another vital point in the successful operation of the D@ detector is a good knowledge of the
accelerator status. To this end, a gateway based on the XML-RPC protocol provides a fast
and reliable messaging connection between the D@ control system and the Accelerator Control
NETwork (ACNET). DO receives information on the beam status, the luminosity and other
critical accelerator parameters and in turn sends cryogenic and magnet data, the luminosity as
measured with the D@ luminosity monitors and FPD data (roman pot positions) to ACNET.

Online Monitoring of the Data Quality

Several different applications run in the D@ control room and are continuously provided with
recent data by the distributor (see section 2.4.3). Apart from monitoring applications specifically
designed for each detector subsystem, e.g. the silicon or fiber tracker, the calorimeter, or the
muon system, there are also monitoring applications for the trigger rates, the available buffer
space of the L3 farm nodes, an event display showing recent events in different detector views
and also a global monitoring tool [117], which serves to monitor various distributions of physics
variables. This last tool allows monitoring of nearly all detector subsystems by providing plots
of low-level variables, e.g. hit distributions, occupancies, and efficiencies of planes and layers of
the muon system, but also high-level physics objects, such as invariant masses or jet multiplicity.
An example of some low-level muon variables is given in Figure 2.44. A yellow (red) frame
around a specific distribution indicates discrepancies between the current data and reference
data sets used for comparison. The deviations are measured using two different methods: a
simple bin-by-bin method (maz.Diff.), and via Kolmogorov-Smirnov tests (KS-prob.).

| Muon-candidates per bunch | | Muon’s quality rates L n-distr. for all muons |
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Figure 2.44: Global Monitoring: low-level muon variables. The muon quality rates in the upper middle
plot refer to different hit patterns required for muon types of different quality.
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2.5 Data Simulation, Handling, and Storage

In Run II, the DO collaboration decided to use the C++ programming language as the official
software development language and to wrap Run I Fortran software and/or programs from other
sources in C++ code. One of the main uses of the C++ wrappers is for Monte Carlo (MC) event
generation/simulation programs. Besides, DO uses an event data model (EDM) that consists of
a library of C+-+ classes and templates, facilitating the implementation of new reconstruction
and analysis software. The main feature of this model is an event container class managing all
data associated with a single bunch crossing: the raw detector output, the trigger related results
and data from different offline reconstruction algorithms, as well as the parameters used for
each algorithm. The additional storage of configuration parameters allows for multiple instances
of the same algorithm in different configurations. For example, an iterative seed-based cone
algorithm, known as the midpoint cone algorithm (see section 4.3.2), is used to identify jets in
the calorimeter, and using multiple instances allows to run it with different cone-radii, while still
being able to distinguish the results.

C++ Objects Backend | o |0 package |<+—»| File
Interface
Headers > i
Backend < »| I/0 package [<«—| File
Interface
A
d0_Object
d0_Ref
v Stream
S Interface
ata
— -
Preprocessor Dictionary

Figure 2.45: The DU software structure. The shaded area shows the components that belong to DOOM,
the » D@ Object Model« [118]. As mentioned, all D@ software, comprising packages made up of one or
more Headers and C++ Objects, needs to be written according to a common standard to comply with the
EDM. The coding conventions are discussed in more detail in [119].

The D@ Object Model, DOOM [118], (see the shaded area in Figure 2.45) handles all C++
Objects and defines which of them are to be used persistently. The layout of the C++ classes is
described by a dictionary maintained by D@OOM. This dictionary is generated by a preprocessor,
based on the CINT C/C-+ interpreter [120], also used by the ROOT system, and can be queried
at run-time. The independence of user code on the external input/output (I/O) packages that
actually handle the translation between the C+-+ objects and the persistent format, allows to
add new formats or change existing ones without having to change the reconstruction code.
Additionally DOOM handles the adding and deleting of data members without explicit user
intervention, allowing for intercommunication between different objects.

Although a number of different data formats is used within D@, all of them are compatible with
the EDM model. The following formats are used: raw data, data summary tape (DST), thumbnail
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(TMB) [121], ROOT-trees [122] and recently the so-called common analysis format (CAF) [123],
based on the ROOT-tree format, has been designed and is in use since mid 2005.

Since the reconstruction software is continuously developed and improved, the collaboration
decided that all D@ data would be reconstructed with the same version of the reconstruction
software from time to time. This is one reason why all raw data, i.e. unreconstructed data,
without energy or other calibrations applied, is also kept on tape. The thumbnail format was
developed in 2001/2002, because the older data summary tape format became too difficult to
handle due to the large event size (= 250 kB) and the huge amount of data anticipated from the
higher luminosity. Originally, in the DST format, all information of the reconstructed physics
objects was stored and also raw data information, which lead to the large event size. In contrast
to this, the thumbnail format mostly contains information on physics objects and no longer
raw data information. The TMBs contain the data (reconstructed detector or simulated Monte
Carlo data) in a compressed form and all events are labeled with specific tags, for example
sdielectron«, or »dimuon« to save the time for unpacking certain events when processing the
TMB files. Trigger information, which is only available for the real detector data, is stored in
an uncompressed form. The complete event size is around 25 kB, about a factor of ten smaller
than the DST format.

All data, simulated Monte Carlo and real data, are stored in the SAM database, allowing for
easy access from around the world. Apart from the tape storage in the Fermilab Computing
Center, or, in case of reconstructed Monte Carlo data, which is also produced and stored at
different computing facilities in other countries (e.g. France, Great Britain, or Germany), the
most frequently used data is also kept cached on disk servers. Users communicate with the SAM
system via metadata commands and SAM handles everything that is not directly visible to the
user: data transfer to and from the tape storage facilities, allocation and monitoring of computing
resources and cache space, bookkeeping at the user process level, etc. While the bookkeeping
functions are provided by an external database, all other functionality is implemented in the SAM
software. The concept of SAM is similar, though not yet as sophisticated and as distributed as
the concepts of grid-computing developed for the LHC-era, on which the LHC-experiments will
heavily rely for their enormous data storage and processing needs.

The present analysis uses data in TMB format as starting point and, although it is possible
to write analysis code for TMB data, this method is deemed ineffective, since compilation and
debugging times are rather long. Therefore the TMB data is transformed into a private ana-
lysis format, based on the ROOT-tree format, to make use of the more convenient and flexible
possibilities of this format.

Simulated data used in the present analysis has been generated with the Monte Carlo event
generators PYTHIA [124] for background processes and SUSYGEN [125] for SUSY signal processes.
The MC generators produce 4-vectors of particles that need to be traced through the detector and
have all effects simulated. D@ uses two separate programs to simulate how generated particles
would look like as seen by the detector. The first program, D@gstar (D@OGeant Simulation
of the Total Apparatus Response) [126] is based on GEANT [127] and simulates the particle
trajectories, energy depositions, and all interactions with the detector material. The second
program, D@sim [128] uses D@gstar output as input and simulates the detector response, i.e.
electrical pulses of different lengths and amplitudes and thus provides the digitisation of the
simulated data. Analog and electronic noise from the detector and readout, as well as detector
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inefficiencies are taken into account in the simulations. Also considered are effects due to pile-
up and the underlying event. Multiple interactions are simulated by adding so-called minimum
bias events to the generated physics events. Minimum bias events are simulated events of pp
scattering (elastic or inelastic) that the detector would have registered and where at least one
of the luminosity monitors would have fired. These events are generated with PYTHIA, using
the CDF »Tune A« [129] obtained from CDF measurements of jet evolution and the underlying
event during Run I of the Tevatron.

As can be seen from Figure 2.46, simulated MC data (*.sim files) and raw detector data (*.raw
files) are both reconstructed with the D@ reconstruction code, D@reco [130]. D@reco comprises
reconstruction algorithms for vertexing, track-finding and clustering to the point of using the
primary objects (vertices, tracks, clusters) to reconstruct high-level physics objects, such as
electrons, muons, jets, Jr, secondary vertices, and use these in turn to identify candidates for
heavy quarks or tau decays for example. As mentioned, so far all data is re-reconstructed from
time to time, usually every one to two years, after a major upgrade of the reconstruction software,
which is also called production release. All data used in this analysis has been re-reconstructed
with release p14.06.01, containing many improvements and serving as a major production release
for the following one and a half years.

Before the reconstructed TMB data are converted into ROOT format, the thumbnails are
skimmed '3, which means that the events are sorted into various samples (skims) [131] accord-
ing to their physics objects content: e.g. ssingle electron skim«, »single muon skim«, »dimuon
skim«, »jet skim«, etc. A single event can be part of more than one skim, although each event
should only appear once per skim. In this analysis the »dimuon skim« is used and its TMB
data is transformed into the more convenient and flexible ROOT format using the top analyze
package [132], derived from an example of the DO framework program D@ChunkAnalyze. Apart
from the format conversion, the framework package also runs additional algorithms and applies
further corrections to the data that are not yet included in the main reconstruction code. These
are, for example, jet energy scale corrections, advanced b-tagging algorithms, a more sophisti-
cated noise rejection and also corrections of the efficiency and resolution of jets and Fr. The
top_analyze package was developed within the Top Group [133].

At the next stage (user level), the ROOT-trees are preselected, corresponding to the preselection
sample of this analysis, and written to new ROOT-trees, as indicated by the ReFill program. In
addition, the TriggerEfficiency package [134] is included, which serves to estimate the effect of
trigger (in)efficiencies on the preselected Monte Carlo event samples. A detailed overview of the
procedure is given in section 4.3.1.

Unnormalisable luminosity blocks and physics runs, where one of the necessary detector subsys-
tems was not fully functional, are removed at this stage, as are events with noisy calorimeter
cells or other detector related problems. In the end, the output ROOT-trees from ReFill only
contain dimuon events, triggered by at least one of a set of dimuon triggers, corresponding to
a definite luminosity (see again section 4.3.1, details about the applied procedure can be found
in [134]). The luminosity is separately calculated, using a tool named runrange luminosity [135].
Besides the luminosity to which a certain data sample corresponds, it also outputs a list of

13to skim: to remove the best or most easily obtainable contents from something; to (read, study) examine sth.
superficially and rapidly for the chief ideas or the plot; having the cream removed by skimming.
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unusable luminosity block numbers (BadLBNList), that have to be removed from the analysis
data sample. Per event only about 75 high-level variables are kept, among these are the re-
constructed dimuon invariant mass, jet energy scale corrected Fr, different angular separations
between various leptons, and leptons and Jr, and event weights due to trigger parametrisations
of the TriggerEfficiency class.

Following the ReFill program, the final analysis program RPVanalysis, which has been developed
to search for events compatible with R,-SUSY (see chapter 4, especially sections 4.1 and 4.5), is
run on the remaining events (data and MC samples). At this level, the MC events are weighted
according to the equivalent luminosity, making again use of the outputs of the runrange luminosity
program. Control distributions are generated, and the resulting numbers of events of data and
expected MC background events (with their respective statistical and systematic uncertainties)
after each successive application of selection criteria are saved.

The last program serves to evaluate the results. It decides if the observation of an excess of events
in the data is compatible with a signal from R,-SUSY, or it calculates the expected (observed)
cross section upper limits at 95% confidence level (CL) in case no deviation is found. Further
details will be given later in chapter 5, mainly in subsections 5.1.3 and 5.1.4.
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Chapter 3

Phenomenology of R,-SUSY
and Signal MC Simulation Studies

Tug on anything at all, and you’ll find it connected to everything else
in the universe.

John Muir (Environmentalist, 1838-1914)

This chapter provides a short overview of J,-SUSY phenomenology at the Tevatron Collider.
The production of gauginos and the usage of K-factors are treated in sections one and two, while
section three provides an overview of the decays and branching ratios of the second lightest neu-
tralino and the lightest chargino. Section four, finally, summarises generator level studies of signal
Monte Carlo samples. All signal samples are produced with the event generator SUSYGEN [125],
which is interfaced with a separate program, SUSPECT [136], for the evolution of masses and
couplings through the renormalisation group equations. Signal properties, such as production
cross sections, masses, and branching ratios, and also kinematic variables of the resulting leptons,
are studied in detail.

3.1 Gaugino Pair Production at the Tevatron

Only one of the R,-couplings is assumed to be non-zero, while all others are either zero or negli-
gibly small (single coupling dominance hypothesis [59], [61], see also section 1.3.6). In particular,
the LLE coupling g2 is assumed to be dominant in this analysis. As a consequence, SUSY
particles can only be produced in pairs at a pp collider like the Tevatron, since there are no
leptons in the initial state which would be required for a production of single sparticles.

Within the domain of the explored SUSY parameter space, pair production of gauginos is the
dominant process for large values of mg. At small mg, i.e. mg < 100 GeV and low values of
my/9 (M2 ~ 160 to 260 GeV), pair production of sleptons is of the same order of magnitude as
gaugino pair production, i.e. 2.0 to 0.1 pb. The cross sections of squark and gluino production (qq,
qg, and gg) also increase, but are still about an order of magnitude smaller than the inclusive
gaugino production cross section. In this analysis, only the pair production of gauginos and
gaugino-gluino production is considered and all results relate to this production cross section.
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Pair production of other sparticles, e.g. of sleptons or squarks is not taken into account, even
though this would enlarge the cross section and thus also the possibility for decays into leptons
in the region of small mg values.

From the gaugino pair production processes, ;zf;zg and )Zli)ﬁc production dominate. While
pairwise production of heavier gauginos is also possible, the cross sections of these produc-
tion processes are about two orders of magnitude below the ones for )ﬁt)?g and ﬁtii': produc-
tion. Figure 3.1 illustrates the different leading-order cross sections of gaugino pair production
(chargino-neutralino, chargino-chargino and neutralino-neutralino) and gaugino-gluino produc-
tion for two different values of the common sfermion mass mg: (a,b) for mg = 100 GeV and
(c,d) for mg = 1000 GeV and for both signs of the Higgs mixing parameter (a,c) for p < 0, and
(b,d) for u > 0. The cross section of associated gaugino-gluino production is at least one order
of magnitude below the inclusive cross section for gaugino production for mg = 100 and u < 0
(a), while this difference increases to nearly three orders of magnitude for mo = 1000 and px > 0
(d). In general, all cross sections decrease with increasing gaugino mass parameter m; /o, which
is expected since the masses of the gauginos increase with my 5.

The dependence on the value of Ay, which governs the mixing of the third generation sfermions,
is very weak. When Ay is varied from —1000 GeV to 41000 GeV, the gaugino and slepton masses
change only slightly with the largest variations in the masses of staus and the top and bottom
squarks. The production cross section for gaugino pair production changes only by about 10%
to 15%. Hence the value of the trilinear coupling is fixed at the GUT scale to Ag = 0 and not
varied in what follows. The masses and cross sections also vary slightly with tan 8, the ratio
of the vacuum expectation values of the two Higgs fields. The lightest neutralino, for example,
is up to 3 GeV lighter for tan 8 = 20 compared to tan 8 = 5, while the mass of the lightest
chargino even decreases by up to 15 GeV (in case of negative Higgs mixing parameter u). On
the other hand, the production cross sections increase by roughly 25-30%, when tan 3 increases
from tan 8 = 5 to tan 8 = 20, with exceptions at mo = 250 GeV and 1000 GeV for positive u.
There, the production cross sections decrease by about 15-20% which can be seen in Tables A.1
and A.2 in the appendix. These differences directly translate into higher (resp. lower) cross
section limits and the corresponding lower mass bounds.

In case heavier gaugino mass eigenstates are produced, these cascade decay into the lightest
supersymmetric particle (LSP), since the R,-coupling of SM particles to SUSY particles is much
smaller than the gauge couplings of SUSY particles. For the mSUGRA signal Monte Carlo
simulations the Rp—coupling is chosen to be Aj90 = 0.001, while 0.01 is used for the produc-
tion of the MSSM signal samples. Both values are clearly below the current upper bound of
A22 < 0.027y/m(fig)/100 GeV which is derived from the upper bound on the electron neutrino
mass m(ve) < 1 eV (see also section 1.3.8).

The strength of the A coupling anyhow only influences the lifetime (decay length) of the LSP,
c7(x?), which can be expressed in terms of its mass, m(x}), the sfermion mass, m7, and the
coupling strength, A [137]:

m(f)

4
1 GeV\® 1

y s e (D) S 1

c7(X1) [em] ~ 0.3 cm (100 GeV) (m(>~<(1))> ’\z?jk e

Within the mSUGRA model, a neutralino lower mass bound of m(x?) > 52 GeV can be derived
from the lower bound on the chargino mass m(ﬁc) > 103.5 GeV, which results from searches for
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Figure 3.1: Gaugino pair and gaugino-gluino production
cross sections at LO (SUSYGEN) as a function of the gaug-
ino mass parameter my /o for negative (a,c) and positive
(b,d) Higgs mizing parameter p.

The cross sections for chargino-neutralino production,
chargino pair and mneutralino pair production, and
chargino/neutralino-gluino production are shown sepa-
rately, as are the production cross sections of light and
heavy gaugino mass eigenstates. All cross sections de-
crease with increasing my /o, which is due to the increas-
ing gaugino masses governed by mq/y. The remaining
mSUGRA parameters are set to tan83 =5 and Ag = 0.
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Ry-SUSY performed by the four LEP experiments [138]. In analogy to the present analysis, the
LEP searches were also performed assuming only one dominant LLE coupling with the coupling
strength chosen such, that the LSP lifetime was negligible. In case of the Aj9o coupling, the
then valid upper limit on the coupling strength was Aj2e < 0.0494/m(fig)/100 GeV, for further
details the reader is referred to [138], [139]. As shown in the latter reference, the obtained results
are valid for all values of tan8 > 5, while the lower bound on the neutralino mass decreases

to approximately 30 GeV for lower values of tan8. Table 3.1 presents a few examples for
extreme values of m(x9) and mg, which corresponds to the common sfermion mass m(f). Since
Equation (3.1) is only an approximation, the SUSYGEN generated values for the mass parameters

mo, ™My 2, the neutralino mass, and its respective decay length are given in Table 3.1.

pu<0, tanB=5,and Ay =0 pu>0 tanB=5,and Ag=0

mo  mis  m(xX}) er(x1) ™Mo mip  m(xq)  er(x})
[GeV] [GeV] [GeV] [mm] [GeV] [GeV] [GeV] [mm]
100 150 61.0 0.0044 100 190 69.8 0.0030
100 230 93.8 0.0008 100 220 83.2 0.0015
100 330 135.3 0.0002 100 340 135.1 0.0002
250 140 57.9 0.1180 250 160 57.2 0.1355
250 220 90.6 0.0142 250 220 84.3 0.0209
250 280 115.4 0.0047 250 280 110.3 0.0061
1000 230 98.2 1.8577 1000 220 88.8 3.0990
1000 270 114.9 0.8497 1000 260 105.9 1.2888
1000 330 140.4 0.3152 1000 340 140.2 0.3202

Table 3.1: The decay length of the lightest neutralino, ct(XY), as a function of its mass, m(X?), and the
common sfermion mass, mg for negative u (left-hand side) and positive p (right-hand side). The gaugino
mass parameter my o is also listed.

On the other hand, within the no-GUT MSSM scenario, there is no lower bound on the neutralino
mass, since it is impossible — due to the non-existing GUT relation between M; and My — to
extract a bound on the neutralino mass from an existing bound on the chargino mass. As a
result, the neutralino mass is unconstrained in this scenario and could even lie below 10 GeV.
However, neutralino masses below 30 GeV are not studied due to the combined effect of the
coupling strength and the X9 (LSP) lifetime. To be able to rely on the tracking with the D@
detector, a cutoff is introduced at a decay length of 1 cm. Neutralinos with longer lifetimes, i.e.
c7(X}) > 1 cm, are treated as stable particles in the SUSYGEN event generator and are passed
on to the detector simulation software. Since this latter can only handle SM particles, and no
SUSY or other exotic particles, it can thus not take care of the neutralino decays neither. As
a result, the neutralinos are stable and escape detection, which is why the present analysis is
insensitive to neutralino masses below 30 GeV.

106



3.2 Next-to-leading Order Signal Cross Sections

3.2 Next-to-leading Order Signal Cross Sections

Since SUSYGEN cannot calculate cross sections of SUSY processes at next-to-leading order
(NLO), the separate program GAUGINOS [140] is used to calculate the cross section for gaugino
pair production at leading order (LO) and at next-to-leading order. From these two, the ratio
(or K-factor) is calculated as:

__Gauginos Gauginos
K-factor = o745 7.0 , (3.2)

with which the SUSYGEN LO cross section is then multiplied. For all mSUGRA and MSSM
signal points, produced with the SUSYGEN event generator, the appropriate K-factor is calculated
separately using GAUGINOS. This procedure was chosen, because SUSYGEN and GAUGINOS do
not use the same set of renormalisation group equations and hence produce different LO cross
sections, so that the GAUGINOS NLO cross section could not be used directly. The K-factors
vary between 1.27 for low values of the gaugino mass parameter my /o to 1.13 for high values of
my /9, but are rather stable w.r.t. the mSUGRA parameters mg and p. Figure 3.2 shows the
K-factors for (a) mg = 100 GeV and (b) mo = 1000 GeV and both signs of . The relative
systematic uncertainty on the K-factor is approximately 3%, which is due to the calculation of
the LO and NLO cross sections with GAUGINOS.

o 1504 o 1504
| i ] ]
o ] m, = 100 GeV o ] m, = 1000 GeV
1.45 1.45
g ] o ]
2 1.40] —=— K-factor foru >0 Z 1.40] —=— K-factor foru >0
o ] © ]
135 —— K-factor forp <0 1.351 —— K-factor forp <0
- ] f ]
@] ] o ]
5 1.30 5 1.30
o ] o ]
D) ] D! ]
W 1254 v 1.25]
120 1-20\
115 115
110 110
1.05 1.05
wo - .00
150 200 250 300 350 220 240 260 280 300 320 340
(a) m,, [GeV] (b) m,, [GeV]

Figure 3.2: The oVL0 /olO K -factors as calculated with GAUGINOS as a function of the gaugino mass
parameter my sy and for (a) mg = 100 GeV and (b) mo = 1000 GeV and for both signs of the Higgs
mizing parameter . The remaining mSUGRA parameters are chosen as tan 8 =5 and Ag = 0.

The possible effect of the choice of the renormalisation and factorisation scales on the NLO signal
cross section is studied by varying both scales independently by a factor of two. A systematic
uncertainty of 5% on the K-factor is estimated from comparing GAUGINOS LO and NLO cross
sections calculated for a renormalisation scale ., and a factorisation scale iy with those calculated
for 2+ p, 5, as well as for %'Mr,f-
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3.3 Cascade Decays and Branching Ratios of x5 and iiﬁ

The neutralino LSP decays into two charged leptons and one neutrino, with the lepton flavours
depending on the R,-coupling A;jx. In particular, for A9, the charged leptons are either muons
or electrons. Final states with at least four charged and two neutral leptons are expected from
the R,-decays of the two LSPs alone. Besides these four, additional charged leptons may be
produced in the cascade decays, for example via intermediate W or Z boson exchange.

To facilitate the discussion of certain regions in the SUSY parameter space, the following figures
provide an overview of the masses of SUSY particles and the branching ratios of the second
lightest neutralino and the lightest chargino as a function of the gaugino mass parameter my ;.
Figure 3.3 shows the sparticle masses for (a) mo = 100 GeV and (b) mo = 250 GeV for positive
Higgs mixing parameter y, and for (c¢) mg = 100 GeV and negative p. Although all intersections

600

600 s .

300

n
¥
l\.)'_'-l
+
I—‘Hl

—_— — 036 []
> ) ‘u‘_oo ,“ .-" > 1 o88° .0*
[4)) 4 S C) . ° [} E o-o .
b e + . B5° o? A
o ] =) +* c'. o3 o ] nmoo ot nuu;
—_ 1 + e n2yvY| — 1 0g° o nfyv
+ (] m Y. 0RO v+ A 4
v 500 +tg i v 500 " oy
] i o o + g e A4 ] SHo o® AL
o.© + o tamt A4 Q @0 +F vy
N i g-o +_ e n=yv n i 6g® ® . nl_yY
o.o +Te® ’ n®_vyY uoo °® o nf=yV
2] 1 0g° + el 2] 1 e ot v
(1] 4 0g° +ie® o A © B tig® o + o va
£ 400 ge et PHE S M £ 400 eI e o n2 wY.
Q g og® s R A Q -389° UL S A L
Q 1 0g® o Ty [S) it Wt o A L
@ 30018 CEpET LY e @ 300 T e 341 L
- b° atne®  vY .l--. - ogd““ﬁﬁu'% e esssssamsassEnns ..li
> ] Y- A - RA0 > Jeinnoantlyy ot
wn 1 . aaf™ v o009 BB wn ] ,,u'—‘" v’ o
D 200Kt v 009 20 WO D 200"y 7Y,
2N T n
] e L= T L o 1
i v vy i yvvvvvvv"""
i eeccceccccce 100 -oooooooo:gl.!! ....0:::‘.'7"'!!!0......o-....o
4 o A
Z° st ™ Z°
] v
mo=100 GeV, p>0 T mo=250 GeV, p>0
0 0
O+——r—r—rrr—rrrrTrT T T O+——r—r—rrr—rrrrTrr T T
100 150 200 250 300 350 400 100 150 200 250 300 350 400
(a) my, [GeV] (b) my, [GeV]
— 600 =) ¥ .
4 O.o +1 (] ~ ~
% i DDDOO +F .-" %b UL UR ® h
i o + . v
9: 4 a%e® ,*‘ o ""n’,‘ 1
B0 . e v ~ ~
& 500 58 gt od, od
Q ° + o o L R
. ST L LK Ky ~ s
© 1 L JPLAR L e e ° H_
£ 400 P S L L R
i + ® "" v
% 1 ..°'",,!'!'.‘"" v % @
- — b “'v
= E v nf
: X
o
> 4
(%2}
2
(99}

oo
1Al
200 L o pz . Fl

J 20002 nnn® -"._____.-;

] oo°°°°°°oo:!.' .......----"'"".;.Vvvvvvv"vvv

1 i.oo.o:...o0...00‘.""’!!!!'0.....oo-.....

1 A 0

:VVVVvVVV"vv Z taH,B — 5
] my= 100 GeV, p<0

0~ e

100 150 200 250 300 350 400 A(] — 0

(c) m,,, [GeV]

Figure 3.3: SUSY particle masses as a function of my, for positive p and mo = 100 GeV (a), mo =
250 GeV (b), and (c) for negative p and mg = 100 GeV. While p has only a small influence on the
gaugino masses, the increase of the common scalar mass, mg, causes large differences in the sfermion
and Higgs boson masses, compare Figure 1.9.
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between the slepton and the gaugino masses are shifted towards lower values of my s, (due to
the slightly larger gaugino masses), the overall behaviour of the sparticle masses in dependence
of ™y /9 is the same for positive and negative Higgs mixing parameter.

Of interest are especially the light sleptons, i.e. the left- and right-handed superpartners of the SM
leptons, ‘, R, ‘, 1, and v, (denoted e, er, 71, T2, and v in the legend of Figure 3.3) and the lightest,
supersymmetric Higgs boson, the CP-even h. As can be seen from the figure, not only the masses
of the lightest chargino and the second lightest neutralino (the second chargino and the fourth
neutralino) are quasi-degenerate, but also the following eigenstates are quasi mass-degenerate:
the right-handed and the left-handed sleptons, respectively, and the left-handed (right-handed)
squarks, with the exception of the ’tvl,g and 51,2 mass eigenstates which are somewhat special due
to the mixing in the third generation. The masses of the bottom squarks are not shown separately,
since they lie between those of the lighter and heavier top squark masses (dark and light grey
crosses) and very close to the up- and down-type squark masses, so that a differentiation would
become very difficult.

The characteristics of the sparticle mass curves will not be discussed separately, but in
combination with the following four figures of branching ratios of the second lightest neutralino
X5 and the lightest chargino %f, which are the most abundantly produced gauginos. Figures 3.4
and 3.5 provide an overview of these branching ratios for positive Higgs mixing parameter u,
and Figures 3.6 and 3.7 for negative y. The left-hand side figures (a,c,e) always show the second
lightest neutralino branching ratios, while the right-hand side figures (b,d,f) show the branching
ratios of the lightest chargino.

In general, three different decay scenarios can be distinguished:

Two-body decay: into a sfermion-fermion pair, if the decay is kinematically allowed.
The sfermion then decays further into a fermion and usually the LSP.

Three-body decay: into a lighter gaugino mass eigenstate and a pair of fermions via on- or
off-shell gauge (W, Z) or Higgs bosons or a virtual sfermion-fermion pair, of which the
sfermion decays again into the LSP and an ordinary fermion.

Direct decay: into SM particles. Via the R,-coupling Aio2, the neutralinos decay in equal
shares into puv, and pev,, while direct chargino decays lead to final states composed of
ppe (50%), pryve (25%) and evyv, (25%). However, since the Ry-coupling is small, direct
decays of heavier gaugino mass eigenstates (X3, X3, and both charginos) are negligible.

In case there is a light sfermion with a mass below the masses of the two nearly mass degenerate
gauginos, Xy and )Zf, these two may decay via two-body decay, producing the light sfermion
and its associated SM fermion, see also Figure 3.3. In general, for low values of the common
scalar mass my, the lighter mass eigenstate of the third generation sleptons and in particular the
superpartners of the right-handed first (and second) generation leptons are candidates for the
next-to-lightest supersymmetric particle (NLSP), and thus candidates for a two-body decay of
the X9 and/or the Xi.

Whenever kinematically possible, the X3 decays more likely into left-handed sleptons than for
example into the 71, which is mostly right-handed. This is due to the fact that the X9 is gaugino-
like, with a large wino component and rather small bino and higgsino components (see also
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Figure 3.4: The branching ratios of the second lightest neutralino (a,c,e) and the lightest chargino (b,d,f)
as a function of my o for positive Higgs mizing parameter u, tan3 = 5, Ag = 0, and mg as indicated.
The BRs into electrons and muons are degraded in a narrow corridor region for mg = 100 GeV and
myyp = 170 — 220 GeV, where the dominant decays are X3 = AT and X& — Tiv,. Decays with a
branching ratio above 0.5% (threshold) are listed. (See legend in Fig. 3.5.)
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Figure 3.6: The branching ratios of the second lightest neutralino (a,c,e) and the lightest chargino (b,d,f)
as a function of my s for negative p, tan 8 =5, Ag = 0, and mo as indicated. In analogy to the case for
p > 0, the corridor region with degraded BRs into electrons and muons lies at my /5, = 170 — 220 GeV for
mo = 100 GeV; for u < 0 the dominant decays are X3 — 717 and Xi — T1vs.
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Figure 3.7: Continuation of Fig. 3.6: the branching ratios of the second lightest neutralino (a,c) and the
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section 1.3.5). However, since the left-handed sleptons are usually heavier than the right-handed
ones, this coupling effect is not visible as clearly for the X3 as for the %I—L This latter is mostly
wino-like and thus couples almost exclusively to left-handed particles, which is clearly visible
in Figures 3.4 and 3.6 (b,d,f). The lightest chargino only decays into 71 + v; as long as other
decay channels are kinematically not allowed, compare also Figure 3.3 (a,c) for low values of the
common scalar mass mg. As soon as the channels )Zli — v; + £; and/or )ch - X} + W open
(especially Figures 3.4 (b,d) and 3.6 (d,f)), the Xi branching ratio into 71 + v, drops to nearly
zero, while the first two decay channels account for nearly 100% of the total decay width of the
lightest chargino.

Two-body decays are only important for small values of the common sfermion mass my, i.e. for
values of mg < 250 GeV. Above this value, the only relevant decay channels of the second
lightest neutralino are:

e for small values of m, 5 (i.e. my/9 = 140—250 GeV), the decays X5 = XV+aq, X5 = X3+,
and the direct R,-decays account for nearly 100% of the total decay width;

e for intermediate values of m, /5 (i.e. my/y = 250—300 GeV, p > 0), the decays X3 —xXV+2Z
account for about 100% of the total width, with a slight dependence on my;

o for large values of my/, (i.e. my/; > 300 GeV, pu > 0), the decays involving neutral or
charged Higgs bosons (X3 — X} + h/H and X3 — X+ + HT) dominate, see also Figures 3.5
and 3.7 (a,c), where these decays are labeled as X3 — other. (An additional, though small
component are decays involving photons, via loop-diagrams, e.g. X3 — X} +7.)

Even fewer possibilities exist for the lightest chargino, with only three relevant decay channels:

e for 4 > 0 and up to my/p =~ 250 GeV (210 GeV) for mg = 250 GeV (1000 GeV), respec-
tively, the two decay channels Y& — X9 + q¢’ (= 65%), X© — X\ + v (= 35%) dominate;

e for > 0 and m,pvalues above 250 GeV (210 GeV) for mg = 250 GeV (1000 GeV), the
third decay channel, ﬁc — X1 + W+, opens and accounts for nearly 100% of the total )ch
decay width. For negative u, the situation is very similar, except that the W-decay channel
opens even earlier, at 220 GeV (180 GeV) for my = 250 GeV (1000 GeV), respectively.

In addition, there is a special » corridor region« for my = 100 GeV, where neither the second
lightest neutralino, nor the lightest chargino decay such that a significant number of additional
electrons or muons are produced.

e For y > 0, this region is located between my/o = 200 — 250 GeV, which corresponds to
m(Xs) ~ 135 — 175 GeV, and m(XY}) =~ 74 — 96 GeV;

e for 4 < 0 it lies between m, o = 170 —220 GeV, corresponding to m(;?li) ~ 130—170 GeV,
and m(x}) =~ 70 — 90 GeV.

The dominant decays in both cases are X3 — 71 + 7 and )ﬁt — T1 + vr, and, although electrons
and muons can result from (s)tau decays, their momenta are usually not large enough for them to
be detected with a high efficiency. For u > 0, the decay X3 — (€, /i)r + (e, 1) accounts for about
40% of the total decay width of the second lightest neutralino, nevertheless this is not sufficient
to prevent the signal selection efficiency from decreasing significantly within this region, (see also
Chapter 5 and Tables C.1 and C.2 for positive and negative u, respectively). A similar region
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exists in case of mg = 50 GeV, p > 0, though it is slightly shifted to lower values of m; /5 and
not as pronounced as for my = 100 GeV.

In the adjacent region my/, = 250 — 350 GeV, corresponding to m(f{f) =~ 180 — 260 GeV, and
m(x?) =~ 96 — 140 GeV, it becomes possible to produce the W boson on-shell, which is why
the dominant decay of the lightest chargino is Qli — X} + W*. Due to the fact that about
20% of the time, the W boson contributes another charged lepton to the final state, enlarging
the probability to detect/reconstruct three charged leptons, a large increase in the selection
efficiency is expected. In addition, the channel )ﬁc — U; £; opens at my, = 300 GeV, which
corresponds to m(X7) ~ 220 GeV and m(x?) ~ 118 GeV, while the decay Xi — (&, i) + (Ve, vy)
becomes possible at my/y ~ 350 GeV (m(X{) ~ 260 GeV and m(X)) ~ 140 GeV). Mainly the
opening of the former of these two decay channels, is the reason why a large signal selection
efficiency is observed for mo = 100 GeV, p > 0 and relatively large values of my s.

Multiplicities of Additional Charged Leptons

The possibility to detect and reconstruct electrons or muons is correlated with their respective
multiplicities in the final state. Figure 3.8 summarises the discussion of the decay channels and
branching ratios by illustrating the different final state multiplicities of »additional« charged
leptons from the cascade decays (not from the LSP decays) for (a,b) electrons and muons, and
(c,d) tau leptons for both signs of the Higgs mixing parameter: (a,c) 4 < 0 and (b,d) p > 0, as
well as for various values of mg (see legend for details). Electrons and muons from tau decays
are included, but — as mentioned — their transverse momenta are usually not large enough for
them to be efficiently detected and reconstructed.

The multiplicities of electrons and muons are the same within statistical fluctuations, which is
explained by the mass degeneracy of the first and second generation sfermions and because of
lepton universality, i.e. the couplings of the W (Z) bosons to leptons are equal for all charged
leptons. From Figure 3.8 it also becomes clear, why it is advantageous to combine the three dif-
ferent searches: where the electron and muon multiplicity decreases the multiplicity of additional
tau leptons increases and vice versa. Therefore it is possible that even the eer analysis, where no
final state muons are expected from the LSP-decays alone, may recover small inefficiencies of the
present analysis due to the occurrence of additional charged leptons from the cascade decays of
heavier gauginos. Electron and muon multiplicities are high in the region m; /5 &~ 250 — 350 GeV
for positive p and mo = 100 GeV, in agreement with the previous discussion of the branching
ratios for the lightest chargino. As a consequence, the signal selection efficiency is also high, so
that the achieved low upper cross section limits are easily explained (see also chapter 5).
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Figure 3.8: The multiplicity of additional charged leptons from the cascade decays of the second lightest
neutralino (X3) and the lightest chargino (Xi) as a function of my /o for negative (a,c) and positive (b,d)
All mSUGRA parameters are given in the figure.
Electrons and muons originating from taw decays are included in the above multiplicity curves, but due
to their small transverse momenta, they are only rarely detected.

Higgs mizing parameter p and various values of my.
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3.4 Kinematic Properties of the Produced Electrons and Muons

A number of different kinematic variables has been studied; among them angular distributions
of single muons and electrons, and of pairs and triplets of these two types of leptons. However,
only the transverse momentum distributions of electrons and muons are found to be useful in
characterising the SUSY signals w.r.t. the simulated SM background. Angular distributions of
single charged leptons (or pairs, triplets thereof), suffer from the mostly independent distribution
of the leptons produced in the cascade decays and/or the two LSPs.

A reconstruction of the mass of one or two gauginos from the two types of charged leptons and
the missing transverse energy has also been attempted, but has been unsuccessful. This is due
to the many possibilities of cascade decays for the produced gauginos and also because at least
two neutrinos are produced in the LSP decays. The rather large probability for the production
of even more neutrinos in the cascade decays makes it effectively impossible to reconstruct
the correct gaugino mass from the momentum of the charged decay leptons and the measured
missing transverse energy.

Fortunately, the fact that many charged leptons are produced, facilitates the background re-
duction and, hence, the detection of this type of SUSY signals. One useful observation is that
the transverse momenta of the electrons and muons hardly depend on the three mSUGRA pa-
rameters y, tan B, and Ag. The following Figures 3.9, 3.10 and 3.11 illustrate the influence
of the remaining two mass parameters on the electron and muon transverse momenta; i.e. the
common sfermion mass, mg, and the common gaugino mass, my/;. The lines and arrows indi-
cate the analysis requirements on the transverse momenta of the leptons: pr (¢1) > 15 GeV,
pr (£2) > 8 GeV, and pr (£3) > 5 GeV. However, the pr criteria that are finally used for the
different types of leptons, i.e. electrons or muons differ slightly and are explained in more detail
in Chapter 4.

While the events are not weighted according to the signal cross section and data luminosity, the
geometric acceptance, trigger efficiency and the efficiencies of various quality criteria (see also
Chapter 4) are included in the distributions of the reconstructed electron and muon transverse
momenta on the right-hand sides of the figures (b,c,d). In this way, the combined effect of the
acceptance and efficiency induced reduction of the signal events can be observed without the
complication of the cross sections that decrease rapidly with mys.

Comparing the generated electron and muon transverse momenta (a,c,e) with the reconstructed
momenta (b,d,f), one general observation is the increasing detection / reconstruction efficiency as
a function of my/p. This is mainly due to the fact, that all lepton transverse momenta increase
due to the larger masses of the gauginos. On the one hand, this leads to a better detection
efficiency for the low-pr electrons and muons (the third and optional fourth charged lepton)
and on the other hand, the lepton pr requirements do not reduce the signal events as much
as for small values of m,/,. For large values of mg, the third (and fourth) charged lepton is
reconstructed less often, resulting in a large reduction of the corresponding pr distribution. This
is the reason why the pr distribution of the third (fourth) reconstructed electron/muon appears
to be very different compared to the distribution on generator level as can clearly be observed
in Figure 3.10 (b,d,f) and Figure 3.11 (b,d).

117



CHAPTER 3: PHENOMENOLOGY OF JR,-SUSY AND SIGNAL MC SIMULATION STUDIES

2000 600
E m,=100 GeV, m,,=220 GeV, >0 E ] m,=100 GeV, m,,=220 GeV, >0
N 1% lepton (., e) < 5007 1% lepton (y, €)
15007 2" lepton (p, €) @ f 2" lepton (1, €)
c € 400
[ [
> >
TR ]
1000 300
] 200
500
] 100-
0—= B s s s e B e B 01 B s e e e e s ey s s s
0O 20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140
(a) generated p; [GeV] (b) reconstructed p; [GeV]
- S 6007
815007 m,=100 GeV, m,,=260 GeV, u>0 8 m,=100 GeV, m,,=260 GeV, u>0
N 1% lepton (., e) < 5007 1% lepton (4, e)
@ 2" lepton (1, €) @ 2" lepton (1, €)
‘g’ T 400
$1000-| g
| o]
300
500; 200
— ]
100
| 10
0= R A A SR SR OJ‘r‘\“‘\“‘\“'f'jw"w"'
0O 20 40 60 80 100 120 140 0O 20 40 60 80 100 120 140
(c) generated p; [GeV] (d) reconstructed p; [GeV]

1000 500
E m,=100 GeV, m,,,=300 GeV, p>0 E ] m,=100 GeV, m,,,=300 GeV, p>0
o 1 o
~ 800 1% lepton (., e) 400 1% lepton (K, €)
PE 2" lepton (1, €) P 2" lepton (1, €)
< <
g 600; g 300
@ %7 ]
400 200-|
™
200-| 100-]
4 : .r
0= e e e S 0+
0O 20 40 60 8 100 120 140 0O 20 40 60 8 100 120 140

generated p; [GeV]

(f)

reconstructed p; [GeV]

Figure 3.9: Comparison of generator level (a,c,e) and detector level (b,d,f) electron and muon transverse
momenta for mg = 100 GeV, u > 0, tanf = 5, and Ay = 0. Due to the second lightest neutralino
and the lightest chargino BRs into leptons (see Fig. 3.5), the detection and reconstruction efficiency for
electrons/muons increases dramatically above my;y > 250 GeV, due to the decays via the gauge bosons
W and Z, and, especially at mg = 100 GeV also X3 — (&, 1)r + (e, ).
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Figure 3.10: Comparison of generator level (a,c,e) and detector level (b,d.f) lepton (e, u) transverse
momenta for my, = 300 GeV, u >0, tan 8 =5, and Ag = 0. Similar observations for mo = 1000 GeV
compared to mo = 100 GeV, (250 GeV ) show that the dependence of the lepton transverse momenta on
the value of mg is rather small. For large values of mg, the third (fourth) electron/muon is reconstructed
less often, resulting in o large reduction of the corresponding pr distribution.
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However, since the cross section decreases with increasing gaugino masses, i.e. with increasing
gaugino mass parameter my /o, the effect of increased detection/reconstruction efficiency is more
or less canceled by the decreasing cross section. As a consequence the upper cross section limit
is expected to be nearly flat as a function of my /5 and mg. The only deviation is expected in the
» corridor region« from my /o = 200 — 250 GeV for mo = 100 GeV.

The requirements on the transverse momenta of the electrons and muons are chosen w.r.t. the
pr distributions for low and intermediate values of m 5, see especially Figures 3.10 (b,d) and
3.11, where the pr distribution of the fourth lepton is hardly visible anymore and even the third
lepton is only detected or reconstructed with a rather small probability.
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Figure 3.11: Comparison of generator level (a,c) and detector level (b,d) lepton (e, u) transverse mo-
menta for mo = 250 GeV, my/, = 150 GeV (140 GeV) for p > 0 (u < 0), respectively. The remaining
parameters are: tan 3 = 5, and Ay = 0. The probability to detect and reconstruct the third charged lepton

is rather small for low values of my 5, and the pr distribution of the fourth lepton is almost not visible
anymore.
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Figure 3.12: The mean lepton (e, ) transverse momentum as a function of the gaugino mass parameter
my o for positive Higgs mizing parameter p: (a,c) as generated with the SUSYGEN event generator and
(b,d) after the complete reconstruction and including acceptance and efficiency effects. (a,b) for mg =
100 GeV and (c,d) for mg = 1000 GeV, respectively. The spread, or root mean square, of the mean lepton
pr is indicated as the hatched/shaded regions for the 1°¢, 371 and optional 4" lepton.

The increase in the mean generated and reconstructed lepton pr with increasing my /s is very
similar for 4 > 0 and g < 0. Hence, this is only illustrated for positive Higgs mixing parameter
p. Figure 3.12 shows the mean and spread (root mean square) of the pr distributions of the first,
second, third, and optional fourth lepton at generator level (a,c) and after the reconstruction
(b,d) for mg values of (a,b) mo =100 GeV and (c,d) mo = 1000 GeV, respectively.

Two more, general observations are that the reconstructed pr distributions are wider and slightly
shifted towards lower pt values compared to the distributions of the generated transverse mo-
menta.
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Chapter 4

The Event Selection

In physics, you don’t have to go around making trouble for yourself
- nature does it for you.

Frank Wilczek (American Physicist, *1951)

This chapter discusses all necessary ingredients for the selection and analysis of trilepton events:
The first section presents the utilised data sample and trigger requirements, as well as the corre-
sponding integrated luminosity. In section two, background and signal MC samples are described,
including the generation and simulation of signal samples. In the third section, the determina-
tion of trigger efficiencies and their application to the simulated data is discussed and the quality
of the MC simulations is studied. This is done by measuring various efficiencies separately in
data and MC samples, determining correction factors, and applying them to the simulated data.
The fourth section deals with the estimation of multijet background from data to avoid the
associated large theoretical uncertainties. In addition, using data prevents difficulties with the
generation /simulation of huge amounts of QCD events.

In the fifth section the selection criteria for the »dilepton« control sample are discussed. The de-
velopment of two-dimensional cuts is presented in detail, since they enable a better background
rejection, while keeping a high signal efficiency. The optimisation procedure and the »trilep-
ton« selection criteria are also described in section five. The sixth section serves to discuss the
systematic uncertainties, and section seven presents the results of this analysis.

4.1 Data Sample and Luminosity

In the present analysis data collected with the D@ detector between April 2002 and August 2004
are used. The analysis is performed on PASS 1 data, reconstructed with version p14.06.01 of
D@reco. These data, about 1 billion events, would require an enormous amount of disk and cache
space (= 250 kB per event — 250 TB). Therefore a preselected subsample is used; the 2MU-skim
provided by the Common Sample Group (CSG) [141]. It contains only events with at least two
reconstructed muons, but without requirements on their transverse momenta. As pointed out in
the previous chapter on R,-SUSY phenomenology, the expected and thus sought-after signature
is ppl, with £ = e, or u, justifying the restriction to use only the 2MU-skim as basis for the
entire analysis.
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Since the corresponding total integrated luminosity of a certain data sample can only be deter-
mined correctly for a given trigger, or group of triggers, a set of unprescaled dimuon triggers
is defined. The luminosity for this set is calculated, using the program runrange luminosity,
provided by the D@ Luminosity Group [135] (see also Fig. 2.46, in section 2.5). This program
takes as input three lists: a BadRunsList, a BadLBNList, and a list with the chosen triggers
and corresponding run-ranges, i.e. the physics runs taken with a trigger list version in which the
specified trigger was defined. The BadRunsList is defined using the Run Quality Database [142]
and contains all runs graded either »bad« or »special« for any one of the following subsystems:
SMT, CFT, the calorimeter, and the muon system. Bad runs are runs for which either the
hardware was not completely functional or where the triggers were not normalisable in terms of
recorded luminosity. Special runs refer to data taken under special conditions, e.g. muon cosmic
runs, detector calibrations, tests of new hard- or software, including studies and rate tests for
the development of new triggers. The initial BadLBNList contains information of several lists
provided by the JetMET group [143] to account for calorimeter problems, influencing jet and Fr
calibration and, additionally, all LBNs for which the specified dimuon triggers were not func-
tional. The runrange luminosity program then takes care of issues related with the readout, data
acquisition, and reconstruction, where data losses might occur, or more luminosity blocks be
flagged unnormalisable due to other circumstances. Apart from calculating the luminosity for
each pair of trigger and specified run-range, the program also outputs a list with bad LBNs, built
from the initial BadLBNList, all LBNs corresponding to the runs contained in the BadRunsList,
and additional LBNs found to be unnormalisable at run-time.

Data corresponding to a bad LBN (or a bad run) is not used for the luminosity determination
and consequently has to be removed from the analysis sample, which is done by vetoing events
corresponding to an LBN from the final list of bad LBNs output by runrange luminosity.

The set of dimuon triggers and run-ranges specified for this analysis are summarised in Table 4.1,
along with the corresponding luminosities. The entire data set corresponds to a total integrated
luminosity of [ £ dt = 360423 pb L. Figure 4.1 shows the visible cross section for dimuon events
as preselected in the 2MU-skim and serves as a consistency check of the data and luminosity
from different run-ranges.

Trigger Name TL Run-range L3 Luminosity
2MU_A_L2MO <10 151817 — 174895 - 50.5 pb™*
2MU_A_L2MO_TRK10 vl1l 174896 — 178721 pr(track) > 10 GeV 56.3 pb!
OMU_A_L2MO_L3L15  wll 174896 — 178721 pr(u) > 15 GeV 56.3 pb1
2MU_A_L2MO_TRK5 v12 178097 — 194566  pr(track) > 5 GeV 208.0 pb~!
2MU_A_L2MO_L3L6 v12 178097 — 194566 pr(p) > 6 GeV 208.0 pb~!
DMU1_TK5 v13 194567 — 196584  pr(track) > 5 GeV 46.5 pb~!
DMU1_LM6 v13 194567 — 196584 pr(p) > 6 GeV 46.5 pb~1
The total integrated luminosity of the dimuon data set is: JL£dt = 361.3+£235 pb~!

Table 4.1: Summary of the utilised dimuon triggers (& trigger list versions), as well as the run-ranges
during which the triggers were valid and the corresponding luminosity as output by runrange luminosity.
All dimuon triggers share the same L1 and L2 conditions, see text for details.
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Figure 4.1: Data and luminosity consistency check: Shown is the number of events per run-range
divided by the corresponding luminosity, i.e. the approximate production cross section of the dimuon
events preselected in the 2MU-skim.

All dimuon triggers are based on muon scintillator hits at Level 1, a muon quality requirement
at Level 2 and different criteria at Level 3 (see Table 4.1). The L1 and L2 requirements are the
same for all of the utilised dimuon triggers. The L1 condition, abbreviated mu2ptxatxx, requires
two muons (mu2), without a specific pr threshold (ptx), anywhere in the detector (a), with tight
scintillator hits (t), but no wire hits (xx). The L2 condition, abbreviated MUON (1,med), requires
a certain quality, i.e. hit pattern, but again no pr threshold. Muons are classified according to
the follwing hit patterns in the local muon system [105]:

e > 1 A layer scintillator hit e > 1 BC layer scintillator hit
e > 2 A layer wire hits e > 2 BC layer wire hits

Since in this analysis only muons with a matched central® track are considered, the classification
of muon qualities is also only given for track-matched muons. A »loose« muon must satisfy
at least two of the above requirements and have at least one scintillator hit, either in layer A
or BC. »Medium« muons must fulfill at least three of the above requirements unless they are
located in the bottom part of the detector (|n| < 1.6) in which case they only need to satisfy
either the two A, or BC-layer conditions. Low momentum muons, i.e. muons whose probability
to reach the BC-layer is less than 70%, also qualify as »medium« muons if they satisfy both
A-layer requirements. Muons satisfying all requirements and where additionally a local fit from
the muon system towards the central tracking detectors converged are called »tight«. In case
the local fit did not converge, the fit from the tracking detectors to the muon system (central
fit) is used to determine if a muon is matched to a central track or not.

!The terms central, or inner in association with tracks always refer to tracks measured with the inner tracking
detectors (SMT/CFT), contrary to the term local, which refers to a muon measured with the muon-system alone.
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For dimuon triggers defined in early trigger lists (v10 and below) used for instantaneous lumi-
nosities below 35 — 40-103° cm?s~!, no Level 3 muon criteria were employed. However, to allow
for unprescaled dimuon triggers at higher instantaneous luminosities, the trigger criteria needed
to change. Later versions of dimuon triggers thus also employ Level 3 requirements. Either a
central track above a certain pp threshold is required, or a pt requirement is imposed on a local
muon, which is reflected in the last part of the trigger names, e.g. _L3L15 for a 15 GeV local
muon in trigger list v11.

The thumbnail files of the 2MU skim are processed with the top analyze package [132] (version
»Ipanema) to apply the certified object identification and reconstruction criteria and standard-
ised corrections for electromagnetic objects (EM-objects: electrons, photons), muons, jets and
Fr. In addition, a vertex constraint is applied to tracks measured exclusively with the CFT-
detector and the two leading muons are required to pass low pr-thresholds to reduce the sample
size. The output files are in ROOT tree format, as indicated in Figure 2.46 of section 2.5.

In a next step, these files are processed with the ReFill program, where a further preselection is
applied and the data events are required to have fired at least one of the set of dimuon triggers.
Duplicate events that may have been introduced during the skimming process are removed, as
are events whose event and LBN numbers match exactly with a pair of the BadLBNList, gener-
ated by the runrange luminosity program. So in the end, events contained in the output ROOT
files, only contain clean dimuon events corresponding to a definite luminosity. Although some
variables, like the invariant mass of the two leading muons, angular or spatial distances between
various objects are calculated and stored in the output files, the overall number of variables per
event is drastically reduced by keeping only variables that are of interest for the further analysis.

In a last step the complete analysis program is run on the remaining events. A control sample
of dimuon events is created and analysed and the trilepton selection is applied. A similar, but
separate program is used to optimise the selection criteria w.r.t. the signal selection efficiency
times signal purity, eg X SJFLB, where S (B) stand for signal and background expectation, respec-
tively. The output are the numbers of observed events in data and expected Monte Carlo events,

including their statistical and systematic uncertainties, as well as selection efficiencies.

4.2 Monte Carlo Simulations

The simulated data samples can be split into two different types: those generated via known
processes representing the backgrounds for this analysis, and those generated via SUSY signal
processes. The former are mostly generated using PYTHIA [124], while the latter have been pro-
duced with SUSYGEN [125]. The SUSYGEN event generator was originally developed to simulate
the production of supersymmetric events in electron-positron collisions, for example, at LEP.
Over the last six years SUSYGEN has continually been extended, first to describe lepton-hadron
collisions (HERA) and finally also hadron-hadron collisions as produced at the Tevatron and the
future LHC.

4.2.1 Monte Carlo Simulations of Standard Model Processes

All SM background Monte Carlo simulations are official D@ MC production, requested by dif-
ferent physics groups and produced centrally, either at Fermilab, or at remote production sites.
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The samples are available from the D@ MC production WEB-page [144]. The MC samples used
in this analysis are generated with PYTHIA, versions: 6.201 and 6.202 [124], with the exception of
the tt sample, which has been generated with ALPGEN [145]. All MC samples were produced with
CTEQ5L parton density functions (PDFs) [146], except for some Z/v* samples, where statistics
were not sufficient. In these cases, MC samples produced with CTEQ4L PDFs [147] have also
been taken into account. A comparison of the samples generated with two different versions of
PDFs (CTEQ4L & CTEQS5L) can be found in Figure 4.2 (a,b). The dimuon invariant mass after
full simulation and reconstruction is shown in (a) and the resulting ratio between both samples
in (b).
integrated luminosity (La¢) and the number of generated events are listed in Table 4.2.

All considered SM processes, as well as the cross section opc X BR, the equivalent

Process (M [GeV]) ok, x BR[pb]  K-fac.(A8LO) + PDF Ly [pb~!] Ngen
Z/v* — pp (5-15) 3558.0 1.29 + 0.06 ~47 219,250
Z/y* = pu (15-60) 3376  (1.29,..1.36) + 0.05 ~ 770 343,250
Z/7v* — pp (60-130) 183.0  (1.36,..1.39) + 0.04 ~1,830 460,000
Z/y* = pp (130-250) 1.370 1.39 + 0.04 ~ 5250 10,000
Z/v* — pp (250-500) 0.115  (1.39,..1.36) £+ 0.04 ~ 116,570 18,500
Z/v* — up (> 500) 47-107%  (1.36,..1.33) £0.06 =~ 1,502,800 9,500
Z/y* — 7 (15-60) 3376 (1.29,..1.36) + 0.05 ~1210 544,563
Z/y* — 7 (60-130) 183.0  (1.36,..1.39) % 0.04 ~ 2,590 655,000
Z[v* — 17 (130-250) 1.370 1.39 £ 0.04 =~ 54,610 104,000
Z/v* — 77 (250-500) 0115  (1.39,..1.36) + 0.04 ~ 69,570 11,000
Z/v* — 77 (> 500) 47-107%  (1.36,..1.33) £0.06  ~ 1,542,400 9,750
Process ol ¥9 x BR [pb] Lyc [pb7!] Ngen
WW inclusive 12.00 + 0.60(scale) + 0.30(PDF) ~ 4,170 50,000
W Z inclusive 3.68 + 0.22(scale) + 0.12(PDF) ~ 14,400 53,000
7 Z inclusive 1.42 £ 0.06(scale) + 0.05(PDF) ~ 37,680 53,500
t— 0+ X 0.69 + 0.12 ~ 13,040 9,000
Y(1s) = pp 48 + 14 (o19) ~ 708 34,000
Y(25) — pp 49 + 15 (o19) ~ 612 30,000

Table 4.2: The Monte Carlo simulations of all considered Standard Model background processes, with
the corresponding cross section, the equivalent luminosity and the number of generated events. For the
Z[v* samples, which are produced in different mass intervals, the corresponding Z/v*-mass is given in
parenthesis right after the name. The cross sections of the Z/v* processes are given at leading order
(PYTHIA) and are multiplied by the corresponding mass-dependent K -factor [148] in the analysis.

For the Z/~* processes only leading order (LO) cross sections from PYTHIA are given, since
the corresponding scale factors depend on the generated dimuon invariant mass of the virtual
Z boson or photon. These so-called K-factors [148] take into account higher order effects and
have recently been calculated up to next-to-next-to-leading order (NNLO) [149]. The next-to-
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Figure 4.2: Comparison of Z/v* samples, produced with two different PDF versions: CTEQ4L and
CTEQ5L. From the dimuon invariant mass distribution in (a) the resulting ratio, displayed in (b) is
calculated. The difference between both samples lies well within the statistical uncertainties.

leading order (NLO) cross sections for diboson production are taken from [150] and the NLO
cross section for tt-production can be found in reference [151], where the 18% error includes the
uncertainty due to the measurement of the top mass. The Y cross sections have been adjusted
to match the dimuon invariant mass distribution after the dimuon preselection and the error
is conservatively estimated to be = 30% to account for the limited statistics and systematic
uncertainties in the production mechanism. The process W — pv has also been studied, but
was found to be negligible despite its large production cross section (= 2700 pb). A final state
with at least two muons above certain pr-thresholds (see section 4.5.1) and another additional
electron or muon would only be possible, if at least two jets were produced in association with
the muon and neutrino and both would have to be misidentified as muons or as a muon and
an electron. This probability is too small to seriously consider W — uv as a background to
trilepton production.

Another source of background for the considered puf (£ = e, or u) signature are multijet events,
where the jets are either produced via the strong interaction, or in association with a gauge
boson. This type of background is estimated from data to avoid the associated large theoretical
uncertainties and the time-consuming generation and simulation of huge amounts of QCD events,
necessary to achieve a reasonable equivalent MC luminosity of Lysc > 2 X Ljatq- The estimation
of a multijet background sample will be explained in section 4.4, after the discussion of the
reconstruction of various physics objects and identification variables, which are necessary for the
creation of an adequate multijet sample from data.

4.2.2 Monte Carlo Simulations of SUSY Signal Processes

All signal Monte Carlo samples are generated with the SUSYGEN event generator (version 3) [125],
interfaced with the separate program SUSPECT [136] for the evolution of masses and couplings
from the renormalization group equations (RGE). For the generation CTEQ5L PDEF’s [146] are
used, and all samples are run through the full detector simulation (D@gstar and D@sim, using
version pl14.05.02). The events are combined with an average of 0.8 minimum bias events, corre-

128



4.2 Monte Carlo Simulations

2

sponding to an average instantaneous luminosity of about 20-103° cm 25!, and reconstructed

with D@reco (version p14.06.01) [130].

The results are interpreted in two different SUSY models: an mSUGRA scenario with the usual
approximate mass relation 2-m(x?) = m(x3) ~ m(xi) and in the no-GUT MSSM, defined in
section 1.3.5. In the mSUGRA scenario [?], the following sets of parameters are studied:

sgn(p) tan g3 mo [GeV] my/2|GeV]

5 50, 100, 250, 500, 750, 1000 200 — 320 (or: 190 — 340)
©>0 20 100, 500, 1000 240 — 320

5 50, 100, 250, 500, 750, 1000 230 — 310 (or: 150 — 330)
§<0 20 100, 500, 1000 230 - 310

Table 4.3: The mSUGRA parameter sets investigated in this analysis, the universal trilinear coupling
Ag is not varied and set to A9 = 0. The analysis is optimised for the tan 8 = 5 signal points. For details
about the choices of parameters, the reader is referred to the main text.

The universal trilinear coupling (Ag) has only a small influence on the gaugino pair production
cross section [73] and is therefore set to zero for all generated points as in a previous D@ Run I
analysis [152]. Searches for supersymmetric Higgs bosons at LEP [153] imply that tang < 2
is excluded (tan 8 = vq/vy, ratio of the two neutral Higgs VEVs). Since the cross section for
gaugino pair production increases with increasing tan 8 due to decreasing gaugino masses, a
value of tan 8 = 5 (close to the LEP limit) is chosen for most of the signal samples. Some signal
samples are also generated for tan 8 = 20. Both signs of the Higgs mixing parameter (u) are
considered and different values of the universal scalar mass (mg) are studied. At low my, the
stau (7) can be lighter than the second lightest neutralino (¥3) and the lightest chargino (X5),
leading to a larger number of final states with taus [74]. By contrast, a high value of m prevents
complex cascade decays involving sleptons. A scan in steps of 10 — 20 GeV in the common
gaugino mass (my ;) is performed.

Between 7,000 and 10,000 events are produced per mSUGRA point. All generated mSUGRA
signal points are summarised in Table A.1 for g > 0 and in Table A.2 for u < 0 in the appendix.
Listed are the relevant parameters (mg, my /o), the masses of the lightest neutralino and chargino
(X3, XT), the LO cross sections for the two dominant production processes: X=x; (CC) and
)Zgili(N C), as well as the appropriate K-factor, the total cross section at next-to-leading order,
the equivalent luminosity and the number of generated events. All masses and LO cross sections
(CC and NC production) are taken from the Monte Carlo event generator SUSYGEN. However,
the total NLO cross section is obtained by multiplying the SUSYGEN LO cross section with the
appropriate NLO/LO K-factor, computed with the program GAUGINOS [140] via Equation (3.2)
in section 3.2. The LO cross sections calculated with SUSYGEN are always between 10-40%
below those calculated with PyYTHIA. Within a large region of the considered parameter space,
the LO cross sections of SUSYGEN and GAUGINOS fluctuate around each other within less than
10%, see also [73]. The largest difference, however, is observed for my = 1000 GeV and positive
Higgs mixing parameter pu, where the SUSYGEN LO cross sections lie about 20% below the
GAUGINOS LO cross sections. Hence, the results obtained w.r.t. the SUSYGEN cross sections,
albeit multiplied with a GAUGINOS NLO/LO K-factor, will be rather conservative.
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As discussed in section 3.1, the value of the I)-coupling is chosen to be Ao = 0.001 for all
mSUGRA points. Its strength only influences the lifetime of the lightest neutralino, which is
assumed to be the LSP. To be able to rely on the tracking algorithms used in the D@ reconstruc-
tion software, the coupling strength was chosen such that the neutralino lifetime never exceeds
c-7(x}) = 1 cm and the leptons from its decay can be matched to the primary vertex of the
event. Neither the event topology, nor the mass spectrum or the decay branching ratios depend
on the Aj9o coupling strength. The selection is optimised for some representative mSUGRA
signal points (see the small crosses (x) in Tables A.1 and A.2 in the appendix).

However, the same selection is also used in case of the second SUSY scenario, the no-GUT
MSSM as introduced in section 1.3.5, since the basic properties of SUSY events do not change
significantly in going from the mSUGRA to the no-GUT MSSM model. The only fundamental
visible difference is the dependence of the signal selection efficiency on the Aj29 coupling strength
at very low neutralino masses (= 30 GeV) in the no-GUT MSSM scenario. A similar dependence
would also be observable in the mSUGRA model, but in this case neutralino masses below
~ 52 GeV have already been excluded by the four LEP experiments [138]. This interdependence
between the coupling strength and the selection efficiency at low neutralino masses is due to a
combined effect of the decay length (lifetime) of the LSP and the chosen value of the A199 coupling,
see also section 3.3, where this is discussed in more detail. For this reason, the coupling strength
is increased to A199 = 0.01 for the signal points generated in the framework of the no-GUT
MSSM model. As can be seen from Table 1.6 in section 1.3.8, this value lies still well below the
current upper limit on the J,-coupling Ai92, which is determined to be X122 < 0.027 for a smuon
mass of m(zzg) = 100 GeV. Even if the slepton mass is chosen to be m(ir) = 30 GeV, the
limit of Ajg2 < 0.027- /0.3 =~ 0.015 is respected. In Table 4.4, the dependence of the LSP decay
length (o lifetime: 7(X?)) on the LSP mass is shown for a coupling strength of Ajo = 0.01.

M My M3 m(x?) m(xX7) 7(X3) [cm] onLo [pb]
10.8 103.3 373.4 10.0 100.2 165.5 3.128
10.8 153.5 554.6 10.0 149.9 165.1 0.493
20.8 103.5 373.9 20.0 100.3 5.14 3.096
20.8 153.5 554.6 20.0 149.9 5.13 0.492
20.8 204.0 737.0 20.0 200.0 5.12 0.102
30.8 103.5 373.9 30.0 100.3 0.676 2.922
30.8 128.3 463.5 30.0 124.9 0.677 1.165
40.9 118.5 428.1 40.1 115.2 0.159 1.705
40.9 153.5 554.6 40.1 149.9 0.158 0.491
40.9 214.0 773.2 40.0 210.0 0.160 0.077
50.9 108.2 390.9 50.0 105.0 0.0526 2.556
51.2 223.5 807.5 50.3 219.4 0.0508 0.058

Table 4.4: The dependence of the decay length of the lightest neutralino (LSP) on its mass for a coupling
strength of A1oo = 0.01. The remaining MSSM parameters are: tan3 = 5, u = 1 TeV, Ag = 0, and
ma = 400 GeV. As can be seen from the above decay lengths for the same values of m(X9) (M), but
varying m(Xi) (Ms), the mass parameters My (Ms) governing the masses of the lightest chargino (gluino,
SU(3)c) are largely irrelevant for the decay length of the LSP.
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The ratio of the VEVs of the two neutral Higgs fields is again chosen as tan 8 = 5 for the same
reasons as explained previously in case of the mSUGRA scenario. The Higgs mixing parameter
is set to u = 1 TeV, so that the heavier gauginos (X3, X3, and iéc) are only rarely produced
and the dominant production processes are the same as in the mSUGRA scenarios: XiX; and
5{3)@: Nevertheless it has been checked, that this setting does not single out special cases. All
sfermion masses, i.e. the squark and slepton masses are also set to 1 TeV, to ensure that on-shell
sfermions are hardly produced and do not interfere in the cascade decays of heavier gauginos into
the LSP. The trilinear coupling Ay and the the mass of the supersymmetric pseudoscalar Higgs
boson m 4 are set to Ag = 0, and m = 400 GeV, respectively. The two mass parameters My
and M for the gaugino partners of the U(1)y and SU(2); gauge bosons are varied and, since
the GUT-relation between M7 and Ms:

5
M=z tan®6,, - My, (4.1)

is assumed not to be valid anymore, these two parameters can be varied independently of each
other. Technically, this is achieved by multiplying the right-hand side of Equation 4.1 with a
variable parameter (RS) upon generation with SUSYGEN.

Various MSSM signal points are generated with about 4,000 to 7,000 events per point. Tables B.2,
B.1 and B.3 in the appendix list the corresponding MSSM model parameters for all generated
MSSM signal samples: the value of the Higgs mixing parameter y, the mass parameters and
masses of the U(1)y and SU(2), gauge bosons: M7 and M, which respectively govern the masses
of the lightest neutralino (m(x?)) and the lightest chargino (m(Xi)), and the RS-parameter,
allowing the independent variation of the latter two parameters (M; and Ms). Also given are the
LO cross sections of the dominant CC and NC pair production processes (iicﬁc and %g%li), the
NLO/LO K-factor, again computed with GAUGINOS [140], the resulting NLO total cross section,
the equivalent luminosity (Lps¢) and the number of generated events. As for the mSUGRA
scenario, various parameter sets are also investigated in case of the considered no-GUT MSSM
model (see Table 4.5). In addition, a complete scan of the ()Z(l),)ﬁc)—mass plane is performed for

p [TeV] M, [GeV] m(x}) [GeV] M; [GeV] m(Xy) [GeV]
+1 ~ 50.8 — 267.5 50.0 — 103.5 106.7 (fixed) 103.5 (fixed)
+1 ~ 35.8 — 225.0 35.0 - 200.0 204.0 (fixed) 200.0 (fixed)
+1 ~ 28.7 - 229.7 27.9 — 224.0 229.1 (fixed) 225.0 (fixed)
-1 81 (fixed) 80 (fixed) ~ 103 - 335 100 — 330
+1 100 (fixed) 100 (fixed) ~ 139 — 239 141 — 240

Table 4.5: The studied no-GUT MSSM parameter sets: the ratio of the Higgs field VEVs is not varied
and fized at tan B = 5. The universal trilinear coupling is set to Ag = 0 and the mass of the pseudoscalar

Higgs boson is set to 400 GeV. In addition all sfermion masses are set to m(f) =1 TeV.

u=1TeV, with M7 and M5 varied independently. The boundaries of the scan are approximately
given by: m(X%/%XE) = 30/100 GeV, and m(x? / Xi) = 218 /240 GeV. This scan enables the
derivation of mass bounds for the lightest neutralino and chargino, although the two masses are
not connected via a simple GUT-relation as in an mSUGRA scenario.
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4.3 Trigger Efficiency and Object Identification

All physics objects, i.e. electrons, muons, taus, jets, r, vertices and tracks are already identified
and selected as such during the skimming process, see Figure 2.46 in section 2.5. Upon conversion
of the thumbnail files into ROOT tree format via the framework program top analyze, a number
of standardised and certified corrections are applied to these objects, most notably the jet energy
scale (JES) correction [154] and corrections to EM-objects, muons and Fr, that take into account
different resolutions in the »real« data and the simulated Monte Carlo data. These latter are
sometimes also referred to as smearing, which can be applied to different variables, e.g. the
momentum, transverse momentum (pr), transverse energy (ET), or in case of angular resolution
also to the 7, ¢ variables of the respective objects. The criteria and algorithms used for the
primary identification and also for the corrections are developed by the respective object-1D
groups of the DO experiment, e.g. the EMID [104], the MuonID [105], and the combined Jet-
MET groups (MET: Fr). Upon each major new release of the main reconstruction code D@reco,
the identification criteria are refined and the algorithms optimised, so that standardised and
certified code is used by all analysis groups.

With the exception of the trigger efficiencies, described in the following subsection, all efficiencies
and acceptances are taken from the full detector simulation. Therefore the simulation is carefully
checked with real data and — where necessary — correction factors are determined, which are
applied to the Monte Carlo simulated data.

4.3.1 The Dimuon Trigger Efficiency and Application to MC

To correctly reproduce the trigger efficiency for Monte Carlo data, one first has to determine
this efficiency for the relevant triggers. This has been done for the TriggerEfficiency class [134]
according to the prescription detailed in [156], which is briefly described in the following.

There are five trigger objects, that can fire a trigger and lead to the recording of a given event:
an electron, a muon, a jet, a track, or missing transverse energy (Hr). The event is recorded if
the requirements on all three trigger levels are satisfied, which can also be written in terms of
probabilities:

Pyrigger = P(L1) x P(L2|L1) x P(L3|L1L2), (4.2)

which means the overall trigger efficiency is the product of the probability for the event to pass
L1, multiplied by the probability to pass L2, given that it has already passed L1, and multiplied
by the probability to also pass L3 given that it has already passed L1 and L2.

Two general, simplifying assumptions are made:

(i) the probability of an object to fire a certain trigger is independent of other objects being
present in the event or not — the probabilities for different objects factorise, e.g.:
P(p, jet) = P(u) x P(jet) for a combined muon and jet trigger;

(ii) the probability of one type of object to fire a trigger is independent of the number of objects
of this type — the probabilities for same type objects also factorise, e.g.:
P(p1, po) = P(u1) X P(pg) for a dimuon trigger.
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These assumptions are valid separately for each of the three trigger levels. Hence, the probability
for an event with IV reconstructed muons to pass a trigger that requires at least one muon, can
be formulated as one minus the probability for none of the muons to pass:

N

N
P(>1p, N) =1-P(OIN) = 1-[[P(m) = 1 - (1 - P(w)), (4.3)
i=1 =1

where P(f;) = (1 — P(ui)) denotes the probability that a muon does not satisfy the specified
trigger criteria. If the trigger requires at least two muons, not only the probability for none of
the muons passing the trigger conditions need to be subtracted, but also the probability for only
one muon satisfying the conditions, which leads to:

P(>1u, N)=1 — P(OIN) -  P(1|N)
N N N
=1-[[0-P@)) = > P J] (1-Pluy))- (44)
i=0 i=0 j=0,j#1

According to this prescription, the trigger efficiencies are measured separately for each object
type, each trigger and each trigger level, i.e. P(L1, obj), P(L2|L1, obj), and P(L3|L1L2, obj).
They are then parametrised in dependence of pr, Nget, and @ger: P(0bj) = P(DT;Ndet, Pdet)-
Besides that, all trigger efficiencies are determined on data samples collected with independent
triggers, which ensures that the parametrised trigger efficiencies, being applied to the Monte
Carlo events later on, do not generate a bias w.r.t. the preselected 2MU data sample.

Pyimuon = P(L1) x P(L2|L1) x P(L3|L1,L2) = fi;- (1~ (1~ fr2)*) - f13, (4.5)

where fri, fro, and frs are the parametrisations of the probabilities for a muon to pass the
L1, L2, and L3 trigger conditions, respectively. The L1 condition appears squared in Eq. (4.5),
since the dimuon triggers all require two muons to pass the mulptxatxx requirement of Level 1.
On the other hand, only one from two Ll-muons is required to be of »medium« quality on
L2, which gives the factor (1 — (1 — fL2)2). The functions implemented in the TriggerEfficiency
class are given in Equations (4.6) and (4.7), where it is assumed that the dependence on the
pseudorapidity (74e:) and on the transverse momentum factorise f(nget,pr) = f(Nget) - f(pT):

F11(aet) = fro(naet) = Az + Ag-e 1iee=42) gin(n2 , — Ay) (4.6)
RY
frilpr) = fra2(pr) = 1—erf <—% : (pTAiQALl)) ) (4.7)
5

where erf(b) = % fé’ e~%"dz denotes the Gauss error function. The L3 trigger conditions were
found to be 100% efficient. As can be seen from the two examples in Figure 4.3, the parametri-
sation of the pp-dependence is different for each trigger list, whereas the parametrisation of the
Naet-dependence is the same (within uncertainties) for all trigger lists. The latter only differs for
the Level 1 and Level 2 trigger criteria, for which the parameters are summarised in Table 4.6.
Further details can be found in references [134, 156].

The program takes into account information (E, pr or (Et), n4et and ¢) of all physical objects
of an event, i.e. of EM-objects, muons, jets and missing transverse energy, and calculates the
probability for this simulated event to fire one (or more) of the specified triggers. This probability
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Ao Ay Ay As
L1: mulptxatxx —0.8+0.2 2.8 +0.5 0.1+0.1 0.99 +£0.01
L2: MUON(l,med) 00 8.7+7.0 1.779 £+ 0.006 0.981 £+ 0.007

Table 4.6: The parametrisation of the 14e.¢-dependence of the L1 and L2 trigger conditions as imple-
mented in the TriggerEfficiency package [134]. The parameters Ay and As, describing the pr-dependence
are not listed here, since they not only differ for L1 and L2, but also from one trigger list to another.
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Figure 4.3: Measurements of the L1 and L2 muon trigger efficiencies: (a,b) in dependence of the
pseudorapidity nge; for the L1 (a) and the L2 (b) condition. (c,d) Two examples of trigger turn-on curves
as a function of the muon transverse momentum for triggers valid in trigger lists v9 — 11 (¢) and v12
(d). [The plots are taken from the documentation of the TriggerEfficiency class [134].]

is then used to weight the Monte Carlo event accordingly. All simulated events, SM background
and signal events, are treated in the same way. On average the weights are ~ 0.94 £ 0.03 for
signal events and = 0.88 + 0.08 for background events, though these weights largely depend on
the considered process.

The only drawback in utilising the TriggerEfficiency package is the fact, that there is no parametri-
sation of the L2 dimuon trigger criterion for muons with a transverse momentum below 15 GeV.
Fortunately, however, the L2 condition MUON (1 ,med), only requires one muon, not two muons of
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an event to pass. Hence, it also enters only once in the determination of the probability for an
event to fire a dimuon trigger. This leads to the rather high pt requirement of 15 GeV in the
subsequent event selection, in cases where the leading lepton is a muon.

4.3.2 Object Identification and Efficiencies

As mentioned, the physics and detector simulation is carefully checked by comparing real data
with simulated Monte Carlo data and determining correction factors in case the agreement is
not satisfying. Since in this analysis, the primary focus is on muons, of which at least two are
required in the final state, the efficiencies to identify and reconstruct muons will be discussed
in detail, as are efficiencies of some basic muon properties, such as isolation or quality criteria.
For other efficiencies and correction factors, e.g. electron or tau identification / reconstruction
efficiencies, the reader is referred to different analyses and the D@ documentation.

The muon efficiencies are determined using the common »tag and probe« method [155]. Since no
background subtraction is performed, a clean sample of muons is required. Usually Z/v* — up
events are selected from data, since the production and decay of Z bosons is a well-understood
and well-measured process. In addition, the signature of Z/y* — pu events is very clean and
only little background from other processes is expected, which predestines this type of events for
efficiency studies, allowing for a meaningful comparison of simulated MC data and real data.

The tag and probe method now consists in tagging one muon if it satisfies tight selection or quality
criteria and probing the other muon for the quantity of interest, e.g. isolation or the existence of
a track that matches the probe muon. If the second muon also satisfies the tag criteria, the roles
of the two muons are interchanged and the process repeated. The efficiency is then given by the
number of events, in which the probe was successful, divided by the number of events where a
muon could be tagged, independent of the outcome of the probe and considering each tag as a

separate event:

a0 + (ip)
=20 + ) + @) (48)

where ¢, p, f denote tag, pass, and fail, respectively, for a muon satisfying either the tag criteria,

or the probe criteria, or failing both sets of criteria. The distinction between ¢ and p is due to
the fact, that the requirements for the probe muon are usually softer than the criteria used to
tag a muon. In case the tag and probe criteria are the same, the terms (¢p) have to be omitted
from the above equation.

The efficiency is measured separately for data and for a Z/4* Monte Carlo sample. In case of
the recorded data, another difficulty arises when determining efficiencies: any efficiency could
be biased, if the event had been recorded due to exactly the property in question. For example,
if there was a special muon trigger for isolated muons and one would not require at least one
independent trigger, the entire sample would be biased towards more isolated muons, because
the probe muon could have fired this trigger. It would have exactly the opposite effect, i.e. a bias
towards less isolated muons in the sample, if one instead required that the probe muon had not
fired this special trigger. The only other alternative to an entirely independent trigger having
fired and thus led to the recording of the event, would be to match the tag muon to the trigger
requirement, that is the same or very similar to the property being tested.
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In the following the first alternative — independent triggers — is mostly used. Only in case of
the trackfinding / -matching efficiency, which provides information on how well a muon (muon
segment) can be matched to an inner track, the second method is used. For this efficiency
measurement the tag muon can be matched to a L3 track object.

Muon Identification

Muons are identified based on hits in the central /forward muon drift chambers and scintillators
within |nge¢| < 2.0. Track segments are fitted first across one layer, and in a second step these
segments are interpolated in between two or all three layers of the muon system, to form a local
muon candidate. While the scintillator hits are primarily used for triggering purposes (especially
at Level 1), the timing information also provides an excellent possibility for the rejection of
out-of-time background like cosmic muons. Additionally, a matching inner track (i.e. measured
with the SMT/CFT detectors) and/or a matching path of a minimum ionising particle in the
calorimeter provide the possibilities to define effective isolation criteria for muons.

In this analysis, each muon candidate is required to satisfy the following criteria: the object
must be of »loose« quality (see section 4.1) and in-time to reject cosmic muons, i.e. the times
measured in the A and BC-layer scintillators should not exceed +10 ns (|ta—iqyer| < 10 ns
and |tBc—iayer| < 10 mns). Its transverse momentum must be larger than 4 GeV, and hits are
required in either the BC-layer, or all three layers of the muon system. A matched central
track, consisting of at least 8 hits in the CFT-detector is also required. Candidates, called
»high quality« muons (the difference between normal/loose muons and high quality muons
will become important during the selection) must additionally satisfy the following requirements:

¢ Hits in all layers of the muon system (in the A, B, and C-layer);

e Isolation (tracker): Y p¥ < 2.5 GeV and Y p! /pr(u) < 6%, where p¥ is summed within
an R = 0.5 cone around the muon, excluding the muon track itself, see Figure 4.4 (a);

e Isolation (calorimeter): ER° < 2.5 GeV and E2¥°/pr(u) < 8%, where ER° is defined
as the energy deposited in a hollow cone around the direction of the muon track (with
inner/outer cone radii: R; =0.1 / R, = 0.4), see also Figure 4.4 (b);

e »Medium« quality (denotes a certain hit pattern in the muon system, see section 4.1).

Figure 4.4: Schematic illustration of the muon isolation (a) in tracks and (b) within the calorimeter.

Since the transverse momentum resolution of the muon and the tracking system is worse than
the one expected from Monte Carlo simulations, the pr of each muon candidate in MC events
is smeared. The smearing corresponds to an artificial broadening of the pr distribution in
Z[v* — pp MC events until the MC distribution matches the one measured in Z/v* — pupu
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data. Assuming a gaussian distribution of the transverse momentum, this is achieved by apply-
ing a gaussian function to the pr of each muon candidate [132]:

1 1 a = 0.9936, o = 0.0024, for |n| < 1.62

— = Gauss(0,0),
% o' auss(0,0)s _ 0.9731. & = 0.0036, for In| > 1.62

(4.9)

The »loose« muon reconstruction efficiency and the »medium« efficiency are determined on the
MU_RECO_EFF skim of the top group, while the isolation and the trackfinding/-matching efficiencies
are determined on the 2MU skim of the common samples group, which is also used for the analysis
itself. This choice of samples is due to the requirement that events on which the identification
/ reconstruction efficiency for muons, and the efficiency for a muon to be of »medium« quality
are tested, should not be selected on the grounds of two already identified muons per event. The
MU_RECO_EFF skim contains only events events with at least one reconstructed muon of loose
quality and pt > 15 GeV, and at least two tracks with pt > 15 GeV. Additionally the muon
must be isolated according to the above mentioned criteria and its spatial distance to any jet
must be at least AR(u,jet) > 0.5.

To measure the loose muon reconstruction efficiency, the tag muon is required to be of medium
quality, matched to a central track, isolated in tracks and calorimeter, in-time to reject cosmics,
and its transverse momentum must be above pr > 15 GeV. The tag muon is also required to
fulfill |deca| < 16 mm, where dca denotes the distance of closest approach of the fitted track to
the primary vertex. The event must either be triggered by a single muon trigger where the tag
muon is required to match the trigger object, or a calorimeter trigger, i.e. EM-shower or jet
triggers, must have fired. The probe object must consist of a well reconstructed track with more
than 8 CFT hits, more than one SMT hit, x? < 4, and a |dca| < 16 mm, and the matched track
must be isolated in the tracking detectors. In addition, in order to be able to compare to a Z/v*
Monte Carlo sample, the probe objects’ transverse momentum has to be larger than 20 GeV, it
has to be back-to-back to the tag muon (Ap > 2.8), and the reconstructed invariant mass of the
tag muon and the probe object is required to lie between 71 GeV and 111 GeV. The measured
reconstruction efficiency for loose muons as a function of 7, pt, and the invariant mass is shown
in Fig. 4.5. It is reasonably well described by the simulation and the slight dependence on the
pseudorapidity 7 is parametrised in the corresponding MC correction factor ffeco as follows: for
all muons in |n| < 2.1

FEo(m) = +0.956 4+ 0.002  + 0.032 7% — 0.000 7° — 0.003 n*. (4.10)

Since »medium« quality muons are required in the analysis, the correct description of this quality
criterion was also studied. To measure the efficiency for a muon to be of medium quality, the
muon is required to match a central track (|dca|] < 16 mm), be isolated in tracks and in the
calorimeter, have a transverse momentum of more than 15 GeV, and be of »loose« quality. The
muon is then tested for the »medium« requirement. Fig. 4.6 shows a good agreement between
the measured and the simulated medium muon efficiency as a function of ¢, n and pr.

The track-finding and -matching efficiency is measured requiring the tag muon to be a medium
muon matched to a central track, isolated in the tracker as well as in the calorimeter, in-time
to reject cosmics and with a pr of more than 15 GeV. The event is allowed to be triggered by
either calorimeter triggers, a single or dimuon trigger without track requirement, or a single or
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dimuon trigger with track requirement, where the tag muon is matched to the L3-track object.
The probe muon must have hits in either all layers or at least in the post-toroid BC-layer, its
transverse momentum measured exclusively with the muon system must exceed pr > 10 GeV,
X2 . < 5 (a measure for the reconstructed segments to belong to one muon candidate) and
the distance to a jet must be at least AR > 0.5. Tag and probe muon must be of opposite
charge, back-to-back in ¢ (Ap > 2.8) and the reconstructed invariant dimuon mass must lie in
a 20 GeV interval around the Z° mass to be comparable to a Z/v* Monte Carlo sample. The
measured track-finding and -matching efficiency is reasonably well described by the simulation
and is shown as a function of ¢, pr and the invariant dimuon mass in Fig. 4.7.

In the event selection applied later on, high quality muons are required to be isolated in tracks
and within the calorimeter according to the criteria defined above. Since so far no isolation
requirements are implemented in any muon trigger, the event is allowed to be triggered by any
trigger including single and dimuon triggers. The tag and probe muons are required to satisfy
the same criteria as the tag muon in case of the medium muon efficiency measurement, including
the medium quality requirement, but with the exception of the isolation criteria in case of the
probe muon. The isolation criteria are of special importance for the estimation of the multijet
background in the following section 4.4, where they constitute the primary variables to decide
wether a given data event is to be treated as a potential multijet background event for this
analysis or not.

Although high efficiencies are desirable, since they increase the discovery potential, or allow
to set very stringent limits in case no signal is found, they are of no use, if the efficiencies
measured separately for data and Monte Carlo events do not match. Meaningful results, either
a discovery or improved exclusion limits, can only be achieved by proving a good understanding
of the detector by means of MC simulations. As can be seen from the following pages, all
correction factors are small, of the order of a few percent at most, thus proving the required
good understanding of the D@ detector.Table 4.7 provides an overview of the average efficiencies
in data and Monte Carlo and the resulting »per muon« correction factors. The uncertainties of
the correction factors are determined by requiring that 68% of the points, including the statistical
errors, lie within the blue shaded bands in the following Figures 4.5, 4.6, 4.7, and 4.8.

Criterion tested Edata [%0] emc [%] forr for MC

Identification /reconstruction (»loose«) 91.8 93.7 0.979 £+ 0.024
Muon quality »medium« 97.1 97.5 0.999 + 0.021
Trackfinding /-matching 97.2 95.3 1.020 £+ 0.013
Isolation (tracker & calorimeter) 94.6 96.1 0.986 + 0.016

Table 4.7: The average efficiencies for muon identification / reconstruction, quality, isolation and
trackmatching, together with the resulting Monte Carlo correction factors and the respective uncertainties.

The orange shaded vertical bands, indicate regions (or bins), where the statistics in either data
or MC are too small to calculate the efficiency in a reliable way. On the left-hand side of each
figure (a,c,e), the efficiencies measured separately for data and MC events are shown as a function
of different variables, e.g. 7, pT, or the dimuon invariant mass. The corresponding correction
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factors, that will be applied to the MC events in the analysis, are shown on the right-hand sides
(b,d,f), respectively.

The light-blue coloured texts provide the results from two independent methods used to extract
the correction factors: in the first method, each efficiency bin for data is divided by the corre-
sponding efficiency bin for MC and the resulting factors feorr = €% /eMC are shown on the
right-hand sides of the figures. These factors are then fitted and the result is given by the first
light-blue coloured line , while the width of the fit can be found in the last line
( ). The fit values for each efficiency differ from variable to variable since the weighting
depends on the chosen variable.

In a second method, the overall efficiency for data is calculated and divided by the overall MC
efficiency. The result is shown in the second light-blue coloured line . The final
correction factor per muon and criterion fi, is then obtained by forming the weighted average
of all four factors (three variables plus the result of the 1-bin-method).

With the exception of a slight n-dependence of the correction factor of the muon reconstruction
efficiency, all correction factors are flat in 7, ¢, pr, (and the dimuon invariant mass M,,,). Hence,
the constant factors, as given in Table 4.7 are applied to the MC simulations.
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Figure 4.7: The efficiency of the trackmatch requirement for » medium« quality muons as a function of
¢, pr and the dimuon invariant mass M, for data and Z/~v* Monte Carlo (a,c,e) and the resulting MC
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Identification of Electromagnetic & Hadronic Calorimeter Showers

Before discussing the identification and differentiation of electrons, (photons), tau leptons, jets
and Fr, all of which manifest themselves as different formations of energy depositions in the
calorimeter (resp. their absence in case of Fr), the algorithm used to reconstruct any calorimeter
objects is briefly described. Electrons, positrons and photons produce rather narrow particle
showers in the first few layers of the calorimeter (i.e. in the electromagnetic section), which
is why the resulting showers are also called EM-clusters, or EM-objects. Contrary to these
constrained EM-clusters, a quark or gluon causes a spray of new particles, that is usually more
extended in both, the longitudinal and transverse directions, and is referred to as (hadronic) jet.

The objective of such an algorithm is to find and identify electromagnetic and hadronic energy
clusters, so that the measured energy depositions can be related to the original partons. Ide-
ally, the jet-finding and clustering should be collinear and infrared safe, which means that the
solutions, i.e. the number, energy and position of reconstructed calorimeter showers should not
depend on the presence or absence of any soft or collinear radiation in the event (see Figures 4.9
and 4.10 (a,b) for details). Furthermore the ideal algorithm should find the same solutions in-
dependent of longitudinal boosts, that are common at hadron colliders like the Tevatron. The
algorithm should not show a strong dependence on detector segmentation (i.e. calorimeter cell
type and size), energy response and resolution, and any dependence on the instantaneous lumi-
nosity (e.g. additional multiple hard scatterings) should be low. Finally, the algorithm should
make efficient use of computer resources and enable a reliable calibration of the kinematic prop-
erties of the final jets or EM-objects.

As in Run I of the Tevatron, D@ makes use of a seed-based cone algorithm to find and identify
calorimeter showers. The initial starting points for trial jet-cones are referred to as seeds and
the cone shape closely resembles the naive picture of a particle jet. In an ideal world, the
energy depositions of all particles, belonging to a certain EM-object or jet, would lie within
the reconstructed (jet)-cone of the calorimeter shower. The cone axis would coincide with the
shower axis, which is given by the E7-weighted centroid of all energy depositions within the
specified cone radius. In real life, however, numerous difficulties arise from this naive picture of
cone-shaped particle jets.

First and foremost, seed-based algorithms
are usually neither infrared, nor collinear
safe. Soft (infrared) sensitivity is related
to an unspecified behaviour of the split-
ting & merging of preclusters as shown in
Figure 4.9. This can result in different
energies, positions and/or angles of recon-

Figure 4.9: [Illustration of infrared sensitivity: the structed jets/EM-objects and even the num-

algorithm finds different jets, depending on the pres-
ence/absence of soft radiation in the event. ing on the presence or absence of soft ra-
diation in the event. Collinear sensitivity,

ber of identified showers can differ, depend-

on the other hand, is related to the dependence of the jet-finding and clustering on the seed
Er-threshold as illustrated in Figure 4.10 (a) and also on the possible Ep-ordering of energy
depositions, shown in Figure 4.10 (b). The dependence on the Ep-threshold will disappear, if
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the jets are of sufficiently large E, so that a splitting of the seed energy between different de-
tector towers does not affect the jet-finding anymore. However, a possible dependence on the
Er-ordering of seeds or preclusters does not vanish with increasing energy. Instead, the algo-
rithm will most likely relate different jets with the same energy depositions, depending on wether
collinear radiation is present or not.

(a) (b)

\ )/ different
\ .
no |/ Er —ordering
seed seed Y/ of seeds

Figure 4.10: [llustration of collinear sensitivity of a seed-based cone algorithm. (a) dependence on the
Er-threshold: the left-hand side configuration with narrow energy depositions produces a seed tower, while
the right-hand side comfiguration fails to do so, because the energy is split among different calorimeter
towers. (b) possible dependence on the Et-ordering of seed towers: for the left-hand side configuration,
where the largest energy deposition is the middle one, the algorithm finds one jet with three partons. In
the situation on the right, where the middle deposition is split due to collinearly emitted partons, the
rightmost tower has the largest Et and is evaluated first. This leads to two jets: one, containing the
rightmost and the middle partons, and a second one formed solely by the leftmost parton.

These problems are avoided by seedless algorithms, which are collinear and infrared safe, but
require a much larger computing time. This option is not feasible in D@ as a general purpose
jet reconstruction algorithm, since all calorimeter towers in the (7, ¢)-space would be treated as
seeds. For the D@ calorimeter coverage of || < 3.0 and 0 < ¢ < 27 with a segmentation of
n X ¢ = 0.1 x 0.1, this would lead to ~ 4000 seed towers. In case of a seeded algorithm, only
towers that exceed a certain Ep-threshold are considered as seeds, which greatly reduces the
necessary computing time.

The algorithm used at D@ in Run IT of the Tevatron is the Improved Legacy Cone Algorithm
(ILCA), described in detail in [157]. While this is still a seed-based cone algorithm, based on the
simple cone algorithm (JetClu) used during Run I [158], the insertion of midpoints essentially
removes its sensitivity to soft radiation (Fig. 4.9) and largely reduces its collinear sensitivity.
The idea of the addition of extra seeds, the midpoints, is to approximate a seedless algorithm.
This is based on theoretical QCD calculations at fixed order N, showing that only 2% — 1 possible
positions exist for stable cones, e.g. for all positions of individual partons (p;), all pairs of partons
(pi + pj), all combinations of three partons (p; + p; + px), and so on. Considering the energy
depositions in the calorimeter as the original partons, one can in principle argue along the line of
a parton level algorithm: the positions of pairs of energy depositions, triplets thereof, etc. serve
as additional starting positions for trial clustering cones in this modified seed-based algorithm.
Not all midpoints calculated in this way have to be considered as seed towers, since widely
separated seeds cannot be clustered anyway. Thus, it is sufficient to only consider those, lying
within a distance of AR < 2+ Reone-

The algorithm starts with a trial cone of specified radius R centered about a seed calorimeter
tower of at least Er > 1 GeV, or about one of the additional midpoints. It then calculates the
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Er-weighted centroid of all particles within this cone. This new cluster azis is then used as the
center for the next trial cone. The cone center is allowed to »drift« around freely during the
iteration procedure until one of the following three possibilities occurs:

e a »stable« solution is found, i.e. the centroid of all energy depositions within the cone is
aligned with the geometric cone axis within less than AR < 0.001;

e the resulting Er is less than half the minimum jet (EM-object) transverse energy, with
E3* =8 GeV (within R = 0.5) and ES™ = 1.5 GeV (within R = 0.2), respectively?;

e the number of iterations exceeds 50, which is an arbitrary cutoff to avoid an infinite (or
very large number) of cycles.

Unfortunately, however, it is quite common, that stable cones share one or more energy deposi-
tions (overlapping cones). While not all calorimeter towers in the final state need to be assigned
to a cluster, a tower should not belong to more than one final jet or EM-object. Hence, another
step is introduced between the stable cones (or clusters) and the final jets/EM-objects, where
overlapping cones are either merged or the shared energy depositions split unambiguously be-
tween the two clusters. In DO the splitting/merging fraction is fixed at f = 50%. This means
that cones whose shared energy is larger than 50% of the energy in the lower energetic cluster
are merged, while in the opposite case, the shared calorimeter towers are assigned to the cluster
that is closer in R. An overview of the specifications of the ILCA algorithm as used in D@ is
given in Table 4.8.

Parameter EM-objects Jets
Cone size R = \/(An)? + (Ay)? 0.2 0.5
Seed Er-threshold 1 GeV 1.0 GeV
Splitting & merging fraction f 50% 50%
Final object Ep-threshold 1.5 GeV 8 GeV

Table 4.8: Specifications of the Improved Legacy Cone Algorithm (ILCA), which is used for jet-finding
& cone-clustering in D@ during the Tevatron Run II.

While the reconstruction of jets and EM-objects relies primarily on the calorimeter, tracking
information can be used in addition to enable the special tagging of heavy-quark jets, i.e. b/c-
jets. Since these jets originate from the decay of mesons, containing b (¢) quarks, they can often
be matched to the decay-vertex of the respective meson, which is distinct from the primary
interaction vertex and thus also referred to as a secondary vertez.

*Due to the differences of electromagnetic and hadronic showers, the algorithm is used with two different cone
sizes: a smaller radius of R = 0.2 is employed to find EM-clusters, while a larger radius of R = 0.5 serves to
identify hadronic jets.
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Electron Identification
Each EM-object in an event must satisfy the following criteria to be considered as electron:

e emf > 0.9, where em f is the energy fraction of the shower deposited in the electromagnetic
layers of the calorimeter versus the total energy; i.e. the fraction of electromagnetic energy
of a shower should exceed 90%:;

Etot em
® (50 = ETOQ < 0.2, where Ef°l denotes the total energy and EW the electromagnetic
0.2
energy deposited in a cone with the respective radius of R = 0.4 (E%!) and R = 0.2 (E™);
less than 20% of the shower energy may be deposited outside a cone of R = 0.2 or outside

the electromagnetic section of the calorimeter;

e the calorimeter shower must be matched to a central track and lie within |ng| < 3, i.e.
either the central or forward region of the calorimeter (excluding the ICD regions);

o the shower shape should be compatible with an electron, which is achieved by requiring;:
HMz7 < 40 and an electron likelihood of lhood > 0.2; (see text for details.)

e the transverse momentum of the electron is required to exceed pr > 5 GeV.

The H-matrix defines the longitudinal and lateral shape of an electromagnetic shower and is
used to discriminate between electrons/photons and calorimeter objects of hadronic origin [159].
It is the inverse of a covariance matrix of seven (eight) correlated variables, of which the variable
HMzx7 (HMz8) forms a kind of x2-test in which the measured shape of a candidate shower is
compared to Monte Carlo simulations. The following seven variables are used as input to the
covariance matrix:

e the energies deposited in the four layers of the electromagnetic section of the calorimeter
(EM1, EM2, EM3, EM4) provide information on the longitudinal shower shape;

e the total electromagnetic energy (E°™) is included to account for the dependence of the
fractional layer energies on the shower energy;

e the z position of the primary vertex;

e the transverse width of the shower as a function of ¢;
(In case of HMz8, the transverse shower width versus z is used additionally. It is omitted
from the 7-variable H-matrix, since it is not well described by the MC simulations.)

The covariance matrix M is then determined using Monte Carlo data. For two variables z;, ;,
it is calculated as:

M;; = NZ — ;) (2] — 7)), (4.11)

where z7, x? denote the observed values and Z;, T; the respective average values. Using the

inverse of the covariance matrix H;; = M” , one can calculate the following parameter:

—M M

HMz7 = (af*® — zMC) Hy; (2ot — 2}, (4.12)
i!j

and thus measure, if the shape of a certain shower is consistent with the shape of an electro-

magnetic shower. Although the distribution of HMz7 does not follow a true x? distribution
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because usually the observables z; do not follow a Gaussian distribution, it is nevertheless a
useful variable to distinguish electromagnetic from hadronic showers. Showers that are rather
electron/photon-like tend to have low HMzT7-values compared to showers of hadronic origin,
that accumulate at high values of HMx7. For further details on the H-matrix and the respec-
tive input variables see [160]. In this analysis a shower is referred to as electromagnetic shower,
or — in case of an associated track — as an electron, if the H-matrix criterion of HMx7 < 40 is
satisfied.

The above mentioned electron likelihood (lhood) is designed to discriminate between electrons
and hadronic calorimeter objects, as well as photons. It comprises seven variables:

e the fraction of electromagnetic energy: emf;
o the shower shape variable: HMx7;
e the distance of closest approach of the associated track: dcay,;

e a x?-method to spatially match a candidate track with the considered calorimeter cluster
in the (7, ¢)-coordinates only: Xgpatial probability;

e the ratio of the calorimeter Er and the pr of the associated track: Er/pr;
e the number of tracks in a cone of R = 0.05 around the candidate track;

e the pr-sum of all tracks in a cone of R = 0.4 around the candidate track.

The electromagnetic fraction em f, the shower shape variable H M z7, and the distance of closest
approach dca have already been discussed. The spatial trackmatch probability is a y2-value to
test wether the track and cluster positions match. The Xgpatial is defined as:

(p)2 ( Z)z

2

AT + , 4.13
X patial (O'QD o, ( )

where Ap and Az are the differences between the track coordinates @y (2 ), extrapolated into
the finely segmented third EM-layer and the coordinates of the electromagnetic cluster @em
(Zem) in the same layer. The respective uncertainties are given by o, and o,. In addition to
this spatial matching between track and calorimeter object, the next criterion Et/pr is used to
further refine the method and also compare the transverse energy of the calorimeter shower and
the transverse momentum of the spatially associated track. However, for the further analysis of
electromagnetic objects (but also for hadronic objects, i.e. jets), the transverse energy measured
with the calorimeter is used.

The following two variables in the electron likelihood: the »number of tracks in a cone of
R = 0.05« and the »pp-sum of all tracks in a cone of R = 0.4« are isolation variables. The
former serves to reduce the background from photon conversions (y — e'e™), while the latter
is designed to distinguish single isolated electrons from electrons that are part of hadronic jets
with a naturally higher track multiplicity.

Similar to the smearing of the pp-resolution of muons, the transverse energy of electromagnetic
objects is smeared to account for a worse resolution in data and possible noise effects not described
by the standard Monte Carlo simulation:

Et = Gauss(0,0) - Er, with: o = 0.0047. (4.14)
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The identification efficiency for electrons and the efficiencies to pass or fail the quality criteria
described above, have been studied in detail for a complementary search for J8,-SUSY in eel final
states [1, 73]. The efficiency measurements for electrons and the extraction of the corresponding
Monte Carlo correction are discussed there. Figure 4.11 shows this efficiency of the electron
quality criteria for data and MC events (a,c) and the corresponding MC correction (b,d) versus
pr of the probe electron, separately for the central (a,b) and the forward (c,d) regions of the
calorimeter. The MC correction is parametrised by polynomials of variable degree in pr, to
account for the 7-dependence, where the obtained fit values are reproduced in Table 4.9.
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Figure 4.11: The efficiency of the electron quality criteria for data and MC simulations (a,c) and the
corresponding MC corrections (b,d) are shown versus the pr of the probe electron, separately for the
central (a,b) and the forward (c,d) region of the calorimeter. (taken from [73])

Calorimeter region  ay a1 as as pT region
central (CC) +1.406 —0.0987 +5.89-107%  —1.09-107* pr < 27 GeV
|Mdet| < 1.1 +0.899 - - - pr > 27 GeV
forward (EC) +1.319 —0.0346 —4.50-107*  +3.87-107° pr < 27.5 GeV
INget| < 1.1 +0.684 4+7.65-1073 —8.01-107° - pr < 50 GeV
+0.867 - - - pr > 50 GeV

Table 4.9: Fit parameters for the pr and 1 dependent MC efficiency correction of the electron quality
criteria given by: f¢,.(pT,m) = a0 + aripr + asp% + azp. (taken from [73])
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Jet Identification

As detailed before, all jets are reconstructed from energy depositions in the calorimeter via a
seed-based cone algorithm with a cone radius of R = 0.5 and a jet Ep-threshold of 8 GeV. To
distinguish good jets from bad or fake jets further quality criteria need to be satisfied. Bad or
fake jets might stem from, e.g. EM-objects that have been misidentified as hadronic jets, or real
jets originating from noisy calorimeter readout cells/towers. All of the following jet requirements
are standard certified quality criteria developed by the JetID-group [161]:

e the electromagnetic fraction of jets (EM F') should lie between 5% and 95% to reduce fake
jets from calorimeter noise;

e the coarse hadronic fraction (CHF') is required to be less than 40% of the total energy
deposited in the calorimeter, which takes into account the elevated noise level in this
coarsely granulated section of the calorimeter;

e the so-called hot fraction, which is the ratio of the highest to the second highest cell energy,
must be smaller than HotF < 10, to effectively reduce bad jets clustered from hot cells;

e the number of calorimeter towers, containing at least 90% of the jet energy must be larger
than one to reduce noise jets: n90 > 1;

e a Level 1 trigger confirmation of the offline reconstructed transverse energy of a jet is
required to minimise the impact of calorimeter data from periods, in which the precision
readout of the calorimeter had been multiplied with the wrong amplifier gain(1 or 8):

Llset
E¥'.(1 - CHF)

> 0.4 (in CC/EC regions), > 0.2 (in the ICD region),

where Llset denotes the scalar sum of the transverse energies of the L1 trigger towers
inside the respective L1 jet cone.

e a reconstructed jet is discarded if an EM-object, i.e. an electron or photon with a
transverse momentum of at least pt > 15 GeV, lies within AR < 0.5 of the hadronic jet.

Since the reconstruction efficiency for jets is different in data and MC simulations, correction
factors have to be determined to match the MC efficiency to the one measured in the data.
Similar to the correction factors for the electron quality criteria, the correction factors to the
jet reconstruction also depend on the jet pr and the n region (CC, EC, ICD). The factors are
parametrised by Equation (4.15), and are applied during the processing with the framework
program top _analyze [132], which in turn uses the package JetCorr (version 5.3) provided by the
D@ Jet Energy Scale (JES) group [154].

1

, 1 —A
fiet () = Ay (=4 —= [ e ®de) with: b= " 20
reco 2 \/7_1' 0

A1 \/pT

The parameters were obtained in a study of Z + jet and <y + jet events [154] and are reproduced
in Table 4.10 for completeness.

(4.15)

Another correction to the reconstructed jet energy is due to the mismatch between the measured
jet energies E72¢% and the original particle jet energies E7./ !, A matching between both these
quantities is necessary to derive any conclusions about the hard interaction at particle, rather
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Calorimeter region Ay Aq Ag

CC 9.8 +£2.7 3.4+0.7 1.01 £0.01
EC 13.5 £ 3.3 224+1.0 0.98 £ 0.02
ICD 15.0 £ 2.3 2.0+0.7 0.93 +0.02

Table 4.10: Parameters used in the calculation of the MC correction factors to the jet reconstruction
efficiency, according to Eq. (4.15); taken from [132].

than detector level. This is achieved by calibrating the jet energy scale (JES), which is done via
the so-called JES correction parametrised by:

Emeas _ B
prart = et (4.16)
Rjet X Scone

where the parameters E,fr, Rjer and Scone have the following meaning [162]:

Eyfz: denotes an energy offset not associated with the hard scatter. Excess energy due to,
e.g. noise (radioactivity in U-absorbers, readout electronics), pile-up, underlying events,
etc. has to be subtracted from the reconstructed jet energy. The offset is measured in zero
and minimum bias events as a function of the luminosity, the cone size Rcone and 7. (zero
bias: bunch crossing, clock; minimum bias: coincidence of both luminosity monitors)

Rjei: parametrises the different calorimeter responses to particle jets. It is determined from
the Et balance in v 4 jet events, where the parton and the photon are back-to-back. The

precise knowledge of the EM-energy scale from Z — ee data, allows to infer the particle

Emeas

energy depending on the cone size Rione, the measured jet energy et and 7.

Scone: 1s a measure for the out-of-cone showering: particles of the original particle jet that
belong to the shower can scatter out of the jet cone, while non-shower particles can scatter
into it. Measurements of the energy flow as a function of the distance from the jet axis
yield parametrisations of Scone again as a function of Reone, E;’;f“s, and 7.

In addition to the differing detector and particle jet energies, the jet energies measured in MC
events do not correctly describe the jet energies observed in data. Therefore, different corrections
need to be applied to the measured detector jets and the MC simulated jets, which can also be
observed in Figure 4.12 (JES correction for data) and Figure 4.13 (JES correction for MC events).
The total systematic uncertainty of the JES correction is given by the statistical and systematic
uncertainties of the corrections to data and MC events added in quadrature:

ops =\ (080i)? + (6ME)? + (otata)? 4 (aMC)?. (4.17)

The parametrisations of the JES correction and its associated total uncertainty for detector and
MC data are also contained in the JetCorr package and are thus applied via the top analyze
framework program, as recommended by the JES group [154].

The jet energy resolution o(FEr) is determined for every jet in an MC event according to the
following equation, (compare: Eq. (2.16) for the calorimeter transverse energy resolution in

section 2.3.2):
NZ  §?
oler) _ [N LS L oe (4.18)
T br pr
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Figure 4.12: The jet energy scale correction (a,c) and its total uncertainty (b,d) for data events versus
the measured energy of the uncorrected, reconstructed jet (a,b) and versus the pseudorapidity (c,d).
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Figure 4.13: The jet energy scale correction and corresponding total uncertainty for simulated data.
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4.8 Trigger Efficiency and Object Identification

As was already mentioned, the terms denote energy-independent noise (INV), sampling fluctuations
(S), and systematic uncertainties due to the energy calibration of the calorimeter (C). All
contributions are measured in dijet events for data, as well as for Monte Carlo events, separately
for several 7 regions. The resolution o(ET) is then calculated for the obtained data and MC
coefficients, and only if op;¢(ET) # 0data (FT), the momentum and energy resolution of a jet are
smeared with a gaussian function of width:

o™ =\ /(0 4ata)? — (oamc)? . (4.19)

Details on the measurements of the three different components and on the determination of the
respective energy and momentum resolutions can be found in [163].

The Calculation of the Missing Transverse Energy (Ffr)

Particles that do not (or only very rarely) interact with matter, cannot be detected directly.
Nevertheless, it is possible to obtain some information about these particles from the en-
ergy /momentum imbalance of all measured particles in an event. Since the longitudinal compo-
nents of the colliding particle momenta are unknown at a hadron collider (see section 2.1), and
the transverse momentum is approximately zero before the collision, momentum conservation
implies that the sum of transverse momenta of all particles after the collision should also be
zero, i.e. Y, Pr; = 0. However, in the case, that not all particles have been detected and due
to detector resolution, there will be a transverse momentum /energy imbalance, which is nothing
else than the definition of the missing transverse energy:

ET = —Z ET,i- (4.20)

The missing transverse energy is defined as the negative vectorial sum of all calorimeter cells
with a transverse energy of at least 100 MeV, with the exception of cells in the coarse hadronic
layer. The latter cells are only taken into account if they are part of good reconstructed jets that
satisfy all quality criteria defined in the previous section. This raw Jr is subsequently corrected
for the jet energy scale and the electromagnetic energy scale (— %es) and in a last step for
the energy carried away by muons (— ). Since muons are minimum ionising particles [23],
they deposit only about 2 to 3 GeV in the calorimeter, no matter how energetic they are (up to
pr(p) = 500 GeV). Muons, whose energy is added to the missing transverse energy must have

hits in the pre- and post-toroid layers (»medium« quality) and be matched to a central track.

While the missing transverse energy itself is not separately smeared, the corrections and ad-
ditional smearing applied to all previously discussed objects is taken into account for the Fr
calculation. As can be seen from Figure 4.14, the distribution of E° at preselection level (see
section 4.5.1) shows a good agreement between data and the background expected from SM
processes. If not explicitly stated, the correction due to reconstructed muons is not taken into
account, since MC simulations do not describe this variable very well, see Figure 4.15. The ob-
served mismatch between MC simulations and data for high values of the fully corrected missing
transverse energy is likely due to the fact that the transverse momentum resolution of high-pr
muons is not measured very precisely. This, in turn can produce »fake« Fr, such that a subse-
quent »correction« due to the (mismeasured) muon-pr would cause an even greater damage.

Missing transverse energy is also expected from the SUSY signal, due to the production of at
least two neutrinos from the decay of the two lightest neutralinos. Additional neutrinos might be
produced in the cascade decays of the pair produced heavier neutralinos and charginos. Hence,
Fr it another main observable to distinguish events from signal processes from those produced
from SM reactions and will be used in the selection of puf trilepton events.
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Identification of Tau Leptons

While tau leptons are not needed for this analysis, they are part of the final state and thus
a vital ingredient in the complementary analysis of eer trilepton events, which is described in
detail in [2, 74]. Leptonically decaying tau leptons are detected either as electrons or as muons
and no additional criteria are needed. Identifying hadronically decaying tau leptons (7heq) iS
more challenging. Due to the similarity to hadronic jets, a number of criteria is necessary to
distinguish hadronic tau decays and QCD jets, originating from quarks or gluons, from each
other. There are, however, a few differences:

e the particle multiplicity in hadronic tau decays is less than for QCD jets, which can be seen
from the number of 1-prong and 3-prong tau decays: about 77% of hadronically decaying
tau leptons produce only one charged hadron (one track), e.g. Theq — ®~ 7°v, and approx-
imately 23% produce three charged hadrons (three tracks), e.g. Thea — ™ 777 7lv;;

Decays with five or more tracks are very rare, below 1%.

e hadronic tau jets are usually more collimated than jets from multijet processes (for the
same jet energy), which is related to the much smaller particle multiplicity;

e the multiplicity of neutral hadrons from tau decays is even smaller: one or more neutral
pions (or other light mesons) are produced in only about 22% of hadronic tau decays

Taus are identified in two steps: a jet-like algorithm, called taureco is employed to restrict a
(n, ¢)-region in the detector, containing a narrow, isolated hadronic jet with a specific ratio of
electromagnetic to hadronic energy. For this potential tau candidate, the algorithm additionally
calculates a number of characteristic variables, which are subsequently used in up to three neural
networks to determine if the candidate can be identified as a tau lepton and, if so, what type
it corresponds to, Three different types of hadronic tau decays are distinguished in D@ [164]:

T-type 1: l-prong tau, e.g. with one track

3 - * u+jet OS data
associated with a calorimeter cluster and 8 D@, 360 pb ;o/ J
without an electromagnetic sub-cluster 7 . i V_ -u
(m-like Thaq decay); £10° | Jp+jetLS data
@ 2% - up

T-type 2: l-prong tau, e.g. with one track
associated with a calorimeter cluster and
with an electromagnetic subcluster
(p-like Tpeq decay);

DW_» Y

104

T-type 3: 3-prong tau, e.g. with three or
two tracks (one undetected) associated 0
with a calorimeter cluster. The masses
of the tracks must be smaller than the Figure 4.16: The neural network output for a loose
one calculated for the tau candidate. Z — 77 — Thea b selection is used as identification
(primarily 7 — 7~ 7t 7~ (n > 07%)v;) criterion for T leptons [165].

01 02 03 04 05 06 07 08 09
NN output

A possible contamination from muons misidentified as taus is removed by taking the shower
shape of the hadronic cluster into account.

Figure 4.16 shows the neural network output for a loose Z — 77 — Tpequ selection, which is used
as an identification criterion for taus in the eer analysis (developed primarily to study the R,-
coupling A133). The p+jet opposite-sign data sample (OS) represents the control sample, while
the p+jet like-sign data sample (LS) is used to model the multijet background. The different
contributions are scaled to the control sample by fitting the Er spectrum of the tau candidate.
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4.4 Estimation of the Multijet Background from Data

Multijet background from QCD, but also from electroweak production with initial or final state
gluon radiation is difficult to simulate. The dominant source of background events are semilep-
tonic events from heavy flavour production, i.e. bb and ¢ events, since these heavy flavour jets
can contain one or more muons from the semileptonic decay of B(D)-mesons. Unfortunately
this type of events is especially difficult to model due to large theoretical uncertainties and sev-
eral contributing QCD processes. Hence, using data to estimate the contribution of multijet
background to the selected final state, not only avoids these theoretical uncertainties, but also
the time-consuming generation/simulation of huge amounts of multijet events. Two different
methods for the estimation of the multijet contribution to the dimuon sample have been studied:

first method: modeling of a like-sign dimuon sample with a sample of »loosely« isolated unlike-
sign dimuon events, see Table 4.11 for details;

second method: modeling of the multijet background with a sample of dimuon events, enriched
with bb (c¢) events due to the additional requirement of a loose b-tag. To ensure an
orthogonal sample (w.r.t. the dimuon analysis sample), the more energetic muon must be
less isolated than required in the dimuon analysis (Table 4.12).

The first method is described in detail in references [166, 167], thus only a brief summary is given
here. A sample of like-sign muon pairs with special isolation requirements is chosen in order to not
use the phase space region where the signal is expected to lie. This sample will contain essentially
events from semileptonic b and c-decays, which is also the dominant QCD contribution in the
unlike-sign sample. For most other SM processes (like Z/v*, WW or T production) events with
two unlike-sign leptons are expected. The main differences between the two samples (like-sign
and unlike-sign) are the decay chains and the production rates. Most of the b and c-decays arise
from direct production via gluon-gluon fusion and flavor excitation [168], while contributions
from resonances, like J/1¢ or T, are small compared to the inclusive production.

Events with two like-sign muons of loose quality are selected from the analysis sample. This like-
sign dimuon sample is then split again into two subsamples: events where both muons satisfy
the tight isolation criteria (referred to as iso-sample) and a second subsample containing events
where one of the two muons is tightly isolated, and the other muon is nearly isolated. The nearly
isolated muon is defined by softened isolation criteria in order to obtain a kinematically similar
sample to the isolated selection. If one muon already satisfies one of the soft isolation criteria
(either the calorimeter or the track isolation) then the other muon may meet the soft or the tight
criterion; see Table 4.11, providing an overview of the tight and soft isolation criteria.

Isolation Criterion Standard isolation criteria First method: soft isolation
Tracks: Splt <25 GeV & Y plit/ph < 6% 2.5 GeV < Y plt <7 GeV
Calorimeter: Ehalo <« 25 GeV & Bl /ph < 8% 2.5 GeV < Ehalo < 7 GeV

Table 4.11: QOwverview of the different isolation criteria, used with the first method to estimate the
contribution of the multijet background to the expectation of the SM background.

The sample of nearly isolated muon pairs is chosen, because any possible signal contamination is
expected to be negligible, since muons from the signal are expected to be isolated. Nevertheless,
a correlation is expected between the isolation requirements and the pr-spectra of the muons,
which can be explained in the following way: lower pr muons are more likely to get »kicked
away « from their b-jet and are thus more isolated than higher pt muons for which this kicking is

156



4.4 Estimation of the Multijet Background from Data

not as effective. Indeed, the ratio R = i59/nearly, calculated from the number of isolated dimuon
events versus the transverse momentum of the most energetic muon and the number of nearly
isolated dimuon events versus the pr of the nearly isolated muon as shown in Figure 4.17 (a)
shows a clear dependence on the pr-spectra/isolation criteria of the muons. The ratio R is thus
used to weight the pr-spectrum of the nearly-sample, so that it resembles the pr-spectrum of
the iso-sample. In a last step the reweighed sample of nearly isolated dimuon events is scaled to
the data after subtracting all other expected backgrounds.
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Figure 4.17: Estimation of the multijet background with the first method, using a like-sign dimuon
sample. (a) The ratio of the iso and nearly-sample, where the data is fitted with an exponential function.
(b) The reweighed nearly-sample scaled to the like-sign data in the distribution of the distance between
the two leading muons.

However, since the first method revealed statistical insufficiencies, a second method has been
developed, which makes use of an entirely independent dimuon sample, enriched with bb (c¢)
events due to the additional requirement of a secondary (displaced) vertex(— loose b-tag). The
isolation criteria for both muons are loosened to Y p% < 15 GeV and ER° < 10 GeV. In order
to ensure, that none of the dimuon events of the analysis sample is also present in the new b-tag
sample, the most energetic muon of the b-tag sample must be less isolated than required in the
trilepton selection, which translates to > p% > 2.5 GeV compared to the orthogonal requirement
for the trilepton selection. The dimuon events selected in this way are scaled by a factor of 0.19,
such that the sum of SM process MC events plus the estimated multijet background describe the
data. A variation of the upper bound of the isolation criteria leads to a systematic uncertainty
of roughly ~ 20%.

Isolation Criterion Trilepton analysis Second method: soft isolation
Tracks: Spir < 2.5 GeV & Y plf/ph < 6% Spir < 15 GeV
Calorimeter: Ehalo < 25 GeV & Ehdlo/ph < 8% Ehalo <10 GeV

additionally for 15" muon: ) pf > 2.5 GeV for 1% muon.

Table 4.12: OQOuverview of the different isolation criteria, used with the second method to estimate the
contribution of the multijet background to the expectation of the SM background.
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One problem of the b-tag sample is the potentially different event kinematics due to the indirect
requirement of at least one jet per event. However, this is not studied in greater detail, since this
analysis does not require the presence or absence of any jets, and for further reference about the
dependence on the jet-multiplicity the reader is referred to [65].

Since very tight isolation criteria are employed in the following dimuon and later trilepton selec-
tion (at least two muons), the overall contribution of multijet background is very small. This is
visible in Figures 4.14 and 4.15, and it is further verified in the cutflow Tables 4.13 and 4.14 and
Figures 4.18 and 4.19 in section 4.5.1.

4.5 The Selection of Dimuon & Electron-Muon Events

The selection of trilepton events is realised in two steps: in a first step events with either two
»high quality « muons, or one »good« electron and one »high quality « muon are selected. A muon
(electron) candidate is tagged as a high quality muon (good electron), if it satisfies the respective
quality criteria discussed in section 4.3.2. Muons are considered within the full coverage of the
D® muon system, i.e. within |74 < 2, while electrons are considered within the CC and EC
regions of the calorimeter, corresponding to |9get| < 1.1 and 1.5 < |nget| < 3.0, respectively —
without the inter-cryostat region. In a second step, the third charged lepton is required, as will
be discussed in detail in section 4.5.3. The selection is performed in two parallel streams, the
dimu and the emu streams, which are described in more detail in the following subsections.

dimu two high quality muons (pr > 15 GeV, and py > 8 GeV) and
a loose muon or an electron (required at a later stage of the analysis)

emu one electron (py >12 GeV) and one high quality muon (py > 8 GeV)
and an additional loose muon (pr > 4 GeV)

or one high quality muon (pr > 15 GeV) and one electron (pr > 8 GeV)
and an additional loose muon (pr > 4 GeV)

However, since always at least two muons must be present in an event, of which one has to be of
medium quality and with a transverse momentum of at least pp > 15 GeV (due to the dimuon
trigger requirement and especially the Level 2 condition as explained in section 4.1), only very
few events are selected from data and SM processes in the emu stream.

The reconstructed dimuon invariant mass of the two leading high quality muons at preselection
level is shown in Figure 4.18 (a,b) on a linear and a logarithmic scale (b), where the tails of the
distribution are also visible. A good agreement of data and SM background processes can be
observed. In addition, the distributions of six further observables are displayed in Figure 4.19,
again after the preselection and with all corrections applied. The distributions of the transverse
momentum (a,b),  (¢,d) and ¢ (e,f) of the leading (a,c,e) and the next-to-leading muon (b,d,f)
are shown. In Figure 4.18, the distributions of two signal points, A5pos and B16pos, (red/darkred
solid lines) are overlaid for reference. However, since they would hardly be visible otherwise, they
are scaled by a factor of 400. The second scale on the right-hand side indicates the number of
events in the signal distributions.

The analysed data, collected with the D@ detector between April 2002 and August 2004 during
the Run II of the Tevatron Collider, corresponds to an integrated luminosity of [£ di =
361.3 £23.5 pb~!. With the previously defined quality criteria 19,283 data events compared to
19,588.2 expected events from SM-processes are selected and constitute what is referred to as the
preselection sample; more exactly these events pass either pu-cut 1 or eu-cut 1 (see the following
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4.5 The Selection of Dimuon & Electron-Muon Events

subsections 4.5.1 and 4.5.2). In Tables 4.13 and 4.14, Cut 1, the combination of the first pu and
the first eu cuts, represent this preselection sample. Most of the selected events are found in
the so-called dimu stream, which is also the one suffering from the highest SM background, like
the Z° and Y resonances as well as Drell-Yan background. In the emu stream the second, loose
quality muon is required from the beginning in order to satisfy the requirements of the dimuon
trigger set. In the following two subsections a more detailed description of the two selection
streams will be given.
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4.5.1 The Dimuon Selection: dimu

Since the dimu selection is the one with the highest SM background expectation, more advanced
selection criteria are applied to reduce the SM background and enrich the sample in signal events.
The following criteria are applied successively to events with at least two high quality muons:

pp-cut 1 (Preselection):  pr(pul) > 15 GeV, pr(p2) > 8 GeV, each matched to a central
track and tightly isolated according to Table 4.11 in section 4.4;

pp-cut 2: Spatial and angular distances between the leading muons themselves and between
the muons and other objects in the event (see also Figure 4.20):
AR(pl, p2) > 0.2, AR(ul/pu2, jet) > 0.5 and Ap(ul/p2, 1) > 0.1;

pp-cut 3: |2Zyertex| < 60 cm, relative to the nominal interaction point at z = 0;
pp-cut 4 (anti-Y):  For oppositely charged dimuons with E%es < 60 GeV, a two-dimensional
cut in the (M, Frr)-plane is used to reject events from the T resonances, low-p Drell-Yan

and multijet background (see Figure 4.21):
My, > 0.0095- (E1%) 2/GeV — 1.29- 1 + 48 GeV

pp-cut 5:  Two-dimensional cut in the (Agy,,Fr)-plane to reject Z/v* background
(Fig. 4.23 (b)), as well as other events with only little missing transverse energy and that
are mostly back-to-back in Ay, e.g. events from multijet and diboson production, see
Figure 4.23 (c) and (d), respectively:

Apy, < 2.53 for E%es < 44 GeV

pp-cut 6 (anti-Z%):  Another two-dimensional cut in the (M, Br)-plane is applied for
oppositely charged dimuons with an invariant mass below M, < 180 GeV to veto events
from the Z° resonance and from diboson production:

E%es > 48 GeV — 0.105 - (MI«QW —90 GeV)Q/GGV;

Additionally, loose Fr-criteria are applied: ],Z'%es > 8 GeV, and FF > 9 GeV and the
dimuon invariant mass is required to be smaller than 200 GeV.

While the first three selection criteria are additional quality requirements, the last three criteria,
i.e. the two-dimensional cuts, have been developed to reject as many events from SM background
as possible, while keeping a high signal efficiency. The second criterion, uu-cut 2, is necessary to
ensure that the two muon candidates are well separated and that they are not misidentified jets or
Fr objects. A high-momentum jet, that is not entirely stopped in the calorimeter, but leaks into
the muon chambers may »fake« a muon. The third criterion, pu-cut 3, ensures that the tracks
lie within the fiducial volume of the inner tracking detectors (SMT and CFT), so that a reliable
tracking is guaranteed and the previously discussed corrections to the track-finding/matching
efficiency are applicable.

The two-dimensional cuts are chosen to improve the signal selection efficiency and at the same
time the background rejection compared to simple one-dimensional cuts. For example, cut 4, is
very efficient in reducing the number of events from T production, low-pr Z/v* and multijet back-
ground. The second cut in the (M, Br)-plane, pp-cut 6, largely reduces the background from
79 bosons, but also from WZ and ZZ processes. In addition, the requirement M, up < 200 GeV
of pp-cut 6 leads to a significant reduction of ~ 70% for the Z/~v* and W Z background at high
dimuon invarinat masses, while the signal selection efficiency remains nearly unchanged. Cut 5 in
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the (A, Br)-plane makes use of the fact that decay muons from Z° bosons are predominantly
back-to-back in the transverse plane and usually exhibit no or only very little Jr. Hence, this
requirement additionally reduces the background from Z/~* and ZZ processes. Figures 4.21
and 4.22 illustrate the two-dimensional cuts in the (My,, r)-plane, separately for data, SM
background processes, and signal MC simulations. The two-dimensional cut in the (A, Fr)-
plane is displayed in Figures 4.23 and 4.24, again separately for data, SM backgrounds and six
SUSY signal points, respectively.

For all of the two-dimensional figures the colours are chosen in the following way: SM back-
grounds, data and signal distributions are shown in grey (black) dots or small open circles
depending on the statistics, i.e. dots for SM Monte Carlo simulations with high statistics (e.g.
Z/v* — pp) and for data, and small open circles for low statistic processes (e.g. diboson or &t
production) and for different signal points. Where two different processes are plotted together in
one pad, grey and black is used to distinguish the two processes, e.g. the Z/vy* — up (grey dots)
and Z/v* — 77 (black circles) background in Figures 4.21 and 4.23 (b), and in Fig. 4.21 (c), the
multijet background estimated from the data is shown as grey circles, while the T — uyu Monte
Carlo is represented by black circles.

The coloured lines represent different cut values of the two-dimensional selection criteria. The
one dark red curve indicates the chosen cut value, while green and bluish nuances indicate the
tested values that are not used in the end. In Figures 4.21 and 4.22, the area to the left of the
red curve is rejected and in Figures 4.23 and 4.24 the area surrounded by the red box is cut away.

As can be seen quite clearly from the Figures 4.21-4.24 and also from the event numbers in
Tables 4.13 and 4.14, the two-dimensional criteria are especially useful to reduce SM backgrounds
while keeping a high selection efficiency for signal events of about 30-40%.

4.5.2 The Electron-Muon Selection: emu

The main (irreducible) backgrounds for the emu selection are diboson production (WZ and
ZZ) and tt — £¢ + X production. Since the cross sections of all these processes are small, no
special criteria are developed for their specific reduction as compared to the dimu selection with
the two-dimensional cuts. However, as pointed out previously, the third charged lepton, a loose
muon, is required from the beginning in case of the emu selection. This is primarily due to the
trigger requirements, but also because in this way the eu-skim need not be considered and data
and Monte Carlo samples can be kept at a manageable size.

ep-cut 1 (Preselection):
pr(e) > 12 GeV, pr(p) > 8 GeV, or pr(u) > 15 GeV, pr(e) > 8 GeV
and one additional loose muon with: p’% > 4 GeV, and pr-independent, loosened
isolation criteria: Y. pf < 9 GeV and El° < 15 GeV;

ep-cut 2:  Distances between the leading muon or electron and other objects in the event
(see Figure 4.25): AR(u9%e) > 0.2, AR(u9%?, jet) > 0.5, Ap(u9% /e, 1) > 0.1;

ep-cut 3:  |zyertez| < 60 cm, relative to the nominal interaction point at z = 0;
ep-cut 4:  Loose Fp-criteria: E%es > 8 GeV, and £} > 9 GeV.

Selection criteria corresponding to the two-dimensional pu-cuts 4,5 and 6 are not applied to
the emu-selected events. Nevertheless one more selection criterion is applied to the events in
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Figure 4.21: The two-dimensional criteria in the (M,,, Bt )-plane, i.e. pp-cut 4 and pp-cut 6: (a) for
data and (b,c,d,e) for the respective SM backgrounds. The area to the left of the dark red curve is rejected.
(See text for an explanation of the grey dots and grey/black circles.)
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Figure 4.24: The two-dimensional criteria in the (Apyuy, Br)-plane, i.e. pu-cut 5 for some selected
mSUGRA signal points: (a,c,e) for positive and (b,d,f) for negative Higgs mizing parameter u. The area
within the red coloured box is rejected.
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Figure 4.25: Spatial and angular distances of the electron (muon) in the emu selection: (a,b) spatial
distance between the electron and the leading (resp. mnext-to-leading) muon, and (c) angular distance
between the electron and the missing transverse energy vector.

both selection streams: the invariant mass of any pu or ey pair is required to be smaller than
200 GeV for the dimu, as well as for the emu selection. A significant reduction of the high-pr
Z[v* background (= 70%) and events from W Z and ZZ production (= 50%) is achieved, while
the signal selection efficiency remains nearly unchanged.

After all dimu4emu selection cuts 506.4 + 12.5 (stat) £ 86.1 (sys) events are expected from SM
backgrounds, while 564 events are observed in data. An overview of event numbers is presented
in Tables 4.13 and 4.14, separately for all SM background processes, the data and two selected
mSUGRA signal points. The signal points are chosen to show extreme examples: B16pos, with
a low value of mg = 100 GeV and a cross section of onro = 0.064 and Abpos for a high value
of mg = 1000 GeV and with an even smaller cross section of onro = 0.034.

Figure 4.26 illustrates the good agreement between data and the SM background expectation

after the dimu4emu selection cuts: (a) the dimuon invariant mass, (b) the missing transverse
energy corrected for the EM and jet energy scales %es, (c,d) the transverse momentum of the
leading and next-to-leading muon, and (e,f) the angular distance of the leading (resp. next-to-

leading) muon to the reconstructed missing energy B2
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dimu+emu Z/v* = up Z/v* =TT WW, WZ, ZZ - U+ X T(1s), T(2s) QCD

combined N =+ stat &+ sys N =+ stat £ sys N =+ stat £ sys N &£ stal £ sys N =+ stat + sys N * stal + sys
Cut 1 19182.2 £ 80.5 £2337.9 147.9+5.2+18.3 299+14+32 8.9+0.76 £1.71 93.3+6.3+29.6 126.0+4.9+25.2
Cut 2 16406.3 £ 75.7 +£1999.6 112.2+4.6+13.9 26.8+1.3+29 8.0+0.74 +£1.53 88.3£6.1+28.0 111.5+4.6+22.3
Cut 3 14959.0 £ 71.4 + 1823.2 97.24+4.24+12.0 25.8 +1.3+2.38 7.6 +0.73 £ 1.45 85.7 £ 6.0 = 27.2 99.8 +£4.4 +20.0
Cut 4 13697.3 £ 61.9 + 1669.4 64.4+34+ 8.0 23.8+1.24+2.6 7.5+0.73+1.44 0.5£05+ 0.2 65.2 +£3.5+13.0
Cut 5 1434.7£21.8 £ 174.9 79+12+ 1.0 148+09+1.6 7.0+0.72+1.44 0.5£05+ 0.2 272+23+ 54
Cut 6 470.6 £12.3+ 574 72+11+ 0.9 6.8 0.6 £0.7 6.6 +£0.71 £1.27 < 0.001 15.2+1.7+ 3.0

Table 4.13: Overview of the dimu+emu selection separately for all SM background processes. All systematic effects discussed in section 4.6 are taken into
account. The preselection sample is defined by Cut 1 and contains all events passing either pu-cutl or ep-cutl.

dimu+emu >~ SM backgrounds Data SUSY signal point: Bl6pos SUSY signal point: A5pos

combined N + stat + sys N € *+ stat + sys (Nser) € * stal + sys (Nger)
Cut 1 19588.2 + 81.1 +3331.9 19283 49.0 £ 0.6 + 4.6 % (11.8) 36.3+0.5+28% (4.6)
Cut 2 16753.1 £ 76.2 4 2849.7 16284 45.3+0.6 +4.3 % (10.9) 33.3+0.5+2.6% (4.3)
Cut 3 15275.0 £ 71.9 + 2598.2 14918 44.4+0.6 +4.2 % (10.7) 32.8+05+25% (4.2)
Cut 4 13858.8 £ 62.1 & 2357.3 13749 440+06+41%  (10.6) 326+05+25%  (4.2)
Cut 5 1492.1 £22.0 + 253.8 1601 30.9+05+37%  (9.6) 30.9+£05+24%  (3.9)
Cut 6 506.4+125+ 86.1 564 35.0+£05+£33%  (8.4) MTL05£22%  (3.5)

Table 4.14: Overview of the dimu+emu selection: the sum of the expected backgrounds in comparison with the observed number of events in data. Also
shown are the selection efficiencies for two different signal points Bl6pos and Abpos, corresponding to rather small cross sections of onrLo = 0.064 and
onro = 0.034, respectively. The values in parenthesis Nge; indicate the number of events expected for the respective SUSY signal. All systematic effects (see
section 4.6) are considered and for the sum of the background expectation the uncertainty due to the luminosity measurement is added in quadrature. The
preselection sample is defined by Cut 1 and contains all events passing either pu-cutl or ep-cutl.
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Figure 4.26: Control distributions after the application of all dimu+emu selection criteria: (a) the

¢ The two signal distributions are

scaled by a factor of 50. (c,d) the pr-distributions of the leading and next-to-leading muon, and (e,f) the

angular distance Ay between the leading (resp. next-to-leading) muon and Fj.
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4.5 The Selection of Dimuon & FElectron-Muon Events

4.5.3 The Trilepton Selection

Only very few SM background processes still contribute at this stage of the analysis, where three
charged leptons are required to be present in the final state. All of them, like #¢ production,
followed by a leptonic decay of both W bosons, i.e. tt — Wb+ Wb — fvb + fvb, or the pair
production of gauge bosons, especially WZ — v + ¢¢ and ZZ — 400 have very small cross
sections. Other contributions may come from instrumental backgrounds, like electronic noise in
the different subdetectors, or from mismeasured / misidentified physics objects. However, the
misidentification rate for a muon with a matched central track, or an electron with a likelihood
value of more than 0.2, and a matched central track, is negligibly small (u: 0.2%, e: 0.4%) and
thus not taken into account here.

The separate searches for either an electron or an additional muon are reflected in the selection
criteria, which are listed in Table 4.15. In case the leading leptons are an electron and a muon,
the third charged lepton must be a muon — and it is required from the beginning as already
mentioned. However, if both leading leptons are muons, the third may either be an electron or
a muon, which is treated separately to ensure the quality of the additional charged lepton.

muon criteria: ppp, ey, or e electron criteria: pue
additional muon, with loose quality additional electron (see p. 4.3.2)
pr(p) >4 GeV pr(e) > 5 GeV
angular distance: A@(M,E%es) > 0.1 angular distance: Ap(e, %es) > 0.2
spatial distance: AR(£1/£2, u3) > 0.1 spatial distance: AR(£1/£2, e) > 0.2

spatial distance to any jet in the event: ~ AR(43, jet) > 0.5
matched to a central track according to section 4.3.2

loosely isolated:
Y p¥% < 9 GeV and ERdle < 15 GeV isolated as defined: iso < 0.2

scalar sum of the transverse momenta of all leptons: ) plfp tons - 50 GeV

Table 4.15: Overview of the the final trilepton selection criteria: for an additional muon on the left-hand
side and an electron on the right-hand side. The pr-threshold of the third lepton, as well as the scalar
sum of the transverse momenta of all charged leptons identified in an event are also varied during the
previously discussed optimisation.

The pr threshold for the loose muon is reduced as much as possible to maximize the acceptance
while still requiring that the muon hits at least the first layer of the muon chambers (A-layer).
Muons with transverse momenta below ~ 2 GeV do not reach the muon system, but are absorbed
in the calorimeter. For the pue final state it is indispensable to require not only a slightly higher
pr-threshold to obtain reasonably pure electrons, but also a relatively large spatial distance
between the electron candidate and the two high quality muons. This ensures that the same
object is not selected twice, once as a muon and once as an electron candidate.

Since the quality requirements for the additional third charged lepton are less stringent, a com-
parison of data and SM model backgrounds is shown in Figure 4.27 at preselection level (uu/ep-
cut 1), but with the inclusion of a third charged lepton as defined in Table 4.15 above for either
a muon or an electron.
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Figure 4.27: Third lepton properties at preselection level, but including an additional muon or elec-
tron: (a) the transverse momentum of the additional loose muon, (b) the spatial distance between the
most energetic high quality muon and the third muon AR(ul,u3) (c) the transverse momentum of the
additional electron candidate (pr(e) > 5 GeV ), and (d) the electron likelihood as defined in section 4.3.2.
The overlaid signal distributions are scaled by a factor of 10, 8, and 2 in (a), (b) and (c,d), respectively.

The last selection criterion of Table 4.15, the scalar sum of all lepton transverse momenta,
is especially useful, since the probability for three charged leptons in the final state is much
higher for signal events than for SM backgrounds. Figure 4.28 illustrates this last trilepton
selection criterion Y plTep tons - 50 GeV: (a,c,e) at preselection level and in (b,d,f) right before the
application of this cut, when already three charged leptons are required. From the distributions
for different mSUGRA points, it is clearly visible that the cut value of 50 GeV has been optimised
for signal points with large values of my /9, since the cross sections of points with considerably

lower values of m; o are already a factor of 4-10 larger (Tables A.1 and A.2 in the appendix).
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Figure 4.28: The last trilepton selection criterion Eplfpw"s > 50 GeV at preselection level (a,c,e)

and right before the cut is applied (b,d,f). In (a,b) a comparison of data and SM backgrounds is shown
together with one (two) signal points for reference. Different mSUGRA signal distributions are presented
in (c,d) for positive and in (e,f) for negative Higgs mizing parameter p.
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4.5.4 The Optimisation of the dimu+emu Selection Cuts

The optimisation is performed, using 1/3 of the signal and background Monte Carlo samples,
while the remaining 2/3 are utilised as analysis samples. All two-dimensional selection criteria,
i.e. pp-cuts 4, 5, and 6, the two Jr requirements (E12°° and I} of pu-cut 6 and ep-cut 4), the
transverse momentum of the third charged lepton (p/. or p%.) and the scalar sum of the transverse
momenta of all electrons and muons above the respective pr-threshold (see also section 4.5.3)
are optimised w.r.t. the signal selection efficiency times the signal purity after all cuts:

S
€§'Ps = €5 S+—B’ (4-21)

where S and B denote the selected signal and background, respectively. This optimisation
criterion is chosen for its robustness, since the selection requirements are not optimised separately
for each signal point, but rather the cut combination is chosen which gives a high eg - pg for the
majority of the studied signal points (see the small crosses in Tables A.1 and A.2 in the appendix).
Priority is given to those signal points with high values of mg and my /s, so that the efficiency
for points with small values (especially with small m; /2) could doubtless be higher if the criteria
were adjusted. However, since the expected upper limits on the cross sections for these points
are already much smaller than the respective cross sections themselves, variable criteria, such as
sliding cuts in dependence of the mSUGRA parameters, have not been considered. Additionally,
the maximum of e€g-pg minimises the expected error on the signal cross section, or for this
reason, on the expected cross section limit.

Various cut combinations are tested in an iterative way, so that the computing time does not
become too large. Each cut parameter is varied in a reasonable range. For the two-dimensional
criteria this is probably best illustrated by the previous Figures 4.21, 4.22, 4.23, and 4.24, since
the mere parameters are not very helpful in visualising the two-dimensional cuts.

Selection criterion Parameters and/or combinations Perm.
pp-cuts 4 and 6 (M, r)-plane 7 low-pt Z/v*, T x 5 anti Z resonance 35
pp-cut 5 (A, Br)-plane 4 Ap x 4 Fr variations 16
e > 7,75, 8, 8.5, 9, 10, 12, 14 GeV 8
Bl > 8, 8.5, 9, 9.5, 10, 11, 12 GeV 7
third lepton pt > p% > 3,4,5, 6GeV or 4
Pt > 5, 6, 7 GeV 3

plfptons > 35, 40, 45, 50, 55, 60, 70 GeV 7

Table 4.16: Overview of the different cut combinations for the two-dimensional cuts, and the actual
parameter values for the one-dimensional cuts that have been tested during the optimisation.

In the beginning, values at the extremes of the cut parameter ranges are tested in order to
possibly narrow the parameter space for a complete scan. For example, the range of the missing
transverse energy criteria (E%° and EX, see Table 4.16) has been constrained to values below
11 GeV before the fine scan was started. Similarly, the two extreme values of the last selection
criterion, the cut on the scalar sum of the lepton transverse momentum ( pqup tons ~ 35 and
> 70) have also been ruled out beforehand. With a cut at ) plTep tons 35, there is too much
low-pr Z/~* background left and for Zplfp tons 5 70 the signal selection efficiency for points
with intermediate values of my/ becomes too low, so that the expected cross section limits are
of the same order as the signal cross sections.
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Figure 4.29 illustrates the optimisation for different signal points. The open triangles indicate
the highest value of eg-pg per signal, whereas the actually chosen cut combination (indicated
by the red stars) differs slightly from the best possible combination. This is due to the fact, that
the efficiency times purity is optimised especially for signal points with large values of mg and
intermediate to large values of my /, (small cross sections), i.e. in the region of the expected cross
section limits.
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Figure 4.29: [llustration of the optimisation for different signal points. Each dot stands for a cut
combination, the open triangles indicate the highest value of es-ps per signal, and the red stars denote
the actually chosen cut combination. As can be seen, the stars and open triangles deviate slightly, see
text for further details.
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4.6 Systematic Uncertainties

The numbers of events expected from SM background processes and from signal depend on
several quantities, of which each one introduces a systematic uncertainty. This section serves to
discuss the systematic uncertainties studied for the present analysis and to describe which effects
are considered and how they are taken into account for the calculation of exclusion limits [169].
The following effects have been studied / are considered:

e the relative uncertainty due to the dimuon trigger efficiency:
— &~ 11% for Z/v* background with low invariant masses and about 2% for signal MC;

e the uncertainties due to imperfections in the detector simulation, as summarised in Ta-
ble 4.7 for the muon efficiencies; for electrons the 1o uncertainty on the fit parameters is
utilised (see Table 4.9 and also [73]):

— =~ 8 - 11%, depending on the event topology, i.e. puu or uue;

e the uncertainty due to the pr, ET resolution of muons and electrons, respectively:
— amounting to & 1.5% for muons and 1% for electrons;

e the uncertainty due to the modeling of the transverse momentum of the Z/v*-system:
— approximately 12% for low-pr Z/v* Monte Carlo samples;

e all uncertainties (e.g. scale, PDF) of the MC cross sections listed in Table 4.2;
e the uncertainty due to the measurement of the luminosity: 6.5% [114].

These effects will be discussed in more detail in the following sections.

4.6.1 Uncertainties on the Dimuon Trigger Efficiencies

The relative uncertainty on the dimuon trigger efficiency ranges from about 11% for Z/v* back-
ground with low dimuon invariant masses (15 GeV < My < 60 GeV) to about 2% for the
different SUSY signals. It is estimated from variations of the dimuon trigger parametrisations
described in Equations 4.6 and 4.7, as well as in Table 4.6. All parameters are varied by £1¢ and
the resulting deviations are added in quadrature to account for the uncertainty of the dimuon
trigger efficiency. This procedure slightly overestimates the real uncertainty on the trigger ef-
ficiency, which was found to be about 2-3% in more recent studies [170]. In principle, larger
uncertainties only lead to more conservative limits, and are thus not problematic as long as they
are in a reasonable range.

4.6.2 Uncertainties on Object ID Efficiencies

The uncertainties on all detector related efficiencies discussed in section 4.3.2 are added in
quadrature following Equation 4.22 for the dimu, Equation 4.23 for the emu selection, and
Equations 4.24 and 4.25 for the trilepton analyses, i.e. for the final states puu and pue, respec-
tively. Since all correction factors are calculated per muon, each muon uncertainty is summed
linearly (twice, resp. thrice) and then added in quadrature to the remaining electron or muon
object ID uncertainties, thus assuming full correlation between different muon identification and
reconstruction corrections.
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4.6.3 Uncertainties due to the py/Er Resolution for Muons/Electrons

The relative systematic uncertainties due to the resolution of the muon transverse momentum
measurement and the electron Er are estimated by varying the resolutions in the MC simulation
and are found to be less than 1.5% for the muon pt and about 1% for the electron Er.

For the complementary analyses of the eef and eer final states, it was found to be not sufficient to
propagate the smearing of the electron (tau) energy resolution to the missing transverse energy,
but Zr had to be soversmeared«, see [1, 73] and [2, 74], leading to an additional systematic
uncertainty of 2% for the eel and eer analyses.

4.6.4 Uncertainties due to the Modeling of the Z boson pr

Since it is known that PYTHIA does not model the pr distribution of the Z boson and the photon
correctly, this systematic effect was studied extensively in D@ Note 4660 [171], and a reweighting
method developed. While the application of this reweighting method shows an improvement in
the high-pr region of the transverse momentum distribution of Z/v* background, it did not
satisfactorily describe the low-pr region (over-corrected).

Figure 4.30 illustrates two different distributions at preselection level: (a,c,e) without and (b,d,f)
with the correction applied; (a,b) show the Z boson transverse momentum, i.e. the transverse
momentum of the dimuon system on linear and (c,d) on logarithmic scale, whereas (e,f) show the
azimuthal distance between the two leading muons. As can be seen the »correction« underesti-
mates the contribution of Z/v* events with small transverse momenta (Fig. 4.30 (a,b)), which
seemingly corresponds to the region with intermediate and large azimuthal distances between the
two muons. On the other hand, data at large transverse momenta and, correspondingly, small
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dimuon azimuthal distances are described slightly better by the reweighed MC distributions,
compared to the unweighted PYTHIA distributions.
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Figure 4.30: The distribution (a,c,e) on the left-hand side are for a Z boson transverse momentum as
generated with PYTHIA and reconstructed in DO (i.e. uncorrected spectrum), while the right-hand side
distributions (b,d,f) are those for which the py of the Z boson has been reweighed for all Z/v* events with
My, > 15 GeV according to [171]. The pr-distribution of the Z boson on logarithmic (a,b) and linear
(c,d) scale and (e,f) the angular distance between the two leading muons, which are most likely those from
the Z boson decay; all quantities shown at preselection level.
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4.6 Systematic Uncertainties

The same behaviour is observed for the B distribution, which led to the decision to only include
an overall systematic uncertainty instead of applying the reweighting method to »correct« for
the imperfect PYTHIA description of the Z boson transverse momentum. From a comparison
of the expected Z/v* background with and without applying the reweighting, an uncertainty of
12% is found. This uncertainty is also taken into account for the limit calculation where it it is
almost negligible due to the small relative fraction of the Z/v* background at the final stage of
the selection (see Table 4.17).

4.6.5 Systematic Uncertainties Specific to the Signal

These systematic uncertainties have to be split in two: on the one hand, the uncertainties on the
total signal cross section and on the other hand the uncertainty on the signal acceptance, which
is entirely dominated by the influence of the PDF uncertainties.

The uncertainties on the signal cross sections are mostly due to theoretical uncertainties, like the
variations of the renormalization and factorization scales (5%), the LO cross section (2%), and
the determination of the K-factor (3%) [172].

The choice of PDF used for the generation of the signal Monte Carlo samples adds another ~ 9%.
This latter uncertainty is deduced from studies of the Z/v* cross section at similar masses, since
gaugino pair production mostly proceeds via s-channel exchange of virtual v, W, or Z bosons.
The associated uncertainty on the Z/v* cross section due to the PDFs is estimated to be 6%,
using the CTEQ6.1M uncertainty function set [87] as recommended by the CTEQ Collaboration
and in [173]. This new set of PDFs includes 20 pairs of eigenvectors, where each of these pairs
tests one free parameter by varying it by 1o of its uncertainty: 1o-up corresponds to ST and
1lo-down to S~ . The systematic effect on an observable X is then described by:

N<20
AXy = | D [X(S]) — X(So))?, (4.26)
i=1

where the sum runs over the pairs of PDF error functions and X (Szi) are the values of X obtained
using a certain set SZ?IE of these error functions. Another 3% are added linearly to account for
the lower DY cross section if calculated with CTEQ6 PDFs, compared to its estimation with
CTEQb) PDFs, which are used for the signal MC generation.

An additional, conservative systematic uncertainty of +10% is added to account for the lower
LO cross section from the SUSYGEN event generator compared to those obtained with either
PyTHIA, or GAUGINOS.

All of these uncertainties are assumed to be independent, and are added in quadrature, thus
a total systematic uncertainty of —11% and +15% is determined for the signal cross sections.
(In Chapter 5, these uncertainties are represented by the grey-shaded bands of the signal cross
section curves in the corresponding figures.)

The influence of PDF uncertainties on the signal acceptance has not been studied. However, the
effect is expected to be small and is estimated from measurements of the processes Z — pupu,
Z/v* — pp, and W — pv [174], where the influence of PDF uncertainties on the acceptance
was estimated by using the CTEQG6.1M set of PDF error functions. For the on-shell production
of W and Z bosons a systematic uncertainty of 1.4% (W — uv) and 1.7% (Z — pp) was found.

Since the exchanged gauge bosons in gaugino pair production are usually produced off-shell,
mostly shifted to higher values of the Bjgrken z, the PDF induced uncertainty on the signal
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acceptance for gaugino pair production is conservatively estimated to be about 4%. This uncer-
tainty is also taken into account in the calculation of the expected and observed cross section
limits, but it is not displayed as part of the uncertainty on the signal cross section.

4.6.6 Other Uncertainties

Further systematic uncertainties on the experimental cross section limits concern the theoretical
uncertainties on SM background Monte Carlo cross sections, ranging from 3% to 17%, depending
on the process, and including PDF uncertainties. For the determination of the uncertainties on
the NNLO Z/~* cross sections, the CTEQ6.1M error functions are used, as described in D@ Note
4476 [148].

The uncertainty on the multijet background is estimated to be about 20%, however, since the
multijet contribution to the final background expectation is negligible, this uncertainty is of no
further importance.

The absolute uncertainty of the luminosity measurement is estimated to be AL = 6.5% [114].

All systematic uncertainties are added in quadrature. When calculating the upper cross section
limits, the total systematic uncertainties on the expected numbers of background and signal
events are assumed to be fully correlated with the exception of the theoretical uncertainties of
the LO cross section calculations.

4.7 Facts and Figures

After the trilepton selection, no event is observed in data, while 0.41 £ 0.11 + 0.07 events are
expected from SM processes. The corresponding numbers of selected events are given in Ta-
ble 4.17 separately for those SM backgrounds that still contribute to the trilepton final state,
while Table 4.18 provides a comparison of data, the sum of all expected backgrounds and the
selection efficiencies for two mSUGRA signal points (B16pos and Abpos). Again, the values in
parenthesis show how many events are expected for the respective SUSY signals.

As can be seen from the separate listing of uup and pupe events, the largest SM background
contributions are either due to the irreducible »real« trilepton background from W Z, ZZ diboson
production for ppue final states or from ¢t — £+ X production, with two real leptons from the W
decays and an additional muon from a b-jet for the pup signature. In case of the ¢t production,
the contribution to puu final states is larger, since it is more likely to identify a muon from a
semileptonic b-decay (b-jet muon) as an isolated muon than it is to identify a b-jet electron as
isolated electron.

In addition, the numbers of events selected from all three Monte Carlo samples, i.e. WZ, ZZ, and
tt — 20 + X are very small, of the order of less than 10 unweighted events, so that the different
fractions of events expected from each sample may also be partially explained by statistical
fluctuations.

The predicted number of events from the multijet sample is negligible after requiring three
charged leptons (upp, ppe, pep, epp). The amount of multijet background at all stages of the
selection is less than about 3% of all other known backgrounds. This is further confirmed by
testing the influence of the two-dimensional criteria of which one (uu-cut 4) is especially designed
to reduce the contribution of low-pt multijet events. Early on in the selection, i.e. right after
ppe/ep-cuts 3, a third charged lepton is required additionally. In this case only one event of this
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background is selected and would have to be weighted with the scale factor of 0.19. This number
has to be compared to about 20.2 events from all other SM background processes. Since the
contribution of the multijet background accounts for only about 1% of the other backgrounds,
it is considered negligible for this trilepton analysis.

Z|v* = pp WZ,ZZ tt— 0+ X
Type N =+ stat + sys N =+ stat + sys N =+ stat + sys
jrn < 0.005 0.064 £ 0.042 £ 0.008 0.116 £ 0.067 = 0.023
ppe 0.011 £ 0.010 £ 0.004 0.189 £ 0.067 + 0.024 0.033 £ 0.033 £ 0.007

Total 0.011 +0.010 £ 0.004

0.251 £0.078 & 0.031

0.149 4+ 0.075 £ 0.030

Table 4.17: Overview of the expected SM background in the trilepton selection: for pup events the
dominant SM background is from tt — €0+ X production and for pue events diboson production constitutes
the largest fraction of the background. All systematic effects that have been studied are taken into account;
see section 4.6 for further details.

>~ SM backgrounds Data
Type N £ stat £ sys N

pppe 0.180 £ 0.079 £ 0.033 0
ppe 0.233 +0.075 £ 0.042 0
0

Total 0.411 + 0.108 £ 0.074

Signal point: B16pos Signal point: Abpos

e £ stat £ sys (Nsg
108+03+1.27% (2.6
128+ 04+£1.20% (3.1
23.7+0.5+2.65% (5.7

€ £ stat + sys (Ngg

82+0.3+0.96 % (1.1
6.5+ 0.3+0.60 % (0.8
1.9

14.7+04+1.65 % (

)
)
)
)

Table 4.18: Comparison of the observed data with the sum of all expected backgrounds from SM processes,
including the statistical and systematic uncertainties. The selection efficiencies and expected numbers of
events for two different mSUGRA signal points are also listed, corresponding to rather small cross sections
of onro = 0.064 pb (for Bl6pos) and onro = 0.034 pb (for A5pos). The first point, Bl6pos, can be
excluded, while A5pos lies just above the limit curve, see Figure 5.3 in chapter 5.

The one »candidate« event, displayed in Figure 4.31, fails the cut on the sum of the transverse
momenta of all leptons (D plep ons > 50 GeV). This event may stem from Z/v* — puu
production with an additional photon radiated off one of the decay muons and converted into an
electron-positron pair in the inner detector region. Of this eTe™ pair only the low-pT electron
is identified as such. The invariant mass of the three charged leptons is M, (upe) = 80.6 GeV,
which would further support this hypothesis, since some of the energy is missing due to
the positron. As alternative interpretations and although the momenta and 